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Why Consider New Waveforms for 6G and Beyond?

Ubiquitous Connectivity

Wireless evolution is not just about exponentially . / ISAC / AL Integration
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-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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Why Consider New Waveforms for 6G and Beyond?

Wireless evolution is not just about exponentially [ — Rate The “Resurrection” of
increasing data rates. e o ’i}i,(“h f, IL";U'
* There also exist the underlying robustness axis: Rk 355 Risos Vs
2G: Robustness against transmission error 4
3G: Robustness against interference
4G: Extreme rate via multiplexing ° N s e ]
5G: Regain robustness via MIMO/precoding g >
6G and Beyond: ???

N Parametrizable Chirps

Need for Doppler robustness!

- 6G high mobility use cases: V2X, NTN, etc. = T GioMA)
- ISAC pillar requirements o (OFDMaA)
- Higher frequency bands (FR3+, mmWave, subTHz) © e W PN Clip Sequences

(FDMA)

-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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Analyzing Signals in Time-Frequenc 4

To understand the limitations of sinusoids and OFDM, we first dive into the Fourier
Transform to see what it reveals and what it hides.

A signal can be represented in either the time domain or the frequency domain
w .
X(f) = / z(t)e 2™t dt
— OO

The Fourier Transform reveals which frequencies are present, but not directly when they occur.
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What if, instead of Fourier-transforming the entire signal, we analyzed only a small portion at a time?
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Short-Time Fourier Transform (STFT) :

The STFT analyzes a signal locally in time by applying a sliding window before computing its Fourier

Transform.
w .
Xsrrr(to, f) = / z(TYw* (T — to)e > dr
— 00
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The Time-Frequency Resolution Trade-off

A signal cannot be localized arbitrarily precisely in both time and frequency. The
Fourier uncertainty principle establishes a fundamental lower bound:

1
(cos(2m10t), 0s <t < 5s, Ot0 ¢ > 4_
2(t) = < cos(2725t), 5s <t < 10s, T
COS(27T55t) 10s < & < 155, Where g; and of quantify temporal and spectral spread respectively
Lcos(27100t), 15s <t < 20s

Spectrogram with T =25 ms Spectrogram with T= 125 ms Spectrogram with T= 375 ms Spectrogram with T = 1000 ms
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The Wigner-Ville Distribution (WVD)

Now a natural question is whether we can represent a signal’s time—frequency
structure without introducing an analysis window?

Wx@,f)=/_iw

(o)

-
5

) e I2™IT dr

Why is it called a distribution?

/_ T Walt, ) df = (1)

/_Z Wat, f) dt =
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The Wigner-Ville distribution of a Linear Chirp

Consider a linear chirp whose instantaneous frequency varies linearly with time. How
does its energy appear in the time-frequency plane?

2(t) = I

Hz/s

Wi(t, f) = /fzsx(@ 5;S;x2%(1(ﬁk§3)e_j 27 IT dr

— OO

= | kt
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The Wigner-Ville distribution of a Linear Chirp

Consider a linear chirp whose instantaneous frequency varies linearly with time. How
does its energy appear in the time-frequency plane?

2(t) = Ik

@)
W, (t f) — / ejﬂk(t+7/2)26—j7rk(t—¢/2)2€_j27rf7' dr
Y

— OO

w .
_ / e]2ﬂ'(k’t—f)’7‘ dr
— OO
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The Wigner-Ville distribution of a Linear Chirp

Consider a linear chirp whose instantaneous frequency varies linearly with time. How
does its energy appear in the time-frequency plane?

2(t) = Ik

WCI}(t7 f) — 5(f o kt)
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The Wigner-Ville distribution of a Linear Chirp

Consider a linear chirp whose instantaneous frequency varies linearly with time. How
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The Wigner-Ville distribution of an ideal linear chirp is perfectly concentrated along its
instantaneous-frequency trajectory, f=kt. The finite ridge width shown here is introduced solely
for visualization.
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From Chirps to Rotations in the Time-Frequency plane

The Wigner-Ville distribution reveals that a linear chirp occupies a tilted line in the
time—frequency plane. Can we rotate our coordinate system so that this energy
becomes concentrated along a single frequency component?

Rotation matrix
"

u| | cosa smoal |t
v —sin(@) cosa| | f
N e

Output basis
Initial t,f basis

f =kt
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From Chirps to Rotations in the Time-Frequency plane

The Wigner-Ville distribution reveals that a linear chirp occupies a tilted line in the
time—frequency plane. Can we rotate our coordinate system so that this energy
becomes concentrated along a single frequency component?

U cosa sina| |t
—sina cosa| | f

-

v = —tsina +@cosoz
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From Chirps to Rotations in the Time-Frequency plane

The Wigner-Ville distribution reveals that a linear chirp occupies a tilted line in the
time—frequency plane. Can we rotate our coordinate system so that this energy
becomes concentrated along a single frequency component?

U cosa sina| |t
—sina cosa| | f

-

v = t(—sina + k cos a)

What happens if we choose tana = k?
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From Chirps to Rotations in the Time-Frequency plane

The Wigner-Ville distribution reveals that a linear chirp occupies a tilted line in the
time—frequency plane. Can we rotate our coordinate system so that this energy
becomes concentrated along a single frequency component?

Ji
u| | cosa sina| |t
v —sina  cosa| | f
5
—sina + kcosa = 0,
What happens if we choose tana = k? '
—
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The Fractional Fourier Transform: Beyond a 90°Rotation

The Fourier transform connects the time and frequency domains. The Fractional
Fourier Transform generalizes this idea to arbitrary rotation angles in the time-
frequency plane.

Xao(u) = /OO x(t)Ky(u,t)dt

— OO

Ko (u,t) = Ag exp [jm ((u® 4+ t7) cot o — 2ut csc o) ]

Order

Ay = /1 — jcota ==
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Visualizing the FrFT: From Rectangular to Sinc

Rectangular pulse to sinc magnitude
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Fractional order p = 2/7“
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Decomposing the FrET Rotation
Ko (u,t) = Ag exp [jm ((u® 4 ¢°) cot o — 2ut csc a) |

6]7r(a,—|—b—|—c) _ ejﬂaejﬂ'bejﬂ'c.
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Decomposing the FrFT Rotation

Ka(u t) _ Aa €j7r'u2 cot o 6—j27rutcsca ej7r152 cot o
)

- SN———— N~ ~~ - N
Output chirp Scaled Fourier kernel Input chirp

6j7r(a,—|—b—|—c) _ 6J7Tae]7Tbej7TC.

Remembering what multiplying with a chirp did to the time frequency plane in our WVD example, multiplying
with a chirp corresponds to a shear, and a sheering matrix along the y axis is given by:

S¢(k) = ! (1) z(t)ed™ =  f'=f+kt

Here k = cota
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Decomposing the FrFT Rotation

Ka(u t) — Aa €j7r'u2 cot o 6—j27rut CSC €j7rt2 cot o
)

SN———— N~ ~~ - N
Output chirp Scaled Fourier kernel Input chirp

6j7r(a,—|—b—|—c) _ 6J7Tae]7Tbej7TC.

The Fourier Transform corresponds to a 90° rotation of the time-frequency plane, which corresponds to the
following transformation matrix:

O 1 > —727ut
F=|_, 4 F{o(t)}(u) = /_ altye I
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Decomposing the FrFT Rotation

Ka(u t) _ Aa €j7r'u2 cot o 6—j27rutcsca ej7r152 cot o
)

- SN———— N~ ~~ - N
Output chirp Scaled Fourier kernel Input chirp

6j7r(a,—|—b—|—c) _ 6j7Tae]7Tbej7TC.

A canonical scaling stretches one time—frequency axis while compressing the other by the reciprocal factor,
preserving phase-space area:

S =sina

0

D) =15 1/ i
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Decomposing the FrFT Rotation

. 2 iy 5

Ka (u’ t) — Aa 6]7‘("& cot o e 127Ut csc o €]7Tt cot o
—_—— -~ — N——

Output chirp Scaled Fourier kernel Input chirp

6j7r(a,—|—b—|—c) _ 6J7Taej7Tbe]7TC.

So the whole FrFT transformation matrix boils down to a product of elementary transformations of the time
frequency plane:

R, = Sf(cota) D(sina) F' S¢(cot )

cosa sina| 1 0| |sin« 0 0O 1 1 0
—sina cosal| |cota 1 0 cscal| |[—1 Of [cota 1

Valid for sin a # 0; singular cases are defined by continuity.
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Beyond Rotations: The Linear Canonical Transform (LCT)

COS &/ Sin a]

Recall the FrFT rotation matrix: R, = [ .
—SIno COS

The generalized Linear Canonical Transform matrix is give by the following transformation
matrix

M=% "
c d
U a b| |t
v c d||f
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Beyond Rotations: The Linear Canonical Transform (LCT)

COS &/ Sin a]

Recall the FrFT rotation matrix: R, = [ .
—SIno COS

The generalized Linear Canonical Transform matrix is give by the following transformation
matrix

_a b-
M =
c d
u=at—+ bf,
= ct + df.
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Beyond Rotations: The Linear Canonical Transform (LCT)

COS &/ Sin a]

Recall the FrFT rotation matrix: R, = [ .
—SIno COS

The generalized Linear Canonical Transform matrix is give by the following transformation
matrix

M =

a
C

.
d_

Note that not every arbitrary matrix corresponds to an LCT, it also satisfy the symplectic
condition in two dimentions

det M =ad —bc=1
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The Linear Canonical Transform Kernel

Our LCT is a 4 parameter transform with one M = a b ad — be = 1
constraint c d|’
Forb # 0,
©.@)
X (1) = / 2 () Ky (1, 1) dt
— OO
1 , a 2 d
Ku(u,t) = —=exp |jm | —t* — Zut + —u?
V.70 b b b
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The Linear Canonical Transform Kernel

Our LCT is a 4 parameter transformwithone 5 _ a b ad — be = 1
constraint c df’
Forb # 0,
@)
X (1) = / (1) K p (. 1) dt
— OO
cosa cosa
1 .
Ky (u,t) = ——exp |jm @t2 — —ut —I-@ 2
Vjb ®» b
Sin a
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The Linear Canonical Transform Kernel

The LCT is characterized by four matrix a b
entries subject to one constraint, leaving M = c dl ad —bc =1
three independent parameters
Forb # 0, =

X (1) = / 2 () Ky (1, 1) dt

— OO
_ - 2 2
Ko(u,t) = Agexp [j7 (t% cot o — 2ut csc o + u” cot o) |
KM(u,t)‘M:Ra = K,(u,t)
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The Linear Canonical Transform Kernel

) ) a b
Our LCT is a 4 parameter transform with one M = , ad — be = 1
constraint c d
Forb # 0,
o0
X (1) = / 2 () Ky (1, 1) dt
— 00
Shearing Shearing
1 | d
Ky(u,t) = —=exp |j7 HH —u
V.70 b
Scaled FT
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Familiar Transforms as Special Cases of the LCT

o0
Fourier Transform: |: O 1:| / x(t)e_j2mt dt

90° rotation

—1 0 —00

1 /oo x(t)ejﬂ-[cot a(t?4+u?)—2ut csc a] dt
Transform: —sina  Cos o Visina J_

Arbitary rotation of time
frequency plane

Fractional Fourier [ COS (¢ sin Oz]

Chirp multiplication:

Frequency shear k

ejwku2m(u)

;
1_

Scaling: S 0 LZIZ (E)
Reciprocal Scaling O 1/8 \/g S
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Familiar Transforms as Special Cases of the LCT

1 b 1 o0 . 2
resnel transform: - gr(u—t)</b
fimeSheal;t f |:O 1} \/J_b/_oo x(t)e dt

1 0
|dentity: |:O 1:| CE(’U,)

All these transformations satisfy the canonical conditiondet M =1
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Fundamental Properties of the LCT

+ Unitarity: / X 0 () |2 d = / ()2 dt

— 00 — OO

The total signal energy is preserved.

« Composition: L, Lar, = 2L, 0,

Consecutive LCTs correspond to matrix multiplication

—C a

_ d —b
* Inverse: M~ = [ ]

Every LCT can be reversed by its inverse canonical matrix
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Fundamental Properties of the LCT

e Phase-Space action: | Wx,,(u,v) = W (du — bv, —cu + av)

t

o (1 ]1]) = e
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From Continuous LCT to the DAFT

X / ) ex th — gut + éu2 dt
Starting with out continuous LCT: X ( /70 b b b b
M= b ad—bec=1, b#£0
e d|’ -

A digital communications system operates on N samples.

t = nAt, u=mAu| n,me{0,1,...,N—1}

X" UNIVERSIDAD —
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From Continuous LCT to the DAFT

Starting with out continuous LCT:  Xwm(u = 7 /

a b

M:[c d

], ad — bc =1,

A digital communications systepr operates on N samples.

t = nAt, u=mAu| n,me{0,1,...,N—1}

X" UNIVERSIDAD —
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From Continuous LCT to the DAFT

@ 2 . d , aAt* , 2AtAu N dAu?
_ — —U —Uu- = n- — nm ™m
b b b b b b

. [(aAt? ,  2AtAu dAu?
KM(m,n@eXp []7'(' ( T nm —+ T )]
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From Continuous LCT to the DAFT

a., 2 d , aAt* , 2AtAu dAu®
—t° — -ut + —-u” = n® — nm —+ m
b b b b b b
, aAt2 2AtAu dAu 2
Ky (m,n) o< exp jﬂ' nm)+
Imposing AtAu = —
6 ( _J 27T nm) Comparing with the DFT Kernel
e ( —J2m )
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From Continuous LCT to the DAFT

a., 2 d , aAt* , 2AtAu dAu®
1" — -ut + -u” = n° — nm —+

b b b b b b

A

2 2
Ky (m,n) o< exp [jw (aAbt n? @@4— dAbu m2)]

e(_jZﬂ-%)
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From Continuous LCT to the DAFT

a., 2 d , aAt* , 2AtAu dAu®
—t° — —ut + —u® = n® — nm —+ m

b b b b b b

. aAt? ‘ . dAu®
Ky(m,n) < ex T n ) ex T m
Y b b
y 1M
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From Continuous LCT to the DAFT

Xy (1) = / () K (u,t) dt

— OO

In a discrete setting we work with N samples: n,m € {0,1,..., N —1}.

We construct a unitary discrete transform using the sampled quadratic phase

N-—-1
Xaglm] 1 n] . [aAt? , 2nm N dAu?
M| — E r|n| exp |Jm n — —— m

VN )= b N b
n=

R ——
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Matrix Representation of the Discrete Transform

N-1
At? 2 dAu?
Xplm| = x[n] exp [jﬂ' (a p2 - 2 254 mz)]

b N b

%\H

S

AM — AoutFAin

N-—1
. aAt? 2
A, = diag (e“a b )
n=0
X M — A MX
N-—1
Au? 2
Aout = diag (™ m T
m=0 AT Ay = 1
B MM —
1 :
—j2mmn/N
Fim,n|= —e™’ H
m, ] VN x=AyuXum
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Constructing a Waveform from the AFT .

After the coffee break:

* How is AFT used to multiplex symbols unto a new waveform?

* What do the AFT-based subcarriers imply?

* How can we model the IO relation and analyze the signal?

* What properties does it have?

* How can sensing (ISAC) be achieved and how is the new process beneficial?

* What other applications can the new waveform be used for?

* So canyou actually realize the waveform?
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The OFDM Legacy

For OFDM, N information symbols are multiplexed into the time-domain signal via:

 N-pointInverse Discrete Fourier Transform (IDFT)

N—1
Time domain samples 1 jgﬂ(m) Information symbols
s = [so, sn_1]' Sn = Z € N Tm N T
= [sg,81,-..,SN—1 MNm:O X = (X0, X1y y TN_1]

 Each symbolis multiplexed unto unique sinusoids of different central frequencies:

Time Time
-
[e)
a
:D ~
b >
= WWWWWWWWWW =
= =
= 2
: -
< L
- —~
7 i “
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Why not OFDM in LTV?

Why was Orthogonal Frequency Division Multiplexing (OFDM) so successful?

OFDM sinusoidal subcarrier = eigenfunction of linear time-invariant (LTl) channels
Sinusoid f(t)=fo

> Efficient FFT-based implementation

> Efficient multiplexing with orthogonal subcarriers

> Elegant 1-tap equalisation, in static multipath (delay only) environments.

PMOJ

(c) OFDMA
-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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Why not OFDM in LTV?

Why was Orthogonal Frequency Division Multiplexing (OFDM) so successful?

OFDM sinusoidal subcarrier = eigenfunction of linear time-invariant (LTl) channels
Sinusoid f(t)=fo

> Efficient FFT-based implementation
> Efficient multiplexing with orthogonal subcarriers \A/\/\A

> Elegant 1-tap equalisation, in static multipath (delay only) environments.

Time
. . . . . +T

However, in linear time-variant (LTV) doubly-dispersive channels:
Original Sinusoid Delayed Sinusoid
* Doppler shift destroys subcarrier orthogonality fo - -

+v
> uncontrolled inter-carrier interference (ICl) Jotv — -~
Doppler-shifted Doppler Shifted &
. . . . . . . inusoi elayed Sinusoi
Inherent deficit of the waveform (sinusoid), and mitigation techniques Snusoid Delayed ‘
must be applied (long channel codes, Doppler compensation)

Freq
-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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Return of Spectrum Spreadin

19M0g
PMOg
PMOg

Solution:
* Spread the signal over both frequency and time!

* While keeping the multiplexing gains of OFDM.

Frea:

Two alternative approaches:

Pmog

« “2D isotropic spreading”
(Delay-Doppler approaches, i.e., OTFS, ODDM, etc.)

 “Sheared spreading”
(Chirp-based approaches, i.e., AFDM, OCDM, etc.)

Fred: TFred:

[ ]
(e) DDDMA

(d) ChDMA

-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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How to Achieve Sheared Spreading and Multiplexing?

In 2021, Bemani et al. proposed Affine Frequency Division Multiplexing (AFDM):

In AFDM, N information symbols are multiplexed into the time-domain signal via:

* N-point Inverse Discrete Affine Fourier Transform (IDAFT)

Time domain samples 1

nm
Sé [807817"'7SN—1]T \/( SJ %m TN +9!n )J Lm Xé [x()axlw"?xN—l]T
m=

-~

= ¢n m(cl 702)

We now know that when ¢, and ¢, (two tunable chirp parameters) are equal to zero:

9 ( nm
— E 32 () Tml| The IDAFT reduces to the IDFT!

- A. Bemani, N. Ksairi, and M. Kountouris, "Affine frequency division multiplexing for next generation wireless communications," IEEE Trans. Wireless Commun., vol. 22, no. 11, pp. 8214-8229, Nov. 2023
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Affine Frequency Division Multiplexing (AFDM)

In other words: AFDM evolves the fixed sinusoids of OFDM to parametrizable linear chirps.

(OFDM (AFDM)
" B Time Time . .
g Sinusoid f@) = fo
; VAL AT
s = =
£ & =
.~ O [} Q
=f= 2 S
—~ N '_> - . .
\%‘75 2 b L AVAIIN AW Chirp f(t)=fo+at Fast Chirp  f(t) = fo + 3at
) — Time Time
22
5.9
Q —
L8 \
= 2 > >
- = =
g g bt o
8 & ~ P
2 S
[ie]
@ —

-H. S. Rou, K. R. R. Ranasinghe, V. Savaux, D. Gonzalez G., G. T. F. de Abreu, C. Masorous, "Affine frequency division multiplexing (AFDM) for 6G: Properties, features, and challenges,"” IEEE Commun. Standards Mag., 2025.
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Affine Frequency Division Multiplexing (AFDM

In other words: AFDM evolves the fixed sinusoids of OFDM to parametrizable linear chirps.

Time

v

Sinusoid f(t) = fo

o o Chirp f(t) = fo+at Fast Chirp  f(t) = fo + 3at

Jfo \\ 2 Delayed Chirp
Origin| \ RVATAkLbi

Doppler Shifted
& Delayed Chirp
L

Chirp signals have well-known properties:

* Great delay-Doppler resolution (i.e., FMCW radar)

| shifted Chirp
Freq A Doppler shift translates to an equivalent delay shift!

-H. S. Rou, K. R. R. Ranasinghe, V. Savaux, D. Gonzalez G., G. T. F. de Abreu, C. Masorous, "Affine frequency division multiplexing (AFDM) for 6G: Properties, features, and challenges,"” IEEE Commun. Standards Mag., 2025.
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Affine Frequency Division Multiplexing (AFDM

The chirp subcarriers of AFDM naturally spread in both frequency and time domains:

* Achieve the “spreading” gains alike to CDMA.
Notice the similarities to OFDM!!

* Achieve the “multiplexing” gains alike to OFDM.

IoMoJ
IomoJg
JoMOJ

ChDMA (Chirp-division MA)

CDMA OFDMA

-H. S. Rou, G. T. F. de Abreu, E. Bjornson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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Affine Frequency Division Multiplexing (AFDM)

But the new transform (DAFT) needs the coupling of ¢, and c,, different to the FFT implementation of OFDM..

]. sz +nm+cln2)
L y‘ ) 2
S UN &

- ¢n m(cl ,02)

The IDAFT matrix can be decomposed as a sequence of IDFT matrix and two element-wise products!

Chirp sequence of AFDM

A" = diag(\},) - FYy - diag(A}) € CV*V A, 2 [17e—j27rci(1)2,.”’e—j27rci(N—1)2}

Information Time-domain
symbol vector symbol vector

In other words, we can keep the core FFT/IFFT block

Symbol-wise Symbol-wise

X » Phase Phase » S and only apply two element-wise phase rotations.
c xNx1 Rotation Rotation c CNx1
5N logy, N — 5N log, N|+ 12N
Qua(h‘a‘tic—pha,so Quadratic—pha,so OFDM Complexity AFDM Complexity

Sequence on ¢ Sequence on ¢
> 1ce ) oequence 1

See more on implementation in Part IV!

- H. S. Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Affine Frequency Division Multiplexing (AFDM)

Im all, we can see that AFDM is a general case of OFDM! (and OCDM)

AFDM
Reduction of AFDM: Reduction of AFDM:
parametrizable chirps parametrizable chirps
v to identity v v to fixed chirps v
_ 1 _ 1 2(fmax+§)+1
CQ—O C1 = Cz—_N Cl——N CQE{R/Q} |Cl|2 Sy v —
OFDM ‘ OCDM : 2
( ——————————————— _——- gy rmmmmm_—- = ===
y I v L 2 I
] I
X 1. P FH I 1 X HL|pH ] AH I x HLIlwH L] AH
eCNx1 N N N leChx1 Aﬁ FN Aﬁ : Echl AC2 FN A'Cl
l
I

Inverse discrete affine Fourier transform

(IDAFT)
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Affine Frequency Division Multiplexing (AFDM)

What do the two chirp parameters actually do?

Information symbol Time-domain Chirp fit)=fo+at

vector . symbol vector
Symbol-wise

Symbol-wise

c X N x1 Rotation Rotation c CVx1
Fast Chirp  f(t) = fo + 3ot
Quadratic-phase Quadratic-phase
/ SCQllCllCC on co SCqUOIlCO on cp \
C,Is the c,controls the chirp rate c, =0 (OFDM)
“chirp-domain precoder” (slope in TF grid) lime 4
- does not directly affect the “robustness” - Can be optimally tuned to match the _ \
channel statistics for full diversity ©
Controls secondary signal behaviour such as: . Sg
Known closed-form expressionforc, ¢
* Waveform shaping (ambiguity function) €3
* Depends on Doppler spread and \
* Also opens door to secondary functionalities number of subcarriers
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Affine Frequency Division Multiplexing (AFDM

Due to the chirp-based subcarriers, AFDM requires a modified prefix:
* Chirp periodic prefix (CPP): conventional OFDM cyclic prefix (CP) with a phase correction

N
seC
|
1
I:S_Ncp7 , Sn/, . S-l] [SO, ooooooooo ’ Sn, ooooooooo
\ J
1
27c1 (N*—2Nn' time
Sn/ B SN_n 6J ‘ ( \)IA |
NN | =N O Em = 1 * E
I . The CPP reduces to
Symbol-wise Symbol-wise ) . the conventional CP if
2 /
Phas.e Phas.e ) Iocertion - c1(N® —2Nn') € Z,Vn
Rotation Rotation i I
satisfied when :
Quadratic-phase Quadratic-phase | Quadratic-phase 2N01 € Z & N is even
Sequence on ¢o Sequence on ¢; = Sequence on ¢ il
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AFDM in Doubly-Dispersive Channels

N—1
s, — L S‘ ej27r(czm2+%+c1n2) X
Based on the AFDM modulator structure (IDAFT): VN =~ ——
éqbn,m C1,C2

Information Time-domain \
symbol vector Symbol-wise Symbol-wise symbol vector R |
x & [w T T ]T X » Phase Phase - S S = [So, S1y.-4, SN_1]
0y &1y -yt N-1 c Y Nx1 Rotation Rotation c Cle

Quadratic-phase Quadratic-phase
Sequence on ¢o Sequence on ¢,

Let us analyse the full IO relationship between the Tx and Rx:

-ﬁ G (DD channel parameters)
*owo

Path gain h, € C

((( ))) Pathdelay 7p € [0, 7™%]
a Doppler shift v, € |- p™MaX]
IEEE Next-Generation Chirp-based Waveforms for ISAC in 6G+: C>ONSTRUCTOR s "‘- > UNIVERSIDAD —_—

@I S Ac Fundamentals, Models, and Algorithms I(AI ST

), ~ 2% - DEGRANADA EFURECOM

UNIVERSITY




Doubly-Dispersive Channel

Path gain h, € C
The doubly-dispersive channel is mathematically described by:  Pathdelay 7 € [0, 7%

max max|
, TV

Doppler shift Vp € [—V
P | |

Time-variant impulse l 2t
hy - &2 6(T — 1),

A
response function (TV-IRF) h(ta 7-) —
p=1

The received signal over the doubly-dispersive channel is given by a convolution:

Received signal TV-IRF Transmitsignal AWGN

} | ! !
r(t) 2 h(t,T) * s(t) + w(t)

— 0

+00 P
r(t) £ / s(t— 1) th-eﬂmpt -5(t—7p) dr + w(t)
p=1

J

Y
TV-IRF

- D. Bliss and S. Govindasamy, Dispersive and Doubly-Dispersive Channels. Cambridge University Press, 2013.
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Signal Processing Over Doubly-Dispersive Channels

+00
fr(t)é/ s(t—7) th e??™rt 5 (t — 7)) | dT + w(t)

If one assumes the sampling interval to be: ;—p — {;—pw ~ (0 Integer normalised delay assumption!!
« Normalised delay: ¢, = 22 € N
Y. P T T, 0
. . e cfa. é Nv Integer/Fractional Doppler shift
* Normalised digital Doppler shift: f, = fsp c R

The discrete convolution is rewritten in terms of the normalised delay-Doppler parameters:

n] £ Zs[n — /] (Z hy - €2 PN 5[0 — Eﬂ) + wn] rin] = th eI?™ v N s[n — £,] + wn]

£=0 p=1 p=1

Mirabella et al., "Continuous-Time Analysis of AFDM: Fundamental Bounds, and Effects of Pulse-Shaping and Hardware Impairments, " arXiv preprint arXiv:2602.20909, 2026.

M.
- H.S.Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Signal Processing Over Doubly-Dispersive Channels

Under prefix insertion and discarding, rewrite as circular convolutional matrix:

Path-wise convolutional channel (shifted diagonal)

Received signal

éHpE(CNXN
P PN
A fl f ‘0, Nx1
r2H.s= ( hy ®, W H) s+neCN*L
p=1
1 00 001 010
Transmit signal Forward cyclic-shift matrix: I’ =I3= {0 1 0|, II'= |1 0 0|,and TI?= |0 O 1
001 010 1 00

Roots-of-unity diagonal matrix: W £ diag(w) = diag([l, e I2m/N .. ,e‘jQW(N_l)/ND e CNxN
Prefix phase diagonal matrix: ®,, = diag([e‘j%'qbcp(ep), coe e 2 o) Ll g ]) e CNxN

£, terms N —{, ones

Complex fading coefficient: h,, € C

H. S. Rou et al., "From Orthogonal Time-Frequency Space to Affine Frequency-Division Multiplexing: A comparative study of next-generation waveforms for integrated sensing and communications in doubly dispersive
channels," IEEE Signal Processing Magazine, vol. 41, no. 5, 2024.
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Signal Processing Over Doubly-Dispersive Channels

ZH,eCNV*N
P _AG
A Al fo 11l Nx1
r 2 Hes = (Y hy @, W \2 s+neCVxL
p=1
Effect of Integer Delay:
Tx time samples
w ] 16] | 16}
2
Qo ] 24| ] ol
S
S sl ] 32| ] 32|
(]
§ 404 1 40t 1 404
é ast ] asl ] as}
56| ] 56| ] 56|
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Signal Processing Over Doubly-Dispersive Channels

2H,cCN*N

P ~
r2H-s= th.q)p.wfp.ﬂfp . s+mneCNxL

p=1 T

Effect of Integer Doppler shift:

16| f — O 16
24 g 2
16 f = 1 16
2 i 24
IEEE Next-Generation Chirp-based Waveforms for ISAC in 6G+: I(AI ST C>ONSTRUCTOR - $x . UNIVERSIDAD —
UNIVERSITY % pEGRANADA E£uRECOM

=\
-N@ I S Ac Fundamentals, Models, and Algorithms




Signal Processing Over Doubly-Dispersive Channels

ZH,eCNV*N

P N
r2H.s= (th.q,p.wjip.nep ) s tneCNxL
p=1

Effect of Fractional Doppler shift:

f=1
f=18
f=05
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Signal Processing Over Doubly-Dispersive Channels

ZH,eCNV*N

P N
r2H.s= (th.q,p.wjip.nep ) s tneCNxL
p=1

Effect of Fractional Doppler shift:

f=1
f=18
f=05
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Signal Processing Over Doubly-Dispersive Channels

ZH,eCV*"

P A\
r2H.s = (th.@p.Wfp.Hep). s+n € CNXl,

p=1

In all: the total effect unto a transmit signal is a circular shift, then a phase-ramp:

C N\ N\ \
se eVt —| i “orvope | eoutien e
\_ lp ) g Jp y 9 hy y
I ne (CN X 1
(I)p
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Signal Processing Over Doubly-Dispersive Channels

P 1!
Ideal integer-delay assumption:  7|[n] = Z hy, €2 Ir N sln — 0] 4+ wn]
p=1

Tp Fractional normalised

. . . . T
However, if the samplinginterval is assumed as: 7~ — {T—pw #~ 0 delay assumption!!

* The continuous-time signal must be reconstructed, described via the discrete-time interpolation

N-—-1
sin— ] = > slmlg((n —m) — £,)
" Dependent on the pulse shaping filter!!
: P N-1
Fractional-Doppler (FOFD) Modet: "1 = 2 e 3 slmlg((n—m) —ty) +wln]
p= m=

- H.S.Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Signal Processing Over Doubly-Dispersive Channels

Similarly, we can rewrite as “circular convolutional”-like matrix form:

=H,eCN >N

P A
Integer delay model: I 2 H-s = (th@[)p'wfp’ngp ) S+ 1N &€ CNXla

=

Under FDFD, not possible to decouple the
CPP phase-offset and the delays

Delays are no longer
clean cyclic shifts

100 001 010
Hozlgz OlO,le 100,andH2: 001
001 010 100
FDFD per-path channel: N-1
f st — 6] = 3 slmlg((n— m) — £,)
A N XN =0
H,=V/>. (G((,)+®(,)) €C m
— (G (4p)]nm = g(n —m —£p)
j 27T n—m-—~
[P, (Up)lnm =g(n—m—L4,+ N)-¢€ Pep( )
H. S. Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Signal Processing Over Doubly-Dispersive Channels

IDID/IDFD Assumption FDFD Assumption

H, = hp'(I)p'Wfp'ng c CMN H, = hyp - Ve (G(ép) + (I)(ép)) c CMH

)
=

32

Receive Index n
Receive Index n

— —
0 (=}

[ A
=2

(=2}
=

8 16 24 32 40 48 56 64 8 16 24 32 40 48 56 64
Transmit Index m Transmit Index m

- H.S.Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Signal Processing Over Doubly-Dispersive Channels

FDFD model with different pulses

(G(lp)]nm =gn—m — L)

H, = hyp - Ve (G(gp) + (I)<€p)) e CM N (@, ()] nm = g(n —m — £, + N) - ef2m¢er(n=m=Ly)

Receive Index n

Receive Index n
=
(=]

Receive Index n

'
=4
'
(=]

8 16 24 32 40 48 56 64 8 16 24 32 40 48 56 64 8 16 24 32 40 48 56 64
Transmit Index m Transmit Index m Transmit Index m
(a) Sinc (Ideal Band-limited) (b) Raised Cosine (o = 0.5) (c) Rectangular (No Pulse Shaping)

- H.S.Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Effective DD Channels of OFDM and AFDM

P
What happens for a given multicarrier waveform? r = H-s = (Z Hp)- s+neCV*,
p=1
* Insert the modulation and demodulation operations
P Modulation
For OFDM (IDFT/DFT): rOFPM 2 (Z Hp). FH . xOFDM |y ¢V x1,
p=1 SO;‘?DM

Demodulation P
yOFDM 2 . (ZHI?)' FH . xOFDM | (R, . n) e CNXL,
\ p=1 ;

|

P
GOFPM 2 Z FNHijl_\I, OFDM effective channel
p=1

. UNIVERSIDAD
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Effective DD Channels of OFDM and AFDM

For AFDM (IDAFT/DAFT):
A—N é A‘CQFNA'Cl

A . _ 39 z'02 9 iN—12
H A H H H H Aci:dlag[ejﬂ'c()j...je]7‘(‘0( )]
A - (ACQFNAcl) — AC1 FNAc2 Diagonal matrices with AFDM chirp sequences
P Modulation
LAFDM 2 (} :Hp>. AN xAFDM |y o oN XL
p=1 SAFDM

Demodulation p
yAFDM 2 A . (ZHP)' AN xAFDM (A ) e CNXT
p=1

\ J

| i AFDM effective channel

GAFDM = Z (ACQ’FN 'Acl)HP (A: FJI_\IT 'Alc_lz)
p=1

- H.S.Rou, G.T. F. de Abreu, ” AFDM as a Software Upgrade of OFDM: One Firmware Patch, a New Frontier," arXiv preprints, arXiv:2605.23062, 2026.
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Effective DD Channels of OFDM and AFDM

HE(CNX1

Forward Phase ramp Complex fadmg Nx1
S € CNXl — CYChc shift byH of slope H coefﬁc1ent l »rcC

(a) Doubly-dispersive channel H = Zp hp, W fpTI¢: paths with same delay collide on the same off-diagonal (delay collision).

F Nn € chx1
Phase-ramp Forward Complex fadmg OFDM Nx1
XOFDM € (C‘N Xl — of slope Hcychc shift by coefﬁc1ent l > Y cC

(b) OFDM effective channel GOFPM — F NHF'J"V: the IDFT/DFT pair swaps delay and Doppler roles; paths with same Doppler collide on the same
off-diagonal (Doppler collision).

Apyn € CNXl

Phase-ramp Forward Global Complex fading
AFDM Nx1
AFDM (CNX 1 of slope CyChC shift by phase coeff1c1ent Yy e CVX
K + 2N02qp 61£2 —C24p )
1

£2h eC qu = (2fmax +1)¢p —
p

- H.S.Rou, G.T. F. de Abreu, ” AFDM as a Software Upgrade of OFDM: One Firmware Patch, a New Frontier," arXiv preprints, arXiv:2605.23062, 2026.
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Effective DD Channels of OFDM and AFDM

For a three-path IDID channel:

S N
Symbol Index n

Symbol Index n
o
S

dp = (2fmax + 1)£p - fP

Forward T M ‘ Forward
cychc shift by ". | . cyclic shift by
' 8 16 24 32 40 48 56 64 8 16 24 32 40 48 56 64 —q
Symbol Index m Symbol Index m p

(d) AFDM effective channel (IDID).

(a) OFDM effective channel (IDID).

H. S. Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Effective DD Channels of OFDM and AFDM

Simplifying slightly for better understanding:
Visualisation of effective channel structure with integer delays and Dopplers:

Three paths: fm** =4
{61 =0, f1 :0} (I‘Gd),
{ls=1, fo=2} (blue),
{63:3, f3:—1} (yelloW)
(meax + 1)61? + fp — dp

9, + fp =
Pl =4 AFDM

0 6 / 12 18 24 30 36

If the effective channel is estimated,
The integer delay-Doppler taps <«
come for free! (ISAC)

OFDM

0 :
4 R 4 R .
Forward cyclic Forward cyclic 6f M
shift by shift by ..l.
12f l.-
fp —dp
\ J \ J
18¢
é (zfmax + )gp T fp
OFDM: AFDM: 24 .'-.
- Eachinteger delay - Each integer delay results "
results in no shift in a left-shiftby 2™ 41 30} ..I.. ]
- Eachinteger Doppler - Each integer Doppler B
results in a right-shift results in a right-shift 36 . "

- H. S. Rou et al., "From Orthogonal Time-Frequency Space to Affine Frequency-Division Multiplexing: A comparative study of next-generation waveforms for integrated sensing and communications in doubly dispersive
channels," IEEE Signal Processing Magazine, vol. 41, no. 5, 2024.
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Effective DD Channels of OFDM and AFDM

Paths with fractional Doppler shifts, with Dirichlet kernel-based band leakage along the main diagonal:
OFDM AFDM
0 6 12 18 24 30 3¢ 0 6 12 18 24 30 36

"=

Target parameters:

{61 :O, f1 = —|—026} (red),
{ls=1, fo=42.35) (blue),
{63 = 3, f3 = —123} (yellow)

1

The amount of leakage
depends on the magnitude of
the fractional component.

—0.5 +— 0<+— +0.5
Max No Max
leakage leakage leakage

30 5
36 ©
- H.S.Rou, V. Savaux, Z. Sui, G. T. F. de Abreu, Z. Liu, ”AFDM: Evolving OFDM Towards 6G+," IEEE Open Journal of the Communications Society, 2026.
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Robustness over Doubly-Dispersive Channel

AFDM achieves excellent delay-Doppler robustness in doubly-dispersive channels - like OTFS

0 T T T T T ° e e
" —o-oom]1  OFDM suffers from severe inter-carrier interference (ICl) and
. _g-ocomi 1 loss of performance, and also loses its 1-tap equaliser.
00 —t— AFDM | ]
OFDM AFDM
102 ¢
% 103 ¢
104 F
10°F
10-6 1 | 1 | |
0 5 10 15 20 25 30

SNR in dB

-H. S. Rou, G. T. F. de Abreu, J. Choi, D. Gonzalez G., M. Kountouris, Y. L. Guan, O. Gonsa, "From Orthogonal Time Frequency Space to Affine Frequency Division Multiplexing: A comparative study of next-generation waveforms
for ISAC in doubly dispersive channels," IEEE Signal Processing Magazine, vol. 41, no. 5, pp. 71-86, Sep. 2024.
- A. Bemani, N. Ksairi, and M. Kountouris, "Affine frequency division multiplexing for next generation wireless communications," IEEE Trans. Wireless Commun., vol. 22, no. 11, pp. 8214-8229, Nov. 2023.
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Implications for ISAC in DD Channels

Time

oy . . Chirp ft)=fo+ at
In addition to the channel-based delay-Doppler estimation, VV\/\W\/\/WV\M \
AFDM is fundamentally a chirp multicarrier waveform: g
Fast Chirp  f(t) = fo + 3at O
* excellent fast-time ambiguity properties in both delay (range \

estimation) and Doppler (velocity estimation)..

Frequency

Zero-Doppler Cut (Delay Resolution) Zero-Delay Cut (Doppler Resolution)

10 10
OFDM OFDM
gl OTFS i OTFS
AFDM 0
CP-AFDM

* Equivalence to FMCW under
parametrisation

Magnitude [dB]
Magnitude [dB]

* Reusability of radar hardware/DSP chains
(dechirp, range/Doppler FFT, CFAR)

Normalized Delay Normalized Doppler

- J.Zhu et al., "ISAC With Affine Frequency Division Multiplexing: An FMCW-Based Signal Processing Perspective," in IEEE Trans. Wireless Commun., vol. 25, pp. 19725-19739, 2026
- H.S.Rou, G.T.F.deAbreu, " " Normalized Ambiguity Function Characteristics of OFDM, OTFS, AFDM, and CP-AFDM for ISAC,” Proceedings of the IEEE ICC, 2026.
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Implications for ISAC in DD Channels

Random symbol: Resolutions are identical across waveforms

Zero-Doppler Cut (Delay Resolution)

Zero-Delay Cut (Doppler Resolution)

10 10
OFDM OFDM
OTFS i ol OTFS | |
AFDM AFDM
CP-AFDM| CP-AFDM
§ S0k i
g g
= -20 | .
O o} 0
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-60 L . . -60 .
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Implications for ISAC in DD Channels

What exactly is AFDM’s advantage for sensing?

o
®
7

a

|
(0.0).4--~

04

Normalized |Agp ¢ (T, ¥)|
°

Normalized Doppler (v/Af)
Normalized Doppler (v/Af)

02 Ddata
1 D(il ¢
20 - by ‘ Ppilot ‘
() 3 (—At,—CAfl = ~~__ —_
2 ; Xiot |d|d|d][d|d[d|d[a]o[o]o]o]ofo[P]ofoo[o[o]0[a]d|d|[alad d]a]d]
=SS __ee = el o e
®) © Yo FE[ =[x [*[x[x[*[x [A[A[A[A[A[A A= [x [ X [* [ [X [ [x[*[x]7]
P U Ppitot
b N OCIM . M %, OFDM (a) Monostatic sensing with one pilot multiplexed with data
g g Boa A
% % 04 E » E‘"
% 6 /l, 2 . 4 ¢ 0
No"”al,; &\d U\D\
eq » 1%
e»-/; 5 o Oppl"’/»/a,;“ : §oﬂ“”‘m Pert,, ) \w‘“@\\
b (o) ® ©

Fig. 3. Subcarrier/symbol AAFs of different waveforms, N = 512, C' = 13, m = 47: (a) AAF of the AFDM chirp subcarrier; (b) Planform of the AFDM
chirp subcarrier AAF; (c) Planform of the AFDM chirp subcarrier AAF with another type of unambiguity parallelogram; (d) Zoomed AAF of the AFDM
chirp subcarrier; (e) AAF of the OCDM chirp subcarrier; (f) AAF of the SCM symbol; (g) AAF of the OFDM subcarrier.

- A.Bemani, N. Ksairi, and M. Kountouris, “Affine Frequency Division Multiplexing: From Communication to Sensing,” arXiv:2511.04471, Nov. 2025.
- H.Yinetal., “Ambiguity Function Analysis of AFDM Signals for Integrated Sensing and Communications,” IEEE J. Sel. Areas Commun., vol. 44, pp. 196-211, 2026.
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Further Implications for ISAC in DD Channels

Not only ISAC, but also joint channel estimation and radar parameter estimation and data detection:

BER Performance of QPSK-AFDM System with JCDE NMSE Performance of QPSK-AFDM System with JCDE

L0 (V =128, B = 32, Np = 32) " (N =128, B = 32,Np = 32)

1071
= %
m =
Z.
1072 |
10" | |[—8— PBiGaBP: OFDM (legacy) —F— PBiGaBP: OFDM (legacy)
| —k— PBiGaBP: OTFS (SotA[1]) - | —k— PBiGaBP: OTFS (SotA[l])
—(O— PBiGaBP: AFDM (Prop.) ] . | —(O— PBiGaBP: AFDM (Prop.)
— — —Linear GaBP . — — —Linear GaBP
10—5 I | I I L | | I 10*3 | I | | I | I |
-8 -6 -4 -2 0 2 4 6 8 10 -8 -6 -4 -2 0 2 4 6 8 10
SNR (dB) SNR (dB)

- A. Bemani, N. Ksairi and M. Kountouris, "Integrated Sensing and Communications With Affine Frequency Division Multiplexing," in IEEE Wireless Communications Letters, vol. 13, no. 5, pp. 1255-1259, May 2024
- K. R. R. Ranasinghe, K. Ando, H. S. Rou, G. T. F. de Abreu and A. Bathelt, "Blind Bistatic Radar Parameter Estimation in Doubly-Dispersive Channels," 2025 IEEE WCNC, Milan, Italy, 2025
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Further Implications for ISAC in DD Channels

Not only ISAC, but also joint channel estimation and radar parameter estimation and data detection:

NMSE Performance of QPSK-AFDM System with JCDE

Range Velocity _ _ —
10! . . : . 10 : ; . : 100 . . , (N. — 128’]B — 32.’ e = ?2) I .
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FD-PDA (MF Bound) _ FD-PDA (MF Bound)
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- A. Bemani, N. Ksairi and M. Kountouris, "Integrated Sensing and Communications With Affine Frequency Division Multiplexing," in IEEE Wireless Communications Letters, vol. 13, no. 5, pp. 1255-1259, May 2024
- K. R. R. Ranasinghe, K. Ando, H. S. Rou, G. T. F. de Abreu and A. Bathelt, "Blind Bistatic Radar Parameter Estimation in Doubly-Dispersive Channels," 2025 IEEE WCNC, Milan, Italy, 2025
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Further Implications for ISAC in DD Channels

Not only ISAC, but also joint channel estimation and radar parameter estimation and data detection:

NMSE Performance of QPSK-AFDM System with JCDE
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- A. Bemani, N. Ksairi and M. Kountouris, "Integrated Sensing and Communications With Affine Frequency Division Multiplexing," in IEEE Wireless Communications Letters, vol. 13, no. 5, pp. 1255-1259, May 2024
- K. R. R. Ranasinghe, K. Ando, H. S. Rou, G. T. F. de Abreu and A. Bathelt, "Blind Bistatic Radar Parameter Estimation in Doubly-Dispersive Channels," 2025 IEEE WCNC, Milan, Italy, 2025
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Further Implications for ISAC in DD Channels

AFDM was shown to enable joint delay-Doppler estimation for Quantum Rydberg Atomic Receiver-based ISAC!

= .
o] AFDM signal
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-H. Kim, H. S. Rou, K. Min, G. T. F. de Abreu and S. Kim, "Multi-Chirp AFDM for Rydberg Atomic Quantum Receivers: Waveform and Algorithm Design”, submitted to IEEE Trans. Wireless Commun., 2026
- M. Chen et al., "New Paradigm for Integrated Sensing and Communication with Rydberg Atomic Receiver," in IEEE Communications Magazine, vol. 63, no. 12, pp. 104-111, December 2025
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Other Interesting Features of AFDM

In AFDM, the joint time-frequency domain spreading for every subcarrier also implies:

* Robustness against various hardware impairments / non-idealities:

I0MOJ

- M. Mirabella, H. S. Rou, P. Di Viesti, G. T. F. de Abreu, and G. M. Vitetta, "Continuous-Time Analysis of AFDM: Pulse-Shaping, Fundamental Bounds and Impact of Hardware Impairments." Submitted to the Journal on Selected Areas in
- V. Savaux, S. Sawadogo, H. S. Rou and G. T. F. de Abreu, "On the Noise Robustness of Affine Frequency Division Multiplexing: Analysis and Applications," 2025 4th International Conference on 6G Networking (6GNet), Paris, France, 2025.

UNIVERSIDAD

Communications, preprint available arXiv:2602.20909 , 2026
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Other Interesting Features of AFDM

In AFDM, the joint time-frequency domain spreading for every subcarrier also implies:

* Robustness against various hardware impairments / non-idealities:

* Carrier frequency offset (CFO)
* Phase noise (PN)

* Sampling Jitter (SJ)

* Coloured and impulse noise

* Jamming

. etc.. 1 .
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- M. Mirabella, H. S. Rou, P. Di Viesti, G. T. F. de Abreu, and G. M. Vitetta, "Continuous-Time Analysis of AFDM: Pulse-Shaping, Fundamental Bounds and Impact of Hardware Impairments." Submitted to the Journal on Selected Areas in
Communications, preprint available arXiv:2602.20909 , 2026
- V. Savaux, S. Sawadogo, H. S. Rou and G. T. F. de Abreu, "On the Noise Robustness of Affine Frequency Division Multiplexing: Analysis and Applications," 2025 4th International Conference on 6G Networking (6GNet), Paris, France, 2025.
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Other Interesting Features of AFDM

Based on the chirp-parameter flexibility a plethora of works have been proposed..

* Integrated sensing and communications (ISAC)

* Physical layer security (PHY-Sec)

* Ambiguity function shaping

* PAPR reduction

* PSLR reduction

 Chirp-parameter hopping

 Index modulation » Syrrfl)k;l(;l;(zvise
 Multiple access Rotation

* and more..

Symbol-wise

Phase -

Rotation

Quadratic-phase Quadratic-phase
Sequence on ¢ Sequence on ¢

All of these secondary design space by simply tuning /
modifying the chirp-rotation parameters (two scalars!!!)

IEEE Next-Generation Chir i : v
- p-based Waveforms for ISAC in 6G+: I< A C>ONSTRUCTOR :$@* UNIVERSIDAD —
@I SAC Fundamentals, Models, and Algorithms I ST UN |\/ERS ITY 10;”2;5 DE GRANADA EUREC O M




Example Variant: Chirp-permuted (CP) AFDM

For example, chirp-permuted (CP-AFDM) has been shown to enable PSLR improvements:

- Histogram of Dela,y—Doma.m p SLR of CP-AFDM Histogram of Doppler-Domain PSLR of CP-AFDM
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0.08 - 11 I 0.08 | 1ol
! (I
5 I > [ |
g 0.0 ' é 0.06 1
% = I % (I
= l i3 o
I 1
0.04 I 0.04 ol
I 1
I 1
I 1l
0.02 : 0.02 1
I (I
I 1
0 1 o 1 0 . - i1

-8 -7 -6 -5 -4 -3 -2 -1 0 - - - - - - 2 1 0

PSLR [dB] PSLR [dB]

(a) Delay-domain PSLR. (b) Doppler-domain PSLR.

-H. S. Rou, H. Kim, G. T. F. de Abreu, S. Kim, “Chirp-Permuted AFDM: A Versatile Waveform Design for ISAC in 6G”, submitted to IEEE Trans. Wireless Commun. 2026
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Example Variant: Chirp-permuted (CP) AFDM

Notice that at the receiver, we must “demodulate” the signal via the N-point DAFT

H . . * H . « NXN ()“ : 16 24 32 40 :..- 56 64 ('() : l,“ 24 ;;:_) 40 l:_. 56 64
A" = diag(A}) - Fy - diag(A],) € C I ™ N N -
B . . N % N 21’.__-.. ", " 1’(:_-.-- "
A = diag(A.,) - Fn - diag(A.,) € C TR TR
10 ..-"._.. " 10 .-"-‘..-
The two chirp parameters must match between Tx and e ™~ -
Rx to ensure correct demodulation!

If not, uncontrolled erroneous x
phase remnants appear!! o
(inherent PHY-sec) o
o
by
(See live demo later!!)

-H. S. Rouand G. T. F. de Abreu, "Chirp-Permuted AFDM for Quantum-Resilient Physical-Layer Secure Communications," in IEEE Wireless Communications Letters, vol. 14, no. 8, pp. 2376-2380, Aug. 2025.
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And Much More...

Narrowband doubly-dispersive

Joint angle-delay-Doppler estimation in near /far-field MIMO
FMCW-like processing

Self-interference cancellation

ISAC chirp-pilot design

AF tuning via chirp
parametrization

Wideband/time-scaling Doppler Joint data and radar parameter estimation

Fractional-delay fractional-Doppler Ambiguity function Blind bistatic sensing

(AF) analysis AFDM > OCDM > OFDM hierarchy

Hardware & Infrastructure Reusability
OFDM/AFDM coexistence

Hardware impairment analysis Off-grid sensing

PA non-linearity Pilot-based sensing

Phase noise & CFO

Noise robustness
Quantization

ISAC-oriented

Radar Processing- Waveform Affine Frequency
Orthogonality analysis . based Sensing Optimization Domain-based High-mobility V2X
Diversity analysis Effe;zwj I(Jrhannel Sensing OFDM UAV /Drone networks
Interference analysis odelling goglpatlblhty LEO satellite/NTN
. oexistence -
Cramér-Rao bounds Theoretical Continuous- Integrated Sensing and Underwater acoustic
g ‘ : : Severe indoor multipath
Performance Bounds time Analysis ~ Communications (ISAC) Use Case-Specific
Analysis
Chirp subcarrller—doma%n M Index Mathematical 6G Pa.radigms & TF Offset estimation
Pre-chirp-domain IM . i AFDM Standardizati Comparative via CPP correlation
. . Modulation Foundations & andardization
Chirp-permutation IM (IM) b .. Research Analysis Residual-CFO
AFDM spatial modulation (SM) Theoretical Limits T . ICI cancellation
La.IldSC& ransceliver S . .
. . chronization
.Aglle'AFDM Chirp Parameter ) L Design (PHY) -
Chlrp—pei:;gt;\i Adaptability Waveform Evolution Ghannel Off-grid sparse Bayesian learning
. & Optimization Multi-Antenna, Multile Access e Guard interval-free estimation
Grouped pre-chirp Low-PAPR and & In telligent P Embedded pilots
N selectlo; é(;?];i/)l e EricndlineTs Environments Equalization Superimposed pilots
ugmente o X
(A2FDM) PhySI.Cal Layer Access and Detection Linear/banded equalization
Spectral Containment Security (PLS) MIMO and Schemes Tterative weighted MRC

Stepped-AFDM

& Efficiency

Spatial Processing

Orthogonal- AFDMA Message passing detectors

(SFDM) R : R
econfigurable . AFDM-SCMA Cross-domain distributed OAMP
Non-orthogonal AFDM _ . Diagonally-reconstructed - . i )
(nAFDM) Chirp permutaFlf)n based Metasurfaces MIMO-AFDM channel MIMO-AFDM-SCMA Jomt. channel-data PBiGaBP
n quantum resilient PLS MIMO-AFDM di it Ivsi ‘ . Multi-block UAMP
Unified pulse-shaped Secure AFDM via dynamic RIS B IVEISILy ana‘ysts ‘NVS‘&:HSSBT?XFDM Deep learning-aided detectors
chirp multi-carrier pre-chirp parametrization STM ’I;nsor—lb;sed MIMtQ_AFDM ( / ) Variational /EP detectors
Affine filter bank Secret chirp parameter codebook M channe: decomposition Dual-domai tati i
modulation (AFBM) F Space-delay-Doppler alignment ual-domain expectation propagation
CAPA Sparse graph MIMO-AFDM receiver Variational Bayesian (VB) detector

-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.
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And Much More...

Narrowband doubly-dispersive

Wideband /time-scaling Doppler

Fractional-delay fractional-Doppler

Hardware impairment analysis

Noise robustness
Quantization

Orthogonality analysis
Diversity analysis
Interference analysis

Cramér-Rao bounds

Chirp subcarrier-domain IM

PA non-linearity

Phase noise & CFO

FMCW-like processing
Self-interference cancellation

Ambiguity function
(AF) analysis

ISAC chirp-pilot design

AF tuning via chirp
parametrization

ISAC-oriented

Joint angle-delay-Doppler estimation in near /far-field MIMO

Joint data and radar parameter estimation

Blind bistatic sensing

AFDM > OCDM > OFDM hierarchy
Hardware & Infrastructure Reusability
OFDM/AFDM coexistence

Off-grid sensing

Pilot-based sensing

Pre-chirp-domain IM

Chirp-permutation IM
AFDM spatial modulation (SM)

Agile-AFDM
Chirp-permuted
AFDM

Grouped pre-chirp
selection (GPS)
Augmented AFDM
(A2FDM)

Stepped-AFDM
(SFDM)
Non-orthogonal AFDM
(nAFDM)

Unified pulse-shaped
chirp multi-carrier
Affine filter bank
modulation (AFBM)

& Efficiency

Chirp-permutation-based
quantum resilient PLS

Secure AFDM via dynamic
pre-chirp parametrization

Secret chirp parameter codebook

Reconfigurable
Metasurfaces

RIS
SIM
FIM

CAPA

Spatial Processing

Diagonally-reconstructed
MIMO-AFDM channel

MIMO-AFDM diversity analysis

Tensor-based MIMO-AFDM
channel decomposition
Space-delay-Doppler alignment

Sparse graph MIMO-AFDM receiver

Radar Processing- Waveform Affine Frequency
: based Sensing Optimization Domain-based High-mobility V2X
Effective C.hannel Sensing OFDM UAV /Drone networks
Modelling Compatibility LEO satellite/NTN
& Coexistence .
Theoretical e Integrated Sensing and Underwater acoustic
q 5 P Severe indoor multipath
Performance Bounds time Analysis ~ Communications (ISAC) Use Case-Specific p
Analysis
Index oo 2 2 TF Offset estimation
Modulation Comparative via FJPP correlation
(IM) . Analysis Residual-CFO
But does it really work? (O cancelaion
Chirp Parameter Synchronization
Adaptability —_— Ghannel gff-gzlic'l stparsi fBayesizafn letafrning
11mization i : : uard 1nterval-iree estimation
Low-PAPR and g Mult-Antenna - pulgiple Access HSUmMAon " b bedded pilots
OWmEA T an & Intelligent Gded pr ok
Hardware-Friendliness Environments Equalization Superimposed pilots
PhySl.cal Layer Access and Detection Linear/banded equalization
Spectral Containment ~ Security (PLS) MIMO and Schemes Iterative weighted MRC

Message passing detectors

Cross-domain distributed OAMP
Joint channel-data PBiGaBP
Multi-block UAMP

Deep learning-aided detectors

Variational/EP detectors

Orthogonal-AFDMA
AFDM-SCMA
MIMO-AFDM-SCMA

Waveform-domain

NOMA (OFDM/AFDM)

Dual-domain expectation propagation
Variational Bayesian (VB) detector

-H. S. Rou, G. T. F. de Abreu, E. Bjérnson, S. Kim, and M. Kountouris, "The resurrection of spectrum spreading for 6G and beyond: From sinusoids to chirps," submitted to IEEE Wireless Commun. Mag., Apr. 2026. arXiv:2605.00249.

v@ISAC

Next-Generation Chirp-based Waveforms for ISAC in 6G+:
Fundamentals, Models, and Algorithms

KAIST

s
RN )

C>ONSTRUCTOR
UNIVERSITY

UNIVERSIDAD —
DEGRANADA EURECOM

B
Cisynt




Implementation of AFDM

Aside from the “element-wise” rotations, essentially everything else remains the same as OFDM!

AFDM is a “software upgrade” of the OFDM legacy
(efficient adoption & hardware)

Pilots, Guards,
Resource Grid Info

(If applicable)

Resource
Element
Mapping

Data
Bits

Symbol-wise Symbol-wise Prefix
Phase Pl Insertion
Rotation Rotation
Quadratic-phase Quadratic-phase Quadratic-phase Conjugate quadratic-phase Conjugate quadratic-phase
Sequence on ¢y Sequence on ¢; Sequence on ¢; JJ Sequence on ¢; Sequence on ¢y
Prefix Symbol-wise Symbol-wise
Removal Phase Phase
Rotation Rotation
%Tanfrff Channel Equalizatio Recovered
Estimation & MIMO Bits
Demappmg Detection
)
Pilots, Guards Novel Algorlthms
Resource Grid Info
ol
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Implementation of AFDM

Full Pulse-Shaped OFDM & AFDM

Running live on two independent USRPs
Full synchronisation (STF + Zadoff-Chu)
Full CFO correction

Full channel estimation

Full detection/demodulation

e USRPB210s
 UHD library for USRP

* Matlab 2026 with Communications Toolbox, DSP System
Toolbox and Signal Processing Toolbox, Communications
Toolbox Support Package for USRP Radio

* GNURadio 3.10.12.0 (Python 3.14.4) with custom C++ blocks.
* GNURadio 200k chip/s, 200kHz BW,16 QAM

Next-Generation Chirp-based Waveforms for ISAC in 6G+:

IEEE
) :
Af@ Fundamentals, Models, and Algorithms
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Implementation of AFDM

[ data [N pilot [ ] zero/null

EPA matched: pilot bin 17, zone 35
fmax =1, é =0, fmax = 3, Npack = 2: MMSE

comb pilots (step 8) + 3 nulls at band edge
per-symbol LS + ZF

250

250
200 200
L 150 £ 150
= g
'5 Q
- 2
= a
100 100
50 50
0 0 1 1 1 1
2 4 6 8 2 4 6 8
symbol index s symbol index s
pilot 288 / null 27 / data 1989 REs pilot 9 / zero 306 / data 1989 REs
IEEE Next-Generation Chirp-based Waveforms for ISAC in 6G+: I(AI ST C>ONSTRUCTOR UNIVERSIDAD —
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Implementation of AFDM

RX PC: matched PS-OFDM vs PS-AFDM — one 84xB84 image per frame, 16-QAM, N = 256, per-symbol CE — rxGain tunable below

COMMON: STF plateau (coarse CFQO) e - COMMON: ZC po'aks (roots 25/ 34) - RX spectrum (full capture) " EVM (left) + CFO (right), rolling 100 :
: 1 | . Prodm, : = i PARAMS {cOntract)
Zd / 09 .80/ ‘ \ ¥ o 4 fc 2.4 00z | 5 1 M8/s
09 / \ f : HE 85 N 256 matched, Nsym 48, 15-QAM
08 08 8s '\ 8 > i bits/frame 42432 (@4xE4 px)
\ 07 ’ s X 3 ZC roets 25 / 34, scrambler 40
07 / 1 B - 90 - - v7 X 60 serial 3113476
@ Sos ) P Y :
Eos ) 2 é % | ! A AN . Yook : iteration 30
0s / 405 - i 35 vd »q < % ¢ 3 175 payload fixed per image
2 \ g 9 100 G .l ¥ P / 4 (deterministic contract)
H o4 \ Eo4 4 { I 4 B=e 7 \ -
e 106 i i 3 J 0
0.3 \ 03 ‘ ’ 3 P G, O A Yoo °
10 " > Y i ¢
02 02 | | | e PP "'\ e 65
o | a1l II | | | | I " lll us |
\, #
0 0 -12 D 6
1 0.5 0 2 1 0 1 2 ‘E.K.IU 0 500 0 1] 10 15 2 F-] *H
1- 1y [ms) 1-1p [ms) ! [kkz) Iteration
PS-OFDM comb: equalized *** per-symbol EVM (per-symbol CE) b o per-symbol [H(k)| overiaid PS-OFDM comb: recelved image ***
16 PS.OFON comb
:
1 > 3 20 image detected: dog
) $ % L . frames ox/missed 24/0
05 o n 0.908
a » - : =15 B CFO 1767 Wz
£ 2 EWN 3.57 % (SNR- 28.0 dB)
o 0 = =0
g @10 ¥ frame BER  ®
- L E 3 ] ! b . running BER 3.890-00
0.6 4 - bits counted 1018308
A ¥ 4 pixels exact 100.0 %
. H " ' 1
-1 ‘- ' ‘ . ) \ \ R a A 8.0 s / iteration
poterenae ” 40" bantd berannsentann,. o
156 0 8
15 1 0.5 0 05 1 15 5 10 15 20 26 0 ¥ 0 & 0 50 100 150 200 250
' symbal Index DET bin k
PS-AFDM EPA: equalized 3 per-symbol EVM (per-symbol CE) DD grid |h(L1) [dB]), mean over symbols  *** PS-AFDM EPA: received Image ***
- 6 o . -9
15 PS.AFDN EPA
14
1 » - > » 10 image detected: dog
" frames Ox/missed 23/0
06 - 20 n 0,998
- 3 “ @ =19 Y CFO #1767 Wz
b3 1 £ EVN 3.04 % (SNR- 30.3 dB)
o0 =8 4 —] 3
- -4 f
W g rane BER ®
. - - o N s s rusning BER
05 nt bits counted 1018308
4 & " | pixels exact 100.0 %
- & \ M
1 4 » S At -'.‘.-«....‘.'...-_. W L o 9.0 s / iteration
150 - - - - " - 0 - - - - e - - e - 00
L5 1 05 0 0s 1 15 5 10 15 20 25 30 B 40 & 15 1 05 0 05 15
1 symbol index Doppier 1ap t
RX gain peakly| 0.24 (ok, < 0.7)
« [ ] > 50.0

IEEE
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Implementation of AFDM

2 x 2 MIMO PS-OFDM vs PS-AFDM --- simultaneous streams --- python-UHD 20 MS/s --- frame 20 --- 2026-08-28 14:23:37

0 per-waveform burst spectra (RX A) acquisition, CFO +341 Hz 16 tracked EVM across frames

HIGH-RATE 2 x 2 PROF:ILES (N = 256) OFDM pair 1 AFDOM =30 S RESULTS (this capture)
f5 20 MSIs, M 4: 5 Mchipls, occ. 6.75 MHz AFDM pair OFDM (u=25) 14} |— & — omous p OFDM: EVM [6.6 3.9]% BER [0.00013 2.4e-05]
Ngym = 256, 16-QAM, 207872 bits/stream/waveform -40 noise 0.8 = AFDM B iso0 15.7 dB, k 2.6 dB
AFDM: Yin pilots [17 35], data 203 bins/ant 12 fl AFDM: EVM [5.1 2.8]% BER [0 0]
OFDM: 8+8 orthogonal combs + 21 nulls, data203 BipS = X iso 15.7 dB, k 2.5 dB

@ = 0.6 s, 10 | 1

=3 o = |
RESOLUTION o) 8 > g J ll ] resource-matched arms: 75 data bins/antenna both
delay cell 200 ns = 60 m path (30 m refl.) P -80 04 w lq 3 @/fw joint detection: AFDM sparse block MMSE /
Doppler res. 72 Hz = 9.0 mis i " 6 AR 0G0 C 1 OFDM per-bin 2 x 2 MMSE (both noise-weighted)

-100 0.2 i T ) A

RADIO f; 2.4 GHz, IF +4.4 MHz, TX 75/ RX 44 N u m 4 o R\l, L K o \\_ 8 - o “ demo by Dr. Hyeon Seok Rou
both streams SIMULTANEOUS (one timed 2-ch st[ialal 0 2 [ " L ) python-UHD native transport
cross-pol RF A vert /| RF B horiz -> no valid AcA 0 5 10 5 10 15 20
(polarization phase, not steering; oi(f) shown instead) sample x10° frame

s PS-OFDM: 4-link [H(f)| . 5PS-OFDM: eigenmode gains (k 2.6 dB) PS-105FDM stream A: EVM 6.6%, BER 0.00013 PSiOSFDM stream B: EVM 3.9%, BER 2.4e-05
A-A A-B ) ~_ T P . . | . . ’
| — —— —BA — — — B~B| " e o 3 RX 186x372
20— : -18 1 ' S * R AR A g OFDM X
-1855 050 L oo o o5
& 25 _ ’ ‘ i , ‘ B & @ @
= Q .19 0 = — 0 : '
-0 o 2 9 * e % 9
-19.5 -0.5 ‘ . * 1 . ' -0.5 TN 2 R
R I il 1 wf - " = I W 1 W8 W 8
—— ——] [~ ~ \\//—--’ N~ T ) . L
-40 -20.5 -1.5 -1.5
-2 -1 0 1 2 -2 -1 0 1 2 -1 0 1 -1 0 1
f [MHz] f [MHz]
5 PS-AFDM: 4-link [H(f)| 16PS-AFDM: eigenmode gains (k 2.5 dB) PS-AFDM stream A: EVM 5.1%, BER 0 PS-AFDM stream B: EVM 2.8%, BER 0
| A A A B|
=T B-+A B-+B
20 -16.5 1 & & 9 1 ® 2 ® P AFDM RX 186x372
-17 0.5 — 0.5
= 25 o & @ @ ¢ © & @
= Q .175 0 0
L 30 e & ¢ @ e o o o
-18 -0.5 -0.5
35 185 1 & @ @ @ 1 e o o @
-40 -19 -1.5 -1.5
-2 -1 0 1 2 -2 -1 0 1 2 -1 0 1 -1 0 1
f [MHz] f [MHz]
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lementation of AFDM

WEBCAM OVER AFDM — FULL-CHAIN LIVE DIAGNOSTICS: 84x84 px | frame, YCbCr 4:2:0, 256-QAM, uncoded, scrambled

CAMERA (webcam)

RX spectrum (Weich)

i.\l.‘u
oy
|

1056, MM-.»«L '

-,~.\ P

0

KMz

DD grid |h| dB rel. max (mean over syms) ***

pler tap 1

EVWM

RECEIVED over the air

L J

STF plateau — S&C metric (stage 1)

Lot ddciniimuatila e, ——

per-symbol EVM (this frame)

Next-Generation Chirp-based Waveforms for ISAC in 6G+:
Fundamentals, Models, and Algorithms
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frame 34 OK/mis
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Implementation of AFDM

CP-AFDM RX: image + constellation lock in ONLY with the matching key — 84xB4 image, 16-QAM, N = 256, keyspace 256!

CP-AFDM RX: image + constellation lock in ONLY with the matching key — 84x84 image, 16-QAM, N = 256, keyspace 256!
% equalized constellation equalized constsiation -
18]
FEERE S,
P
g & % = : ’
received image (decoded with YOUR key) e . ™ . 2 KEY MATCH recelved Image (decoded with YOUR key) = WRONG KEY
oo o0
> * @ E3
05 frame BER 0 05 frame BER 0.389
sync m 0.986 (always locks) sync m 0.996 (always locks)
CEO +1630 Hz CEO +1573 Hz
\ % ® » = !
15 15|
15 1 05 0 05 1 15 15 1 05 [ 05 1 15
]

RX gain

g |

peakly| 0.14 (ok, < 0.7)

IEEE

channel [h(L.1)] [dB] — SAME for every key

20

CP-AFDN RX

YOUR KEY (1 digits):
1

frames OK/nissed 13/8
EVM 4.8 %

frame BER  ©
running BER ©

channel |h(L)] (48] — SAME for every key

20

CP-AFDN RX
YOUR KEY (1 digits):
1

frames OK/nissed 37/17

EVM 134.2 %
frame BER  0.389

running BER 0,347
T1 bits counted 551616 T1 bits counted 1569984
£ £
) 30 serial 3113A76, port RK2 ) s Serial 3113A76, port RX2
= 4.6Hz | fs 1 MS/s R fc 2.4 GHz | fs 1 NS/s
40 N 256, Nsyn 48, 16-QAM ) N 256, Nsyn 48, 16-QAM
© scrasbler seed 53 © scrasbler seed 53
4 Payload fixed (contract) 4 Payload fixed (contract)
5 ~0.5 s / iteration i ~0.7 5 / iteration
50 50

]
Doppler tap 1

SECRET KEY kin [1, 2561] (1= classical AFDM receiver)

50

| o0 1

random key k=1 (classic AFDM)

RX gain

[

peaky] 0.13 (ok, < 0.7)

| | »

]
Doppler tap 1

SECRET KEY k in [1, 2561] (1= classical AFDM receiver)

60

500 1

random key

k=1 (classic AFDM)
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Implementation of AFDM

Let’s see itin action!

(Interactive demo session)
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Q&A
Thank you!
Any questions?

Next-Generation Chirp-based Waveforms for ISAC in 6G and Beyond:

Fundamentals, Models, and Algorithms (with Live Demonstrations!)

Dr. Hyeon Seok Rou Prof. Giuseppe T. F. de Abreu Prof. Marios Kountouris
KAIST, South Korea Constructor University, Germany University of Granada, Spain / EURECOM, France
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