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Abstract—This paper proposes a spectrum-efficient non-
orthogonal affine frequency division multiplexing (AFDM) wave-
form for reliable high-mobility communications in the upcoming
sixth-generation (6G) mobile systems. Our core idea is to in-
troduce a compression factor to enable controllable subcarrier
overlapping in chirp-based AFDM modulation. To mitigate inter-
carrier interference (ICI), we introduce linear precoding at the
transmitter and an iterative detection scheme at the receiver. Sim-
ulation results demonstrate that these techniques can effectively
reduce interference and maintain robust bit error rate (BER)
performance even under aggressive compression factors and
high-mobility channel conditions. The proposed non-orthogonal
AFDM waveform offers a promising solution for next-generation
wireless networks, balancing spectrum efficiency and Doppler
resilience in highly dynamic environments.

Index Terms—Waveform, non-orthogonal, AFDM, SEFDM,
ICI, spectral efficiency, Doppler resilience.

I. INTRODUCTION

The upcoming sixth-generation (6G) mobile systems must
cope with highly dynamic communication environments, such
as high-speed trains, vehicle-to-everything (V2X) networks,
unmanned aerial vehicles (UAVs), and low-earth-orbit (LEO)
satellite systems. The relevant wireless channels often experi-
ence significant Doppler shifts and time-frequency selectivity.
In these scenarios, traditional orthogonal frequency division
multiplexing (OFDM) may be incompetent due to the high
ICI incurred by large Doppler. Against this background, a
novel waveform called affine frequency division multiplexing
(AFDM) has been proposed recently [1], [2]. AFDM exploits
the chirp-assisted time-frequency spreading in the discrete
affine Fourier transform (DAFT) domain to provide strong
Doppler resilience, making it a promising waveform for re-
liable information exchanges in high-mobility channels.

In parallel with the need for strong Doppler resilience,
the 6G wireless systems also demand high spectrum effi-
ciency (SE) to support massive connectivity and high data
rates. To improve SE, spectrally efficient frequency division
multiplexing (SEFDM) [3]–[5] has been studied by relax-
ing the orthogonality constraint in multicarrier transmission.
Specifically, a higher SE can be achieved by choosing a
subcarrier spacing smaller than that for an OFDM system (i.e.,
subcarrier spacing compression). However, such compression

inherently introduces ICI and therefore, sophisticated detection
techniques are needed.

A plethora of research attempts have been made for AFDM
and non-orthogonal communication systems. For instance,
AFDM has been integrated with sparse code multiple access
(AFDM-SCMA) [6], index modulation [7], and generalized
spatial modulation [8] for high SE transmission. Furthermore,
by fully exploiting the DAFT structure, advanced AFDM
channel estimation techniques have been developed [9], [10].
Additionally, as shown in the receiver design for faster-
than-Nyquist (FTN) signaling aided sparse code multiple ac-
cess [11], iterative detection can effectively cancel residual ICI
for non-orthogonal systems.

In this paper, we propose a novel spectrum-efficient non-
orthogonal AFDM waveform by advocating a compressed
subcarrier spacing as that of SEFDM. By introducing a
bandwidth compression factor into the AFDM modulation
process, our proposed non-orthogonal waveform is able to
achieve a higher SE while retaining AFDM’s resilience to
high-mobility environments. Our design includes both linear
precoding at the transmitter and iterative detection at the
receiver, thus effectively mitigating the increased interference
in non-orthogonal transmission. The key contributions of this
paper are as follows:

• Non-Orthogonal AFDM Waveform Design: To the best
of our knowledge, this is the first study to introduce
a non-orthogonal AFDM waveform. By exploiting the
benefits of non-orthogonal signals, our design improves
SE and is well-suited for bandwidth-limited and high-
mobility scenarios.

• Transmitter Precoding: We employ both zero forcing
(ZF) and minimum mean squared error (MMSE) linear
precoding schemes to pre-compensate for channel distor-
tions and suppress ICI induced by subcarrier overlap. By
carefully shaping the transmitted signal based on channel
state information, the precoding stage ensures that the
effective channel experienced by the receiver is nearly
diagonal, thereby simplifying the subsequent detection
process.

• Iterative Detection: At the receiver, we develop an itera-
tive detection (ID) algorithm for a non-orthogonal AFDM
system. The proposed detection algorithm iteratively can-



cels residual interference and refines the estimates of the
transmitted symbols, leading to improved bit error rate
(BER) performance.

The rest of this paper is organized as follows. In Sec-
tion II, we present the system model for the proposed non-
orthogonal AFDM scheme, including the channel model and
signal structure. Section III outlines the proposed transmitter-
side precoding strategy, while Section IV details the iterative
detection algorithm at the receiver side. We then provide
simulation results in Section V. Finally, we conclude the paper
in Section VI with a summary of our findings and discussions
on future research directions.

II. SYSTEM MODEL

In this section, we present an overview of the AFDM
waveform, followed by the proposed non-orthogonal AFDM
waveform that integrates SEFDM. The goal is to preserve
AFDM’s robustness to Doppler spreads while benefiting from
SEFDM’s improved SE.

A. Waveform of AFDM

The AFDM transmit signal for a block of N symbols can
be expressed as [2]

s[n] =
1√
N

N−1∑
m=0

x[m]eı2π(c1n
2+c2m

2+nm
N ), n = 0, ..., N − 1,

(1)

where x[m] is the information symbol, and c1, c2 are the
AFDM time and frequency domain chirp parameters, respec-
tively. The terms c1n

2 and c2m
2 introduce a quadratic phase

modulation in both the time and frequency domains. The
matrix form of (1) is given by

s = ΛH
c1F

HΛH
c2x, (2)

where Λc = diag(eı2πcn
2

, n = 0, 1, ..., N − 1), x denote the
vector of information symbols, and F is the discrete Fourier
transform (DFT) matrix with entries e−ı2πmn/N/

√
N .

Similar to cyclic prefix (CP) in OFDM, AFDM employs a
chirp-periodic prefix (CPP) to mitigate inter-block interference
arising from the multipath fading. The CPP is defined as

s[n] = s[N + n]e−ı2πc1(N
2+2Nn), n = −Lcp, ...,−1, (3)

where Lcp is the length of CPP.
After passing through a time-varying multipath channel, the

received samples r[n] can be expressed as

r[n] =

∞∑
l=0

s[n− l]gn(l) + w[n], (4)

where w[n] ∼ CN (0, N0) is the additive Gaussian noise and
gn(l) is the impulse response of channel at time n and delay
l. The channel may exhibit both delay and Doppler spreads in
practical high-mobility environments.

Fig. 1. Frequency-domain comparison of OFDM and SEFDM subcarriers.

In AFDM, demodulation is performed via the inverse oper-
ation of (1), which projects the received signal r[n] back into
the DAFT domain, as follows

y[m] =
1√
N

N−1∑
n=0

r[n]e−ı2π(c1n
2+c2m

2+nm
N ). (5)

Let r represent the vector of received time-domain samples,
and y denote the vector of demodulated (DAFT-domain)
symbols. Then (5) can be written in matrix form as

y = Λc2FΛc1r = Ar = Heffx+ w̃, (6)

where A = Λc2FΛc1 is a unitary matrix, w̃ = Aw is
the transformed noise vector, and Heff = AHAH represents
the effective channel in the DAFT domain with H being the
channel matrix that captures the time-frequency dispersion of
the physical propagation channel.

B. Waveform of Non-Orthogonal AFDM

To further improve SE while retaining the resilience of
AFDM to time-varying channels, we consider a hybrid wave-
form that combines SEFDM [3] with AFDM. The continuous-
time SEFDM signal uses N subcarriers with subcarrier spacing
∆f over one symbol duration T . It is given by

x(t) =
1√
T

∞∑
l=−∞

N−1∑
n=0

sl,n exp

[
j2πnα(t− lT )

T

]
, (7)

where α = ∆fT denotes the bandwidth compression factor,
0 < α < 1, and sl,n is the symbol (e.g., QAM or QPSK)
modulated on the n-th subcarrier of the l-th SEFDM symbol.
When α = 1, the SEFDM symbol becomes a standard OFDM
symbol, meaning there is no bandwidth compression. The
bandwidth saving percentage value is (1 − α) × 100%, as
shown in Fig. 1. Decreasing the value of α can provide greater
bandwidth savings at the cost of increased subcarrier overlap.

For practical implementation, the continuous-time SEFDM
signal x(t) is sampled at intervals T/Q to generate the discrete
SEFDM signals, as follows

X[k] =
1√
Q

N−1∑
n=0

sn exp

(
j2παkn

Q

)
, (8)
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Fig. 2. The diagram of the transmitter and receiver design for the non-orthogonal AFDM waveform.

where Q = ρN denotes the number of time samples and
ρ ≥ 1 is the oversampling factor. This formulation illustrates
how SEFDM achieves spectral compression by scaling the
subcarrier spacing with the factor α.

By integrating SEFDM into the AFDM framework, we can
benefit from the bandwidth savings of SEFDM as well as the
Doppler resilience by AFDM signals. The combined AFDM
and SEFDM signal can be expressed as

s(α)[n] =
1√
N

N−1∑
m=0

x[m]eı2π(c1n
2+c2m

2+αnm
N ), (9)

where α is the SEFDM compression factor, 0 < α < 1.
The waveform in (9) can also be represented in matrix form

as

s(α) = ΛH
c1F

H
α ΛH

c2x = AH
α x, (10)

where x = [x[0], x[1], . . . , x[N − 1]]T is the input sym-
bol vector, Λc1 = diag

(
e−ı2πc1n

2

, n = 0, . . . , N − 1
)

is
the AFDM chirp modulation matrix in the time domain,
Λc2 = diag

(
e−ı2πc2m

2

, m = 0, . . . , N − 1
)

is the AFDM
chirp modulation matrix in the frequency domain, Aα =
Λc2FαΛc1 is the combined modulation matrix for AFDM
and SEFDM, and Aα(m,n) = e−ı2π(c1n2+c2m

2+αnm
N ), Fα

is the SEFDM discrete Fourier transform (DFT) matrix with
elements Fα,m,n = 1√

N
e−ı2π αmn

N ,m, n = 0, . . . , N − 1.
Similar to the demodulated AFDM signal in (5), the re-

ceived samples of non-orthogonal AFDM are demodulated as

yα[m] =
1√
N

N−1∑
n=0

r[n]e−ı2π(c1n2+c2m
2+αnm

N ). (11)

Then (11) can be written in matrix form as

yα = Λc2FαΛc1r = Aαr = Heff,αx+ w̃, (12)

where Heff,α = AαHAH
α is the effective channel matrix, and

w̃ = Aαw is the transformed noise vector.

The non-orthogonal AFDM signal can employ the ad-
vantage of SEFDM’s high spectral efficiency and AFDM’s
Doppler resilience, which provides a potential solution for
time-variant channels with limited bandwidth scenarios.

III. TRANSMITTER DESIGN FOR NON-ORTHOGONAL
AFDM

In non-orthogonal AFDM, the receiver must handle both
channel distortions and inter-carrier interference (ICI) caused
by the reduced subcarrier spacing. To reduce receiver complex-
ity and improve detection performance, we introduce a linear
precoder at the transmitter. The goal is to pre-compensate for
the effective channel seen by the non-orthogonal AFDM wave-
form. In particular, we consider two popular linear precoding
schemes, i.e., zero forcing (ZF) and minimum mean squared
error (MMSE), as shown in Fig. 2.

In (10), the transmit signal without precoding is s(α) =
AH

α x. With linear precoding, the signal is transmitted with
precoding matrix P ∈ CN×N , as follows

spre = PAH
α x. (13)

After passing through an N × N channel matrix H and
demodulated by Aα at the receiver, the system model becomes

ypre = AαHPAH
α x+Aαw, (14)

where ypre is the non-orthogonal AFDM-domain received
signal and w is the additive noise vector.

1) ZF Precoding: Zero forcing precoding aims to eliminate
all channel distortions, ignoring noise enhancement, as follows

HPZF ≈ I. (15)

If the matrix H is invertible, the exact ZF solution is given
by [12]

PZF = (H)
†
= HH

(
HHH

)−1
, (16)

where (·)† denotes the Moore–Penrose pseudo-inverse. Under
perfect channel state information (CSI), this solution ideally



cancels channel-induced distortion. However, noise and sub-
carrier overlapping can be amplified, potentially degrading
performance at low signal-to-noise ratios (SNRs).

2) MMSE Precoding: In scenarios where noise enhance-
ment is a concern, MMSE precoding provides a balanced
approach by minimizing E

∥∥x −AαHPAH
α x

∥∥2, yielding the
matrix

PMMSE = HH
(
HHH + σ2I

)−1
, (17)

where σ2 denotes the noise variance. Unlike ZF, MMSE
precoding avoids large gains on weak eigenmodes of the
channel, thus offering robust performance across a range of
SNRs.

3) Implementation Considerations: To implement either ZF
or MMSE precoding, the transmitter requires accurate CSI and
knowledge of the non-orthogonal AFDM modulation matrix
Aα. After computing the precoding matrix P, the precoded
time-domain samples are generated by spre = AH

α Px. A chirp-
periodic prefix (CPP) is then appended before converting the
digital samples to analog for over-the-air transmission. The
detailed process of the transmitter side design is shown in the
diagram of Fig. 2.

Precoding effectively reshapes the transmitted signal so that
the overall channel modulation product approaches an identity-
like mapping between x and y. Consequently, the receiver can
perform simpler detection or reduce the number of iterations
required for inter-carrier interference (ICI) cancellation, lead-
ing to enhanced robustness under both multipath propagation
and Doppler effects.

IV. ITERATIVE DETECTION FOR NON-ORTHOGONAL
AFDM

In AFDM, the frequency spacing ∆f between overlapping
chirps satisfies ∆f = 1

T to ensure the mutual independence of
subcarriers, where T is the OFDM symbol period. However, in
non-orthogonal AFDM, the subcarriers are tightly arranged in
a non-orthogonal manner. This results in inter-carrier interfer-
ence (ICI) between subcarriers, which poses a key challenge
for the non-orthogonal AFDM system.

To eliminate the ICI in non-orthogonal AFDM signals,
we propose an iterative detection algorithm, as shown in
Algorithm 1. We first do the MMSE channel equalization of
the received signal r = Hs+w to mitigate the effects of the
channel matrix H, which is computed as

req =
(
HHH+ σ2I

)−1
HHr, (18)

where σ2 is the noise variance and I is the identity matrix.
Then we transform the equalized signal to the non-orthogonal
AFDM domain, as follows

yeq = Aαreq. (19)

If we assume the interference arises only from the overlap-
ping subcarriers due to SEFDM compression, then it can be
modeled using the modulation correlation matrix:

Acorr
α = AαA

H
α . (20)

Algorithm 1 Non-Orthogonal AFDM Iterative Detection Al-
gorithm

1: Input: received signal yeq, modulation matrix Aα, the
number of iterations Niter, Modulation scheme M (e.g.,
‘QPSK’, ‘16-QAM’), Parameters for soft detection (e.g.,
thresholds r1 for QPSK, and T1, T2 for 16-QAM).

2: Output: final detected symbols x̂.
3: Step 1: Initialization
4: Compute the initial symbol estimates: x(0) = yeq
5: Compute the modulation correlation matrix: Acorr

α =
AαA

H
α

6: Remove self-interference: Acorr
α (i, i) = 0,∀i

7: Step 2: Iterative Refinement
8: for k = 1 to Niter do
9: Compute interference: I(k) = Acorr

α x(k−1)

10: Cancel interference: r(k) = yeq − I(k)

11: if M equals QPSK then
12: for n = 1 to length(r(k)) do
13: Let rn ← r(k)(n)

14: ℜ{x(k)
n } ←


+1, ℜ{rn} > r1,

−1, ℜ{rn} < −r1,
ℜ{rn}, otherwise

15: ℑ{x(k)
n } ←


+1, ℑ{rn} > r1,

−1, ℑ{rn} < −r1,
ℑ{rn}, otherwise

16: end for
17: else if M equals 16-QAM then
18: for n = 1 to length(r(k)) do
19: Let rn ← r(k)(n)

20: ℜ{x(k)
n } ←



+3, ℜ{rn} > T1,

+1, T2 < ℜ{rn} ≤ T1,

−1, −T1 ≤ ℜ{rn} < −T2,

−3, ℜ{rn} < −T1,

ℜ{rn}, otherwise

21: ℑ{x(k)
n } ←



+3, ℑ{rn} > T1,

+1, T2 < ℑ{rn} ≤ T1,

−1, −T1 ≤ ℑ{rn} < −T2,

−3, ℑ{rn} < −T1,

ℑ{rn}, otherwise
22: end for
23: else
24: x(k) ← SOFTDETECT(r(k),M) ▷ Use a generic

soft detection function for other modulations.
25: end if
26: end for



This correlation matrix captures both the self-interference
(diagonal elements) and inter-carrier interference (off-diagonal
elements). Analyzing the correlation matrix for interference
cancellation can avoid explicit modeling of the physical chan-
nel matrix H. To eliminate the self-interference, we can set
the diagonal elements of Acorr

α to zero, given by

Acorr
α (i, i) = 0, ∀i. (21)

For the inter-carrier interference, we need to use the iteration
algorithm to cancel it. Let x(k) be the estimate of the trans-
mitted symbols at iteration k, then the ICI is approximated
by

I(k) = Acorr
α x(k−1). (22)

By subtracting the interference (22) from the received signal,
we can get the interference cancellation, as follows

r(k) = ypre − I(k). (23)

Then perform the soft or hard detection step on r(k) to
update x(k). After Niter iterations, the output the final detected
symbols is

x̂ = x(Niter). (24)

V. SIMULATION RESULTS

In this section, we present numerical evaluations of the bit
error rate (BER) performance for the proposed non-orthogonal
AFDM system under various compression factors α, detection
strategies, and precoding schemes. The number of propagation
paths is set to 3, and the Doppler shift for each path is
computed using Jakes’ formula, i.e., νi = νmax cos(θi), where
νmax denotes the maximum normalized Doppler shift, and θi is
uniformly distributed within [−π, π]. The system employs 32
subcarriers at a carrier frequency of 4 GHz, with a subcarrier
spacing of 1 kHz, resulting in a total bandwidth of 32 kHz. To
capture high-mobility conditions, the maximum speed is set to
540 km/h, which corresponds to a maximum Doppler shift of
2 kHz. Additionally, a maximum delay spread of 2 symbol
durations is considered to ensure frequency-selective fading.
Finally, 4QAM modulation is used throughout the simulations
to clearly demonstrate the performance trends of the AFDM
waveform.

Fig. 3 shows the BER performance of non-orthogonal
AFDM, AFDM, and OFDM. Compared to OFDM, non-
orthogonal AFDM demonstrates superior BER performance.
Therefore, under the same bandwidth conditions, non-
orthogonal AFDM can achieve simultaneous improvements in
both BER performance and spectral efficiency compared to
OFDM, which provides a promising approach for bandwidth-
limited and high-mobility communication scenarios.

Fig. 4 compares the BER performance of the non-orthogonal
AFDM system under two different detection strategies, i.e.,
MMSE detection and iterative detection. The SEFDM com-
pression factors are set as α ∈ {0.8, 0.85, 0.9}. As the SNR
increases, all curves exhibit a downward trend of the BER. For
both MMSE and ID methods, the BER performs worse when

TABLE I
SIMULATIONS SETTING

Parameter Value

The number of subcarriers, N 32

Carrier frequency, fc 4 GHz

AFDM subcarrier spacing, ∆f 1 kHz

Bandwidth 32 kHz

Maximum speed 540 km/h

Maximum Doppler shift 2 kHz

Samples of the maximum delay spread of channel 2

Modulation scheme for communication 4QAM

The number of iterations for ID 20
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Fig. 3. BER for AFDM and OFDM with MMSE detection and non-orthogonal
AFDM with iterative detection. α = 0.85 (spectral efficiency improvement
is 17.65%). α = 0.9 (spectral efficiency improvement is 11.11%).

the α decreases. This is because lower α suffers from higher
interference due to increased subcarrier overlap. However, the
ID can partially mitigate this interference compared to the
MMSE method. For α = 0.9, the performance of ID method
comes very close to that of the standard orthogonal AFDM
signal. This phenomenon indicates that iterative processing
can effectively handle the increased interference at lower
compression factors.

Fig. 5 illustrates the BER performance of the non-
orthogonal AFDM system when ZF and MMSE precoding
are employed at the transmitter. In this scenario, precoding
is designed to pre-cancel subcarrier interference introduced
by the non-orthogonal subcarriers. As expected, MMSE pre-
coding curves show a noticeable performance improvement
compared to the unprecoded non-orthogonal AFDM signal,
particularly at moderate SNR values. This is because MMSE
precoding effectively balances interference cancellation with
noise enhancement, making it more robust than ZF. The BER
performance of MMSE precoding is better than that of ZF
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Fig. 4. BER performance comparison for MMSE and iterative detection in
non-orthogonal AFDM with compression factors α = 0.8, 0.85, 0.9.
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Fig. 5. BER performance of non-orthogonal AFDM for different precoding
methods (α = 0.8, 0.85, 0.9).

precoding. On the other hand, ZF precoding fails to improve
the BER performance compared to the non-precoded scheme.
This is due to the fact that in ill-conditioned channels or when
certain eigenmodes of the channel are weak, ZF will apply
very large gains on those weak modes, significantly ampli-
fying the noise. Consequently, MMSE precoding consistently
outperforms ZF in terms of BER performance.

VI. CONCLUSION

In this work, we have presented a novel non-orthogonal
AFDM waveform by integrating SEFDM-based bandwidth
compression into the AFDM framework. To mitigate the

ICI introduced by the non-orthogonal transmission, we have
studied linear precoding at the transmitter, including ZF and
MMSE precoding. Additionally, we have developed an iter-
ative detection algorithm at the receiver for refined signal
detection and hence enhanced BER performance. It is shown
that the proposed iterative detection algorithm can effectively
mitigate the ICI, while the proposed MMSE precoding offers
a good trade-off between interference suppression and noise
enhancement. Future research includes new detection algo-
rithms for further interference mitigation and the exploration
of advanced coding techniques to improve reliability.
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