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Abstract—This study proposes an index modulation (IM)
technique for affine frequency division multiplexing (AFDM)
signals and examines its communication and sensing performance
toward integrated sensing and communication (ISAC) systems.
The power levels of subcarriers are utilized as modulation indices
while also transmitting data symbols within each subcarrier.
Thus, the proposed AFDM with subcarrier power-level index
modulation (AFDM-PLIM) maintains all subcarriers active at all
times to achieve a higher spectral efficiency compared to other
AFDM-IM techniques, where some of the subcarriers are turned
off for IM. A low complexity estimator and subcarrier grouping
are also proposed to reduce the computational complexity of
the maximum likelihood estimator. Furthermore, this study
also examines the delay and Doppler ambiguity functions of
the proposed AFDM-PLIM and evaluates its range estimation
performance. The results show that its sensing performance is
better than AFDM-IM waveforms due to keeping all subcarriers
active at all times.

Index Terms—Affine frequency division multiplexing, AFDM,
Integrated sensing and communications, ISAC, index modulation.

I. INTRODUCTION

Integrated sensing and communication (ISAC) is expected
to be an essential part of the future generation of commu-
nication networks since many future applications such as
autonomous driving or smart devices will demand high data
rates and seamless wireless connectivity as well as highly
precise and reliable sensing capabilities [1]. Accordingly,
ISAC has been one of the main research topics in recent
years, from theoretical studies to waveform design and experi-
mental measurements [2]—[4]. Various waveforms have already
been considered for future ISAC systems, such as orthogonal
frequency division multiplexing (OFDM), orthogonal time
frequency space (OTFS), AFDM, and frequency-modulated
continuous wave (FMCW) signals [5]-[7].

OTFS and AFDM signals are especially appealing for high-
velocity scenarios due to their robustness to the intercarrier
interference caused by the Doppler shifts [6], [8]. OTFS
waveform utilizes the delay-Doppler domain to transmit data,
while the AFDM waveform utilizes chirp-like subcarriers in
the time-frequency domain similar to OFDM. Thus, both
OTFS and AFDM waveforms can be used to communicate
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in linear time-varying (LTV) channels that have both high
Doppler and delay variations, making them favorable in high-
velocity scenarios, such as high-speed railway applications.
The main benefits of AFDM compared to OTFS are lower pilot
overheads and requiring lower complexity transmitter/receiver
architectures [9], [10].

Various index modulation-based improvements have already
been proposed for OFDM and AFDM systems [11]-[14].
AFDM with on-off subcarrier index modulation is proposed
in [11], where the subcarriers are chosen to be off (disabled)
or on (active) to carry IM data while active subcarriers also
carry communication symbols. This improves the BER at the
expense of reducing the data rate since only active subcarriers
can be used to transmit data via quadrature amplitude modu-
lation (QAM) or phase-shift keying (PSK) symbols. Another
study considered pre-chirp AFDM parameters to modulate
IM data along with communication symbols [12]. Groups of
subcarriers are also considered as indices of IM to transmit
additional data [13]. In these studies, AFDM with index
modulation has been shown to offer a better BER and energy-
efficiency performance compared to AFDM.

AFDM has also been considered for ISAC to sense the en-
vironment while performing communication with users [15]-
[19]. An efficient target parameter estimation method that
utilizes decoupled delay and Doppler in the chirp domain in
[15]. Another study investigates bistatic sensing via AFDM
signals and proposes a bistatic sensing-aided channel esti-
mation [16]. Moreover, the performance trade-off between
communication and sensing based on AFDM parameters is
investigated in [19]. These studies demonstrate that AFDM
signals offer flexibility to design and realize ISAC systems.

In this study, we have considered AFDM with subcar-
rier power-level index modulation (AFDM-PLIM) for ISAC,
where the power level of the subcarriers is utilized as IM
indices. Different from previous AFDM-IM studies, all subcar-
riers are active and used to transmit symbols at all times in our
approach; hence, it can achieve a higher communication sum
rate compared to previous AFDM-IM approaches. Moreover, it
has a better ambiguity function for sensing since all subcarriers
are active at all times.



II. SYSTEM MODEL

A single-cell ISAC setup is considered, where the base
station (BS) is equipped with transmit antennas for ISAC
signaling and to receive communication data from users (UEs),
as well as radar receive antennas. In the rest of the article,
we focus on a single-input single-output (SISO) mode for the
sake of simplicity, and the signal and channel models are given
accordingly'.

A. AFDM with Subcarrier Power Level Index Modulation

M-PSK modulated symbol data vector, that is intended to
be transmitted to the user, is denoted by s € CL*1 1t consists
of PSK symbols for L subcarriers, and IM bits are modulated
using the power level of each subcarrier, hence,

x = as = [/aisi, Vagss, ..., Varst], )

where s; denotes the modulated symbol, which is drawn from
a M-PSK modulation constellation, and ,/a; denotes the
amplitude of the subcarrier, which corresponds to z; entry of
IM data vector z such that

1 =
o = + 3, forz =1 @)
1—-p3, for z;=0.

Modulating with IM data, as explained above, does not change
the average power of the transmitted signals since the prob-
ability of having 1s and Os are equal in the IM data such
that P(z; = 0) = P(x = 1) = 0.5. Moreover, the power

of PSK symbols are the same, ie., E [|sl|2] =

E|lvas|’] = [|vail] [lsf’] = %2 + 52 = 1 since
s; and ¢ are independent of each other. Note that the choice
of 0 < 8 < 1 affects the demodulation performance of PSK
and IM symbols since a larger 5 improves the demodulation
of IM but deteriorates the demodulation of PSK symbols.

1 hence

B. Affine Frequency Division Multiplexing with Subcarrier
Power-Level Index Modulation

AFDM and subcarrier power-level IM (AFDM-PLIM) mod-
ulated signal in the time domain for the kth UE is given by

y=A"x=ATF"Ax, (3)

where data vector x is defined above, A = A, FA,, denotes
the discrete affine Fourier transform (DAFT) matrix, and
matrix F' denotes the L-point discrete Fourier transform (DFT)
matrix given by

F(k,1)=e 72/ Lk 1e{0,1,...,L—1}, (4
and the diagonal matrices A., and A, are given by

A., = diag([1,e 9271 emi2mer(L=D%]), (5)

'The system model and the proposed AFDM-PLIM can be extended to a
multiple-input multiple-output (MIMO) scenario, and this will be the focus
of the next study.

where ¢; € {c1,co}. The DAFT parameters ¢; and co are
chosen as [6],

W b 0T L
where v,,,q, denotes the channel’s maximum normalized dig-
ital Doppler shift while £ is a small number, e.g., £ < 5
to include an additional guard against the Doppler shift.
Parameter ¢y can be an arbitrarily small number satisfying
the inequality above. As a result, the /th symbol transmitted
in the time domain can be given by
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C. Doubly Dispersive Channel Model

Doubly dispersive channel models have effects of both delay
and Doppler of the propagation paths; hence, their channel
state information (CSI) matrices are not diagonal, unlike flat-
fading channels. The doubly dispersive channel matrix H €
CE*L for L subcarriers is given below,

ho,o ho,1 ho,r—1
hio hi hi,1—1
hr—10 hrp—i1a hr—1,1—1
of which each entry hj; is modeled as [20],
Q-1
hig = Z ago(k — Tq)eﬂm’qkt, )
q=0

where () denotes the number of paths and sampling interval,
respectively. Path-related parameters o, v, 7, denote the gain
of the gth path, the Doppler shift of gth path, the delay of qth
path, respectively.

D. Receiver Processing

The time-domain baseband signal received at the receiver
is given by

r=Hy +n, (10)
which is firstly processed by DAFT as
Ar=A (Hy +n), (11)

and then channel equalization is performed via the linear
minimum mean-square error (LMMSE) equalizer to obtain the
estimated symbol vector at the receiver as

~ o~ -1
x= (A"H+0ly) HYA,FA, (Hy+n), (12)

DAFT

LMMSE Equalizer

where H = A, FA,HAYFYAI denotes the effective
channel matrix [21]. Subsequently, the estimations of the PSK
symbols and IM data are performed as explained above.



E. Symbol Estimation

The optimal estimation of IM and M-PSK data can be
performed via the maximum likelihood estimator as,
min || —x|?,

z€{0,1},seSK

where J is the set of possible IM and PSK symbol com-
binations in L subcarriers. Due to the large size of 7, the
computational complexity of the maximum-likelihood (ML)
estimator can be extremely high, ie., O(2L). Hence, the
following low-complexity estimator has been proposed. The
mean power of the symbols received in L subcarriers is
calculated as,

(z,8) = arg (13)
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n=0

(14)

and then the power of each symbol is compared to this
threshold for the decision as ,

. L,
zZ] =
1 0,

where p; = |#|°. Subsequently, the normalized M-PSK
symbols are obtained as

for p; > pr,

. (15)
for p; < pr.,
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and then these M-PSK are demodulated.

III. COMMUNICATION DATA RATE

Considering that each subcarrier can carry an independent
IM data bit, the maximum data rate of the AFDM-PLIM is
given by,

R, = Llogy M + L. (17)

The power level of the subcarriers can be determined
independent of the M-PSK symbols in the proposed IM
modulation scheme; hence, this decouples the demodulation
of IM and M-PSK symbols. This enables IM bits to be
obtained separately from the PSK bits, hence improving the
demodulation performance. Moreover, grouping subcarriers
into blocks for IM will improve the bit error rate (BER)
performance at the expense of a slightly reduced data rate,
as explained below.

L subcarriers are divided into GG blocks, such that the block
size of each block is given by U = L/G. Moreover, in
each block, the U/2 subcarriers are set high, and the U/2
subcarriers are set low to have a uniform power distribution
across the subcarriers within the block. In this case, the data
rate that can be achieved is given by

R, = Llog, M + Glog, ( u (18)

o)
where U > 2 and the combination term can be approximated
as

U U! 2U
<U/2> ~wRNuR " (19)

using Sterling’s approximation given by a! ~ v/2ma (%),
which provides a decent approximation when a > 4, the
achievable data rate of the proposed AFDM-PLIM is approx-
imated as,

G U
R, ~ Llogy M+ L — ) log, <W> ) (20)

2
when U > 4.

On the other hand, the maximum data rate that can be
achieved with the traditional on-off IM, AFDM-IM, where
only active subcarriers carry M-PSK data, is given by,

L
Rg = Zlog, M + log, 7 ) 2D
where Z denotes the number of active subcarriers, and is

generally chosen as Z < %, while the maximum data rate
of only M-PSK modulated AFDM is given by

Ry = Llogy M. (22)

Evaluating the data rates from these equations, it is evident
that Rg < R, < R, showing the higher data rate achieved
by the proposed AFDM-PLIM.

IV. SENSING PERFORMANCE

The sensing performance of the proposed waveform is
evaluated using the ambiguity function for delay (range) and
Doppler (velocity) estimations of the waveforms. We have
considered FMCW chirp as a sensing performance benchmark
since it is a widely used sensing waveform due to its superior
delay and Doppler estimation performance and simplicity [22].
Moreover, it can also be employed to design radar-centric
ISAC systems [7].

A. Ambiguity Function

The ambiguity function gives an insight into the response
of a radar waveform to a time delay 7 and Doppler frequency
shift . The ambiguity function of signal x is given by [23],

,(/)$(T7 U) — /oo x(t)m*(t _ T)ejQﬂutdt,

— 0o

(23)

where z(t), 7, and v denote the transmitted signal, the time
delay (related to the range), and the Doppler shift (related to
velocity), respectively. Moreover, 2*(t) represents the complex
conjugate of x(t).

B. Target Range Estimation Accuracy

This study also evaluates the range estimation performance
of the proposed AFDM-PLIM waveform in comparison with
FMCW, AFDM, and AFDM-IM waveforms. For this aim, a
monostatic sensing scenario consisting of a single target is
simulated, where the range of the target is 7' m from the ISAC
transmitter and receiver. The normalized mean absolute error
(NMAE) of range estimations are evaluated as,

1 N
N-Ti';

&p = T, — Ty, 24)
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Fig. 1. The spectral efficiency achieved by the proposed AFDM-PLIM in

comparison with AFDM-IM and AFDM. L=128 subcarriers and Z = L/2
for AFDM-IM.

where 7" denotes the estimated range of the target by the ISAC,
and N is the number of scenarios evaluated. This NMAE is
utilized as the range sensing accuracy performance metric to
evaluate the range estimation performance of AFDM-IM.

V. NUMERICAL RESULTS

The communication and sensing performances of the pro-
posed waveform in comparison with others are evaluated via
simulations. In these simulations, a 2.4 GHz carrier frequency
is considered, and 128 subcarriers are considered.

Fig. 1 illustrates the spectral efficiencies achieved by
AFDM, AFDM-IM, and AFDM-PLIM. It is evident that
even with short code-block length for IM, AFDM-PLIM has
a higher spectral efficiency due to utilizing all subcarriers
for M-PSK symbols and IM data transmission. Moreover,
choosing a shorter block size leads to a lower computational
complexity for the ML estimator since its complexity can be
given by O(2Y) for IM data estimation.

Fig. 2 presents the BER of the demodulations of the
AFDM signal, where QPSK or 8PSK are employed in each
subcarrier?. This figure shows that the BER of the proposed
low-complexity estimator (LC) is similar to the ML estimator.
Moreover, when a code-block (CB) with U=64 is used, the
proposed approach’s BER performance is better than 8PSK
while providing a similar data rate. By changing the block
size, it is possible to achieve a better BER performance at the
expense of slightly reduced data rate as shown in Fig. 1.

Fig. 3 and Fig. 4 show the delay and Doppler ambiguity
functions of FMCW, AFDM, AFDM-IM, and AFDM-PLIM
signals. It is clearly seen in Fig. 3 that AFDM-IM has
oscillating sidelobes due to turning on and off subcarriers,
while this issue is not seen in AFDM-PLIM. As expected,

2Note that higher order PSK modulations can also be employed to achieve
higher data rates
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Fig. 2. The BER of the proposed AFDM-PLIM in comparison with AFDM-
IM and AFDM.
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Fig. 5. The NMAE of range estimations obtained using AFDM-PLIM

waveform in comparison with AFDM-IM, AFDM, and FMCW waveforms.

FMCW has the best delay and Doppler ambiguity functions,
while the ambiguity function of the proposed AFDM-PLIM is
similar to the AFDM waveform, and both have lower sidelobes
than AFDM-IM.

Fig. 5 illustrates the range estimation accuracy of these
waveforms in terms of the NMAE of range estimations as a
function of transmit power. The target range 7' = 150 m and
N = 1000 times target sensing simulations are repeated to
obtain this figure. FMCW achieves the best range estimation
performance due to its superior delay ambiguity function. The
range estimation performance of AFDM-based waveforms is
similar, however, AFDM and AFDM-PLIM perform slightly
better than AFDM-IM according to these results. These results
show that AFDM-PLIM is a good candidate for ISAC systems
since it offers improved spectral efficiency and sensing perfor-
mance than AFDM-IM.

VI. CONCLUSION

This study has proposed the AFDM-PLIM waveform for
integrated sensing and communications. The proposed wave-
form has been shown to achieve a higher spectral efficiency
than AFDM and AFDM-IM, while it also offers better delay
and Doppler ambiguity function characteristics than AFDM-
IM. The computational complexity of the ML estimator can be
extremely high for a large number of subcarriers; thus, we also
proposed a low complexity AFDM-IM estimator. Moreover, a
subcarrier grouping is proposed to improve its bit error rate
(BER) performance at the expense of a slightly reduced data
rate.
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