www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Rate-distortion trade-off analysis
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Integrated sensing and communication (ISAC) systems greatly promote the development of radio
communication and sensing in the sixth-generation era. Meanwhile, the unmanned aerial vehicle
(UAV) provides larger coverage and efficiency for multiple user communication and sensing due

to the high mobility. Thus, the merging of these two techniques is promising for future wireless
communication. However, the main problem is how to design a proper transmitting waveform that
is suitable for high-mobility UAV communication while offering good sensing ability. In this paper,
we propose the combination of the orthogonal time-frequency-space modulation (OTFS) and the
frequency-modulated continuous wave (FMCW) using the power-domain superposition to achieve
the high-mobility communication and sensing function. The OTFS modulation is used to resolve the
Doppler shift of the communication and FMCW waveform guarantees the sensing ability. We also
discuss the ratio-distortion trade-off between sensing and communication function. The numerical
results validate the effectiveness of the proposed waveform.
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Integrated sensing and communication (ISAC) systems embody a new trend in wireless technology, which
brings the opportunity for wireless communication, such as wireless imaging>. These systems combine
communication and sensing capabilities in a unified hardware framework to enhance resource utilization and
cost-effectiveness®>. Waveform design plays a crucial role in ISAC systems by creating waveforms that can
efficiently support both sensing and communication functions at the same time®=°.

Based on the fundamental purpose of ISAC systems, the design techniques of ISAC waveforms are commonly
grouped into communication-centric, sensing-centric, and joint waveforms. Furthermore, ISAC waveforms can
be further classified as communication-based waveforms 1°-1% and superposition waveforms'*-'8, according to
structure of the waveforms. Communication-based ISAC waveforms represent that ISAC systems use standard
communication signals, such as OFDM signals, or precoded communication signals as the transmitted signal
to achieve the communication and sensing functions simultaneously. For standard communication waveforms,
the ISAC systems generally do not pay additional attention to the communication function, however, it requires
sophisticated estimation algorithms employed at the sensing receiver to extract target parameters from the
communication echoes!®!!. Although various parameter estimation algorithms are explored, the inherent
randomness of communication signals still leads to terrible sensing performance?, failing to achieve the trade-
off performance between communication and sensing of the ISAC systems. In order to achieve the trade-off
performance, the researchers use precoding techniques to enhance the sensing ability of standard communication
signals. They generally achieved a precoded ISAC waveform design by incorporating the beamforming matrix
designs into the ISAC precoder, where the beamforming matrix is optimized considering the communication
and sensing performance constraints simultaneously!>13-20:21,

Superposition waveforms combine random communication and specific sensing signals to form ISAC signals.
They offer distinct advantages over communication-based waveforms. Notably, each ISAC symbol contains a
deterministic sensing signal, ensuring reliable sensing performance per symbol rather than from a statistical
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viewpoint as seen in communication-based waveforms. Moreover, in ISAC systems that merge MIMO radar
and multi-user communication, superposition waveforms allow the sensing function to maximize the virtual
aperture®?. Nevertheless, managing interference in superposition-waveform ISAC systems poses challenges. In
an effort to enhance resource efficiency, some researchers explore the integration of sensing and communication
within the same resource block, referred to as full-superposition waveforms. However, using this waveform
makes it notably challenging to effectively mitigate sensing interference for communication signals. In'%, authors
propose a sensing interference-removing scheme inspired by NOMA and successive interference canceling
(SIC) for full-superposition waveforms. The approach involves treating a portion of the sensing signals as
virtual communication symbols and employing SIC to eliminate them, thereby reducing interference for actual
communication symbols. However, the study overlooks the residual noise that remains post-removal of virtual
communication symbols, which constitutes a portion of the sensing interference, in their theoretical framework.
Moreover, in??, the authors incorporate part of the communication information into sensing signals, allowing
users to enhance communication capacity through demodulation. Yet, they still fail to account for residual noise
from the sensing signal post-SIC. So the communication performance is not satisfied. In order to reduce further
the mutual-interference of sensing and communication signals, the authors introduced a quantization-based
full-superposition waveform that presents a fresh approach for ISAC waveforms'®, which involves quantizing
the sensing signal solely at the ISAC transmitter. This technique has the potential to efficiently remove sensing
interference at the communication receivers through a simpler operation compared to current methods.

The ISAC technique offers additional methods for communicating and monitoring specific objectives.
Incorporating unmanned aerial vehicles (UAVs) into ISAC networks can significantly enhance their effectiveness.
UAVs, being cost-effective aerial platforms, can improve ISAC services by providing broader coverage and a
more reliable Line-of-Sight (LoS) connection. By capitalizing on UAVS’ mobility and strong air-to-ground LoS
channels, UAV-enabled ISAC systems can deliver superior sensing and communication performance. However,
this innovative approach presents unique design challenges, particularly related to the stringent size, weight, and
power constraints imposed on UAVs, which can limit their communication and sensing capabilities. Therefore,
formulating strategies for designing UAV-enabled ISAC systems to optimize sensing and communication
performance while ensuring effective coordination among UAVs is a novel and intricate issue to tackle. Given
the points above, there is a need to investigate a unified ISAC waveform for UAV-enabled systems to enhance
spectrum efficiency. The superposition waveform emerges as a viable choice as it permits the reuse of power-
domain resources, unencumbered by antenna aperture constraints, thereby reducing the size and payload
requirements of UAVs.

In this paper, we propose using the combination of orthogonal time-frequency-space modulation (OTFS)
and power-domain superposition waveform to provide a robust communication sensing performance, as
shown in Fig. 1. OTFS modulation maps information symbols into the delay-Doppler (DD) domain, allowing
them to effectively capture time and frequency variations in high-mobility channels, which is crucial for UAV
communication. Meanwhile, FMCW signals are classical radar waveforms that ensure high-precision range and
velocity estimation, making them ideal for sensing tasks. Motivated by these properties, this paper combines
OTFS and FMCW through a power-domain superposition scheme to achieve robust communication and
sensing simultaneously. The power-domain superposition ISAC waveform is designed in the DD domain
to provide sensing and communication abilities at the same time-frequency-space resource. Then, the ISAC
waveform is modulated by OTFS in order to fit in the high-mobility communication channel due to the UAV
flying. We also discuss the optimal power-domain ISAC waveform in terms of the rate-distortion trade-off
viewpoint, where the power allocation index and quantization order are optimized according to the sensing and
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Fig. 1. Mlustration of the UAV-ISAC systems.
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communication requirements. The simulation results demonstrate the effectiveness of the proposed waveform
for UAV communication and sensing.

Transmitted signal model

In this paper, we consider a UAV with sensing and communication functions using the same time-frequency
resources. For UAVs, they generally are controlled to form a special swarm for some specific tasks, so they need
to communicate and sense with each other to keep the formation. Now, we first introduce the transmitted ISAC
signal and received signals at the communication end and sensing end model, respectively. Notably, we consider
the mono-static ISAC system in this work where the sensing receiver and ISAC transmitter are colocated.

Power-domain ISAC waveform
Due to the high mobility property of the UAV, the Doppler frequency shift is severe, degrading the performance
of conventional communication schemes, such as orthogonal frequency division multiplexing (OFDM). In
order to remove the Doppler frequency shift easily, the OTFS modulation is used.

At first, we generate a binary sequence. Then, the binary sequence is mapped into a symbol using a Q-QAM
constellation. After that, the symbols are formed as an M x N matrix X,

c (& c
Zo,0 To,1 ot Lo, M—1
c (& c
Z1,0 T1,1 T, M—-1
Xc = ) (1)
C C (&
TN—-1,0 TN—-1,1 o TN—1,M—1

where M and N denote the numbers of delay bins and Doppler bins in the DD domain, respectively. The matrix
X represents the conveyed communication information in the Delay-Doppler domain. Then, we introduce the
design of the sensing signal in the DD domain, and the two signals are combined to generate the power-domain
ISAC signal.

As stated in Ref.'>, the power-domain ISAC waveform design relies on the quantization of the sensing signal.
Thus, we generate the sensing radar signal. To align with existing radar systems, we use the classical frequency-
modulated continuous wave (FMCW) signal as the original radar signal, which is generated by
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where j is the imaginary unit, fo is the carrier frequency, and M is the number of the linear frequency-modulated
(LFM) signal. k = B/T is the frequency slope, where B is the bandwidth of the FMCW signal, T is the duration

of the LFM signal, and
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is a time-limited function, where 3 € [0, 1] denotes the roll-off factor that controls the smoothness of the pulse
edges. The use of Grc (t) provides a smooth transition region, which reduces spectral sidelobes and inter-symbol
interference. Notably, we need to generate the power-domain ISAC signal in the baseband, so the FMCW signal
used here is also generated in the baseband.

Due to the use of the OTFS modulation, we should process the signal in the DD domain. Therefore, the
original radar signal should also be converted into the DD domain for further processing. Now, we sample the
m-th LFM of the FMCW signal in (2) with a sampling rate B as

sm(n):eﬂm"/BQ,n:O,~- SN —1, (4)
where s is the N X 1 vector, representing the discrete version of the LFM signal. Then, the FMCW signal could

be denoted as

M

f) = smin—m(N —1)). (5)

m=0
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Then the delay-time domain signal f(n) is transformed to the time-frequency domain using the Wigner transform
to obtain . The symplectic fast Fourier Transform (SFFT) is applied to the time-frequency domain matrix to
obtain the delay-Doppler domain form
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where f[l, k] is the Ith row, kth column element of . Then the F}, ;n, could also form a matrix as
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Notably, because of the property of the DD domain for this periodic signal f(t), the elements of the matrix F
satisfy

Frmlnzo = 0. (8)

In other words, the element of the first column of F is non-zero, but the other elements must be zero. This
property will help in signal separation at the communication user, providing an advantage, as we will show in
the next section.

Then, we should quantize the sensing signal matrix F to enable the power-domain ISAC waveform as

X =Q(F,Ls). )

The operator Q(-, Ls) represents a uniform real-valued quantization function with quantization order Ls ,
applied to the sensing signal matrix F to obtain the quantized sensing waveform X?*. In this paper, the quantizer
has the following requirements: (1) The order L should be odd due to some elements of F being zero; (2)
the uniform quantizer is considered for simplicity; (3) The real-valued quantizer is used because the F is real-
valued. For the general sensing signal, the complex-valued quantization could be considered. According to these
requirements, the constellation of quantized sensing signals could be written as

Xom € {-XT°, X}, (10)
where
2 F
xtoe {max{|F|}, max{|F|}—z%, . o}. (11)

After obtaining the communication and sensing signals, we utilize the two signals to generate the ISAC waveform
in DD domain. The power-domain ISAC waveform is

X = VP.X® /ol + VP:X o2, (12)

where o2 and o2 are the power of signal X* and X, respectively. Ps and P. are the allocated power for sensing
and communication signals, with Ps 4+ P. = P;, where P; is the total transmitting power. Additionally,
P, > P. because the radar signal generally involves round-trip propagation in the studied monostatic scenario,
and the radar cross-section (RCS) of the target is considered weak. Under this scenario, Ps > P is reasonable.
Then the DD domain ISAC signal is converted into the time-frequency domain to be emitted by using

N-1M—1
x[k,l]] = VMN Z Z X[m7”1”L](3j27r<%7%)7 (13)

n=0 m=0

where X[n, m] is the nth row and mth column of the matrix X. Finally, we use the Heisenberg transform and
add the cyclic prefix (CP) in order to obtain the time-domain transmitting signal x(¢). The signal x(f) is then
converted and emitted from an antenna on the UAVs.

Received signal model
In this section, we describe the received signal models at the communication user and sensing receiver.

Received communication signal
For the high mobility communication user, the Doppler effect is significant, so the communication channel
between transmitter and communication receiver with delay-Doppler representation is
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K
h(r, ) =Y ged(r = m)3 (i — uw), (14)
k=1

where 7, 1 are the delay and Doppler frequency shift, and K is the number of the propagation paths. gx is the
complex channel gain, and J is the Dirac function. Then the received communication signal passing the channel,
after down-convert, could be written as

r(t) = //h(T, )™ (b — 7YdpdT + ne(t). (15)

where n.(t) is the zero-mean additive Gaussian white noise with variance Uﬁ. When the CP is removed, the
signal is converted from serial to parallel, and the Wigner transform and inverse SFFT are executed on it to
convert the received signal into the DD domain. The signal in the DD domain is

R=Hx*X+ N, (16)

where H represents the sampled matrix form of the channel h(7, 11), * denotes the two-dimensional circular
convolution operation, and N, is the DD domain noise of n.(t). In accordance with Reference 24 the linear
minimum mean square error (LMMSE) equalizer is utilized to remove the channel. Define the vectorized forms
r = vec(R), x = vec(X), and n. = vec(N.), where vec(+) is the vectorized operation. Then the system can be
written in vector form as

r = C(H)x +ne, (17)

where C(H) € CNM*NM s the 2-dimension circular convolution matrix, constructed as

N—-1M-1

C(H) = Z Z H(n,m] (P% * P7), (18)

n=0 m=0

with Py and Py beingthe N x N and M x M cyclic permutation matrices. The LMMSE equalizer minimizing
E{llx — Guarser}is
Carnse = S.C(H)(C(H) S,c(H)" +£,) 7", (19)

where 3, = E[xx"] and 2,, = E[n.nf]. For independent and identically distributed transmitted symbols
and white Gaussian noise, X, = 03 LY, = 0,211, giving the LMMSE equalizer as

2 —
Guumse = (C(H)HC(H) + Z—’Q;I) 1C(H)H. (20)
After equalizing the channel, (16) is processed as
X = VP X% /o2 4+ V/P.X /o2 + Ne cy. (21)

For the communication receiver, the vital problem is to extract the communication symbol X° from X. In
order to obtain the communication signal, the quantizer is used again as stated in (9). However, the DD domain
has a unique property for this operation. Back to (8), the elements of I are zero for the case n # 0, leading to
the elements of X* also being zero. Thus, we only need to process the first column of X, i.e., X1, to obtain the
quantized sensing symbol X°. We denote the first column of X* as x*, the first column of X as x“. Notably, the
power ratio between x® and x° is (M — 1) Ps/ P, the gain M — 1 comes from the zero elements of X°. Because
the P; > P, the communication symbol x“ could be viewed as a weaker interference for the quantized sensing
symbol x°. Therefore, we could obtain

£* = Q(%1/VPs, Ls). (22)

Then, the estimation of X°, i.e.,Xs, could be obtained by using X* and zero padding.
Now, the communication symbols could be obtained as

)A(c o 0_25(— \/PSXS/O'g
= Cipc

0_2 \% PS(XS - Xs)/ag + \Y PCXC/O-E + Nc,eq (23)
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where the approximation is valid when Ps > P.. This approximation is employed solely to illustrate the estimated
communication symbols when the sensing symbol is assumed to be perfectly estimated. In the simulation
section, we refrain from utilizing this approximation and instead opt for the actual demodulation performance.

From the processing flow, we see that the combination of the FMCW signal and OTFS modulation is more
suitable for the power-domain ISAC waveform than OFDM in'>. The M — 1 times gain is obtained through the
mean operation across multiple OFDM symbols, leading to additional operations and increased complexity. This
is also the main advantage of the proposed method.

Rate-distortion trade-off waveform optimization

In the previous section, we introduced the combination of OTFS modulation and FMCW signal for ISAC.
However, two vital parameters L, and P, (P.) impact the sensing and communication performance significantly.
Some metrics are proposed to evaluate the communication and sensing performance in ISAC systems, such as
mutual information?® and waveform similarity?. In this section, we will discuss the optimal parameter selection
based on the rate-distortion trade-off for different performance requirements.

Sensing distortion

For the sensing function, the transmitted waveform is important because it determines the lower bound of the
sensing performance. However, the performance metrics of the sensing waveform are various, such as Cramér-
Rao bound, peak-to-average power ratio, and constant modulus. Therefore, justifying that an ISAC waveform
has a better sensing performance is a challenging task.

A reasonable way is to measure the difference between the ISAC waveform and the classical radar waveform,
such as the FMCW signal. The classical radar waveforms are generally widely used and have robust sensing
performance, so it could be viewed as a reference waveform for sensing function. In this paper, we use the
Euclidean distance between the ISAC waveform and the FMCW signal because our ISAC waveform is the
combination of communication signal and FMCW. And we named this distance as waveform distortion

VP
o2
= |VPX*Jo2 +V/P.X /o — VPF /o235

= |VP:Q(F, Ly) /o + VP — P.X/o? — VP.,F/o2]|3.

D(Ls, Ps) = [[X — F||3

(24)

From (24), we see that the distortion of the sensing signal is impacted by the parameters L, and Ps. Meanwhile,
when P; approaches P, the second term of the third line in (24) is nearly zero. The distortion is only related to
the quantization order, and the lower the quantization order, the higher the distortion. When the quantization
order L, approaches infinity, i.e., without quantization, the distortion D(L, Ps) becomes zero. In other words,
the sensing performance of the ISAC waveform and FMCW signal is the same. Thus, we desire the distortion
D(Ls, Ps) to be as low as possible for better sensing performance in the ISAC systems.

Communication rate

For the communication systems, the communication achievable rate is an important metric, which represents
the ability of the conveying information to the communication systems. In the proposed system, we could obtain
the estimation of X using (23), thus the communication capacity, i.e., maximum rate, is

0_2
Ci(Ps,Ls) = Blog, | 1+ -
H L) : ( P./P.|[X* = X|[302/02 + 0202 /P,

1
~ Blog, <1+02/P)’

where the approximation also is based on the perfect demodulation of the quantized sensing symbol, as shown
in (22). However, this capacity has two limitations for the proposed system. First, (25) is valid if the input X is
subject to a Gaussian distribution, but the real communication symbols X in our paper are extracted from an
alphabet, leading to the ineffectiveness of this equation. Second, this approximation is ideal when we analyze
the impact of the parameters on the performance of this ISAC system, which is held when the P; is larger than
P.. According to these approximations, we could not see the whole trade-off property in terms of the adjustable
parameters. We need to derive the more proper form of the capacity for this system.
At first, the communication rate could be calculated as

R(P,, L) = I(X°) — I(X°|VP,,X* - X, L), (26)
where the I denotes the entropy of the information. The capacity under the used system is

C(Ps, L) = max R(Ps, Ls). 27)

According to the definition of entropy of the discrete symbols, we have

Scientific Reports | (2025) 15:45021 | https://doi.org/10.1038/s41598-025-28895-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

- i P(x7,)log, P(x7,), (28)
and
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c /ch

Equation (29) shows that the mutual information I(X¢|/Ps,X® — X°, L,) is related with the parameters P,
constellation of transmitted symbols and the noise level. In fact, the quantization order L, is implicitly contained
in the expression due to the term X* — X°. The quantization order L and power index Ps impact the value of
X -X".

However, Eq. (29) could not be calculated analytically, because the statistical property of the y is complex and
unknown to us. Therefore, we need to obtain it using the Monte Carlo simulation. According to Ref?’, we have

R(P., L) = log, M M > ElA(@y,2%))ac], (1)
¢ zcex e

(30)

where M. is the modulation size of the communication symbols,

_ Pely—(z1+a°)|2

Zxce%c lee%i € 27n

A(y,a%) = log, ,(‘ (32)

202
Zzle%l € "

and
x1 = 00 JooN PV Pe(x}, — &5)). (33)

The variable y is subjected to a random distribution, and it probability density function is

1 _ly—(z1429|?

z¢,71) = e 207 . (34)

We could obtain the R(Ls, Ps) by using Monte-Carlo simulation through (31) to (34).

Trade-off waveform

In the previous subsections, we introduced the sensing distortion and communication rate of the proposed
power-domain ISAC waveform. Now, we will discuss the influence of the two adjustable parameters Ps and L
on these two metrics. For the sensing distortion D(Ls, Ps), we see that the larger Ps is, the larger L is, and
the better (smaller) the sensing distortion is. In contrast, the larger P; is, the larger L is, and the worse the
communication rate is. Therefore, the sensing distortion and communication rate conflict in terms of the two
adjustable parameters, as described in common ISAC systems. In order to depict the whole trade-off property of
the used power-domain waveform, the following problem should be studied:

min  D(Ls, Ps)

Pg,Pc,Ls
st. R(Ps,Ls) > Ro (35)
P.+ P, = P,.

We change the value of Ro to obtain different values of Ps and Ls in order to reveal the trade-oft property
between sensing distortion and communication rate using the MCS.

Results

In this section, we examine the proposed ISAC waveform aimed for the UAV, focusing on the communication and
sensing performance. Finally, we demonstrate the trade-off property in terms of the rate-distortion criterion. We
assume that a UAV is communicating with other users and sensing the environment. The simulation parameters
are listed in Table 1.
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Parameter Value
Maximum Velocity of UAV | 700km/h
N 64

M 16

P, 1

o2 0.01

M. 4

Carrier Frequency 5.8 GHz
Frequency Spacing A f 12.5 KHz

Table 1. The simulation parameters.
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Fig. 2. The BER performance with different power allocation P; and quantization order L using the OTFS
and OFDM modulation.

Communication performance

First, we show the communication performance. Considering the line-of-sight (LoS) path of the UAVs, we only
assume that the communication user receives the one path with the Doppler shift and delay, and the equalizer
is used to remove the channel effect. Notably, the OTFS modulation is used in our paper, so the communication
system has the ability to combat the Doppler shift. The communication channel is randomly generated in each
simulation, and the results shown here are the statistic property.

As shown in Fig. 2, we first show the bit error rate (BER) performance under different power allocation indices
P; and quantization orders Ls. We see that communication performance is good when the quantization order
is smaller, such as Ls = 3, 5, 7. When the quantization order becomes higher, the BER is worse. Meanwhile, we
note that when P; is much larger than P, the communication performance is worse than the case where P; is
larger than P.. The reason is the overly small P. leading to the degradation of communication anti-noise ability.
If the total transmitting power P; is increased, the communication performance will improve. More importantly,
we note that when P is smaller than P., the communication performance with a lower quantization order is
still good. Generally speaking, this is considered impossible because the sensing interference cannot be properly
removed in this case. However, due to the processing gain of OTFS modulation for FMCW signal, the power
of the sensing signal is enhanced, resulting in correct demodulation even when Ps < P.. In addition, we also
simulate the case where the UAV adopt the OFDM modulation to generate the power-domain ISAC waveform,
and the results are plotted in Fig. 2. Obviously, the communication BER is terrible than the case using OTFS
modulation because the frequency shift caused by the high-speed moving can not be handled well. The results
highlight the advantage of the OTFS modulation in the high-speed moving scenario.

Moreover, we also show the communication rate in Fig. 3. From Fig. 3, we see that the communication
rate is almost log, M. for a smaller quantizer at any P;/P., which means the communication information is
successfully conveyed. Similarly, with the increase of the quantization order Ls, the rates also decrease. The
varying rate curves correspond to the BER curves in Fig. 2. The reason for the variation is that the power ratio
P,/ P. does not linearly impact the communication performance. When P;/ P. increases initially, it means the
power of the communication signal is improved, while the power of the sensing signal is much larger than that
of the communication signal. Therefore, the communication signal cannot interfere with the sensing signal,
leading to the successful demodulation of the sensing symbol. Subsequently, the communication symbols are
demodulated without sensing interference, and the performance is enhanced with the communication power.
However, when the P, /P, increases further, the communication power is basically the same as the sensing
power, resulting in the failure of demodulating the sensing signal. The residual sensing signal interferes with the
communication signal, degrading the communication performance.
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Fig. 3. The communication rate with different power allocation Ps and quantization order L using the OTFS
modulation.

Distortion
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Fig. 4. The sensing distortion with different power allocation P, and quantization order L using the OTFS
modulation.

Sensing performance

Then, we discuss the distortion metric of the sensing function in Fig. 4. The variation of the distortion is simple
compared with the communication performance. The distortion always decreases as the Ps /P, and L increase.
The reason is evident: the slighter the quantization, the more components in the ISAC waveform, and the smaller
distortion is obtained. The distortion performance is not impacted by the additive noise. Additionally, we should
note that with higher quantization orders, such as Ls; = 7,11, and 15, the distortion performances are almost
the same. This result means we could choose a lower quantization order to guarantee the communication
performance while keeping the distortion almost invariant. An overly high quantization order not only brings
little sensing performance gain but also severely degrades the communication performance.

Trade-off performance

For the ISAC systems, the most important thing is that the system should have flexible controllable performance
between sensing and communication functions. In order to show the flexibility, we plot the rate-distortion
performance of the proposed waveform in Fig. 5. In Fig. 5, we see that the quantization has the obvious influence
on the balance between sensing and communication performance. When the quantization order is small, i.e.,
L = 3, the sensing distortion is much larger than other cases of quantization order, which means the small
quantization order can not achieve a good trade-off performance. With the quantization order increasing, the
curves are moving to the left-up corner, where the optimal trade-off performance occurs. Especially, when the
quantization order L, = 11, the optimal trade-off is achieved, as shown in the mini-figure in Fig. 5. These
results show that the adjustable parameters Ls and Ps could satisfy the requirement of the UAV-ISAC systems.

Conclusions

Integrated sensing and communication systems play a crucial role in advancing radio communication and
sensing in the sixth-generation era. Simultaneously, unmanned aerial vehicles enhance communication and
sensing capabilities by offering expansive coverage and efficiency, thanks to their high mobility. Combining
these technologies holds great promise for the future of wireless communication. However, a key challenge lies in
devising a suitable transmitting waveform that caters to high-mobility UAV communication while maintaining
robust sensing capabilities. In this study, we advocate for integrating OTFS with FMCW using power-domain
superposition to enable efficient high-mobility communication and sensing. OTFS modulation addresses
Doppler shifts in communication, while FMCW waveform ensures effective sensing. We also explore the trade-
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Fig. 5. The rate-distortion trade-off performance of the proposed waveform.

off between sensing and communication functions concerning ratio distortion. Numerical results affirm the
efficacy of our proposed waveform design.

The datasets generated during and/or analysed during the current study are available from the corresponding

author on reasonable request.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
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