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Abstract—To facilitate the development of Internet of Things
(IoT) services, tremendous IoT devices are deployed in the
wireless network to collect and pass data to the server for further
processing. Aiming at improving the data sensing and delivering
efficiency, the integrated sensing and communication (ISAC)
technique has been proposed to design dual-functional signals for
both radar sensing and data communication. To accelerate the
data processing, the function computation via signal transmission
is enabled by over-the-air computation (AirComp), which is based
on the analog-wave addition property in a multi-access channel.
As a natural combination, the emerging technology namely
over-the-air integrated sensing, communication, and computation
(Air-ISCC) adopts both the promising performances of ISAC
and AirComp to improve the spectrum efficiency and reduce
latency by enabling simultaneous sensing, communication, and
computation. In this article, we provide a promptly overview
of Air-ISCC by introducing the fundamentals, discussing the
advanced techniques, and identifying the applications.

I. INTRODUCTION

Prompted by the next-generation wireless networks (6G and
beyond), a series of advanced Internet of Things (IoT) services
have been conducted, such as artificial intelligence (AI), au-
tonomous driving, smart cities, virtual reality, and digital twins
[1]. Towards this vision, tremendous IoT devices are expected
to collect and deliver data from the environment to the server
for further fusion and processing [2]. In conventional schemes,
the sensing, communication, and computation processes are
separately designed, which results in not only high cost but
also low efficiency [3]. By designing dual-functional signals
for both data communication and radar sensing, integrated
sensing and communication (ISAC) has been proposed to
improve the data sensing and delivering efficiency [4].

Meanwhile, as many IoT applications only require the
statistical information (e.g., distributed consensus in fleet
driving) rather than the data symbols themselves, accurate
function computation is more expected than raw data delivery.
To this end, over-the-air computation (AirComp) enables the
function computation via signal transmission, which is based
on the analog-wave addition property in a multi-access channel
(MAC) [5]. The main idea of AirComp is to exploit interfer-
ence for computing functions, and thus making the wireless
channel to be a computer [6]. As a natural combination of
ISAC and AirComp, the emerging technology namely over-
the-air integrated sensing, communication, and computation
(Air-ISCC) enables simultaneous sensing, communication, and
computation via proper radar signal design.
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In Air-ISCC, the radar signals transmitted by multiple IoT
devices both detect the targets and carry data symbols, while
the server receives the statistical information of data symbols
via AirComp [7]. The emerging Air-ISCC technologies pro-
vide a promising vision for supporting more advanced IoT
functionalities, which will facilitate the evolution of wireless
networks from “connected things” to “connected intelligence”
[8]. Compared with the conventional approaches, Air-ISCC
is expected to collect and process data from more devices
within less latency via proper signal design. In application
scenarios requiring massive machine type communication
(mMTC), devices connected via conventional multiplexing
methods compete for the radio resource fiercely, while Air-
ISCC avoids such competition by sharing the same spec-
trum for concurrent sensing and multi-user communication.
In application scenarios requiring ultra-reliable low-latency
communications (URLLC), Air-ISCC can significantly reduce
the latency by performing sensing, communication, and com-
putation simultaneously.

In this article, we provide an overview of Air-ISCC by
introducing the fundamentals in Section II, discussing the ad-
vanced techniques in Section III, and identifying the possible
applications in Section IV. It should be noted that despite
the existing literatures about ISCC [9], [10], this is the first
overview paper of the Air-ISCC to the best of the authors’
knowledge.

Guideline of Air-ISCC:
——————————————————————–

Enable simultaneous sensing, communication, and
computation by proper radar signal design to improve

spectrum efficiency and reduce latency.

II. AIR-ISCC FUNDAMENTALS

A. AirComp

The fundamental idea of AirComp lies in exploiting the
analog-wave addition property in MAC. Based on such mech-
anism, the signals simultaneously transmitted by IoT devices
are superposed over-the-air and aggregated at the server with
the form of weighted summation, where the weights represent
the channel conditions [5]. To support AirComp, channel pre-
compensation and linear-analog modulation at each transmitter
are necessary. In channel pre-compensation, the heterogeneous
channels are equalized to guarantee the accuracy of AirComp.
In linear-analog modulation, the data values are modulated into
the magnitudes of the carrier signals. After such process, the
received signal is a vector composed of the transmitted data
scaled by a factor for balancing the noise and misalignment.
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Figure 1: Paradigms comparison: ISAC versus Air-ISCC.

By adjusting the factor, the average of the distributed data
can be recovered from the aggregated signal and thus realizes
the AirComp. AirComp can also be digitalized by adopting a
multi-level linear analog modulator with complex amplitude
quantization.

Besides the simple average, AirComp can compute more
complex functions via proper data pre/post-processing, which
refers to a post-processed summation of multiple pre-
processed data-values. These functions are known as the
nomographic functions, including weighted sum, arithmetic
mean, polynomial, geometric mean, and Euclidean norm. It
has been further proved that any function can be approximated
expressed by a series of nomographic functions, and thus
can be computed via AirComp in general. To support multi-
functions computation simultaneously, the concepts of multi-
modal sensing together with the antenna arrays are utilized to
enable the multiple input multiple output (MIMO) AirComp
[11]. The promising performance of AirComp in fast data
aggregation makes it popular in a series of advanced IoT
applications, such as the distributed consensus [5] and the edge
learning [12].

B. ISAC

In practical spectrum, the S-band (2-4 GHz) and C-band (4-
8 GHz) for radar sensing can also be used for communication
[2]. A series of researches focus on improving the performance
of radar sensing and data communication, including the wave-
form design, MIMO beamforming, interference cancellation,
and so on. As the details of ISAC development are thoroughly
reviewed in [3] and [4], a brief summary is given here
to avoid duplication. From the perspective of information

theory, the rate distortion theory was applied to unify the
performance of radar sensing and data transmission. Conse-
quently, a dual-functional waveform design was implemented
in single antenna system to support data delivery and target
estimation simultaneously. Along this vein, the waveform for
supporting both radar sensing and data communication was
further extended into the MIMO systems, with the information
bits embedded in the sidelobe of the radar signal beampattern.
To support communication system with multi-users, a brunch
of transmit beamforming designs were investigated. Aiming
at reducing signal distortion, the dual-functional beamforming
design further took the constant modulus waveforms into
consideration. The benefit brought by spectrum sharing makes
ISAC a popular technology for a series of IoT systems, such
as smart home, unmanned aerial vehicle (UAV) systems,
edge learning systems, vehicular networks, and reconfigurable
intelligent surface (RIS) systems.

Among the rich literature on ISAC, the incorporation of
data computation is seldom visited as it mainly lies beyond
the physical layers. As an emerging technique, AirComp
enables fast function computation via transmissions in the
same layer of ISAC. Therefore, these two techniques are
naturally combined to facilitate the operations of sensing,
communication, and computation.

C. Air-ISCC

In Air-ISCC system as depicted by Fig. 1, multiple IoT
devices are expected to detect targets and deliver informa-
tion to the server, while only the statistical functions (e.g.,
nomographic functions) rather than the raw data are concerned
by the server [7]. From the perspectives of signal design and
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performance analysis, Air-ISCC is different from ISAC in the
following parts. First, instead of digital modulation in ISAC,
the signals in Air-ISCC are generated based on linear analog
modulators. Second, the communication objective in ISAC is
to recover the individual data from each IoT device, which
might suffer from the interference caused by other commu-
nication links. In contrast, as Air-ISCC aims at receiving the
statistical functions with lower mean squared error (MSE),
the signals from all IoT devices are superposed together in
the same frequency band without interference. The above
differences make Air-ISCC outperform ISAC in the aspects of
spectrum efficiency and data processing latency. However, Air-
ISCC suffers from the security and synchronization problems
due to the concurrent signals transmission, which might be
alleviated by the designs against attack and eavesdropping as
well as the asynchronous design for AirComp.

The researches about Air-ISCC can be generally divided
into multiple categories from the different perspectives. Start-
ing from the objectives, one direction is to improve the
radar sensing performance while guaranteeing the AirComp
accuracy, which is known as the sensing centric Air-ISCC,
while the contrary direction namely AirComp centric Air-ISCC
aims at increasing the AirComp accuracy without violating
the threshold of radar sensing MSE. From the perspective of
target types, the target to be estimated can be modeled as a
point, a surface, a static object, or a moving object, which
will result in different problem formulations and solutions.
Moreover, according to the usage of antenna arrays, the rele-
vant waveform and beamforming schemes can be categorized
as the shared or separated design, where the former utilizes
all the antennas to transmit a joint waveform for both radar
sensing and AirComp, while the latter splits antenna array for
radar sensing and AirComp respectively.

III. ADVANCED AIR-ISCC TECHNIQUES

Recent researches on Air-ISCC focus on advanced tech-
niques for reducing radar sensing errors, improving AirComp
accuracies, or supporting target detection in practical scenar-
ios. To this end, multiple promising directions in this field
warrant further investigation, including spatial multiplexing,
target estimation, waveform design, and security design.

A. Spatial Multiplexing for Air-ISCC

To enable the multi-targets detection and multi-functions
computation over-the-air, spatial multiplexing is required to
support MIMO Air-ISCC. As illustrated in Fig. 2, multiple
IoT devices equipped with multi-antennas transmit signals
for radar sensing and AirComp. The tradeoff between the
performances of radar sensing and function computation is
reflected in the beamforming design, which necessitates the
joint design of transmission beamformer at each IoT device
and the data aggregation beamformer at the server. The former
aims at balancing the performances of sensing and AirComp,
while the latter aims at reducing the AirComp error via
noise suppression. The beamforming designs together with the
performance analysis are conducted in [7].

Research opportunities:
• Shared antenna beamforming design for Air-ISCC:

As shown in Fig. 2 (a), since the signal transmitted
by each IoT device serves both as a radar probing
pulse and a data carrier in the shared design, only one
beamformer needs to be designed at each IoT device,
namely the transmission beamformer. By applying the
maximum likelihood estimation (MLE), the information
of the target can be estimated from the reflected signal.
To support AirComp, a data aggregation beamformer at
the server is deployed for equalizing the channels of
the signals. The joint transmission and data aggregation



4

beamforming design can be formulated as a semidefinite
programming problem for minimizing the AirComp error
while guaranteeing the radar sensing requirement and
power budget for each IoT device. The solving approach
based on semidefinite relaxation (SDR) is applied to
obtain a tractable solution, while the optimal solution
warrants further investigation.

• Separated antenna beamforming design for Air-ISCC:
As shown in Fig. 2 (b), the antennas at each IoT device
are split to transmit one signal for data transmission
and another for radar sensing. Therefore, there are two
beamformers to be designed at each IoT device, which
are known as the radar sensing beamformer and the data
transmission beamformer, respectively. The existence of
radar sensing signal will result in extra interference for
AirComp at the server. The coupling between data trans-
mission beamformer, radar sensing beamformer, and data
aggregation beamformer makes the optimization problem
more challenging to be coped with.

Fig. 2 (c) illustrates the initial performance comparison be-
tween the shared and separated designs. The antenna selection
(AS) scheme is added as a baseline by selecting particular
numbers of antennas with largest channel gains. It can be
observed that the Air-ISCC performance deteriorates with
the increasing number of IoT devices, since it is harder to
design one common data aggregation beamformer to equalize
channels of more devices. Moreover, both the optimized shared
and separated designs perform better than the baseline with
AS, which verifies the necessity of beamformer design. The
performance of the separated design is better when the number
of devices is small, as it has dedicated beamforming vector for
AirComp. When the number of devices is large, the shared
design performs better as it is free of interference caused by
sensing signals.

B. Target Estimation for Air-ISCC

To evaluate the performance of target estimation, the
Cramér-Rao bound (CRB) is considered, which represents the
lower bound on the variance of unbiased estimators. Specifi-
cally, the MSE of AirComp is minimized while guaranteeing
a series of pre-defined levels of CRB for radar sensing with
respect to each IoT device as well as the transmit power
budget. To this end, the signal transmission beamformers of
the IoT devices need to be jointly optimized. As illustrated
in Fig. 1, the target to be estimated can be categorized as a
point or a surface. Different categories of targets correspond
to different formulations of design problems.

Research opportunities:
• Point target estimation via Air-ISCC: In this case, the

target is regarded as a point that is far away from the
IoT devices. The target response matrix can be expressed
as a function of the azimuth angle between the target
and the IoT device. Under such condition, the CRB for
target estimation is determined by the azimuth angle
and the transmission beamforming matrix. Aiming at
minimizing the AirComp MSE while guaranteeing the
CRB requirements, the joint optimization of transmission

beamformers results in a non-convex problem. After
SDR, the solving approach of rank reduction might
be applied to obtain the low-rank solutions, while the
optimality remains to be proved.

• Surface target estimation via Air-ISCC: In this case,
the target is modeled as a surface with a series of dis-
tributed point-like scatterers. The target response matrix
should be a function of a vector composed of the angles
between the scatterers and the IoT devices. Under such
condition, the echoes can be randomly reflected in each of
the radar’s illuminations, and thus the IoT devices have no
prior knowledge about the number and the corresponding
angles of scatterers, which makes the problem more
challenging to be dealt with.

C. Waveform Design for Air-ISCC

Focusing on a MIMO Air-ISCC system, several dual-
functional waveform design criteria need to be considered
for minimizing the AirComp MSE given the constraint of
radar sensing. Both the design problems of omnidirectional
and directional beampattern are investigated. For an omnidi-
rectional beampattern, the transmit waveform matrix should be
orthogonal, i.e., the corresponding covariance matrix should
be an identity matrix. The corresponding problem can be
regarded as an orthogonal Procrustes problem (OPP), which
has closed-form solution based on the singular value de-
composition (SVD). As for directional beampattern design,
the covariance of waveform matrix is fixed as a Hermitian
positive semidefinite matrix, where the optimal solution can
be obtained via alternating optimization.

Research opportunities:
• Tradeoff between sensing and AirComp: To balance

the trade-off between the radar sensing and AirComp
performance, a tolerable mismatch between the designed
and the desired radar beampattern might be allowed.
Therefore, a weighted optimization problem for designing
dual-functional waveforms is formulated, which aims at
minimizing the weighted summation of both AirComp
MSE and the mismatch of radar beampattern under both
total and per-antenna power constraints. The solving
approaches remain to be investigated.

• Waveform design with practical constraints: In prac-
tical waveform design, the constant modulus constraint
(CMC) and the similarity constraint (SC) need to be
enforced, which make the optimization problems more
difficult to be solved.

D. Security Design for Air-ISCC

The IoT devices with terrible sensing capabilities or channel
conditions might result in abnormal collected data, while the
analog-wave addition in Air-ISCC makes it vulnerable to
random or intended modifications of the sensed parameters
from malicious devices, which is known as the Byzantine
attacks. Moreover, Air-ISCC faces the risk of eavesdropping,
where the illegal server can also receive the computation
results. To deal with the mentioned problems, secure design
for Air-ISCC is needed to be investigated.
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Figure 3: Illustration of Air-ISCC applications.

Research opportunities:

• Secure Air-ISCC design against Byzantine attacks:
In separated communication and computation designs, an
effective design against Byzantine attacks is to select the
value minimizing the geometric median after recovering
parameters from all IoT devices. As the computation is
performed via transmission in Air-ISCC, new designs are
required. A possible approach is to divide the IoT devices
into multiple clusters with different cluster performing
Air-ISCC in different time slots. The server can then
calculate the geometric median after receiving the com-
putation results from every clusters. Such an approach is
expected to deal with the abnormal values caused not only
by the attackers but also the devices with terrible sensing
capabilities or channel conditions, while the clustering
design needs to be further investigated to realize this
vision.

• Secure Air-ISCC design against eavesdropping: To
prevent eavesdropping, jammer is applied to deteriorates
the quality of the received signal at the eavesdropper.
However, as the eavesdroppers are usually silent with
the unknown locations, jammers have to be placed at
multiple locations, which will deteriorate the performance
of Air-ISCC. A possible solution for this problem is to
set a jammer near the legitimate server which knows
the jamming sequence. Therefore, the jamming signal
is strong enough at the legitimate server to be detected
and canceled from the received signal. In contrast, the
signal received by the eavesdropper is very similar to the
white noise and thus cannot be recovered. The particular
jammer location and coding methods warrant further
investigation.

IV. AIR-ISCC APPLICATIONS

Due to its promising performance, Air-ISCC is expected to
support a wide range of IoT applications in the areas of target
location estimation, vehicular networks, and edge intelligence,
as illustrated in Fig. 3 and discussed in the following.

A. Target Location Estimation

Due to its advanced functionality, Air-ISCC can be ap-
plied for target location estimation. As illustrated in Fig. 4
(a), the location of the target is estimated by multiple IoT
devices based on the information of relative distance and
angle estimated from the reflected radar signals as well as
their own locations. Meanwhile, each IoT device delivers its
previous locally estimated location of the target to the server
simultaneously, and thus the server will obtain the averaged
estimated target location via AirComp. Compared with the
conventional communication methods, AirComp is applied to
avoid the competition of radio resource among IoT devices.
According to [13], the azimuth angle between the target
and each IoT device can be recovered from the phase delay
between the two antennas at that IoT device. As it is very hard
if not impossible to express the azimuth angle in closed form,
the golden section search or grid search can be applied to find
the numerical results. Meanwhile, the free space propagation
law is adopted to estimate the distance between the target and
each IoT device. Based on the estimated angle and distance, as
well as its own location, each IoT device can obtain its local
estimation of the target location. The target location estimated
by each IoT device is then modulated (pre-processed) into data
symbols. The data symbols of all IoT devices are transmitted to
the server simultaneously. After AirComp and post-processing,
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Figure 4: Target location estimation based on Air-ISCC.

the averaged estimated target location can be recovered at the
server.

The performance of target location estimation based on Air-
ISCC under the weak channel noise is illustrated in Fig. 4 (b).
The information to be estimated and transmitted is a vector
containing the two-dimensional location of the target. The
performance of the conventional radar sensing scheme based
on angle of arriving (AoA) is also illustrated, the estimated
target location is obtained by minimizing the summation of
mean-squared errors between the estimated angles and the
actual angles over all IoT devices. One can observe that the
estimated target location by each IoT device based on radar
sensing is a little deviating from the ground truth, while the
application of AirComp can alleviate such deviation by aver-
aging the measured values of IoT devices over transmission.
Moreover, the target location estimated by Air-ISCC is closer
to the ground truth than that by the conventional AoA.

Under the strong channel noise, the performance of Air-
ISCC is illustrated in Fig. 4 (c). One can observe that the
performance of AirComp is deteriorated due to the strong
noise. In such condition, the target location estimation by a
single IoT device might achieve better performance, which
necessitates the device scheduling.

B. Vehicular Networks

In vehicular networks, Air-ISCC is expected to train the
beam for vehicular tracking and predicting. In particular, the

transmitter sends pilots to the receiver via multiple spatial
beams [14]. The receiver leverages different receiving beam-
formers to measure the quality of the received pilots and feeds
the indices of the beam pair with the highest quality back to
the transmitter. Through this approach, the transmitting and
receiving beams are aligned with each other. After establishing
the communication link, both the transmitter and receiver need
to keep tracking the variation of the optimal beam pairs to
guarantee the communication quality, which is known as the
beam tracking. To this end, the receiver in conventional design
needs to feed back the channel information to the transmitter
in every beam tracking cycles. Fortunately, Air-ISCC can
effectively remove the feedback loop by mounting a radar
sensor on the transmitter to estimate the channel based on
echo signals and exploiting the channel reciprocity.

Another application of Air-ISCC in vehicular networks is
the platooning, which is achieved by the distributed con-
sensus control. In vehicular platooning, all the vehicles in
the platoon needs to reach a consensus on common driving
variables including the velocity, trajectory, and acceleration
[15]. Therefore, each vehicle need to run an iterative consensus
protocol to update its driving variables. As illustrated in Fig. 5,
each iteration of such a protocol comprises a communication
step and a computation step. The former step requires each
vehicle to transmit its driving variables to other vehicles in
the platoon, while in the later step each vehicle updates its
driving variables according to the information received from
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others. The consensus is reached if all the driving variables
converge to the same value. To ensure the safety of a platoon
travelling at a high speed and adapting to complex traffic
conditions, it is essential to guarantee its ability of responding
to unforeseen events. Therefore, vehicle platooning is regarded
as a mission-critical application, where the distributed con-
sensus control process requires ultra-low latency. By enabling
function computation during the concurrent transmission of
driving variables from multiple vehicles, the implementation
of Air-ISCC on the consensus protocol can efficiently reduce
the iteration latency and thus accelerating the convergence.

C. Edge Intelligence

Aiming at gaining privacy-aware access and low-latency to
distributed data for supporting the intelligent IoT, the AI tasks
are spread from the centralized cloud to the wireless network
edge [8]. Edge intelligence has been recognized as another key
technology towards the next generation wireless networks [12].
The integration with edge intelligence is important to unlock
the full potential of Air-ISCC. On one hand, Air-ISCC is
expected to collect parameters such as the motion information
of the sensing target at the distributed IoT devices to support
model training. On the other hand, Air-ISCC enables con-
current computation and transmission of local training results
from multiple IoT devices over the same frequency band for
global aggregation at the server.

In the application scenario of edge intelligence, the tradeoff
between the sensing and AirComp performances in Air-ISCC
is further reflected on the model training process. By improv-
ing the sensing performance at the sacrifice of the AirComp
performance, the IoT devices can collect high-quality data to
improve the local model training accuracy, while the quality
of the wirelessly aggregated training results at the server is
deteriorated due to the channel fading and noise. In contrast,
to improve the aggregation performance by increasing the
accuracy of AirComp, the local model training will suffer
from low-quality data caused by the terrible sensing MSE.
Therefore, the radar sensing and AirComp processes need to

be balanced in Air-ISCC design to facilitate the development
of edge intelligence.

V. CONCLUDING REMARKS

In the 6G wireless networks, Air-ISCC is expected to sup-
port ubiquitous and intelligent IoT services. The fundamentals
of Air-ISCC are introduced in this paper, followed by the
advanced Air-ISCC techniques and applications. To improve
the performance of Air-ISCC, multiple potential research di-
rections are summarized, including spatial multiplexing, target
estimation, and waveform design. Air-ISCC is also expected
to boost the applications of target location estimation, vehicu-
lar networks, and edge intelligence. While a partial picture
was presented, we hope our discussion will spur interests
and further investigations on the future evolution of wireless
networks.
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