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Abstract—Driven by the expansion of enhanced mobile
broadband and massive machine type communication use cases
– including high-accuracy sensing services and radar sensing for
autonomous vehicles – integrated sensing and communication
using orthogonal frequency division multiplexing has been
proposed for sixth generation systems. In this context, studying
the possible system arrangements for cell-free networks is
important to meet the upcoming requirements imposed on
integrated sensing and communication systems. In this work,
we evaluate the uplink communication of cell-free systems
supporting integrated sensing and communications, i.e., when
users transmit simultaneously sensing and communication signals
while the access points act as receivers for both. To this
end, multi-antenna users employ a multibeam solution for
transmitting independent sensing and communication symbols,
while adopting either singular value decomposition or angular
beamforming. By means of Monte Carlo simulations, we show
that the performance of the proposed multibeam solution yields
high performance in terms of signal-to-interference-plus-noise
ratio for both communication and sensing as well as a low
spatial frequency error obtained via angular estimation using
the multiple signal classification algorithm.

Index Terms—Cell-free networks, integrated sensing and
communication, multibeam, multiple signal classification
(MUSIC), power allocation.

I. Introduction
The current recommendations for International Mobile

Telecommunications (IMT) for 2030 and beyond (IMT-2030),
which includes the services expected for sixth generation (6G)
networks, shows that, among the services that are already
expected to evolve, it is expected that, with the increase in
communication capacity and speed, sensing will be integrated
into the communication network [1], [2].

In this sense, the evolution of the cell-free (CF) network
architecture with cloud radio access network (C-RAN) is of
interest for providing integrated sensing and communication
(ISAC), since CF is already seen as a promising network
architecture to be adopted in 6G networks in some
deployment scenarios and has a high capacity for serving
users with uniform service [3]. For the integration of
sensing and communication as proposed in IMT-2030, the
academic community has moved towards the study of radars
based on the orthogonal frequency division multiplexing
(OFDM) waveform, which is already used by cellular
and wireless local area networks [4], although several
multiple-input-multiple-output (MIMO) radar specialists are

also investigating other possible waveforms to meet the
expected ISAC requirements.

To integrate sensing into the communication network, there
are basically two approaches when it comes to which entity
transmits the sensing signals, namely, network (NW)-based or
user equipment (UE)-based sensing. In the NW-based sensing,
the sensing signals are transmitted by a base station (BS) or
access point (AP), while the UE is responsible for transmitting
the sensing signals in the UE-based sensing.

Existing works on cell-free systems supporting ISAC
typically consider NW-based sensing, such as in [5]–[11].
Specifically, [5] proposes an optimized waveform and frame
structure for communication and sensing, referred therein as
joint communication and sensing (JCAS), where the BSs
transmit the sensing signals in the downlink. In that study,
the authors aim at achieving high communication rates and
low interference via adaptive beamforming (BF). However,
their proposed model is limited by the fact that it is based on
obtaining the echoes of the signals used for channel estimation
during the uplink (UL) period, thus making it unfeasible to
implement in networks that use the OFDM waveform, which
restricts the sensing echoes to the cyclic prefix.

In [6], the authors propose an ISAC model for downlink
(DL) multi-static sensing, where they consider a scenario
with perfect channel state information (CSI) and that the
initial position of the target is known. That paper studiesa
power optimization problem aimed at maximizing the target
detection probability under signal-to-interference-plus-noise
ratio (SINR) constraints for communication and a maximum
transmit power available at the APs.

In [7], the authors propose a system for ISAC with a
dedicated BS for communication, a dedicated BS for sensing, a
UE, and a set of targets distributed around a specific angle with
regard to the communication BS, which is previously known.
That study compares single beam and multibeam schemes at
the BS considering the DL of a bi-static scenario. Following
a slightly different NW-based sensing approach, the authors
in [11] consider a dedicated set of AP transmitting the sensing
signal together with the UEs in the uplink, with the main goal
of managing mutual interference using large processing gains,
adaptive BF, spatial diversity and power allocation.

In this work, we consider a CF network with ISAC
operating in the UL. Unlike the existing literature, we consider
multi-antenna UEs transmitting both communication and
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sensing symbols to the APs. To the best of our knowledge, this
is the first work adopting such a UE-based sensing approach.
Specifically, the UEs adopt a multibeam scheme [7], [8], where
one beam is used for the communication symbols and a second
beam is used for the sensing symbols. We assume that some a
priori information about the area, where the targets are located,
is available and, therefore, we allocate the APs closest to this
region to act as sensing receivers. We design the beams used
by the UEs using two classic methodologies: singular value
decomposition (SVD) BF [12] and angular BF [13]. In the
simulations, we consider different power allocations among the
beams used for sensing and communication, and show that the
proposed multibeam solution yields high performance in terms
of SINR for both communication and sensing as well as a low
spatial frequency error obtained via angular estimation from
the multiple signal classification (MUSIC) algorithm.

II. System Model
A. Cell-free Network Supporting ISAC

We consider a CF ISAC system with a C-RAN architecture
following a UL sensing framework. Here, 𝑀 APs equipped
with 𝑁rx antennas and connected to a single central processing
unit (CPU) are serving 𝐾 UEs, each equipped with 𝑁tx
antennas. Furthermore, there are 𝐿 targets distributed in the
network. We also consider a UL operation in time division
duplex (TDD) fashion and adopt a block fading model, as in
[3]. The adopted frame structure is illustrated in Figure 1.

In the considered UL phase with duration of 𝜏𝑢 symbols,
all UEs transmit both unknown communication symbols and
already known sensing symbols (i.e., pilots for sensing) [9],
thus each UE acts as communication transmitter (Tx-c) and
sensing transmitter (Tx-s). The UEs use a multibeam scheme
for transmitting communication and sensing symbols, as will
be explained in Section III. Also, in the UL period, we assume
that there are two groups of APs: one group for communication
reception and a second group for sensing reception (i.e.,
the sensing receivers), exemplified in Figure 2. Thus, each
AP either acts as communication receiver (Rx-c) or sensing
receiver (Rx-s). In this work we consider perfect CSI, which
is assumed to be known at the CPU and UEs [7], [9], [10].

In this work, we assume that there is a previous processing
in the network that finds a possible area where the target might

Communication reception (UL) using CSIR

Send symbols used exclusively for communication

Send symbols used for sensing

Idle Tx

Tx-s

Rx-s

AP

UE

Rx-c

Tx-c

Sensing reception in UL using CSIR

Fig. 1: Frame structure for uplink ISAC. Note that the UE acts as a
Tx node for sensing and communication (Tx-s and Tx-c), while the
AP acts as an Rx node for both (Rx-s and Rx-c).
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Fig. 2: Adopted multibeam approach with UE transmitting
independent beams for sensing and communication.

be, i.e., unlike what is assumed in [10], we do not assume that
the target position is known, but rather that we know a region
where the possibility of the target existence is higher than
in the rest of the network. From this, the CPU will take the
minimum number of APs that are closest to the 𝑙-th target,
making a cluster of APs dedicated to sensing symbols, as
exemplified in Figure 3.

Note that the orange dots in the figure will be the nearest
APs to the 𝑙-th target (the red dot). Since we can cluster APs
for sensing and the position of AP is known at the CPU, we
can determine a coordinate for the center of the cluster.

B. Signal Model
Let y𝑚 ∈ C𝑁rx be the received signal at the 𝑚-th AP

y𝑚 =

𝐾∑︁
𝑘=1

√︃
𝜌
(𝑐)
𝑘

H(𝑐)
𝑘,𝑚

w(𝑐)
𝑘

𝑠
(𝑐)
𝑘

+
𝐾∑︁
𝑘=1

√︃
𝜌
(𝑠)
𝑘

H(𝑠)
𝑘,𝑚

w(𝑠)
𝑘

𝑠
(𝑠)
𝑘

+n𝑚,

(1)
where 𝜌 (𝑐)

𝑘
and 𝜌 (𝑠)

𝑘
represent the 𝑘-th UE transmission power

for communication and sensing symbols, respectively, H(𝑐)
𝑘,𝑚

∈
C𝑁rx×𝑁tx and H(𝑠)

𝑘,𝑚
∈ C𝑁rx×𝑁tx represent the communication

and sensing channel between the 𝑘-th UE and 𝑚-th AP,
respectively. The vectors w(𝑐)

𝑘
∈ C𝑁tx and w(𝑠)

𝑘
∈ C𝑁tx

represent the beamformer of the 𝑘-th UE for communication
and sensing, respectively. Finally, n𝑚 ∈ C𝑁rx represents the
additive white Gaussian noise (AWGN) at the 𝑚-th AP, which
is modeled as n𝑚 ∼ CN(0, I𝑁rx𝜎

2
𝑛), where 𝜎𝑛 is the standard

deviation of noise, modeled as 𝜎𝑛 = 𝐵𝑘𝐵𝑇0𝜎 𝑓 , where 𝐵

Fig. 3: Example of the adopted cell-free scenario with the cluster of
sensing APs surrounding the target.
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is the bandwidth, 𝑘𝐵 is the Boltzmann’s constant, 𝑇0 is the
temperature and 𝜎 𝑓 is the noise figure.

The chosen channel model is based on [8]. Let 𝑃 represent
the number of multi-paths in the channel, in this way

H(𝑐)
𝑘,𝑚

=

𝑃∑︁
𝑝=1

𝛽𝑘,𝑚a(𝜃𝑚,𝑝 , 𝜙𝑚,𝑝)a𝐻 (𝜃𝑘, 𝑝 , 𝜙𝑘, 𝑝), (2)

where 𝛽𝑘,𝑚 ∈ C is the large scale fading factor between
the 𝑘-th UE and 𝑚-th AP, a(𝜃𝑚,𝑝 , 𝜙𝑚,𝑝) and a(𝜃𝑘, 𝑝 , 𝜙𝑘, 𝑝)
represent the steering vectors relative to the 𝑝-th path
constructed by the angle of arrival (AoA) at the 𝑚-th AP
and angle of departure (AoD) at the 𝑘-th UE, respectively,
with 𝜃 representing the azimuth angle and 𝜙 representing the
elevation angle. The generic steering vector relative to indexes
𝑎 and 𝑏 is given by

a(𝜃𝑎,𝑏, 𝜙𝑎,𝑏) =
1

√
𝑁rx

[1, 𝑒− 𝑗 𝜋 sin(𝜙𝑎,𝑏 ) cos(𝜃𝑎,𝑏 ) , . . . ,

𝑒− 𝑗 𝜋 (𝑁rx ) sin(𝜙𝑎,𝑏 ) cos(𝜃𝑎,𝑏 ) ] . (3)

For the sensing channel, assuming 𝐿 targets, the steering
vectors that compose H(𝑠)

𝑘,𝑚
will be generated by the sum of

AoDs from UEs to targets, and AoAs from targets to APs

H(𝑠)
𝑘,𝑚

=

𝐿∑︁
𝑙=1

𝛼𝑙𝛽𝑘,𝑚a(𝜃𝑚,𝑙𝜙𝑚,𝑙)a𝐻 (𝜃𝑘,𝑙 , 𝜙𝑘,𝑙), (4)

where 𝛼𝑙 is the radar cross section (RCS) value of the 𝑙-th
target. Furthermore, the combining vector 𝝂 (𝑢)

𝑘
∈ C𝑀𝑁rx×1

at the CPU, assuming joint receive processing, relative to
transmit symbol 𝑢 of the 𝑘-th UE, is modeled as in [3, Chapter
01], from the effective channel of the 𝑘-th UE H(𝑢)

𝑘
, which is

obtained by vertically stacking the channel matrices relative
to each AP for a given UE 𝑘 , i.e., H(𝑐)

𝑘
∈ C𝑀𝑁rx×𝑁tx and

H(𝑠)
𝑘

∈ C𝑀 (𝑠)𝑁rx×𝑁tx for communication and sensing, where
𝑀 (𝑠) denotes the number of sensing cluster APs. Following the
proposed model, the SINR Γ

(𝑢)
𝑘

for each symbol 𝑢 transmitted
by the 𝑘-th UE will be

Γ
(𝑢)
𝑘

=
| (𝝂 (𝑢)

𝑘
)𝐻 H(𝑢)

𝑘
w(𝑢)
𝑘

|2𝜌 (𝑢)
𝑘

𝐼
(𝑢)
𝑘

+ 𝜎2
𝑛

, (5)

where the interference term 𝐼
(𝑢)
𝑘

is given by

𝐼
(𝑢)
𝑘

=

𝐾∑︁
𝑗=1

∑︁
𝑖∈{𝑐,𝑠}

| (𝝂 (𝑢)
𝑘

)𝐻 H(𝑖)
𝑗

w(𝑖)
𝑗
|2𝜌 (𝑖)

𝑗
(6)

− |(𝝂 (𝑢)
𝑘

)𝐻 H(𝑢)
𝑘

w(𝑢)
𝑘

|2𝜌 (𝑢)
𝑘
.

C. Sensing Metric
In this work, in order to avoid possible ambiguity problems

generated by the dominance of the angles used in (3), we adopt
as sensing metric the mean square error (MSE) of the product
of the spatial frequency of the angles estimated via the MUSIC
algorithm, that is,

MSE =
1

𝑀 (𝑠)𝐿

𝑀 (𝑠)∑︁
𝑚=1

𝐿∑︁
𝑙=1

(sin(𝜙𝑚,𝑙) cos(𝜃𝑚,𝑙)−sin(𝜙𝑚,𝑙) cos(𝜃𝑚,𝑙))2,

(7)

where sin(𝜙𝑚,𝑙) cos(𝜃𝑚,𝑙) represents the normalized spatial
frequency [14] generated from the 𝑙-th target and 𝑚-th
sensing AP, while sin(𝜙𝑚,𝑙) cos(𝜃𝑚,𝑙) denotes the estimated
normalized spatial frequency reconstructed using the estimated
elevation angle 𝜙𝑚,𝑙 and the estimated azimuth angle 𝜃𝑚,𝑙 , both
obtained via MUSIC algorithm.

It is important to note that, due to the multiplicative
structure of the MSE metric adopted in this work, we will
have a possible multi-modal curve, with the modes being the
elevation and azimuth error averages.

III. Beamforming techniques
In this work, we study two different BF techniques, namely

SVD BF [12] and angular BF [13]. We assume that all
radio frequency (RF) chains are connected and used for the
proposed digital BF, as exposed in [15]. Furthermore, we
will only consider the strongest line-of-sight component of the
communication channel, i.e., assuming 𝑃 = 1.

A. SVD Beamforming
Let us apply the SVD decomposition to the effective channel

matrix H(𝑢)
𝑘

, relative to communication or sensing, to generate
the corresponding BF vector, which is expressed as

H(𝑢)
𝑘

= U𝑘𝚺𝑘V𝐻𝑘 . (8)

The columns of U𝑘 represent the left singular vectors, and 𝚺𝑘
represents the singular value diagonal matrix, and the columns
of V𝑘 represent the right singular vectors. The first column
of V𝑘 , denoted by v𝑘 ∈ C𝑁tx , is the vector that maximizes
∥H(𝑢)

𝑘
v𝑘 ∥2 [16], and expresses the direction of the greatest gain

for symbol 𝑢 of the 𝑘-th UE. Hence, BF is set as w(𝑢)
𝑘

= v𝑘 .
The same process is applied to both H(𝑠) and H(𝑐) .

B. Angular Beamforming
Let 𝜷𝑘 ∈ C𝑀 represent a vector containing the large-scale

fading coefficients between the 𝑘-th UE and all APs. Assuming
that this information is known at the CPU, then it is possible
to find the AP 𝑚∗ with the highest coefficient as

𝑚∗ = arg max
𝑚

𝜷𝑘 , (9)

and reconstruct the steering vector using the AoD between the
𝑖-th UE and the 𝑚∗-th AP. Hence, for communication BF we
will have

w(𝑐)
𝑘

= a(𝜃𝑘,𝑚∗ , 𝜙𝑘,𝑚∗ ) ∈ C𝑁tx . (10)

For sensing BF we will generate a steering vector to the center
of the sensing APs, as exemplified in Figure 3. Let us denote
this center as 𝑚 (𝑠) . The sensing BF vector is then given by

w(𝑠)
𝑘

= a(𝜃𝑘,𝑚(𝑠) , 𝜙𝑘,𝑚(𝑠) ) ∈ C𝑁tx , (11)

which guarantees that sensing symbols are pointed to a region
that maximizes the 𝑙-th target impact on received signals.

IV. Numerical Results
In order to assess the impact of UE-based sensing on the UL

communication performance, we perform snapshot-based link
level simulations and compute both the SINR and the spatial
frequency MSE. The latter is obtained via MUSIC algorithm
to estimate both azimuth and elevation angles.
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Fig. 4: SINRs for communication and sensing with SVD and angular beamforming and varying beam power allocation.

A. Scenario Description
The considered simulation scenario contains 𝑀 = 100 APs

with 𝑁rx = 8 antennas each, 𝐾 = 10 UEs with 𝑁tx = 4
antennas each and 𝐿 = 1 target. The APs are positioned
in a grid architecture, as exemplified in Figure 3, while
the UEs and targets positions are randomly distributed in
a grid with 500 × 500 m2 of area. The carrier frequency,
bandwidth, noise figure, and temperature are set to 1.9 GHz,
20 MHz, 9 dB, and 298 K, respectively. Furthermore, the
APs height is 11.5 m, the UEs height is 1.5 m and the
targets height is 0m. The total transmission power of the
UEs is 24 dBm and the proportion of the power allocated
from the communication beam to the sensing beam is fixed
for each of the simulated scenarios. In the first scenario, the
transmission power for communication is 90% of the total
power of the UEs (i.e., the sensing power is 10% of the
total power), referred to as 90%-comm./10%-sensing. The
second scenario consider an equal distribution of power for
communication and sensing (i.e. 50% for communication and
50% for sensing), referred to as 50%-comm./50%-sensing, and
finally, the system’s behavior is checked when 10% of the UE’s
power is allocated to communication and the rest to sensing,
referred to as 10%-comm./90%-sensing.

The large scale fading coefficients 𝛽𝑘,𝑚 between the 𝑘-th
UE and 𝑚-th AP are generated using a three slope path-loss
model, and the shadowing standard deviation 𝜎𝑠 = 8 dB. The
large-scale fading is calculated as in [17].

The 𝑙-th target RCS is modeled by the Swerling-I model,
where 𝛼𝑙 ∼ CN(0, 𝜎2

𝑅𝐶𝑆
), as in [10]. The azimuth and

elevation angles are calculated by the generated positions of
network elements. The results here presented were obtained
considering 1000 Monte Carlo realizations.

B. Results and Discussion
In Figure 4 we have the empirical cumulative distribution

function (eCDF) of the SINR in dB of the two proposed
algorithms for the communication and sensing processing,
also considering the three different power allocation scenarios.
Initially, in Figure 4a, we can see that the SINR curves have
a difference between the two BFs methodologies. At the 20-th
percentile, the SINRs detection has a difference of 4.2 dB
with the Angular BFs solution being the best, while at the

same percentile, the communication SINRs have a difference
of 2.65 dB with the SVDs solution now being the best.

It is known that beam pointing via SVD tends to be
more effective when a large number of receiver antennas is
available, as is the case with the proposed network, while
angular pointing tends to be less effective, because it is based
on pointing only in the direction of greatest gain, which
does not necessarily reflect the best propagation space for
communication.

Concerning the results obtained for sensing SINR, we can
see that for the sensing scenario, the angular BF is more
efficient than the BF based on SVD. This effect is due to the
density of the adopted CF network, where, on average, each
AP covers a small area of the network. Therefore, by pointing
at 𝑚 (𝑠) , the APs point approximately at the target, maximizing
the signal strength of the signal redirected to the sensing APs.

In Figure 4b, we can see that the SINR using BF based on
SVD for communication and sensing has a difference in the
20-th percentile of only 1.7 dB, while in the same percentile
we observe a difference of 9.14 dB between the curves of
SINR with angular BF. This large difference can be explained
by a lower proportion of power for communication, since for
angular BF to be effective for communication, we need a
high amount of power to compensate for the loss generated
by pointing, since the direction with the highest gain is not
necessarily the one with the highest spectral efficiency.

In Figure 4c, due to the low proportion of power for
communication, we observe that the 20-th percentile of the
communication SINR does not reach 0 dB, while the sensing
SINR is around 17 dB higher than that for communication, for
a reason similar to the behavior of the previous curve.

Figure 5 shows the eCDF of the normalized spatial
frequency MSE in dB for the two proposed BF algorithms.
In Figure 5a, whose power proportions are 90% for
communication and 10% for sensing, we found errors on the
scale of −1.11 dB for SVD BF and −2.59 dB at the 80-th
percentile for angular BF. This behavior can be justified by
the type of pointing we expect from each technique. Revisiting
the SINR graphs, note that BF based on SVD has good
efficiency when directing the beams, proving to be a good
option regarding angular formatting in this type of scenario.
Observing Figure 5b, it is clear that angular BF has a lower
MSE than the technique based on SVD, where angular BF
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Fig. 5: 10 log10 (MSE) of spatial frequency with SVD and angular beamforming and varying beam power allocation.

reaches an MSE of −2.9 dB while SVD BF achieves −0.84
dB at the same percentile. In Figure 5c, notice that in the
80-th percentile the error reached by the scenario with angular
BF is approximately −7 dB, while the error with SVD BF
is approximately −2 dB. Due to the low variability of the
elevation angle caused by the chosen simulation parameters,
we can see in Figure 5 that all curves have a multi-modal eCDF
pattern, a behavior caused by the difference in the averages of
the elevation and azimuth angle estimation error distributions,
so we can see a saturation zone in the region between −40
and −20 dB.

V. Conclusion
The proposed UE-based sensing approach for ISAC in CF

scenarios can perform communication with satisfactory quality
of service and is capable of collecting signals related to data
processing and sensing with sufficient quality to guarantee the
estimation of parameters such as position, speed and RCS.

For future work, it would be relevant to analyze techniques
for directing users’ beams that guarantee the high performance
shown here and balances the weights of these beams based
on their transmission powers. Ideal power proportion would
ensure high quality of communication and sensing. Finally, an
analysis of the robustness of the system and the techniques in
this work would allow to verify the behavior of the quality
metrics of the system under realistic conditions, including
imperfect CSI.
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