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Abstract— This paper has two objectives. The first objective
is to propose the creation of a codebook for low-complexity
angular estimation of targets in a monostatic radar configuration
employing a fifth generation (5G) physical layer based on multiple
input multiple output orthogonal frequency division multiplexing.
The second objective is to characterize the performance of the
proposed angle estimation algorithm so as to verify its suitability
for integrated sensing and communication under a resource
allocation policy, based on the number of allocated subcarriers to
the sensing task and a desired estimation accuracy. Comparisons
with the classical multiple signal classification algorithm via
simulations show that the proposed estimation algorithm achieves
good overall accuracy with reduced computational complexity.

Keywords— integrated sensing and communication (ISAC),
multiple input multiple output (MIMO), multiple signal clas-
sification (MUSIC), orthogonal frequency division multiplexing
(OFDM).

I. INTRODUCTION

The advent of fifth generation (5G) networks marked a pivotal
shift in the telecommunications landscape, aiming to signifi-
cantly enhance the capacity of cellular systems and lay the
groundwork for the internet of things (IoT) revolution. While
these networks have indeed bolstered IoT capabilities and
become instrumental to the industry, they fall short in certain
critical areas. For example, their ability to achieve an outdoor
high precision positioning key performance indicator (KPI) is
limited to roughly 10 m, as highlighted in recent studies [1].

In response to these limitations, the telecommunications
industry is setting its sights on the sixth generation (6G)
networks, which are envisioned to satisfy more strict KPIs
[2]. Among the myriad of services anticipated to be enabled by
6G, integrated sensing and communication (ISAC) emerges as
a strong candidate. ISAC’s potential applications span across
various domains, including smart transportation, smart cities
and homes, sensing-assisted communications and environmen-
tal sensing. In the realm of industrial IoT, ISAC is poised to
revolutionize object detection, localization and tracking using
radio waves emitted by communication equipment [3].

The objective of ISAC is to achieve mutual performance
gains by harmonizing communication and sensing function-
alities. To achieve this, two key sensing functions have been
introduced: detection, to ascertain the presence of a target,
and estimation, to determine parameters such as the target’s
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distance and angular position relative to an access point (AP).

The state-of-the-art in signal processing for ISAC, as de-
tailed in recent literature [4], delves into the geometric spatial
channel model and fundamental communication signals like
orthogonal frequency division multiplexing (OFDM). It also
evaluates the merits and drawbacks of various sensing param-
eter estimation techniques, including subspace methods like
multiple signal classification (MUSIC) and estimation of sig-
nal parameters via rotational invariant techniques (ESPRIT),
compressive sensing methods, and tensor-based approaches
[4]. Despite the optimal estimates produced by these methods,
they often come with high computational costs, exemplified
by the eigen-decomposition (ED) in MUSIC [5] and the
diminishing performance of compressive sensing methods as
the number of estimated parameters increases [4].

Radio resource sharing among sensing and communications
functionalities that use separate antenna arrays for each service
has been proposed [6], [7]. The idea in those works is to
enable separate simultaneous beams for each functionality. The
work in [6] also employs a codebook, but it is designed to
single-carrier systems. The work in [7], on the other hand,
operates in a multi-carrier setting but, as mentioned above, it
separates the two services in the spatial domain by employing
a relatively complex least-squares solution to calculate the two
sets of beamforming weights.

Different from the works in [6] and [7], we address a mono-
static radar sensing scenario proposing to use a single antenna
array for both sensing and communication while benefiting
from the time and frequency capabilities of OFDM. We present
a low-complexity solution for identifying multiple targets’
angular positions, assuming sensing and communication share
frequency-time resources under a Quality-of-Service (QoS)
and accuracy allocation policy. For this purpose, we propose
a codebook for angular estimation of network-disconnected
targets. The codebook is designed to cover the area where the
targets are expected to be located.

The rest of this work is organized as follows. First, we
present the system model in Section II. Then, we propose a
low-complexity solution in Section III. Next, we evaluate the
performance of the proposed solution and we compare it with
MUSIC, a classical angle spectrum estimation algorithm, in
section IV. Finally, we present conclusions in Section V.

II. SYSTEM MODEL
A. Scenario

The scenario is set in the R2? plane which contains an AP
equipped with a uniform linear array (ULA) with M antenna
elements centered at the origin of the plane. In a rectangular
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region in the first and second quadrants, in the far-field of the
ULA, there are K targets. Let d be the spacing between the M
antenna elements, then the length of the ULA is L = (M —1)d.
Thus, the radius of size 22 /) of the circumference centered
at the origin defines the boundary of the far-field and near-field
of the ULA [8]. We define A = ¢/ f. as the wavelength of the
carrier, in which f. is the central carrier frequency and c is
the speed of light. Fig. 1 illustrates the described scenario.

y

MIMO-OFDM Processing

Fig. 1: Scenario.

Note that in Fig. 1, the radiation pattern has an angular
direction ¢, and targets 1 and 2 have angular positions 6;
and 60, respectively. Notice that although the radiation pattern
is directed towards a different direction from the targets’
directions, electromagnetic waves still reach the targets with
low gain in a line-of-sight (LoS) scenario. By means of
appropriate adaptive beamforming techniques, the ULA is able
to electronically scan the angular region of interest in search of
targets. This search is carried out by sending multiple OFDM
symbols in ) subcarriers, where ¢ € {0,1,--- ,Q —1} is one
particular subcarrier (SC), Af is the spacing between SCs,
and B = @ x Af is the considered bandwidth. Thus, the
considered system is a multiple input multiple output (MIMO)-
OFDM system, as we are considering a case of monostatic
ISAC using OFDM symbols in which the ULA acts as a
multiple antenna array for both sensing signal transmitter and
target echo receiver.

B. Channel

We define o as the radar cross section (RCS) of target k.
The Saleh-Valenzuela channel [9] dependent on the qth SC is
defined as
K
Hq(n) = Zﬁq,ke_ﬂﬂfq‘rk eﬂ”f’%k"Tsa(ek)aT(Gk), (D)
k=1

where ()7 represents the transpose operation, n =
{1,2,--- ,N} is the time-slot index among N time-slots
available for sensing, f, = [¢— (Q —1)/2] Af + f. is the
frequency of the gth SC after modulation on f., 7, = 2R /c
is the round-trip delay for target k, where Ry is the distance
between the center of the ULA and target k, fp, , = 2ur/),
is the Doppler shift of target & for the qth SC, vy is the radial
velocity of target k and ), is the wavelength dependent on f,.

We consider T as the symbol period and a(fy) € CM*1 as
the steering vector considering the angle 0, of target k. The
latter is defined as

a(0y) = [ =T )sin@n) i35 d(1= 25 )sin(0r)

.’e

ji—gd(%)smwur. )

The term [, j, corresponds to the path-gain due to distance
and the spreading of electromagnetic waves over the target.
Thus, we model this term as the gain of the monostatic radar

[10, Chapter 2]
)\chk.
Bak = | 7—sp1 (3)
“8 7\ (an)3RE
C. Signal Model

Let B, € CM*¥ be a transmission matrix of the gth SC with
a specific baseband digital modulation scheme for a ULA. The
OFDM signal matrix without the addition of the cyclic prefix
is defined as

Q
B(t) = % 3 B, el @
q=1

As we employ OFDM, we now incorporate the cyclic prefix
into B(t) to generate the final signal transmission matrix C(t)
[11]. The echo received by the ULA on the gth SC is modeled
according to (5).

Xy(t) = HyC(t) + Zy, (5)

where each column of Z, € CM*¥ follows a circularly
symmetric complex Gaussian distribution with zero mean
and covariance matrix equals oI € CM*M and a? is the
noise power dependent on Af. Without loss of generality,
we assume there is no intercarrier interference because, even
when the targets do not move significantly during the round-
trip delay for echo reception, it can be observed that the use
of multiple antennas and beamforming techniques results in
a reduction in the Doppler spread in MIMO-OFDM systems,
which is indicative of a reduction in intercarrier interference
[12]. Although the targets have some mobility, their angular
positions are fixed when the signals are transmitted from the
ULA.

D. Frame Structure

The utilized frame structure is similar to the structure pre-
sented by the 5G New Radio (5G NR) protocol [13]. That
is, part of the initial access (IA) slots of the Synchronization
Signal Block (SSB) is used to perform sensing over a specific
angular region. The subcarrier spacing (SCS) to be considered
in this work are also as the ones defined by the 5G NR
standard [13]. So, one way to estimate the angular positions of
the targets is to use at most 64 SSBs where each one occupies
4 symbols and 240 SCs [13]. The work in [14] presents the
ISAC in a 5G NR protocol and elucidates the utilization of the
SSBs in the TA frame in both conventional and ISAC schemes.

Although the focus is on estimating the angular positions
of targets, this approach may encounter challenges due to
temporal overlap among transmitted signals and received
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Fig. 2: OFDM matrices.

echoes. One solution to this problem is to adjust the SCS
in order to reduce the duration of time-slots, thus allowing the
echoes to arrive at a more favourable time instant. It is also
possible to employ full-duplex techniques, such as Antenna
Cancellation and Antenna Separation and Digital Cancellation
(ASDC) [15].

III. PROPOSED ANGLE ESTIMATION SOLUTION

The proposed solution is based on the idea of creating M x
N OFDM symbols such that these symbols cover the entire
angular space where the K targets are present. It is important
to notice that these designed symbols are pilots signals which
form a codebook. To do this, we need to redesign the OFDM
signal matrix B(t) from (4). For this sake, consider Fig. 2.
Note that each matrix B, in a certain SC ¢ in Fig. 2 is
represented by a rectangle. Also, each matrix B, is determined
by a set of column vectors. These column vectors, s(¢,.) with
r € {1,2,--- ,QN}, depend on the angle, ¢,, which is the
angle of departure (AoD) to which the symbol s(¢;) is desired
to be transmitted. Thus, we design the symbol s(¢,.) as in (6)

P ‘zid(—Mfl)sin(q&.)
(¢7) = {6‘7 M 2 e
M

A—" (1 M— l)iln(qu) .

-, 6] i"' d( ) sin(¢,.) ] ’ (6)
where P is the power of the signal, the angle ¢, is modeled
as ¢, = (k— 1)m/(QN — 1), covering the angular space
[-7/2,7/2] radians where the targets are supposed to be
located. However, the following formula ¢q, = [(¢ — 1)N +
n — 1] x 7/(QN — 1) indicates the angle of the symbol for
the gth SC and time-slot n. Thus, the matrix B(t) € CM*N

is designed as

Q

1 .
Z $(¢q,1), 8(¢g,2), -+, 8(Pg,N)] eI2mfqt
q=1

(N

Fig. 3 illustrates the angular division as a function of SCs
and time-slots. So, the M OFDM symbols transmitted by M
antenna elements in a time-slot n simultaneously cover several
angular positions. For example, in Fig. 3, observe that the

VQ

orange beams are formed in the same time-slot n = 1 by
different SCs, in time-slot n = 2 the gray beams are formed,
and so on. That is, the designed symbols ensure that no other
beam will occupy the angular region of another beam, and
after N time-slots the region where the targets are located is
covered.
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Fig. 3: Beams dependent on time-slots and SCs.

After transmitting the symbols in the N time-slots and
receive the echos related to it, we apply the matched filter (MF)
to the received matrices, X,. The design of this filter is based
on the transmitted pilot signals, B, that are known by the
transmitter in a monostatic sensing scenario. The application of
the MF is useful because we rely on the fact that the received
echoes with higher power occur when the transmission beams
point to the target, similar to conventional beamforming (CB)
approach. (8) illustrates the application of the MF to the
considered signal model.

Y,=B,0X,, (®)

where Y, € CM*Y and ® is the Hadamard product. To calcu-
late the energy of each beam generated by the transmissions of
the M N OFDM symbols, we define Y stacking the matrices

Y, Y =[Yy, Yo, -, Yg] € CMX@N_ This matrix can be
seen as
= [y(#1.1),¥(d1.2), -, ¥(d1.n),
: aY(¢Q,1)a y(d)Q,Q)a e 7Y(¢Q,N)] . (9)

Although we use N time-slots, we have QQIN values to
identify the angular position of the targets. Additionally, note
that each column vector of the matrix Y, y(d)q,n), represents
the received echo by the ULA when the symbols related to
the angle ¢, ,, were transmitted.

Thus, through the matrix Y, we calculate the amplitude of
the received echoes for each angle ¢, , as the absolute value
of the sum of the components of each column vector of Y.
Thus, the amplitude of the processed echo related to the angle
Gq.n is given by 1%,y (¢, )|, where |.| represents the module
operation. By doing this process for all QN angles, we obtain
QN amplitude values. Thus, we have the amplitude spectrum
of the echoes as a function of the transmission angles, ¢ .
Therefore, the peaks of this spectrum correspond to the
estimated angular positions of the targets. This relationship
can be directly inferred from the found amplitude values. So,
applying this method the angular resolution is 7/(QN — 1)
radians.
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IV. PERFORMANCE EVALUATION

We simulated the model described in Section II and applied
the solution presented in Section III. We defined the number
of targets as K = 2. The number of antenna elements in
the ULA is M = 8. The number of time-slots is N = 8.
The central frequency defined is f. = 28 GHz. The spacing
of the antenna elements in the ULA is given by half the
wavelength of the central frequency. All targets have their
positions generated in the far-field of the ULA. We define
the coordinates of target 1 and 2 as (10m, 17.3205m) and
(=10m, 56.7128 m), respectively. Each target has different
RCS. The main simulation parameters are shown in Table I.

TABLE I: Simulation parameters.

We note that with a fixed bandwidth and given frequency
spacing, we will have a quantity () of SCs for each configu-
ration. For example, for Af = 120 kH z, there are Q = 500
SCs, for Af = 240kH z, there are Q = 250 SCs, and for
Af =480kH z, there are () = 125 SCs. Although the ECDF
of target 2 is not presented here, its ECDF is similar and leads
to the same conclusions. Additionally, we again notice that
increasing the SCS results in an increase in estimation error.
For example, the SCS Af = {120kH z, 240kHz, 480 kH z}
produced, respectively, a median estimation error of 0.12°,
0.24°, and 0.54°.
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Fig. 4: ECDF of the estima-
tion error dependent on the
number of SCs.

Fig. 5: ECDF of the estima-
tion error dependent on the
SCS (Target 1).

Parameters H Values
Carrier frequency [GHz] 28 [GHz]
Antenna elements (M) 8
Antenna element spacing
(d=A\/2) 0.0054 [m]
Angular position - targets B
1 and 2 30, -10 [deg]
RCS - targets 1 and 2 1, 8 [m?2]
sSCS (Af) 120, 240, 480 [KHz]
Noise power -123, -120,
dependent on SCS (a?2) -117 [dBm]
AP transmit power (Ps) 1 [W]
Number of Mopte Carlo 1000
repetitions

The considered performance indicators are the absolute
estimation error in degrees and the computational complexity
in number of floating-point operations per second (FLOPS).

As the first result, in Fig. 4, we observe the empirical
cumulative distribution function (ECDF) as a function of the
estimation error and the quantity @ = {64,128,256} of SCs
with a SCS of Af =120kH z. Solid and dashed lines repre-
sent the ECDFs for target 1 and target 2, respectively. Firstly,
we observe that increasing the number of SCs decreases the
estimation error. For example, for target 2, the median of the
estimation error for 64 SCs was approximately 0.56°, but if
we increase the number of SCs to 128 and 256 SCs, the
median estimation error drops to approximately 0.41° and
0.24°, respectively. This result is expected since we opted to
fix the number of time-slots to N = 8 in consideration to limit
the amount of radio resources dedicated to sensing in order
not to impact the underlying communication service. However,
the same level of estimation error could be obtained for the
lower number of SCs if the number of time-slots allocated
to sensing is adjusted accordingly in order to keep the time-
frequency product constant. Alternatively, for a fixed number
of SCs and time-slots, accuracy could be improved by using
more antenna elements in the array. We also notice from Fig.
4 that angle estimates are more accurate for target 2 than for
target 1. This is due to the fact that, although target 1 is closer
to the AP than target 2, its RCS is greater. Such difference is
more pronounced for a lower number of SCs.

As a second result, Fig. 5 shows the estimation error of
target 1 when it is fixed a bandwidth, B = 6 M Hz, and it is
considered three SCS Af = {120kHz, 240kH z, 480 kH z}.

Results such as ones in Fig. 4 and 5 constitute a performance
characterization that illuminates the resource allocation policy
of the network operator in terms of resource sharing between
communication and sensing services. The desired angle esti-
mation error, that is the accuracy of the sensing service, is
mapped against the number of radio resources, in this case
SCs, allocated to it. On the other hand, the performance of
the communication service as a function of the number of
radio resources is well known in general from the modulation
and coding scheme selected to a particular user. In that way,
the operator will be able to define the optimum resource
sharing policy for the co-existence of the integrated sensing
and communication.

As a third result, Table II presents the computational com-
plexity of the proposed algorithm and the MUSIC algorithm
in FLOPS. The computational complexity of the algorithms
depends on the size of the matrices X, of received signals
[16, 17].

TABLE II: Computational complexity.

[ Algorithm [[ Computational complexity
Proposed method O (MQN)
MUSIC O (M2QN + M3)

Notice that the computational complexities shown in Table
IT represents the main operations on the received echoes
used to obtain the angle spectra of the proposed method and
MUSIC. So the computational complexity of the generation
of the spectra itself is not included in the calculations. The
chosen angular resolution for MUSIC is equal or better than
2.2 x 1073 radians.

Fig. 6 shows the mean absolute error of the algorithms as a
function of the number of SCs for target 1, considering M = 8§,
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N = 8, and Af = 120kHz. We observe that MUSIC is
quite efficient because it applies ED to the covariance matrix
of the received signals to find a projection matrix of the
noise vector space. Notice, however, when we extrapolate the
number of SCs, the proposed method presents a decreasing
mean error that approaches MUSIC’s. As stated above for
the proposed method, even if the number of SCs is limited,
improved accuracy could be obtained by either increasing the
number of time-slots or the number of antenna elements.
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Fig. 7: Comparative compu-
tational complexity.

Fig. 6: Estimation error ver-
sus number of subcarriers.

Finally, we present Fig. 7 which illustrates the compu-
tational complexity in FLOPS of the two algorithms as a
function of the number of SCs when M = 8 N = 8.
We observe that the computational complexity of MUSIC
is about one order of magnitude higher than that of the
proposed algorithm because the latter depends on the number
of multiplications performed when the Hadamard product is
carried out, while MUSIC has higher complexity as it requires
computing the covariance matrix and performing ED [5].

V. CONCLUSION

We proposed a codebook for angular estimation of targets in
a radar monostatic scenario suitable for ISAC with a MIMO-
OFDM configuration. The proposed codebook explores both
frequency and time dimensions to cover the angular space.
Computational simulations demonstrated the impacts of the
number of considered SCs and the frequency spacing of the
SCs, as well as comparing the performance and complexity of
the proposed algorithm to classical MUSIC.

The angle estimation error observed on the proposed
method, typically less than one degree, while higher than
MUSIC’s, is sufficient for some applications, particularly
position estimation. [18].

Moreover, the lower complexity of the proposed method in
comparison to MUSIC’s is a potentially much more desired
property than very high accuracy, since ISAC is poised to be
implemented in communications equipment already burdened
by computations due to signal processing for communications.

Furthermore, the proposed method can also be a com-
putationally light approach to initialize a multi-static ISAC
architecture by helping the transmitting AP to beamform in the
direction of the targets, maximizing the receiving APs ability
to localize and track them.
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