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Abstract—In this paper, we propose a design for hybrid
precoding and combining at mmWave that enables simultaneous
monostatic sensing and full-duplex (FD) communication. This
joint design mitigates the self-interference (SI) caused by FD
operation at the base station (BS). Precoders at the FD BS are
designed to maximize signal-to-leakage-plus-noise ratio (SLNR)
for downlink (DL) communication and sensing, treating the SI
as leakage. The analog combiner minimizes the residual SI at
the FD BS under uplink (UL) communication and sensing gain
constraints. Moreover, an interference-aware digital combiner
separates the target reflections from the UL signals, followed by
orthogonal frequency division multiplexing (OFDM) radar for
target parameter estimation. Numerical results demonstrate the
effectiveness of the proposed design to simultaneously support
FD communication and sensing at mmWave.

Index Terms—Full-duplex, self-interference, integrated sensing
and communication, hybrid precoding and combining.

I. INTRODUCTION

Integrated sensing and communication (ISAC) is a key
technology to be incorporated in future wireless networks
[1]. In particular, mmWave bands can provide high accuracy
localization and sensing, enabled by the high resolvability of
the channel parameters in the angular and delay domains.
Monostatic sensing is one of the possible network sensing
modes in ISAC systems [1], requiring a FD circuit to enable re-
ception of the reflections of the transmitted signal on potential
targets [2]. The design of FD ISAC systems is challenging, due
in part to the impact of the self-interference (SI) introduced
by FD operation. Specifically, the SI needs to be suppressed
before the analog-to-digital converters (ADCs) of the receiver
(RX) end of the FD transceiver.

The design of hybrid precoders and combiners for monos-
tatic ISAC systems at mmWave needs to consider SI mitiga-
tion, since this cannot be achieved only by hardware design
when the cost is a constraint. Prior work focuses on hy-
brid precoding/combining for downlink (DL) communication,
while the RX end of the FD base station (BS) is employed
for monostatic sensing [3]-[6]. These works leverage several
SI suppression methods including null-space projection [3],
analog SI cancellation [4], iterative convex relaxation [5],
[6], and signal-to-leakage-plus-noise ratio (SLNR) precoding
[6]. Supporting only DL communication in FD ISAC systems
is, however, inefficient, since the FD capability is exploited
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only for sensing. There are only a few initial works that
consider the problem of simultaneous FD communication
and sensing [7]-[9]. The designs in [7], [8] exploit a fully
digital MIMO architecture, not feasible at mmWave, and only
consider the residual SI. The work in [9] considers a hybrid
precoder/combiner design with a DL and an uplink (UL) user
equipment (UE). However, the channels are assumed to be
line-of-sight (LoS), and the UEs are assumed to be the targets,
simplifying both the system model and the design problem.

In this paper, we address the simultaneous monostatic sens-
ing and FD communication problem in wideband mmWave
MIMO systems with a hybrid analog/digital architecture. We
propose a hybrid precoding/combining approach to mitigate SI
while providing communication and sensing capabilities. Our
contributions include SLNR-based precoding to support DL
communication and sensing while suppressing the SI, and an
analog combiner design that minimizes the residual SI under
UL communication and gain constraints. Numerical results
prove that simultaneous UL communication and sensing can
be enabled with the proposed design.

II. SYSTEM MODEL

We consider an ISAC system where the transmitter (TX)
end of the FD BS sends data streams to a half-duplex DL
UE, while the RX end simultaneously captures the reflections
from targets and the data streams transmitted by a half-duplex
UL UE. We assume that both the UL and DL communication
channels are known, in addition to a coarse estimate of the
target angles. There are multiple targets in the environment and
we focus on estimating a single target per frame as in [6]-[8].
The system exploits OFDM modulation with M subcarriers
and N OFDM symbols per frame. The number of antennas of
the collocated TX and RX arrays at the FD BS are denoted
by Ngg,T and Npsr. The FD BS is equipped with Npg rr
RF chains at both TX and RX ends. Furthermore, the UEs are
equipped with Nyg antennas and Nyg rr RF chains.

A. Channel Models

We leverage a sparse geometric channel model for the
DL and UL channels operating at mmWave. Specifically, the
channel between the FD BS and the DL UE at the m-th
subcarrier is denoted as H,, € CNveXNsst and can be

written as
LpLr
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where Lpy, is the number of paths and Af is the subcarrier
spacing. The complex channel gain, delay, angle-of-arrival
(AoA) and angle-of-departure (AoD) of the [-th path are de-
noted by «y, t;, ¢; and ¥, respectively. Furthermore, the array
response vectors at UE arrays are represented by ayg(¢) €
CNvE for the incident angle ¢. Similarly, ags 1(¢) € CNes.T
denotes the array response at the TX array of the FD BS. The
channel between the UL UE and FD BS at the m-th subcarrier
G,, € CVesrXNur jg defined in the same form as (1) with
Ly, paths, and complex channel gain, delay, AoA and AoD
of the [-th path denoted by a;, #;, ¢; and ¥;, respectively.
Additionally, the array response vector at the RX array of the
FD BS is denoted by aps r(¢) € CVes:R. We assume that the
UL and DL channels remain constant during the coherence
time, spanning multiple OFDM frames. For sensing purposes,
we exploit a doubly-selective channel model, so that round-
trip delays and Doppler shifts associated to targets can be
estimated. Since we consider a monostatic sensing scenario
with co-located TX and RX arrays, the AoA and AoD of a
target reflection are assumed to be the same [3]-[9]. Thus, the
target channel with K targets at the m-th subcarrier of the
n-th OFDM symbol A, ,, € CNesrXNes.t jg expressed as
K—1
A=) BT T Ioamm A D apg p (0r)ags r(6k), (2)
k=0

where Ty is the duration of an OFDM symbol. The complex
radar gain, Doppler frequency, round-trip delay, and AoA/AoD
of the k-th target are denoted by S, fpk, Tk, and 0y,
respectively. The radar galn is characterized by the radar-range
equation as |Gy |* = ﬁ, where A is the wavelength, while
¢, and dj are the radar éross—section and the range of the
k-th target, respectively. Finally, the SI channel is n;odeled
with the near-field LoS model as [Hgi],, , = e 927" for
p=1,...,Npsr and ¢ = 1,. NBS T, w}flere dpgq is the
distance between the p-th RX and g-th TX antenna, and 7 is
the constant to ensure ||HSI||% = Nps, 7 NBs r [6].
B. Received Signal Models

In this subsection, we introduce the models for the received
signals. The number of data streams transmitted to the DL UE
is denoted by Npy, . Thus, the data stream transmitted to the
DL UE at the m-th subcarrier of the n-th syrnbol is represented
by d,.p, € CNors satisfying E {dm n n} = PDL INDL o
where Ppy, is the DL transmit power. Addltlonally, ‘the hybrld
precoder at the FD BS for the m-th subcarrier is expressed
as F,, = FrpFpp,, € CVesmXMNoLs  with the analog pre-
coder Frp € CVes.txNes.rr and digital precoder Fgpm €
CNes.reXNoLs The hybrid combiner at the DL UE for the m-
th subcarrier is defined as U,,, = UrpUpp ,, € CNvEXNDLs
with analog combiner Uy € CNuexNuerr and digital
combiner Upp,, € CNverrXNpL: With these definitions,
the received signal at the DL UE for the m-th subcarrier of
the n-th symbol r,, ,, € CNprs ig written as

H H

rm,n = UmHmFmdm,n + Umz'rrwu (3)
where z,,, € CNvue is the noise vector with covariance
E{zmnzh .} = o Inys, being of; the noise power.

We focus on the output of the analog combiner Wry €
CNes,rxNes.rr for the received signal at the FD BS. The data
stream transmitted by the UL UE is denoted by s, ,, € CNurs
with the covariance E {sm nsh n} = P TNy, ,» Where Pyr
is the UL transmit power. We deﬁne the hybrld precoder at
the UL UE for the m-th subcarrier as V,,, = VRrVBB,m €
CNuexNuLs with Vyp € CNueXNuerr the frequency-flat
analog precoder and Vg ,, € CNuerFXNuLs the digital pre-
coder. Consequently, the received signal at the m-th subcarrier
of the n-th symbol y,, , € CNuLs can be written as

ym,n :WEFG Vmsm n + WEFAm nFmdm,n
+ NRFHSIF dp o + WRan n @
where p is the SI channel power and n,,, € CVes® is the
noise vector with covariance E {n,, ,n% ,} = 0fsIngg p
where o3¢ is the noise power. We define the digital com-

biner for the UL UE at the m-th subcarrier as Wgp,, €
CNBS,RFXNUL,S’ and its output ym,n c CNUL,S as

Ymn = Wi WREGm VinSmn + Bmn, ()
where the interference-plus-noise (IN) f,, , € CNVLs s
ﬁm,n = WEB,ngF (Am,n + \/EHSI) Fmdm,n
+ WgB,ngan,n- (6)

III. PRECODER AND COMBINER DESIGN

In this section, we propose a hybrid precoding and com-
bining framework to support simultaneous monostatic sensing
and FD communication for mmWave MIMO systems. We
first define the communication and sensing metrics. Then, we
define the hybrid precoding and combining problem. Using the
DL received signal expression in (3), the spectral efficiency of
the DL UE at the m-th subcarrier is expressed as

Ry = log, ‘INDL,S n J@LL Ul H,F,.FiHIU, | ()
where Uf = (UELUm) U,I,{n. Analogously, using the re-

ceived signal expression in (5), the spectral efficiency of the
UL UE at the m-th subcarrier can be written as

R = log, ’INUL s T WBB mW

PUL —1

X GmeVgGmWBB,mWRF , (8

where the covariance matrix of the IN vector is defined as
Ri, = E{n,,nl ,} € CNvuxNui: For the sensing
metric, we utilize the radar gain at both ends of the FD BS.
We track the target with subscript £ = 0, thus, the TX and
RX radar gains at the target angle 6, are defined as

Gmn (00) = |afis (60) [F],, | ©)

GRngr (00) = ‘[WRF]HnRFaBS,R(eo) , (10)

for ng = 1,...,NpLs, and nrr = 1,..., NBsRF, respec-
tively. We also need to define the SI and analog constraints.
First, the residual SI at the output of the analog combiner of
the FD BS given in (4) should be mitigated, which can be
written as WHpHgF,,, = 0, for m = 0,...,M — 1. The
analog phase shifter networks require unit modulus entries for
the analog precoders/combiners. Except for the combiner at




the FD BS, we initially formulate the design of a fully digital
solution, enforcing later the hybrid analog/digital structure. We
write the overall optimization problem as the maximization of
the sum spectral efficiency of the UEs with TX and RX radar
gain constraints as

Zm R + Zm Rom

maximize
{F771;U771}m7WRF7
Vi, WBB,m
m
subject to G1,m.n,(00) > 71, Ym,ng
GR:”RF (90) > TR, VNRF,

WhpHgF,, =0, Vm
“WM%HZLVM%

[Enllz = Novs. [Vinllz = Now e, vim.

(1)
where 71 and 7 are the TX and RX gain thresholds, re-
spectively, whereas the last constraint is the TX power nor-
malization. This problem, even when the hybrid architecture
is not enforced, is highly non-linear due to the coupling of
the variables. Furthermore, the unit modulus constraint for the
analog combiner at the BS makes the problem non-convex.
Thus, we sequentially optimize each variable while keeping
the others fixed, and we exploit convex relaxation techniques.
A. Hybrid Precoder/Combiner Design at the UL/DL UE

The UEs design the optimum precoders/combiners exploit-
ing channel knowledge. The combiner of the DL UE at the
m-th subcarrier is initially designed as the first Npr, ¢ left
singular vectors of the DL channel H,,. Then, a hybrid
factorization technique called phase extraction with alternating
minimization is used to find the analog combiner and digital
combiners [10]. Analogoulsy, the precoders of the UL UE at
the m-th subcarrier are initially obtained from the Ny, ¢ right
singular vectors of the UL channel G,,, which is followed by
the same hybrid factorization algorithm.

B. Hybrid Precoder Design at the FD BS

The design of the precoders at the FD BS can be solved
in parallel for all the subcarriers, since we initially assume a
fully digital architecture. We further separate the optimization
of the communication and sensing metrics. In other words, we
design a precoder for communication F¢o™ ¢ C/Nes, X Nor.s
and another precoder for sensing F3d ¢ CNesoxNors [3],
[6]. Then, we coherently combine these precoders as

Fp = m1F™ + (1 — sy )F29, (12)
where k1 controls the trade-off between communication and
sensing performance. We normalize the final precoder such
that HFm Hi = Npr,s. Furthermore, we utilize a simple search
approach to find the largest x; value that satisfies the TX gain
constraint. The communication precoder design problem for

the m-th subcarrier with the SI constraint is expressed as
maximize R,

F(;y?m
subject to  WH HgF&™ = 0,
2
15[ = Nows.
Instead of maximizing the spectral efficiency, we propose
to maximize the signal-to-leakage-plus-noise (SLNR) ratio,

(13)

where the SI is considered to be the leakage. SLNR-based
precoding has found many applications in the literature such
as multiuser MIMO precoding [11]. The TX signal of the DL
UE causes leakage for the received signal at the FD BS in
the form of \/pW EFHSIFfEmdmm as seen in (4). Then, the
SLNR at the m-th subcarrier for the DL UE is expressed as

E{ UL H Ferd,,.a |}

E {H\/IBWEFHSIF(;,?mdm,nHZ} +]E {HUELZMWHQ}
T { [Fim] "B, P

Tr { [Fggm} " (C + G%LINBS,T>F$7(1)m}
where B,, = %HgUngHm c CNes,txXNBs,T gpd
C = {PrHEWgRp Wi Hg € CNestxNesr SINR

NpL,s .. .
maximization for the DL at the m-th subcarrier is given as

SLNR,,

SLNR,, =

) (14)

maximize

Feom

subject to HF‘;‘;‘“H? = NpLs.
This is a generalized eigenvalue problem which is equivalently
expressed as B, Fio™ = (C + 03 Ings 1) FEO™ A, where
the columns of F{°™ are the generalized eigenvectors, and
A,, € CNoLsxNoLs g 3 diagonal matrix that contains the
corresponding eigenvalues on its diagonal entries [11]. We
design the sensing precoder by using the same methodology.
Since the TX radar gain constraint is satisfied with the coherent
combination in (12), our goal is to find a precoder that has
high TX radar gain while resulting in low residual SI. Hence,
we use the same SLNR expression in (14) by only changing
the numerator which contains the intended signal power. We
take the power of the TX radar gain as the maximization term

G2 o, (00) = [F129] " aps v(00)alls o(60) [Fi2] . (16)

The rank of the inner matrix aBs,T(Go)ag&T(@o) is 1, thus,
we optimize a single vector f:3 € CVBs.t and repeat it for
the columns of F*24, The maximization of sensing SLNR can
be formulated by following the same approach in (15), solved
as the generalized eigenvalue problem. Finally, we utilize the
hybrid factorization algorithm in [10] to find the analog and

digital precoders from the fully digital precoders F,,.

15)

C. Hybrid Combiner Design at the FD BS

The analog combiner at the FD BS should simultaneously
provide communication for the UL UE and high RX radar
gain. Note that the SI mitigation is the primary goal, since
the hybrid factorization applied to the precoders at the FD
BS degrades the SI suppression. We propose to define a
communication gain constraint similar to the RX radar gain
constraint. To that end, we need to find a set of vectors
that are useful for communication. This can be achieved by
using the eigenvectors that correspond to the Nyp, ¢ largest
eigenvalues of the channel covariance matrix % Zm GmGEL
to construct Wi € CNBs, R X Nps,rr Tf Nps rr > Ny, the
remaining columns can be constructed as a random linear com-
bination of the first Nyr, s columns which are normalized to
+/NBs,r. We define the communication gain as Geom,npr =



HWRF]:I_,InRF[ %{()Fl‘n]i,nRF|’ for NRrRrp = 17~--;NBS,RF~ We

formulate the analog combiner design as the minimization of
the total SI with gain constraints. Given the precoders and the
unit modulus constraint, this problem can be expressed as
e e H 2
minimize WgpHg F
pmize 3" Wi HgE, |

subject 0 GRronpp(60) > TR, VNRF, (17)

Gcom,nRF Z Tcom vnRF,
‘[WRF]p,q

where Tcopm 1S the communication gain threshold. This problem
is non-convex due to the unit modulus constraint. Additionally,
the gain constraints are non-convex, which can be circum-
vented by writing them as gain loss constraints, defined as
}NBS,R - [WRF];I?nRFaBS,R(QO)‘ < (Npsr — "), (18)
|NBs,k = [WRF) e [WER ] nre | < (NBS,R = Teom)- (19)
To overcome the non-convexity of the unit modulus constraint,
we limit the deviation of the entries of the combiner Wip
from the unit circle as done in [5], [6]. We utilize a random
block coordinate descent method such that a certain number
of randomly selected entries are optimized at each iteration
until the convergence is achieved. The overall evolution of the
combiner is limited to prevent missing the local minima. The
convex problem solved at the ¢-th iteration is expressed as
minimize

H 2
[WRF]Zt Z171 HWRFHSIFmHF
subject to  (18),(19), Vngr,

‘[WRF]p’q‘ —1<e, (pg €Ly
t—1
[ Weslz, - (Wi | < e
t
where ¢; and ¢ are small threshold values. Moreover, the set
of randomly selected indices at the ¢-th iteration is denoted by
;. The entries optimized at the ¢-th iteration are represented
by [Wrrlz, € CI*+!, whereas the analog combiner optimized

at the (¢ — 1)-th iteration is denoted by Wl(;f; Y. At the end
of each iteration, the entries are normalized to unity. The
problem (20) is solved with the convex solver CVX [12]. The
initialization of this solution is the coherent combination of
the communication and sensing combiners given as

Wik = WiE + (1 - r2) Wi, 1)
where the sensing combiner Wiid € CNes.rXNesirr g con-
structed as Wid = [aBS’R(GO), . ,aBS,R(GO)]. Moreover,
Ko is the trade-off parameter for communication and sensing,
and the entries of the initial combiner are normalized to unity.
We assume that the SI is jointly suppressed by the precoders
and the analog combiner utilized at the FD BS. Additionally,
we assume that the interference caused by the target reflections
is weak. Thus, we set the digital combiner Wgg ,, as the left
singular vectors that correspond to the Ny, ¢ largest singular
values of the equivalent UL channel WrrG,,V,,.

=1, Vp,q,

(20)

IV. PARAMETER ESTIMATION FOR MONOSTATIC SENSING

In this section, we introduce the techniques for target
parameter estimation. We first leverage an interference-aware
filter to separate the target reflections from the UL signal.

Then, we utilize OFDM radar for range-velocity estimation.
Since we are only interested in a single target, we rewrite the
received signal in (4) by separating the target reflection as
2 H H
yWn,n:BO,mmWRFaBS,R(eO)aBS,T(QO)Fmdmm""ngz,nv
(22)
where BO o = BoejQW(”Tst,o—mToAf)’ and n?n . € CNeBs.rF
contains the IN terms. The interference from the other targets
are assumed to be much weaker than the reflections of the
intended target. We define the radar combiner for the m-th
subcarrier as w,, € CNBs:F which is designed by using
the minimum variance distortionless response (MVDR) beam-
former approach [13]. The MVDR solution is given as
-1
Ry, Wipaps r(fo)
—1 )
agS,R(HO)WRFRﬁ?ntFaBS’R(QO)
where ﬁ?mn € CNes®F g the interference vector without
the target interference, and Rypo € CNesreXNBSRF g jtg

covariance matrix. Let us express the signal at the output of
the MVDR beamformers as

(23)

Wi, =

y;?,ciz: BO,m,nwfl_rILWgFaBS,R(GO) aI];IS,T(GO) Fmdm7n+w11:rILn(7)n,n'
(24)

The radar signal-to-interference-plus-noise ratio (SINR) at the
m-th subcarrier of the n-th OFDM symbol is expressed as

SINR :63PDLHWElWEFaBs’R(QO)agS’T(QO)FmH2

, (25)
Npis

where Rn?,L N is the covariance matrix of the IN term in (22).
In the context of ISAC, OFDM has been studied extensively,
mainly due to its wide adoption in commercial communication
systems [3], [4], [6]. In this paper, we also exploit OFDM radar
technique for joint range-velocity estimation. We firstly cancel
the effect of the scalar which is in product form with Bo,m,n
in (24), and construct the image Z € CM*V as
yrad
(Z)n = mU’n . (26)
WELWgFaBS,R(H) leDlL arBlsyT(g)F7nd7n,n

We take the DFT over the rows and inverse DFT over the
columns of Z. The indices of the peak location can be
converted to range and velocity estimates as in [4], [6]. It
is shown that the residual UL signal diminishes with large M
and N since the DL and UL symbols are independent [7].

2
H
WinRag, | W ‘

V. NUMERICAL RESULTS

In this section, we evaluate the ISAC performance of the
proposed design. The BS is equipped with two uniform linear
arrays separated by 6\ with Ngs T = Npg r = 64 antennas,
whereas the UEs are equipped with Nyg = 16 antennas. The
spacing between the antenna elements is half wavelength. The
number of RF chains and the number of streams at the BS
and UEs are 4. The system operates at 28GHz with a 100MHz
bandwidth corresponding to a noise power of —93.8dBm at
room temperature. The number of subcarriers and OFDM sym-
bols are set to M = 792 and N = 14, with subcarrier spacing
Af = 120kHz and symbol duration Ty = 8.92us [4]. We
consider K = 4 point targets with radar cross-section of 10m?2.
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Fig. 1. Spectral efficiency of DL/UL UE with respect to transmit power at
SI-to-noise ratio p/c3q = 80dB.

The target angles are randomly selected from [—60°, 60°]. The
range of the target of interest is set to 40m while the range of
other targets are randomly selected from [20m, 60m]. Velocity
of the targets are randomly selected from [10m/s, 30m/s|. The
UEs are deployed 50m away from the BS with the LoS angle
selected from [—60°,60°]. The channels consist of 5 paths.
The gains of NLoS paths are 5-15dB below the gain of the LoS
path, while the angles are randomly selected from [—90°, 90°].
The TX/RX gain and communication gain thresholds are set to
71 = TR = 0.4NBsr and Tcom = 0.5NBg R, respectively. The
design parameters are set to €; = 0.3, e2 = 0.1 and xo = 0.5.
In addition, 30% of the entries are optimized at every iteration
of the analog combiner design.

Fig. 1 shows the DL and UL spectral efficiencies as a
function of the transmit power. The UL spectral efficiency
is calculated considering the interference generated by a
DL transmit power set to 20dBm. We use the half-duplex
communication without sensing as baseline. It can be seen
that the proposed design provides high DL and UL spectral
efficiency while enabling simultaneous sensing capabilities
and suppressing the SI as shown next. The spectral efficiency
can be increased if the radar gain thresholds are decreased.

To evaluate the sensing performance, Fig. 2 shows the radar
SINR as a function of the SI-to-noise ratio and the empirical
CDFs of the velocity and range estimates. We compare the
radar SINR of the proposed design with the case without the
UL UE, the case with matched filter (MF) instead of MVDR,
and the case where there is no SI suppression. The latter case
uses the eigenvector-based precoders and the initial analog
combiner. It can be observed that the proposed design is robust
to SI-to-noise ratio as high as 100dB, and the usage of the
MVDR beamformer significantly enhances the performance.
Furthermore, the CDF of the velocity and range estimation
errors with QPSK symbols show that accurate parameter
estimation can be achieved in the presence of the UL signals.
However, we observe that the number of OFDM symbols
affects the performance, especially with UL signals.

VI. CONCLUSION
In this paper, we proposed an Sl-aware hybrid precod-
ing/combining architecture for joint radar sensing and FD
communication in mmWave systems. We exploited SLNR-
based precoding and an iterative convex relaxation-based ana-
log combiner solution to jointly suppress the SI while simulta-
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Fig. 2. Sensing results with Ppy, = 20dBm and Py, = 10dBm: (a) Radar
SINR vs SI-to-noise ratio, (b) CDF of range and velocity estimation errors at
SI-to-noise ratio p/o3¢ = 80dB.
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CDF
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neously satisfying sensing and communication requirements.
We leveraged the beamspace MVDR beamformer to separate
the target reflections from the UL signals, while the range
and velocity of the targets are estimated with OFDM radar.
The simulation results show the robustness of the proposed
solution to strong SI, and the potential to estimate the target
parameters in the presence of UL signals.
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