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Abstract—The emerging 5G New Radio (NR) networks will
provide large improvements in mobile radio access in terms
of peak data rates, latency, reliability and network capacity.
One of the new technical elements compared to LTE-based
networks is the support for millimeter-wave (mmW) frequencies,
facilitating carrier bandwidths up to 400 MHz at the currently
specified operating bands between 24-40 GHz. Such large band-
widths enable highly-accurate time-based measurements and
hence ranging. Thus, in time-division duplexing (TDD) based
networks, base-stations and possibly also user equipment can
pursue high-accuracy radio sensing by observing the transmit
signal reflections, assuming that the direct transmitter-receiver
leakage or self-interference can be sufficiently suppressed. In this
article, we address, analyze and demonstrate the prospects of
OFDM-waveform based radio sensing in SG NR base-stations
with particular emphasis on the mmW use cases. First, ba-
sic target range and velocity estimation resolution analysis is
provided for different carrier bandwidths and observation time
windows, showing that close to centimeter-level ranging accuracy
can basically be obtained. Then, specific emphasis is put on
the analysis and suppression of the direct self-interference when
executing the receiver simultaneously to transmitting. Finally,
concrete RF measurements at 28 GHz operating band are pro-
vided and analyzed comprising self-interference cancellation and
radar processing solutions. The obtained results demonstrate that
direct self-interference cancellation can be successfully carried
out, and that targets can be accurately sensed and tracked.

I. INTRODUCTION

Applications for wireless communication networks are
growing rapidly, demanding more and more spectral resources
to provide improved mobile radio access performance in
terms of peak data rates, latency, reliability and network
capacity. Simultaneously, new radio-based sensing schemes
are receiving increasing interest, which can also well capitalize
the increasing waveform and channel bandwidths. In contrast
with traditional approaches where communication and sens-
ing systems are considered and implemented as independent
systems with different operating bands, a new trend referred
to as the RF convergence is emerging, seeking to integrate
both functionalities into the same system and frequencies [1].
Thus, the RF convergence paradigm focuses on designing joint
communication and radar/sensing (JCAS) systems that can
perform both functionalities sharing the same transmit signals
and potentially the same hardware platforms [2], [3].
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Fig. 1. Considered OFDM-based radar system model building on regular 5G
NR downlink transmission network and frequency-domain radar processing.

One of the new technical ingredients of the emerging
5G New Radio (NR) networks compared to the previous
ones, such as Long-Term Evolution (LTE), is the support of
millimeter-wave (mmW) frequencies, which facilitates larger
bandwidths channels up to 400 MHz at the currently spec-
ified operating bands between 24-40 GHz [4]. Such large
bandwidths enable highly-accurate time-based measurements
and hence high resolution for radar operation. In general, 5G
NR exhibits great opportunities that are very attractive for
providing accurate radio-based sensing, namely high carrier
frequencies, large bandwidths, large antenna arrays and dense
deployments of network access points or base-station units.
Thus, joint communication and radar/sensing based on 5G NR
technology is becoming an increasingly important and timely
research area [2], [S]-[8], and is also the topic of this paper.

A review of the recent literature on this topic shows that
different frameworks are already considered and proposed for
5G NR based radio sensing, see, e.g., [2], [6]. Downlink-based
sensing is one approach, illustrated also in Fig. 1, meaning
that the downlink communication signals transmitted from the
NR base station, referred to as gNB, are used to sense the
environment. In this case, the gNB can process the reflections
stemming from its own transmitted signal, similar to a mono-
static radar [6], or exploit the reflected signals from different
gNBs as a passive radar. Alternatively, transmitted signals from
the user equipment (UE) can also be used to sense the environ-
ment between gNB and UE, commonly referred to as uplink-
based sensing operation. The integrated operation of either
downlink or uplink communications and radar systems implies
that the same waveform is utilized for both tasks. Similar
to LTE, also 5G NR builds on orthogonal frequency-division
multiplexing (OFDM) waveform, due to its robustness against



time dispersion and good suitability for multiantenna/MIMO
processing, its good spectral efficiency and ability of exploiting
both the time and frequency resources when defining the
structure for different channels and signals. In addition, the
use of OFDM-based waveforms in radar/sensing context has
been widely considered and developed over the past ten years
as described, e.g., in [9], [10].

In this paper, we first analyze the potential radar/sensing
performance of the 5G NR network showing that close to
centimeter level ranging accuracy can basically be obtained,
especially at mmW bands. Then, the so-called self-interference
challenge is addressed, with special emphasis on monostatic
use case of gNB meaning that the gNB receiver is operating
simultaneous to transmitter, and thus facilitating sufficient TX-
RX isolation becomes an important issue. Finally, concrete RF
measurements at 28 GHz are provided specifically focusing on
human detection in both indoor and outdoor scenarios.

II. SYSTEM MODEL

The radio sensing functionality in the NR network base-
station unit builds on the known downlink transmit waveform
and observed reflections. Similar to classical OFDM-radar
literature [9], [10], we consider a frequency-domain radar pro-
cessing which directly works on the downlink NR frequency-
domain resource grid, denoted by the matrix X which contains
the frequency-domain samples used for radar processing as
illustrated in Fig. 1. This grid is characterized by a specific
subcarrier spacing and has a size of S R where S and R
denote the number of active subcarriers and OFDM symbols,
respectively. In the transmitter processing, the time-domain
baseband signal S(t) is generated through block-wise IFFT
operating on X, together with the cyclic prefix addition.

In this work, we also consider transmitting and receiving
antenna arrays. Specifically, we assume uniform linear array
(ULA) with M antenna elements uniformly spaced at half
wavelength. The array response vector of the gNB phased
array is thus given by

-

; ey
where refers to either the angle of departure  or the angle
of arrival . Let now x(t) denote the radiated array waveform
from the gNB when a transmitter beamforming vector wy is
applied, expressed as

x(t) = wys(t): 2

The radiated transmit waveform x(t), carrying time and
frequency multiplexed data for different UEs, also interacts
with one or multiple targets of the environment, producing
reflections that are collected by the gNB receiver. With K
targets, the receive array waveform can be described by

K
y(® = bke? IPrta( y)aT (wdx(t k) +n(t); (3)
k=1

where the relative delay and Doppler shift of the Kth target,
which are directly related with the target’s distance and

velocity, are denoted by k and fp., respectively. Furthermore,
the noise vector is denoted by n(t). The parameter or variable
bk models the effective attenuation of the Kth reflection based
on the well-known radar range equation (RRE) as
2
joi? = SxCn k. @
(4 )" dg
where G and G, are the gains of the transmit and receive
antenna elements, and  is the system’s carrier wavelength.
The parameters k and dx model the mean radar cross section
(RCS) and the distance between the gNB and the kth target,
respectively. Beamforming is then applied in the receiver side,
combining all the signals from each antenna element as

K
y(O) = wiy(® =Y bgfe? Iortst ) +n(t); ()
k=1
where bEF = bew!a( xx)a’ ( wx)Wy is the effective attenu-
ation of the kth reflection after beamforming.

The received signal containing the target reflections is
demodulated and processed through FFT to obtain the cor-
responding receive grid, denoted by Y. As the considered
radar processing is pursued directly on the samples within the
NR frequency-domain resource grid, it is useful to express
the receive grid samples. Based on (3) and (5), the receive
grid sample on pth subcarrier and qth OFDM symbol, i.e.,
Ypiqg = (Y)pyq is given by

K
Yp;q = Z bEFXp;qez Jj@Tfpr pr T) + Np;q; (6)
k=1

where Xp.q = (X)p;q and Npq represents the beamformed
receiver thermal noise sample in the FFT domain. The sub-
carrier spacing is denoted by T while T, denotes the total
OFDM symbol duration, including the cyclic prefix T, and the
fundamental OFDM symbol duration 1=( ). From (6), we
observe that the propagation delay causes different phase shifts
for different subcarriers. Similarly, the Doppler shift produces
different phase shifts for the different OFDM symbols.

In this work, similar to, e.g., [9], [10], we adopt subcarrier-
domain processing utilizing directly the transmit and receive
grids, X and Y, respectively. The receive grid Y contains the
parameters  and fp.k which are to be estimated, as well
as X. Therefore, the transmit grid information is removed by
element-wise division, expressed as

v K
= P4 — ZbEFez J@Tfo e p e ) 4 Np;q: 7

Xpig k=1
Then, the target detection and range—velocity estimation builds
on the interpolated grid D, which deals with the missing
samples of D corresponding to zero subcarriers inside the
transmit signal passband in X, as described in our recent earlier
work [11]. We calculate, similar to [9], [10], the radar image
through the periodogram based approach, expressed as

Dp;q

R 1/s 1 _ _ 2
A =D | D DpgWee?? 5 | e 127 1 (8
gq=0 p=0



where the inner IFFTs of size S S correspond to range
profiles of each OFDM symbol, while the outer FFTs of size
R’ R yield subcarrier—wise velocity profiles. In addition,
windowing can be also applied by including appropriate
weights Wp.q in (8) which control the sidelobe level [9].

III. SENSING PERFORMANCE WITH 5G NR WAVEFORM

The considered radar processing building on the NR
frequency-domain resource grid and the periodogram in (8)
allows to resolve targets in both range and velocity domains,
thus corresponding resolution aspects are next addressed.
The basic range resolution, i.e., the minimum distance to
distinguish between two targets with the same Doppler shift,
is inversely proportional to the total transmit bandwidth and
can be calculated as [9]

_C _ C .
2B 2S f’

where Cy is the speed of light and B corresponds to the
bandwidth allocated for the S active subcarriers with spacing
of T. Similarly, the velocity resolution is inversely propor-
tional to the total frame duration used for the radar processing,
expressed as

€))

_ G _ Co }
~ 2RTf.  2R(1= F+T)f.

v (10)

Another issue that stems from the OFDM-based waveform
and FFT processing, is to preserve orthogonality. To preserve
orthogonality and avoid intersymbol interference (ISI), the
cyclic prefix duration T., must be larger than the two-way
propagation delay of the furthest target, implying a distance
limit of the form

(1)

Furthermore, to keep intercarrier interference (ICI) tolerable,
maximum velocity/Doppler is considered to be limited up
to Doppler shifts of one order of magnitude lower than the
subcarrier spacing. Given such maximum tolerable Doppler

shift of 10% of the subcarrier spacing, the maximum target
velocity reads
fD maxCo
V = 12
lel of. (12)

In general, the 5G NR Release 15 [4] specifies the network
operation in two main frequency ranges. The frequency range
1 (FR1) includes all existing and new bands between 450 MHz
and 6 GHz, supporting channel bandwidths up to 100 MHz.
The frequency range 2 (FR2) then considers the operation
at mmW frequencies, including different operating bands
within the range of 24.25 GHz-52.6 GHz, supporting channel
bandwidths up to 400 MHz.

Stemming from the described resolution and limits in (9)-
(12), numerical calculations are next carried out to evaluate the
radio sensing feasibility in 5G networks with the OFDM-based
radar processing described in Section II. Both FR1 and FR2
are considered, assuming 3GPP NR Release 15 numerology,
with the main parameters being summarized in Table L.

TABLE I
5G NR WAVEFORM PARAMETERS FOR DIFFERENT FREQUENCY RANGES

[ [[Af (kHz) | Channel BW (MH2) | Tep (us) | Ts (us) |

FR1 15 5-50 4.6 71.3
30 5-100 23 35.7
60 10-100 1.2 17.8
FR2 60 50-200 1.2 17.8
120 50-400 0.6 8.9

Fig. 2a) presents the distance resolutions for different chan-
nel bandwidths. In these evaluations, we always assume the
maximum active passband or transmission bandwidth for each
specified channel bandwidth which corresponds to 90% to
98% passband utilization depending on the scenario [4]. As
can be observed, the larger available bandwidths at FR2 can
facilitate finer range resolution compared to FRI, the best
resolutions being approximately 1.5 m (FR1) and 0.4 m (FR2).
Additionally, the maximum distance to avoid ISI is evaluated
in Fig. 2c) taking into account a cyclic prefix length of 7%
of the useful OFDM symbol duration. Consequently, based
on (11), the maximum allowed target’s distance is inversely
proportional to the subcarrier spacing. The results clearly
show that the optimum waveform configuration for distance
resolution, i.e., FR2 channel bandwidth of 400 MHz with
subcarrier spacing of 120 kHz, also presents the most restricted
performance in terms of the maximum range for ISI free
processing. On the other hand, at FR2 the propagation losses
are considerably higher than at FR1, hence the potential ISI
due to longer echoes is most likely negligible.

We also evaluate and show the velocity resolution for
the two frequency ranges in Fig. 2b). It is important to
highlight that the velocity resolution shown in (10) is inversely
proportional to the carrier frequency and the total resource grid
duration used for the radar processing. In this evaluation, we
compare the velocity resolution of the two possible frequency
ranges assuming a downlink transmit grid of 5 ms and 10 ms.
In general, we can see that the velocity resolution at FR2 is
commonly an order of magnitude better than at FR1, mainly
because of the higher carrier frequency. Finally, we analyze
the maximum Doppler shift or velocity allowed by the system
in order to keep a tolerable level of ICI in Fig. 2d). The
maximum tolerable Doppler shift in this analysis is 10% of
the subcarrier spacing. In this case, configurations with larger
subcarrier spacing will allow to detect higher Doppler shifts
and consequently faster moving targets. However, improving
the maximum detectable velocity results in worse velocity
resolutions as the cyclic prefix duration decreases when higher
subcarrier spacing is considered.

Overall, we observe a trade-off between the analyzed met-
rics and the chosen waveform configurations. For instance,
improving the range resolution by increasing the transmission
bandwidth requires to use higher subcarrier spacing which
decreases the maximum detectable range. Similarly, there is
a compromise in order to optimize the velocity resolution
and maximum tolerable Doppler shift. Therefore, different
waveform configurations can be considered depending on the
sensing application.
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Fig. 2. Sensing metrics in terms of (a) distance resolution, (b) velocity resolution, (¢) maximum ISI free sensing range and (d) maximum allowed velocity
to keep tolerable ICI level, for different channel bandwidths and center-frequencies at FR1 and FR2.

IV. SELF-INTERFERENCE CHALLENGE

In time-division duplex (TDD) based networks, the uplink
and downlink share the same frequency band but are separated
in time. Hence, the transmitter and receiver of a TDD gNB
do not, by default, operate simultaneously. Similarly, in tradi-
tional pulse radar systems where typical pulse widths in the
order of nanoseconds are used, the receiver only listens the
target reflections when the transmitter is silent. However, in
TDD NR networks, where the minimum downlink allocation
within a radio frame corresponds to 0.5 ms, while being
commonly longer, the receiver must operate simultaneous to
transmitter (simultaneous transmit and receive, STAR) like in
a continuous-wave (CW) radar, otherwise no targets within
any reasonable distance can be detected.

Based on above, to facilitate downlink sensing in the NR
network, particularly in the form of gNBs acting as monostatic
radars, the gNBs must operate in a STAR mode, meaning that
the TX-RX isolation and the corresponding self-interference
challenge must be addressed. STAR or inband full-duplex has
been studied actively during the recent years, mostly in the

TABLE I
CONSIDERED YSTEM PARAMETERS FOR FULL DUPLEX TRANSCEIVER

[‘Component || Gain (dB) | 1IP2 (dBm) | TIP3 (dBm) | NF (dB) |

PA 24 - 10 5
LNA 15 43 -5 3
Mixer 6 45 15 10
VGA 0-69 43 14 4

context of bi-directional communications, see, e.g., [12], [13]
and the reference therein, while also some radar-specific stud-
ies already exist [14], [15]. Specifically, to prevent LNA and
receiver chain saturation, different isolation and SI suppression
techniques such as antenna separation and RF and digital
cancellation schemes are studied. Particularly, the development
of full-duplex techniques for single-antenna configurations at
low frequencies has progressed well, however, full-duplex
MIMO at mmW bands is still largely an open challenge,
partially due to the additional challenges stemming from the
antenna mutual coupling and cross-talk.



Fig. 3. Considered transceiver system with LNA bypass in sensing mode,
together with RF cancellation in beamformed domain.

(a) With LNA and without RF cancellation.

In this work, we analyze and consider a potential transceiver
architecture approach shown in Fig. 3. On the one hand, when
the gNB is operating in uplink mode, the receiver chain needs
to adopt a low noise ampli er (LNA) in order to maximize the
uplink coverage and sensitivity. On the other hand, when the
gNB is transmitting the downlink signal while at the same time
receiving the targets' re ections, the receiver LNA could be
potentially bypassed. This would relax the receiver saturation
challenge, but will also naturally reduce the sensitivity of the
radar operation.

Following a similar approach as in [13], system calculations
are next carried out to evaluate the performance of the STAR
transceiver from the Sl perspective, by taking into account
also the LNA bypass option. In the analysis, the power levels (b) With LNA and 25 dB of RF cancellation at LNA input.
of the different linear and nonlinear signal components are
calculated. A phased-array architecture with eight transceivers
is considered, each of them with a power amplier (PA)
with gain of 24 dB. For the receiver, we only consider the
3rd-order linear distortion as it falls on the actual signal
band. The consider parameters for the PAs and the receiver
chains are summarized in Table Il, while phase-shifters are
assumed ideal for simplicity. An ADC of 12 bits is assumed
to be deployed whose input level is controlled by a variable
gain ampli er (VGA) such that the full converter resolution
is always properly utilized. Transmit channel bandwidth of
400 MHz with peak-to-average power ratio (PAPR) of 10 dB
is assumed. The antenna separation within a transceiver and
the coupling factor between different antenna transceivers are
considered to be 20 dB.

First, we analyze a transceiver con guration where the LNAIg. 4. Power levels of different signal components at the RX ADC output.
is not bypassed and no RF cancellation is applied. The cor-
responding results are shown in Fig. 4a), considering variable
PA output power between -10 and 20 dBm. In order to obtafpwers higher than -5 dBm. Therefore, RF cancellation will
meaningful reference in terms of the level of target re ectionge required in order to make the radar processing feasible.
at the RX ADC output, referred to as signal of interest (SOI), The corresponding results with RF cancellation of 25 dB,
we consider a SOl SNR of -10 dB for a transmit power aissumed to take place at inputs of LNAs, are shown in Fig. 4b).
20 dBm. Note that the variable gain of the VGA keeps thia this case, the Sl is still much larger than the target re ection,
total ADC input essentially at constant level. Therefore, highowever, the S| can in practice be further suppressed in the
S| power means that more of the dynamic range is reserwdidital domain, commonly by 40 dB or even more [12], [13].
by the Sl signal, which provides less resolution for the desirddoreover, the radar processing provides a processing gain that
signal and limits the receiver performance. However, witis directly related with the transmission bandwidth and the
this con guration, the receiver rapidly saturates with transmibtal frame duration which is around 40-50 dB [11].

(c) Bypassed LNA with 10 dB of RF cancellation.
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; ) ) . . Fig. 6. Range waterfall radar measurements at 28 GHz in indoor scenario
Fig. 5. In (a), the main equipment used in the sensing measurements @@ g shared TX-RX antenna con guration with circulator, (a) without digital
shown, together with the considered indoor scenario. In (b), the considetgghcellation and (b) with digital cancellation, for NR waveform of 0.25 ms
outdoor scenario is shown. with channel bandwidth of 400 MHz.

for';r;l::ﬁ t,?,ﬁe;eiﬁlets LIIQ AFlig,. ;’ C)ailsuesctjratvshitlr; € assisutam per;: We consider two alternative antenna system con gurations
. yp ' '9 N order to study the impact of the self-interference in the
cancellation of only 10 dB. Overall, we observe that if thg

LNA is bypassed in radar mode, the operation can be feamb?edar system. Firstly, a directive horn antenna (PE9851A-20)

. . : is adopted and shared between TX and RX through a circulator
already with small amounts of RF cancellation. In this cas . . . R
4 . CC27K5T29K5K1), which provides some 20 dB of isolation
assuming that the phase-shifters tolerate the SI power,

€ . .
X - " In"the band of 27.5 to 29.5 GHz. This antenna provides a
RF cancellation could be done after RX combining Whlché)minal gain of 20 dBi with a beam width of 17An external

facmtates_ more manageable cancellation solutions, as a_\lreap er amplier (PA) is used to achieve transmit power of
hypothesized in Fig. 3. Compared to the RF cancellation s .
dBm. In addition, we consider a two-antenna setup to

:Eztmcgl: ngevri.r;”LNﬁ; ?%e%'glrlg dvgltgfn;r;x]vei?ste?gaczrrs]ﬁsrrréprove the passive isolation between TX and RX further. The
scalable s?olutio:1 vgouldvbe gbtained » M same horn antenna is how used only for the RX side, while a
' 64-element Anokiwave AWMF-0129 phased-array is utilized

V. IMPLEMENTATION AND MEASUREMENTSRESULTS at the TX side. Electronic beam steering allows to sense the

In this section, the implemented 5G NR mmW setup for r‘,;_nvironme.nt also in the angula}r domain. The input power to
dio sensing is described, and the obtained results are presefftd@ray is ca. -10 dBm yielding an EIRP of 40 dBm. The

and analyzed. antt_annas are placgd with a separ_at_ion of 30 cm i_n o_rder to
avoid mutual coupling. The radar digital processing is directly
A. Measurement Setup implemented in MATLAB in the VST platform.

The set of equipment used for the mmW measurements idn the measurements, we explore the gNB capability of
illustrated in Fig. 5. A National Instruments PXle-5840 vectadetecting potential moving objects, particularly humans. Thus,
signal transceiver (VST) implements the RF transmitter ange prioritize the high distance accuracy over the velocity esti-
receiver functionalities at intermediate frequency of 3.5 GHmation performance. Therefore, the highest channel bandwidth
as well as controls the rest of the devices. Two Keysigetipported by FR2 of 400 MHz with subcarrier spacing of
N5183B—MXG signal generators are used as local oscillatdt80 kHz is adopted. We consider a transmit signal with 28
that together with external mixers up-convert and downconvé@#DM symbols of length 0.25 ms. In the radar processing,
the IF signal to/from the nal carrier frequency of 28 GHz. the range pro les computed over each symbol are coherently
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Fig. 7. Range waterfall radar measurements at 28 GHz using separate TX and RX antenna systems. The figures (a) , (b) and (c) illustrate the reference case,
the test case without clutter suppression and the test case with clutter suppression at the indoor scenario, respectively. Similarly, figures (d), (e) and (f) show
equivalent cases for the outdoor scenario. NR waveform of 0.25 ms with channel bandwidth of 400 MHz is used.

integrated to obtain an additional processing gain of 14.5 dB
against the noise floor. We compare different scenarios using
range waterfall radar measurements, where the evolution of
the range profiles is analyzed over time, every half a second.
Hamming window is applied in (8) in order to control the side-
lobe levels of the radar image. In addition, a clutter mapping
technique is applied to the range waterfall measurements by
comparing each measurement with a reference case where no
people were present.

B. Indoor Human Sensing

The first study scenario is an indoor hallway of one of the
university buildings as illustrated in Fig. 5a). The antennas are
tilted down at a height of 5 m above the floor level emulating
the operation of a local area indoor base station, with gNBs
mounted on walls or ceilings.

As the first example, we utilize the shared antenna con-
figuration in order to show how the SI limits the sensing

performance in the considered JCAS platform. Higher SI
power means that more RX dynamic range is reserved by
the SI signal and consequently decreases the capability of
detecting weak reflections from the targets. Moreover, strong
SI and its sidelobes after the OFDM radar processing can
potentially masks true echoes and targets. Fig. 6a) shows
the degradation of the radar image when strong SI is leaked
between TX and RX, when no SI cancellation is applied. It
can be seen that the SI masks all possible reflections from the
environment making the detection of any target very difficult.
Then, Fig. 6b) illustrates how the range waterfall measure-
ments are improving when digital non-linear SI canceller
similar to [11] is applied. Opposed to Fig. 6a), the strong SI
signal is now reduced by some 25 dB decreasing its sidelobes
and making the detection of targets at short distances more
feasible. However, digital cancellation alone is not enough to
detect weak targets as humans.



