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Abstract—The problem of detection and localization of
multiple people using a network of Ultra-Wide Band (UWB)
radar nodes in the cabin of a vehicle is addressed in this
paper. Specifically, an algorithm for decentralized vital signs
detection is proposed, based on the analysis of a novel model
for radar signatures of vital signs. Additionally, a centralized
association processing block is used to fuse the detections from
all radars in the network using a dedicated cost-matrix com-
putation. The performance of the proposed processing pipeline
is tested experimentally with a multistatic radar network,
and a simulation framework is also developed to evaluate the
performance in alternative topologies of the radar network
beyond the experiments. It is shown that the detection and
localization of humans within the car environment is possible
with the proposed processing pipeline, with localization Root
Mean Square Error (RMSE) of 16cm for both single and
double target scenarios. Moreover, the distribution of multiple
radars and the introduction of bistatic geometries enhance the
detection and localization.

Index Terms—Ultra Wide-Band Radar, Multistatic Radar,
Vital Signs Estimation, Multiple People Localization

1. INTRODUCTION

Detecting people and estimating their vital signs has
many applications for healthcare and safety, including sleep
pattern recognition, assisted living, in-cabin monitoring of
drivers and child presence detection (CPD) in vehicles,
amongst others [1], [2]. For these applications, Ultra Wide
Band (UWB) radar systems offer solutions for contactless
detection and remote vital signs extraction, operating at rel-
atively large bandwidths that result in fine range resolution.
This enables the detection of humans, and particularly the
detection of small movements such as the displacements of
the chest due to breathing or heartbeat, enabling the use-
case of contactless human vital-sign extraction [3]—[5].

A variety of processing pipelines have been proposed in
the literature for the detection of people and monitoring
of their vital signs with radar systems, where both UWB
radars operating in the lower 6-10 GHz frequency range and
mm-wave systems have been proposed. Different techniques
address different steps such as pre-processing the signal
for denoising [6], localization of the range bins containing
the signatures of humans [7], and vital signs estimation
[8]. However, it appears that many published works rely
on several assumptions that are not easily compatible with
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the constraints of automotive vehicle cabins. These are for
instance the fact that the number of people and their size
& positions inside the vehicle are not known a priori,
and that the vehicle itself is a cluttered and multipath-
dense environment, which makes localization challenging
using only a single radar placed at a specific position.
To address these limitations, in this paper a network of
UWRB radars is proposed for the detection and localization
of multiple subjects in vehicle cabin, leveraging on the
additional capabilities provided by multiple spatial view
points on the complex scene of interest [9]. Specifically, an
algorithm for decentralized vital signs detection is proposed,
together with a centralized association processing block
to fuse detections from all radars in the network using a
dedicated cost-matrix computation. By fusing the detections
obtained by the multiple multistatic sensors, the overall
system can become more reliable and provide increased
detection probability. The performance of the proposed
processing pipeline tested with a multistatic radar network
is validated with simulations and experiments, showing
promising results with Root Mean Square Error (RMSE) of
about 16 cm for both single and double subject scenarios.

The rest of the paper is organized as follows. Section II
presents the proposed processing pipeline. The simulation
framework for the multistatic UWB radar network with the
corresponding experimental setup are discussed in Section
III, with experimental results reported in Section IV and
conclusions in Section V.

II. PrROPOSED PROCESSING PIPELINE

The proposed processing pipeline consists of two blocks:
the detection block and the association block, as shown
in Fig. 1 [9]. In the detection block, the data from every
radar receiver is independently evaluated and a detection
matrix is provided for each of the Rx in the network. In the
data association block, information is combined to provide
a final localization estimate, discarding ghost targets.

A. Detection block

A detection algorithm operating on 30s of CIR (Channel
Impulse Response) data is formulated to determine the
number of people detected at each radar Rx, their position
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Fig. 1. Block diagram of the proposed processing pipeline with generation
of Channel Impulse Response data from each UWB radar, followed by
detection and data association processing blocks.

with respect to the Rx, and their breathing frequencies.
Firstly, the CIR data is band-pass filtered to select the signal
in the frequency range 0.1-0.8 Hz where human vital signs
are expected. Secondly, an FFT is applied in the slow-time
dimension for all range bins to compute a Range-Doppler
map, and a 2D Constant False Alarm Rate detector (CFAR)
is applied to select the cells with human signature. As the
signature of each human is distributed in multiple consec-
utive range & Doppler bins, the detections returned by the
CFAR are first clustered, and their weighted-average range-
frequency information is classified as possible humans in
the environment. Their weight is established with respect
to the energy of the echoes in the cluster.

The final output of the detector block for a specific radar
receiver denoted by m is the detection matrix Dy, as defined
in Equation (1). This contains the range and the estimated
breathing frequency [dy,, fpn] of the n = 1,2, ...N detected
targets for each of the m = 1,2, ..M receivers considered.

Dm = [(dlifbl)’(dZ’sz)""’(dN’be)] (1)

B. Data association and localization block

The data association block is needed to associate the
separate detections from M receivers to possible humans
in the scene, and then perform localization in 3D space. Poor
data association will lead to ghost targets [10]. The number
C of combinations in between the N,, detections for each of
the M radar nodes can be expressed as seen in Equation (2):

M
C= ]—_[I(Nm+ ) @)

where M is the total number of radar receivers used and
N is the number of detections obtained by each radar.
A novel association algorithm inspired by [11], [12] is
proposed, where a cost is assigned to each of the C possible
combinations between radars, denoting the likelihood that a
given hypothesis corresponds to areal target. This depends on
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both the range at which a human is detected and the detected
breathing frequency.

1) Cost calculation for association algorithm: The cost
associated to each combination consists of 3 contributions.
Firstly, the cost given by range estimation is computed for
each receiver m by estimating the error in localization d p,
as:

dP()S,m = |dm - aml = |dm - distances(f)m)|,

3

where dp, is a vector consisting of the ranges that form
the hypothesis, and dp, are the estimated distances from
the hypothetical target coordinates to the radar receivers. In
case of a true target, these vectors ought to be similar. The
estimated position based on dy, is obtained with a localization
algorithm in which the 3D space is divided into cells as
defined in [9] and the kNN algorithm is used to find the cell
whose distance d. to the receivers is the closest to am.
Assuming that different humans will have different breathing
rates, the second cost item is defined by the error in breathing
frequency for each receiver m as:
N
dBreath,m = Z Jo.man — mean(fb,n) (€]
n=1

where f} 5 is the vector containing the breathing frequencies
of the hypothesis.
Finally, a cost item is defined to account for missed detections
in the hypothesis. If we rely on complete detections from
the detector, it can be established that a hypothesis which
considers a missed detection from a radar will have a higher
cost than a hypothesis which considers a full combination of
detections. This cost can be computed as in [11]:

Pd ) Nmiss,m )

Pyq

dmisx,m = lOgIO (( 5
where N,ig5,m 15 the number of accounted missed detections
in a particular hypothesis, and Py, Py, probability of
detection and false alarm, respectively. The final cost can be
expressed as in Equation (6) as the sum of the 3 contributions:

(6)

To identify the minimum cost C(m), an assigning function
based on Lagrangian relaxation is used to solve the problem
[11].

2) Target localization: Finally, the 3D positioning and
estimated breathing frequencies of the humans in the environ-
ment are presented as the identified minimum-cost hypothesis
after association. Additionally, accounting for the fact that
ghost targets may appear as a result of incorrect associations,
a ’Probability of target’ is defined.

Assuming that ghost targets may result from missed
detections & false alarms in the processing block, and that the
association algorithm can account for these, some identified
hypothesis can be assigned a higher probability, i.e., those
considering more miss-detections are more likely to be ghost
targets. Thus, an additional threshold could be defined to
determine that low-probability targets are not considered [9].

C(m) = dPos,m + dBreath,m + dmiss,m
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III. RADAR NETWORK SIMULATION & EXPERIMENTAL SETUP

A realistic simulation of CIRs from different Rxs in
the multistatic radar network is developed to evaluate the
performance of the proposed processing pipeline. This allows
to evaluate the effect of different topologies of the radar
nodes, and different locations and vital signs parameters
of different people in the scene of interest, which may be
cumbersome and not always practical to realize in actual
experiments. For simulations in this context, most available
literature would simulate only the signature created by a
human breathing model. However, for this study, static objects
in the environment and the multipath components caused by
these have been also included in the developed framework
[9], inspired by [13]. It should also be noted that the
fluctuation due to human breathing is modelled not just in
the signal phase, as conventionally done to generate Doppler
signatures, but also in the radar echoes’ amplitude, due to the
modifications of the torso shape (for simplicity modelled as
an ellipsoid, whose RCS can be computed analytically).

The experimental setup consists of a multistatic radar
network realized with NXP UWB NCJ29D5 chips and
omnidirectional Decawave Spline antennas. Each NCJ29D5
board can be flexibly programmed to work as Tx or Rx, and
synchronized by a given clock. To establish a monostatic
radar setup, the transmitter and receiver boards are co-
located, whereas in bistatic operations the receiver boards
are placed at distances comparable to the distance of the
targets from the transmitters. For the specific setup of this
work, the radar network consists of six boards organized as
2 multistatic radar anchors. An anchor is defined as a Tx
board synchronized with 2 Rx boards positioned accordingly
to create a monostatic and bistatic radar. Frequency division
multiplexing was used to separate the anchors’ transmissions,
with center frequencies f.; = 6.5 GHz and f., = 7.5 GHz,
respectively. A picture of the boards in the TU Delft anechoic
chamber is shown in Fig. 2, whereas the sketch of their actual
deployment in a vehicle cabin is shown in Fig. 3. The Tx of
one anchor is placed at the rear mirror of the vehicle, looking
inwards, whereas the Tx of the other anchor is placed on the
ceiling of the back seats, looking downwards. The respective
monostatic Rxs are placed next to each transmitter, and the
bistatic Rx boards are placed close to the opposite Tx boards.
Various people were seated in the areas denoted by A & B in
Fig. 3, both individually or together at the same time.

i

Fig. 2. UWB boards in the anechoic chamber: Tx2 , Rx2 monostatic, Rx1
bistatic (left), and Tx1, Rx1 monostatic, Rx2 bistatic (right).
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Fig. 3. UWB radar boards positions in vehicle cabin measurements; A &
B are the target positions (left back seat and driver seat, respectively).

IV. REsuLTs

Results for single persons are shown in Fig. 4 and 5. It
can be seen how most radars can detect the person with a
localization error of about 10cm. It should be noted that the
monostatic radar on the ceiling above the back seat performed
noticeably worse, most likely because the breathing motion
used for detection happens almost orthogonally to its line
of sight. Results of two people simultaneously sitting at
positions A and B in the vehicle are shown in Fig. 6. As
expected, the detection capabilities drops compared to single-
person measurements. This is likely caused by monostatic
radars struggling to detect both targets at the same time.
The achieved localization RMSE is about 16cm, similar to
single-person measurements; however, an increased presence
of ghost targets is seen, which can be linked to worse detection
from monostatic radars in this more complex scenario.

Summarizing, single persons can be successfully detected
by all radars in the network, even in complex environments
with multipath such as the vehicle cabin. When multiple
people are present, monostatic radars struggle to locate both
people, at least in the tested network topology. Bistatic
radars, however, can detect both people even if these are
at close ranges, by distinguishing their different breathing
frequencies. The importance of properly positioning the
radars is showcased by the fact that some people cannot be
detected by monostatic radars, e.g., the radar placed on the
ceiling of the back seat.

For this reason, two different radar network topologies
are evaluated, leveraging on the simulation framework men-
tioned in Section III. In the first extra topology (denoted as
"Sep’), the radar boards are spaced 15cm outwards in the
X direction with respect to the experimental setup of Fig. 3
(denoted as ’Orig’), to gain additional spatial diversity. In
the second topology (denoted as *Low’), the boards on the
ceiling are moved to the back of the center-back seat, i.e.,
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observing the people from their lower back in the original
experimental setup of Fig. 3. For both cases, 100 Monte Carlo
simulations are performed with two people whose breathing
frequencies and chest displacement amplitudes are sampled
from uniform distributions between [0.1-0.8] Hz and [5-15]
mm, respectively. From the results in Table I, it is seen that
the extra topologies can improve the metrics of number of
detected real (NTarg), ghost (NGhost), and missed (NMiss)
targets after association, and the localization error (LocErr).
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Fig. 4. Localization of sitting person in vehicle, position A (back-left seat)
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Fig. 5. Localization of sitting person in vehicle, position B (driver’s seat)
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Fig. 6. Localization of two sitting people in vehicle at both positions A-B

TABLE I
DATA ASSOCIATION PERFORMANCE COMPARISON BETWEEN ORIGINAL
EXPERIMENTAL RESULTS (ORIG) AND 2 EXTRA RADAR TOPOLOGIES (SEP &
Low) stMULATED WITH 100 MONTE CARLO REPETITIONS FOR DIFFERENT

SUBJECTS.
1D Ntarg NGhost Nmiss LocErr 2 Targets [cm]
Orig 222 1.05 1.21 [10,8]
Sep 2.01 0.25 0.86 [4.8,1.6]
Low 2.69 1.38 0.92 [7.6,2.9]
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V. CONCLUSIONS

The detection & localization of multiple people in a
vehicle is addressed with a network of UWB radars. A novel
processing pipeline is formulated with decentralized detec-
tion at each radar, followed by centralized data association
based on a cost-matrix computation. The performance is
tested experimentally with a multistatic UWB radar network,
and a simulation framework is also developed to evaluate
alternative topologies of the network beyond the experiments.

The detection & localization of humans in a vehicle is
achieved by the proposed pipeline, with localization RMSE
of about 16cm for single and double person scenarios. A
significant effect of the network topology is also shown, with
the best results obtained with bistatic geometries providing
multiple concurrent views on the people to be detected.
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