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Abstract—People counting and detection technologies have
shown great versatility in various scenarios and have become an
important tool for event organizers and city planners to optimize
their operations. This paper presents a novel approach for people
counting using Micro-Doppler Signatures (MDS) extracted from
a Frequency-Modulated Continuous-Wave (FMCW) radar oper-
ating at 77GHz. The system utilizes the unique gait model of each
individual , which results in a distinct instantaneous velocity over
time, to generate the MDS that are later used to classify groups
of different sizes with a Convolutional Neural Network (CNN).
Those results are compared with using existing CNNs for image
classification, in a transferred learning approach. The proposed
system overcomes the limitations of existing camera-based people
counting techniques such as the need for a clear line of sight and
being affected by lighting conditions.

Index Terms—group counting, radar signal processing, 77 GHz
FMCW radar, CNN, micro-Doppler signature

I. INTRODUCTION

In recent years, with the increased concern in public safety,
there has been a growth in the demand for crowd surveillance
and safety management systems. The estimation of crowd
dynamics can help in preventing unanticipated accidents or
issues in case of mass events or be of use for city planners
to improve the daily commutes of its citizens. These systems
can be implemented in various ways as, for example, image
or video-based techniques. However, radar-based crowd mon-
itoring systems are being considered due to their non-invasive
properties and ability to work in low lighting conditions, which
the previous systems are lacking.
When it comes to radar-based people counting systems, several
radar types and inputs have been used. Some of the existing re-
search in literature consider an indoor, office-like environment
where a few individuals (less than ten in practice) are mobile.
These systems are based on the impulse-radio ultrawideband
(IR-UWB) waveform, which compared to the Frequency Mod-
ulated Continuous waveform (FMCW) provides a much better
range resolution but poor Doppler resolution. Since people in
this environment move at very low speeds, the radar mostly

relies on the range information to estimate the number of
individuals in the room [1]. Another exploitable input can
be the power spectral density (PSD) for applications with
wider regions of interest (ROI) to improve people counting.
[2]. The use of range-time maps obtained from a single-
channel stepped-frequency continuous wave radar (SFCW)
have also been explored for counting [3]. Passive radars have
also been a growing area of radar research where features
extracted from range-Doppler maps (RDM) have been used
for counting [4] along with spectrograms [5]. However, these
spectrogram estimates are built by observing WiFi signals at a
frequency much lower than what we are considering here and
considering an office-like scenario. Low-accuracy estimates
achieved with a mm-wave FMCW radar can also be improved
by using information coming from other devices like cameras
[6] or by finely observing the vital signs like the heartbeat
or the breathing rates with the radar. [7]. On the contrary to
existing work focusing mainly on indoor environments, we
will target an outdoor pedestrian street scenario where people
are typically walking together in groups. Furthermore, dis-
tinctly in this work we will use the Micro-Doppler Signatures
(MDSs) extracted from a FMCW Radar at 77GHz as input
to a Convolutional Neural Network (CNN). We will compare
these results with a transfer learning approach, using other
pre-trained CNNs trained for image classification.
The rest of the paper is organized as follows : Section II
describes the fundamentals of the FMCW radar. Next, Section
III explains the human gait modelling with the experimental
results and the simulation scenario used. Section IV presents
the CNN architecture along with the transfer learning approach
and the results achieved. Finally, we conclude this paper and
discuss future directions in Section V.

II. SYSTEM ARCHITECTURE

A. FMCW Radar system

Frequency-Modulated Continuous-Wave (FMCW) radar is a
type of radar that operates by transmitting a continuous wave
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Fig. 1: Experimental results

signal that is modulated with a linear frequency ramp. This
ramp causes the transmitted signal to continuously increase
or decrease in frequency over time. This transmitted signal is
called a chirp. The FMCW signal is composed of a finite series
of K chirps, each with an instantaneous frequency linearly
increasing with the time.

When the transmitted signal encounters a target object,
some of the signal is reflected back to the radar receiver. The
received signal is then mixed with the transmitted signal and
low-pass filtered to cancel out replicas at twice the carrier
frequency resulting from the mixing. The resulting frequency
is proportional to the distance between the radar and the
target object. By analyzing the resulting frequency signal, the
FMCW radar can determine the range, speed and, in case of
multiple antennas, Angle of Arrival (AoA) of target objects.
Focusing on chirp k and denoting each chirp duration by T and
the frequency bandwidth swept as B the time can be expressed
as :

t = kT + t0 (1)

where k = 0; � � �;K � 1 and t0 2 [0; T ]. The instantaneous
frequency of the transmitted signal is expressed as :

fi(t) = �t0 (2)

where � = B
T is called the frequency slope. The transmitted

signal is then mathematically expressed as:

s(t) = cos(2�fct+ �i(t)) (3)

where fc is the radar carrier frequency and �i(t) is the
instantaneous phase resulting from the FMCW modulation,
equal to :

�i(t) = 2�

Z t

u=0

f(u) du

= �k�T 2 + ��t02
(4)

At the receiver, after mixing, the resulting baseband signal
caused by a single target reflection is :

x(t) � � exp(j2�fBt
0) exp(j2�fDkT ) (5)

where � is a complex factor that integrates the gain and all
constant phase terms and fB and fD the so called beat and
Doppler frequency respectively. By measuring fD and fB the
targets speed and range can be resolved respectively since they
are defined as :

fD = 2
vfc

c
(6)

fB = 2
R0�

c
(7)

where v denotes the targets speed , R0 the targets range and
c the speed of light.

B. Radar Signal Processing

A 2D matrix of size M � N is formed by acquiring and
sampling the mixed signal x(t) across consecutive chirps
for a single transmit antenna, with M being the number of
transmitted chirps and N the number of samples per chirp.
Next the Range-Doppler Map (RDM) is computed by first
taking a Fast Fourier Transform (FFT) along the fast time for
all chirps to obtain the so-called Range Profile (RP) containing
the range information of the targets, followed by another FFT
along the slow time to obtain Doppler information. Before
performing the respective 1D FFTs, a mean subtraction is
performed along the slow time to remove contributions from
static objects.
However, in cases of groups walking together it is not possible
in the RDM to distinguish and count the number of people
as they appear as a single peak in the RDM. As discussed
previously the frequency components of the targets will vary
over time. In such way, the standard Fourier Transform is
not suitable since it projects the signal on infinite sinusoids
which are totally not localized in time and thus, it provides




