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Abstract—Radar simulation is a promising way to provide data-cube
with effectiveness and accuracy for AI-based approaches to radar appli-
cations. This paper develops a channel simulator to generate frequency-
modulated continuous-wave (FMCW) waveform multiple inputs multiple
outputs (MIMO) radar signals. In the proposed simulation framework,
an open-source animation tool called Blender is utilized to model the
scenarios and render animations. The ray tracing (RT) engine embedded
can trace the radar propagation paths, i.e., the distance and signal
strength of each path. The beat signal models of time division multiplexing
(TDM)-MIMO are adapted to RT outputs. Finally, the environment-based
models are simulated to show the validation.

Index Terms—Blender, channel simulation, FMCW radar, indoor
pedestrian, ray tracing.

I. INTRODUCTION

Radio-based sensing systems have long and widely been used for
various radar applications. A basis for designing and optimizing
sensor systems is the knowledge of radar channel characteristics
[1]. Conventionally channel models can be obtained by field mea-
surements. However, measurement can be time-consuming and also
expensive[2]. The deterministic ray tracing (RT) [3, 4] has been used
in wireless communication simulations. Following the trends, recent
studies utilize the RT tool embedded in the animation software, e.g.,
Blender and Optix, for radar channel simulation [5]. The Blender and
the OptiX tools can model the dynamic scenarios and then render
each frame of the animation, therefore capturing any slight motions
of the target.

However, there exist gaps in the state of the art. On the one
hand, many rendering-based radar simulation works are for outdoors
because they are motivated by the automatic driving industry, e.g., the
OptiX-based ones [6] and commercial simulator FEKO [7]. On the
other hand, most of them are short of considering dynamic simulation
of the targets [5, 6, 8]. In this paper, a Blender-based mmWave MIMO
radar simulator is developed for indoor applications built on the free
and open-source Blender animation software.

II. SIMULATION OUTLINE AND SIGNAL MODEL

The overall procedure of producing the FMCW radar signals using
the RT tool embedded in Blender is illustrated in Fig.1, which mainly
consists of four steps, including scenario modeling, image rendering,
signal generation, and target estimation.

In scenario modeling, the tool is flexible to define the material
properties, geometry size, and moving trajectories of the objects in
the scenario by various means, e.g., the animation tools in Blender,
add-on custom, and Python scripts via open interfaces. The positions
of the light source, camera, and camera angle ranges are in line
with the positions of the transmitter (Tx), receiver (Rx) antennas, and
antenna patterns, respectively. By the rendering engine chosen, e.g.,
the Cycles engine, each frame of the dynamic animation is rendered
into a 2D picture, with each picture represented by a certain number
of pixels, where the distance, strength, and angle of arrival (AoA) of
each pixel can be obtained either directly by Blender or calculation.
The frame rate and the number of pixels are defined manually. Using
the Blender outputs, we can generate FMCW radar signals.
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Figure 1. Outline of the simulation procedure.

Considering a M -Tx and N -Rx radar array. The beat signal of
time division multiplexing (TDM)-MIMO in practice is [9]

hT,n(ns; l) =
M∑

m=1

σm,n,l exp(j2π(
2µRm,n

c

ns − 1

Fs
− fD(l − 1)Tb)),

(1)

where m = 1, 2, ...,M is the indices of Tx antennas, n = 1, 2, ..., N
is the indices of Rx antennas, l = 1, 2, ..., L is the indices of TDM
block, where one TDM block contains M orthogonal FMCW chirps,
σm,n,l contains the attenuation of the RCS of the target and the
propagation channel between the mth Tx and the nth Rx at the lth
TDM block, µ is the slope of FMCW chirp, Rm,n is the range,
c is the propagating velocity of the light, ns = 1, 2, ..., Ns is the
indices of fast time, Fs is the sampling frequency, fD is the Doppler
frequency shift, and Tb is the chirp duration.

In Blender, a 3D scene is rendered into a 2D image, represented
by Naz ×Nel pixels. Each pixel can be regarded as one target, with
the range and strength information being the rendering outputs of
Blender. Based on (1) the beat signal of the nth Rx used in the
simulation can be represented by HTn ∈ CL×Ns , where L and Ns

denote the slow time and fast time axis, respectively, and the (l, ns)-
th entry can be expressed as

HTn l,ns
=

Naz∑
naz=1

Nel∑
nel=1

M∑
m=1

Prnframe,nel,naz exp(j2π(

2µRnframe,nel,naz

c

ns − 1

Fs
− 2

flVnfame,nel,naz

c

l − 1

L
Tb

+
((m− 1)N + n− 1)∆d

λ
sin θnel,naz)),

(2)
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(a) Model of a human walks in a circle track.
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(b) Illustration of location of the sensor and pedestrian track.

Figure 2. Scenario.

where naz = 1, 2, ..., Naz is the indices of pixels at the azimuth axis,
nel = 1, 2, ..., Nel is the indices of pixels at the elevation axis, nframe

is the indices of Blender frames, Rnframe is the rendering results of
range matrix, Blender outputs Rnframe,nel,naz , Prnel,naz , Θnel,naz , and
Vnfame,nel,naz denote the range, strength, angle of arrivals and velocity,
respectively, ∆d = λ/2 is the interval between Rx antennas and λ
is the wavelength.

III. SIMULATION AND DISCUSSION

Utilizing a walking scenario as shown in Fig. 2 (a) for simulation.
The detailed geometry information is illustrated in Fig. 2 (b). A
human walks circularly at a constant speed and the radius of the
circle is 3 meters. To observe the obvious change in the velocity, the
walking speed may not be realistic in indoor scenarios, where the
radius of the circle is 3 meters and the number of animation frames
is set to be 100 with a frame rate of 24 Hz. Hence the walking speed
along the tangent of the circle is

Swalk = arctan
2× 3× π

100× 1

24

= 4.52 m/s. (3)

In the simulation, the walking direction is not towards the AoA
direction, therefore the detected velocity of the main human body
is less than the Swalk.

Figure 3. Doppler time plot: the envelope of the Doppler velocity changes
like a sinusoidal signal is illustrated, which shows the consistency with the
ground truth, i.e., the red stars in the figure.

Utilizing the FFT on the simulated data cube of each CPI, we
can obtain the range-Doppler map. Collecting the velocity spectrum
with the maximum power of each CPI, the concatenated Doppler-
time results are obtained in Fig.3, where the continuous changing of
Doppler velocities alone with time is observed in Fig 3.

The mean error of the estimated velocity by simulation and the
ground truth is calculated as

Evelo =
ΣN

i=1 | vest − vtru |
Np

= 1.3 m/s, (4)

where N is the number of CPIs, i is the index of the CPI, vtru is the
ground truth, and vest is the simulated velocity corresponding to the
maximum value of each range-velocity spectral.
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