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Abstract —This paper presents the design and development of a 

ray-traced, signal-level pulsed radar simulation algorithm and a 

novel ray aggregation technique using the NVIDIA® OptiXTM 

engine for propagation modelling. This is expected to aid radar 

engineers and researchers in systems design, testing, and 

training. The program supports the short- and long-range 

simulation of various radar scenarios using complex target and 

signal models with a high degree of realism. This was achieved 

through raytraced radio propagation and geometry modelling, 

simulating realistic multipath signal interactions with mesh-

based objects as opposed to the more traditional point-model 

approach. The designed algorithm has also been implemented as 

an open-source ray-tracing module and was verified against an 

established radar software package. 
 
Index Terms—Ray tracing, software engineering, radar 

 

I. INTRODUCTION 

Signal-level radar simulators [1] are used to render the 

raw return signal that would be received by a radar 

system, i.e., the output signal after passing through an 

analogue-to-digital converter. These signals are computed 

using the system’s parameters and the simulation 

environment. Signal-level simulators have thus been used 

for various applications throughout the industry, 

including Synthetic Aperture Radar techniques [2] and 

specialized systems design and testing [3]. 

However, most signal-level simulators are developed 

around point-model approximations for the targets and 

antennas in the simulation environment [4], [5], ignoring 

the complexities associated with object shape and 

material properties. This paper presents an alternative 

whereby ray tracing is used to compute signal 

information in multipath scenarios using complex targets 

and optics-based propagation. The relevant signal 

samples – and their computed characteristics – are then 

encoded into a rendered pulse signal in the form of the 

baseband signal’s in-phase and quadrature forms. 
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A. Ray Tracing 

Ray tracing is a widely-used concept in the field of 

electromagnetics [6] and graphics processing [7], and it is 

based on the approximation of a wave as a set of rays – 

each of which is launched from a source and then traced 

through a simulated environment, reflecting off or 

refracting through target objects under test [8]. This 

makes it well suited for modelling radio signals. 

One benefit of ray tracing is that every ray is 

independent of all others, and thus each ray’s path can be 

computed individually. This makes the model highly 

conducive to parallelism via acceleration structures as 

used in the NVIDIA® OptiXTM engine [9] – a freely-

available, programmable ray-tracing engine that can be 

deployed and accelerated on supported NVIDIA® 

Graphics Processing Units (GPUs) for various uses. 

The work in [10] detailed the development of an 

OptiXTM-based simulation tool for medical imaging 

using millimeter-wave systems. Other works [11]–[19] 

have also demonstrated the use of ray-tracing algorithms 

for various radar purposes such as Radar Cross Section 

(RCS) approximation, electric field modelling, and 

indoor beam tracing. 

B. Scope of Contribution 

Most of the aforementioned works are based on 

electromagnetic radar simulators that compute fields at 

discrete points and emphasize electrical behaviors. 

However, as far as the authors of this work are aware, 

there currently exist no 3-D ray-traced signal-level radar 

simulators – where “signal-level” refers to the 

computation of power, Doppler shifts, and time and phase 

delays in rendering a received signal. 

In this paper, a technique for signal-level pulsed radar 

simulation (using OptiXTM-based ray tracing) is thus 

designed and implemented. This is expected to be useful 

to engineers and researchers for training purposes and 

systems design. While similar work was published in [4], 

the implementation used point-model target 

approximations, did not account for phase shifts and 

refraction effects, and did not render any actual return 

signals. This work aims to address these deficiencies. 

The design and implementation of this algorithm 

constitutes the main original contribution of this paper 
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with respect to the established literature, making use of a 

novel ray aggregation technique in combination with 

multipath power and Doppler implementations. This was 

achieved through optics-based models for radio signal 

propagation and geometric models for defining physical 

target features, providing an improvement over existing 

point-model simulators. This work also details the design 

of the ray-tracing algorithm as well as its verification 

against a well-established radar simulator – the Phased 

Array System Toolbox (PAST) in MATLAB® [20]. 

II. ALGORITHM DESIGN 

It was required that the designed software should 

operate using a single simulation definition file as the 

main input – specifying all simulation parameters and 

properties – and the simulator should then output the raw 

signal computed at each simulated receiver. This will be 

in keeping with the signal-level classification and will 

enable users to post-process the output signal in any way 

they choose. 

A. Baseline Simulator 

The ray-tracing implementation presented in this paper 

was achieved through a Ray Tracing Simulator (RTS) 

algorithm function that makes use of a combination of 

OptiXTM, C and C++ host code, and Compute Unified 

Device Architecture (CUDA) [21] C++ device code. This 

was integrated into a modified version of the radar 

simulator presented in [1] – the Flexible Extensible Radar 

Simulator (FERS). This presented a strong baseline 

model that accounted for many typical radar effects, such 

as pulse simulation, system-target interactions, and 

antenna gain patterns. 

FERS served as the baseline simulator upon which the 

RTS was built. The original software made use of a 

netted pulsed radar simulation scheme, and this work has 

expanded upon the foundation of FERS and integrated 

OptiXTM into its signal rendering algorithm for more 

advanced modelling of targets and propagation. FERS 

made use of a sampling model to read samples of the 

input pulse (including listening time) and transform them 

based on radar equations, but the RTS builds upon this 

using ray tracing to compute multiscatter properties as 

well. These are then incorporated into the received pulses 

using the ray-traced quantities for each sample. 

B. The OptiXTM Framework 

The RTS was integrated into a modified version of 

FERS as shown in the high-level operational diagram in 

Fig. 1. This depicts a basic operational overview of the 

RTS algorithm, with the host code being responsible for 

initializing variables and setting up the scene within the 

OptiXTM framework. The device code, which is launched 

via a kernel, is responsible for executing the ray-tracing 

algorithm; this includes launching rays from transmitters, 

propagating and tracing them through the environment, 

testing them for target intersections, and then aggregating 

them at receivers. 

 
Fig. 1. Block diagram of the OptiXTM-based RTS depicting the 

implementation of code on the host and device (GPU). 

C. Ray Simulation 

Every radar simulation consists of at least one 

transmitter, receiver and target. The most crucial part of 

adding a ray-tracing algorithm into this configuration is 

computing the directions of rays, and it is important that 

the rays be distributed over a specified span to model 

wave dispersion in free space. This was implemented in 

the RTS by spherically directing rays around the 

transmitter’s boresight vector through a user-specified 

beamwidth in both azimuth and elevation as presented in 

Fig. 2, where each node corresponds to a ray. 

Launched rays
Transmitter

Boresight

direction

Azimuth span

Elevation span

Grid nodes

Launch range  
Fig. 2. A point source transmitter launching rays along its boresight 

vector with directions specified by a grid of 3-D virtual nodes spaced 

equally along spans in azimuth and elevation. 

When a ray collides with a target, a partial reflection 

results as it bounces off the surface. This can also result 

in a refracted ray at the point of intersection, which then 

propagates through the object with reduced power. New 

ray directions are computed using Snell’s Law [22] 

whenever a target – modelled as a tessellated mesh of 

triangles – is intersected by a ray. 

 
Fig. 3. An intersection occurring between a ray and a target, producing 

both reflected and refracted rays; a second refracted ray is also produced 

when the first refracted ray intersects the inside of the object. 
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Any changes in ray directions therefore need to be 

recorded at the point of intersection – along with any 

changes to other ray properties. Most notably, the ray 

experiences a change in power based on the intersected 

object’s reflection coefficient, Γ – a user input to describe 

a target’s material. If refraction occurs, the ray’s power 

that was not reflected is thus transformed into refractive 

power as depicted in Fig. 3. 

A ray will then continue to propagate until its end 

criterion is met when it (1) exceeds the maximum 

allowable number of intersections or (2) hits a receiving 

antenna. The RTS models receive antennas as surface 

patches of a sphere, defined through both azimuth and 

elevation ranges as shown in Fig. 4. 

x

z

y

φ span 

Boresight vector inverse 
(through receiver centre) 

θ span 

Antenna
surface
patch 

Incoming
rays Receiver

sphere 

 
Fig. 4. Illustration of a 3-D receiving antenna modelled in the RTS as a 

spherical surface patch defined along spans in azimuth and elevation. 

In this way, receivers are defined mainly by the radius 

of the sphere used to model the antenna as a surface patch, 

the centre coordinates of the sphere, and the angular span 

of the surface patch in both azimuth θ and elevation ϕ. 

The RTS will automatically orientate the surface patch so 

that it faces outward along its boresight direction, and any 

intersections between a ray and this surface patch are 

recorded. 

III. DEVELOPMENT AND IMPLEMENTATION 

The RTS module has been developed using several 

files and external dependencies, all of which are compiled 

together via CMake, NVCC and a C++ compiler. The 

RTS is independent of any specific baseline simulator 

and is intended to be a portable signal-level ray tracer that 

could be integrated into various radar simulators with 

minimal effort. 

A. Kernel Set-up 

Before the OptiXTM kernel is launched, input variables 

are transferred to the RTS on the host. At runtime, 

OptiXTM will compute, store, and track all relevant 

information related to each ray. This is achieved using a 

“Per Ray Data” (PRD) structure that updates whenever a 

ray intersects a target. 

The kernel process begins with the ray-generation 

program launching on multiple device threads and 

computing ray directions. It then spawns the rays, 

initializes their PRDs and the output buffers, and begins 

ray tracing. Whenever a valid intersection then occurs 

between a ray and an object, the closest-hit program is 

invoked to update the ray’s PRD and spawn new rays; the 

miss program is then also called for any rays that “miss” 

the scene or intersect a receiving antenna. 

After the OptiXTM kernel has completed its execution, 

the captured rays’ information is processed on the host as 

control is passed back from the device; then program 

clean-up occurs. 

B. Multi-path Ray Computations 

This subsection details multiple radar-based equations 

required to compute ray properties – such as received 

power and phase delays – as part of the implemented 

model. These quantities are then used to generate the 

complex-valued samples of the signal rendered at the 

output of the simulator. 

1) Received power: The multistatic radar equation 

models the received power PR for a multistatic radar and 

accounts for a target’s RCS (user can select file-based 

directional RCS or mean isotropic RCS), propagation 

path loss, and other factors. However, this only holds true 

for single-scatter cases, where only one target is being 

considered. For multipath cases comprised of N targets, a 

generalised equation can be defined for PR as follows [5]: 

 
where PT is the transmitted power, GT is the transmitter 

gain in the direction of the first target, GR is the receiver 

gain in the direction of the Nth target, σk is the mean RCS 

of the kth target, RT1 is the range between the transmitter 

and the first target, RNR is the range between the receiver 

and the Nth target, and λ is the wavelength. The power 

would also be scaled by Γ if the ray is reflected or 1 − |Γ| 

if refracted. 

2) Time and phase delays: The time delay τ is given by: 

    
where RRL is the total ray length as summed at the point of 

ray termination at the receiver intersection and c is the 

speed of light. In narrowband cases, this is also the group 

delay and is related to the phase delay θd through [5]: 

             
where fc is the carrier frequency. 

3) Doppler shift: For a scenario with N targets, a 

transmitter and a receiver, the multiscatter Doppler 

frequency fd is computed using an iterative summation 

process [23]. If the transmitter launches a ray with 

direction kˆ
0 and the jth target moves with a velocity vj, the 

incident ray’s direction changes to kˆ
j upon intersection. 

Any intersection thus results in a scattering event 

producing a Doppler shift – dependent upon the target’s 

velocity along the direction kˆ
j − kj

ˆ
−1. Summing these 

contributions results in the Doppler frequency: 

f d =
1

λ

N

j = 1

v⃗j · (k̂j − ˆkj − 1)
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where this represents a modified version of the equation 

derived in [23] and assumes the convention that a 

receding target corresponds to a negative Doppler 

frequency. 

4) Ray aggregation: Rays’ received powers need to be 

aggregated to compensate for the increase in power at the 

receiver based on the number of rays being traced. In 

essence, this is achieved by scaling each ray’s voltage by 

a factor of 1/Npathi, where Npathi is the number of rays that 

followed the same intersection path as ray i. However, 

this can also be extended to the other ray measurements 

by averaging all rays that follow the same path. 

This is achieved in the RTS by averaging the measured 

quantities of all rays that intersect the same targets (and 

receiver) in the same order. Tracking these paths is 

computationally complex, however, and as such, this was 

implemented across two CUDA kernels as illustrated in 

Fig. 5. 

 
Fig. 5. Flowchart showing the ray aggregation process used in the RTS. 

Specifically, two CUDA-based aggregation kernels are 

used to iterate through all rays and identify common 

paths. The first kernel is responsible for computing the 

value of Npathi for each ray i as well as summing the 

power, Doppler, and time and phase delays; a second 

kernel is thereafter used to synchronize all threads and 

scale the summations by 1/Npathi. The drawback to this 

approach is that it requires updating the path order for 

each ray across thousands of threads, leading to an 

extensive process with significant overhead – but this is 

necessary to ensure signal accuracy. 

C. System Operation 

As a whole, the simulator operates as presented in Fig. 

6. In particular, the RTS is invoked by the baseline 

simulator and the scene is initialized; ray tracing follows, 

and the output ray properties are recorded for each 

receiver based on the captured rays. Finally, ray 

aggregation is used to generate the signal based on the 

transmit pulse and ray responses – which are used to 

interpolate samples along the output signal. 

Various results were compared between PAST and the 

RTS – two of which are presented in this section. 

Ultimately PAST lacks some features present in the RTS, 

such as ray tracing and fractional delay filtering, but it 

has notably been used in other published works before 

[24] — and the software was previously used for 

verification purposes [25]. 

 
Fig. 6. Flowchart depicting the logic and order of operations in 

producing a received signal using the RTS. 

IV. SIMULATOR VERIFICATION 

A. System Configuration 

The RTS was tested with NVIDIA® OptiXTM 5.1.1 and 

CUDA 10.0 with Driver Version 410.48 – these were 

chosen as they were the latest versions compatible with 

the available hardware. All testing was conducted on a 

high-performance GPU node running CentOS 7 with 132 

GB of memory, an Intel® Xeon® E5-2695 v3, and a 

NVIDIA® Tesla V100. 

B. Experiment #1: Multi-ray Tracing 

The simulation parameters used to validate the RTS 

are presented in Table I for a monostatic radar (positioned 

at the origin) transmitting 16 pulses to one target. 

TABLE I: SIMULATION PARAMETERS USED IN THE MULTI-RAY TRACING 

EXPERIMENT TO VALIDATE THE RTS 

arameter Value Units 

Number of rays 106 — 

Number of pulses 16 — 

Carrier frequency 1 GHz 

Transmit power 10 kW 

Transmitter boresight (θ, φ) (90, 90) Deg 

Receiver span (θ, φ) (90, 90) Deg 

Pulse width 2 μs 

Pulse repetition interval 200 μs 

Mean RCS 15 cm2 

Reflection coefficient 0.95 — 

Refractive index 3.0 — 

 
Fig. 7. Drone target mesh and the ray-target intersection coordinates 

(marked in red) for Experiment #1’s first transmit pulse in the RTS. 
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The target in this simulation was defined by a custom 

mesh modelling a drone [26] (shown later in Fig. 7) that 

was centred at (x, y, z) = (0, 0, 100) with a velocity of +20 

m/s on the z-axis (away from the radar). The radar was 

placed at the origin and set to face directly towards the 

target. 

The objective of this was to run near-identical 

simulations in the RTS and PAST, and thereafter to 

compare the results. The set-ups of these simulations are 

illustrated in Fig. 8, showing their implementations in the 

RTS as well as PAST. 

 
Fig. 8. Side view of a multi-ray validation test scenario in PAST (left) 

and the RTS (right); diagram is not to scale. 

The main discrepancies between the simulations are 

that: (1) PAST uses one “ray” mapped directly from a 

radar to a point target and back again, whereas the RTS 

can use millions of rays that vary in direction; (2) PAST, 

like most simulators, makes use of point model 

approximations for targets, whereas the RTS uses 

tessellated meshes comprised of triangular primitives [10]. 

The latter allows the RTS to distinguish between varying 

material types and accurately account for an object’s 

volume. 

With this, the RTS implementation can be verified by 

comparing both simulators’ received signals as depicted 

in Fig. 9. This shows both the power and phase for the 

fourth received pulse from each simulator. Note that the 

gains in PAST were manually set so as to similarly model 

the RTS’s antenna gain pattern and boresight. 
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Fig. 9. Power and phase components of the 4th received pulses from 

both the RTS and PAST for a simple multi-ray test simulation. 

As shown, the signals agree quite closely. This 

demonstrates how both rendered signals match up with a 

high degree of accuracy, showing that the RTS is able to 

nearly replicate PAST results while also using more 

realistic target and propagation models and accounting 

for refraction, target and receiver shape, and object 

reflectivity. The root mean square error (RMSE) was also 

averaged across the in-phase and quadrature components 

and was found to be 1.96×10−4. 

However, there are notable peaks present at the edges 

of each pulse in the RTS signal that PAST does not 

replicate. These are attributed to the fractional-delay 

filtering technique [5] applied in the RTS, accounting for 

the round-trip time of a pulse not being constant in reality 

– as is often assumed by other radar simulators. 

Additionally there are slight power differences shown in 

Fig. 9 as a result of refraction and the reflection 

coefficient used – which PAST does not account for – as 

well as phase differences due to varying ray delays. 

Further results are depicted in Fig. 7, which shows the 

ray hit-point coordinates along the underside of the drone 

mesh. This demonstrates the spread of the rays in the 

intersections of the rays with the target mesh, and thus 

also the spread of the received rays. In particular, this 

emphasizes the improved realism in target and 

propagation simulation relative to PAST and similar radar 

simulators, which make use of only one “ray” that is 

mapped directly to point models for both the target and 

receiver. 

C. Experiment #2: Multi-target Simulation 

This experiment considers the simulation of two 

targets in a monostatic scenario. In this way, the effects 

of simulating multiple targets can be tested and a range-

Doppler map can be used to verify the returns. Most of 

the same parameters from Table I were reused, but for 

simplicity, refraction was disabled, 103 rays were used, 

the reflection coefficient was set to 1, and the noise 

temperature was set to 20 K (to demonstrate the RTS’s 

noise capability). 

 
Fig. 10. Side view of a basic multi-target test scenario in PAST (left) 

and the RTS (right); diagram is not to scale. 

Additionally, the drone from Experiment #1 was 

replaced with a pair of cuboid meshes; one was 

positioned at 5 km on the z-axis (with a velocity of 100 

Journal of Communications vol. 17, no. 9, September 2022

©2022 Journal of Communications 765



m/s away from the system), and the other was placed at 

10 km on the z-axis (with a velocity of 50 m/s towards 

the system). The two targets were also slightly separated 

along the y-axis so that neither target shadowed the other. 

The geometry of this scenario is depicted in Fig. 10. 

After simulating the scenario in both simulators, the 

rendered receive signal voltages are shown (for the 

twelfth transmit pulse) in their in-phase and quadrature 

forms in Fig. 11. As demonstrated, the results show 

strong agreement with an average RMSE of 3.70 × 10−9. 

The range-Doppler maps in Fig. 12 also show how the 

range and Doppler velocity components agree with the 

input parameters for both targets across both simulators – 

with only minor variations due to noise and the inherent 

simulator design differences. 
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Fig. 11. In-phase and quadrature components of the received responses 

to the 12th transmit pulse for two targets in the RTS and PAST. 

 
Fig. 12. Comparison between the range-Doppler maps for the RTS and 

PAST for a multi-target test simulation. 

This section has thus demonstrated how the RTS: (1) 

reflects and refracts signals based on optics principles, (2) 

models targets using physical parameters such as 

geometric and material properties, (3) models the 

physical properties of receiving antennas, and (4) 

accounts for system noise in the output signal. Together, 

these allow the RTS to realistically model signal 

propagation and geometries with a small degree of error 

relative to PAST, showing strong agreement with the 

theory despite the discrepancies between the systems. 

These simulations confirm that ray tracing is a viable 

mechanism for signal-level radar simulation and shows 

promising results for improving the complexity of 

modelled scenarios. However, it remains important to 

note the discrepancies between the RTS and a typical 

radar simulator; specifically, it is not always possible to 

replicate the same results in both programs. With that 

said, all tested scenarios (some of which were not listed 

here) showed close agreement between the simulators. 

V. CONCLUSION 

This paper presented a novel technique for ray 

aggregation in multipath power and Doppler computation, 

and the development of a ray-tracing program module for 

signal-level radar simulation. It highlighted the design 

and implementation of the Ray Tracing Simulator, which 

enables ray tracing in radar experiments and allows for 

complex simulations involving realistic models for 

targets and signal propagation with multiscatter 

capabilities. 

The results have evaluated the implementation of the 

simulator against established theory and the PAST 

simulation package. Through comparison, the ray-tracing 

implementation was validated and the post-processed 

signals showed that the simulators’ results are in close 

agreement despite their inherent differences. Future 

improvements could be made to the software by 

accounting for wave polarization, fluctuating RCS, and 

ray diffraction to increase modelling accuracy. 
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