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According to government reports, thousands of people annually lose their lives and 
millions more have been injured due to car accidents all over the world [1]. That’s a prime 
reason why scientists and engineers are working on automotive applications, trying to 
develop automotive radar systems to reduce human casualties from car collisions. As 
the result of this market demand, various radar systems, such as adaptive cruise control 
(ACC), stop-and-go, blind spot detection (BSD), lane change assist (LCA), and rear crash 
warning (RCW), are now widely used in vehicles. 

Automotive radar based on a frequency modulated continuous waveform (FMCW) [2] is one 
technology that is today widely used. Unlike pulse radar, FMCW Radar using continuous 
wave modulation can avoid high peak-to-average power ratio (PAPR) in transmission, 
which simplifies the design process for antennas and RF components like power 
amplifiers. Consequently, an automotive radar system based on this technology offers 
more advantages, such as good performance with simplified RF components, small size, 
light weight, and low cost. 

This application note proposes design approaches for advanced FMCW radar systems 
in which multi-antenna, digital beamforming (DBF), multi-dimensional DSP signal 
processing, and parameter estimation algorithms are required.  

Based on market investigation, automotive radar designers want a tool that can provide 
the following:

 – Different types of FMCW signal generation and analysis
 – Multi-antenna/array antenna design capability
 – Complex algorithm design for DBF and multi-target detection, unambiguous range 

and velocity measurements with high resolution and accuracy, as well as for complex 
DSP algorithms for collision avoidance and automotive driving

 – Ability to address system complexity in cross-domain architectures with high 
frequency 

 – Complex environment scenarios including moving targets with multi-scattering radar 
Cross Section (RCS) and clutters plus Interference 

 – Test considerations for advanced measurements, such as detection rate, false alarm 
rate, 2D/3D antenna pattern plots, and range Doppler plots, as well as an integrated 
auto-test system

Introduction
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The W1905 SystemVue radar Library provides these capabilities and can be used for 
simulation and test of automotive radar systems. To save development time and reduce cost, 
the SystemVue Radar Library provides highly-parameterized simulation models and higher-
level reference design workspaces that allow designers to create radar system operation 
scenarios, including radar signal generation, processing, environmental effects such as clutter, 
interference, targets; receiver algorithm, and measurements. In Figure 1, a setup example is 
illustrated for a FMCW system design. Because of its strong capability, most of the models 
shown (e.g., signal generator, transmitter, Tx/Rx antennas, RF receiver, measurements, target 
RCS, clutter, and interference) can be obtained directly from the library. For more detailed 
architectures with more accurate results, SystemVue allows RF-DSP for the RF transmitter/
RF receiver or DSP-EM for the antenna in cross-domain simulation. The W1905 block set and 
its example workspaces serve as algorithmic and architectural reference designs to verify 
radar performance under different signal conditions and environment scenarios. These can 
include target and RCS scenarios, clutter conditions, jammers and environmental interferers, 
and more. By accounting for a diverse set of environmental effects, while maintaining an open 
modeling environment (.m, C++, VHDL, test equipment), the radar system designer can explore 
architectures with high confidence in early R&D, without requiring expensive outdoor range 
testing or hardware simulators.

Figure 1. Setup of a FMCW system in SystemVue
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Figure 2. Typical linear FMCW signals generated by SystemVue are shown including: A) waveform for saw-tooth signal, B) 
group delay (frequency vs. time) for saw-tooth signal, C) waveform for triangle signal, and D) group delay (frequency vs. 
time) for triangle signal

Conventional FMCW System

Let’s start from a simple conventional FMCW system that is typically used for short-
range Radar and only requires range detection. In the FMCW system, linear frequency 
modulation (LFM) signals are always used. In Figure 2, different LFM signals that form 
FMCW Radar are shown.

Figure 3. Frequency versus time characteristics for a FMCW signal

Assume a FMCW Radar signal is transmitted via an antenna and reflected on a target. The 
receiver receives the signal after a time delay as shown in Figure 3. In the FMCW receiver input, 
the delay can be calculated by:

t = 2 R/ C                                                          (1)

where R is the range from the Radar to the target and C is the speed of light.  

For further signal processing of the LFM signal in Figure 3, we have:
t = f_b T / Δf       (2)

where the total frequency difference in the time period T is Δf, and f_b is the beat frequency for 
the time delay t. From (1) and (2) the range can be estimated using:
R = f_b  T C / (2 Δf)        (3)
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The frequency difference Δf is transformed via a fast Fourier transform (FFT) into a frequency 
spectrum and the range is then calculated from the spectrum. The main algorithm to 
estimate the target range can be derived from equation (3). The algorithm block diagram of a 
conventional FMCW radar is shown in Figure 4.  

Figure 4. FMCW receiver signal processing

From the above analysis, a short-range radar system based on a conventional FMCW can be 
constructed. As an example, a conventional FMCW radar system was created in SystemVue and 
is shown in Figure 5.

Figure 5. A short-range FMCW Radar system in simulation
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Figure 6. Simulation results: transmitter waveform and spectrum for short-range FMCW radar 

Figure 5 shows a 24 GHz frequency band FMCW radar system. From the W1905 radar Library 
in SystemVue, an LFM model with a 0.1 ms pulse repetition interval and 10 µs pulse width is 
used as the FMCW radar source, followed by a basic RF modulator. An antenna Tx model is used 
to specify antenna beam angles, as well as target direction (in degrees) for both azimuth and 
elevation angles. A radar target model is used to specify the target range, velocity and RCS. 
In the receiver, an antenna Rx is used to specify its size, antenna pattern, scan pattern, and 
position. The signal processing and range estimation blocks are created based on the basic 
FMCW principle shown in Figure 4.  

Simulation results are shown in Figure 6 for the transmitter waveform and spectrum in the 
short-range FMCW radar. In Figure 7, the extracted beat frequency is plotted. The target range 
can then be estimated from the beat frequency using equation (3). The estimated range value is 
printed in the pink colored text box in the system design schematic of Figure 5. For a real target 
range of 30 meters, for example, the estimated range is 29.2969 meters and consequently, the 
simulation results are correct.

Figure 7. Simulation results: extracted beat frequency after signal processing for a short-range FMCW radar 
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Advanced FMCW System

A new scenario framework simulation technique [3] is employed to model an advanced FMCW 
radar system. The framework supports both radar platform motion and target movement in an 
earth-centered inertial frame. There are three layers in the framework as shown in Figure 8.  

The first layer, the trajectory layer, allows users to define target locations, as well as the speed 
for the transmitter and the receiver. Multiple antenna arrays can be setup in the framework for 
different systems. Sophisticated radar scenarios together with complex target modelling are 
supported. This technique also supports multi-antenna in arbitrary locations and speeds, which 
means that advanced radar systems such as active array antennas, MIMO and multi-static are 
supported.

Figure 8. Advanced FMCW radar system for detecting long-range targets 

The trajectory layer handles radar platform motion and target movement. Assuming Radar Tx 
and Rx stations are installed on moving platforms, the trajectory layer can be used to specify 
the radar platforms. Using radar Platform model, users are allowed to setup moving platforms 
like airplanes, ships and satellites with parameters such as location, velocity and acceleration. 
Moving targets can also be specified by location, velocity, acceleration, and RCS in ECI frame 
parameters. Multiple radar transmission stations, as well as receiving stations, are allowed in 
the trajectory layer to design custom radar systems such as phased array, MIMO, bi-static, and 
multiple-static. Multi-targets are specified in the layer using the Radar Target Scatter Location 
models.

The antenna layer computes the elevation and azimuth angles of different target scatters in 
the antenna coordinate. The input of the Radar Platform Location and Radar Target Scatter 
Location models are X, Y, Z values in the ECI frame. The values can be input from the Radar 
Platform and Radar Target Scatter Location in the trajectory layer. The output at the azimuth 
and elevation ports are the elevation and azimuth angles of the target scatters in the antenna 
frame.

The signaling layer sets up the simulation in the physical layer. With the Radar Scenario 
Framework, users can build up their own radar system in this layer using behavior models 
available in the built-in framework library or imported from their code in languages like 
C++, MATLAB, or HDL. The library contains ready-to-use basic models for signal sources, 
signal processing and measurements. It also features templates to help simplify the design, 
verification and test of advanced systems. 
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As an example, suppose we design a long-range automotive radar system with an advanced 
FMCW signal processing architecture in the 77 GHz frequency band. The main specifications 
are listed in the table below. We assume the transmission platform is located at longitude 
117.8 degrees, latitude 34 degrees, altitude 500 m, and a speed of 5 m/s. It is a mono-static 
radar system, so the receiving platform has the same location and speed. A target is located at 
longitude 117.8 degrees, latitude 34.003 degrees, altitude 500 m, and speed of -4.5 m/s, and 
that means it is running to the automobile. All system parameters are listed in the table.     

Table.  Long-range FMCW radar specifications

Figure 5 illustrates a FMCW system and according to simulation results, it works for short-
range detection. However, an advanced FMCW radar system needs to detect moving targets 
in long ranges very accurately. In this section, we are going to discuss an advanced FMCW 
system that uses an advanced radar signal processing algorithm. An advanced FMCW system 
is designed in Figure 9.    

Figure 9. Advanced FMCW radar system for detecting long-range targets

Platform 
Parameters Location Speed

Signaling
Parameters Definition Value

Transmitter 117.8, 34, 500 5.0 m/s Carrier Carrier frequency 77 GHz

Receiver 117.8, 34, 500 5.0 m/s Bandwidth Signal bandwidth 50 MHz

Target 117.8, 34.003, 500 -4.5 m/s Signal Period FMCW signal period 10 μs

Max Range Target Range 375 m FFT size FFT size 1024

Max Velocity Target Speed 45 m/s CPI Coherent process interval 256

PRI Pulse repetition interval 5 μs

SNR Signal to noise ratio -5 dB

SCR Signal to clutter ratio -3 dB

In Figure 9, the FMCW system is modeled using the Scenario Framework technique with its 
three layers. In the trajectory layer, we specify that the transmitter is located at longitude 
117.8 degrees, latitude 34 degrees, and altitude 500 m with speed 5 m/s. Assuming it is a 
mono-static radar system, the receiving platform has the same location and speed. A target 
is located at longitude 117.8 degrees, latitude 34.003 degrees, and altitude 500 m with speed 
-4.5 m/s. In the simulation of the trajectory layer, SystemVue figures out the range between 
the radar and the target, and the Doppler frequency caused by the radar platform motion, as 
well as the target’s motion. In the antenna layer, the elevation and azimuth angles of the target 
are computed and the angle information is sent to the antenna models in the signaling layer to 
control the antenna operation. Antenna arrays can be setup in the signaling layer for different 
systems. Sophisticated radar scenarios together with complex target modelling are supported. 
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Figure 10. FMCW transmitter  

The FMCW radar transmitter in Figure 10 consists of several main parts:
1. Linear FM signal source. To satisfy different application cases, the frequency sweep 

mode can be triangle, saw tooth or a combination of several frequency patterns. 
2. T/R modules. An active array antenna can be archived. The T/R modules are designed 

either in digital or analog.
3. Antennas for transmitter and receiver (the detailed algorithm is shown in Figures 11 and 

12). 
 –  A single antenna or array antenna can be designed using the platform. The radar 

antenna Tx and Rx models support two working modes: search and tracking with 
built-in antenna patterns: 
 –  For user-defined patterns, the Antenna Pattern Array parameter is used to import 

from other software such as EMPro
 –  Besides the user-defined pattern, built-in patterns include Uniform, Cosine, 

Parabolic, Triangle, Circular, Cosine Square Pedestal, and Taylor
 –  Antenna scan patterns are also supported, including Circular, Bidirectional Sector 

scan, Unidirectional Sector scan, Bidirectional raster, and Unidirectional raster.
4. Beamformer (the detailed algorithm is shown in Figure 13) through signal process ing, 

spatial filtering for interference can be archived. Propagation can form a response 
pattern with higher sensitivity in desired directions. To observe the antenna pattern, new 
3D/2D plots based on SystemVue DAV functions can be used as shown in Figure 11.

This Scenario Framework technique supports multi-antenna in arbitrary locations and speeds. 
Advanced radar systems such as active array antennas, MIMO and multi-static can be setup 
in the signaling layer. In the advanced FMCW system shown in Figure 9, we can see the basic 
subsystems include: transmitter, environment, RF receiver, signal processor, and range and 
velocity information extraction and measurements. The detailed structures for each subsystem 
are shown below.

 – Figure 11. Antenna pattern plots using the SystemVue DAV function
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Array antennas can also be designed in the platform as shown in Figure 12.

Figure 12. Array antenna design using Radar phased-array Tx and Rx in SystemVue

Electronically scanned arrays (ESAs) provide commandable, agile, high-gain beams, which are 
advantageous for applications such as Radar, weather surveillance and imaging. In contrast to 
reflector antennas, which require a gimbal for steering, the array beam electronically scans the 
array (ESA) beam in space without physical movement of the array. Scanning the beam with an 
ESA can be performed in microseconds as opposed to milliseconds for a reflector.

Radar Phased Array Tx and Radar Phased Array Rx models are used to simulate ESA 
transmitting and receiving models. Linear arrays and 2-D planar arrays are supported with 
these two models. You can specify the array shape in arbitrary shapes using a mask array 
parameter, as shown in Figure 13. Arbitrary antenna arrays are also supported. 

Figure 13. Beamforming in the FMCW radar 
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Beamforming is a signal processing technique used in radar antenna arrays for directional 
signal transmission and reception. This spatial selectivity is achieved using adaptive or 
fixed receive/transmit beam patterns. The improvement compared with an omnidirectional 
reception/transmission is known as the receive/transmit gain (or loss). Beamforming can 
be used for both radio and radar waves. It has found numerous applications in radar, sonar, 
seismology, wireless communications, radio astronomy, speech, acoustics, and biomedicine. 
Adaptive beamforming is used to detect and estimate the signal-of-interest at the output of a 
sensor array by means of data-adaptive spatial filtering and interference rejection.

Beamforming takes advantage of interference to change the directionality of the array. When 
transmitting, a beamformer controls the phase and relative amplitude of the signal at each 
transmitter in order to create a pattern of constructive and destructive interference in the wave 
front. When receiving, information from different sensors is combined in such a way that the 
expected pattern of radiation is preferentially observed.

Beamforming refers to the coherent combination of data from multiple phase centers to provide 
selectivity in the angle-of-arrival, that is, to form and steer an antenna beam.

Figure 14. FMCW simulation environments 

To simulate the automotive radar 
performance in practical environments, 
we have to consider target return 
RCS, clutter, interference, and channel 
noise. In Figure 14, two targets are 
considered to simulate the designed 
FMCW radar working under multi-target 
environments.
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The RF receiver is shown in Figure 15, including an array antenna Rx, T/R modules, beamformer, 
and the interface to the signal processor. 

Figure 15. RF receiver

Figure 16. Signal processing

In Figure 16, the signal processing for the advanced FMCW radar is introduced. Here, a FFT is 
used to extract the range and velocity information in the signal frequency domain. 
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Figure 17. Signal processor 

In Figure 17A, the basic block diagrams for estimation of range and velocity are given. To 
extract range and velocity information, a two-dimensional signal processing is performed 
as shown in Figure 17B. The first step is to design a data bank to store received signal data 
samples. Take a close look at each column. The data samples are collected at different times 
with time intervals of 1/bandwidth. Each data point corresponds to a return signal at a different 
distance. The sampling interval between each column is the FMCW signal period. Each data 
point in the same row corresponds to the return signal from the same distance with different 
timing. Doppler frequency can be extracted from data in the rows. To detect the moving target, 
an FFT is performed for each row and the moving target with maximum power is identified. The 
range and velocity can then be easily found.

B C

A
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In Figure 18, the following advanced components are used:

 – Active array antenna model with beamforming and T/R modules, which are unique features 
for FMCW radar design. In Figure 18, we use number 1 to mark the active array antenna 
model with beamforming and T/R module. We can repeatedly use it in the transmitter and 
RF receiver.

 – RF-DSP cross-domain, which is considered for high accuracy simulation results. In Figure 
18, we use number 2 to mark the model architecture by using RF-DSP cross-domain. We 
can repeatedly use it in the transmitter and RF receiver for T/R modules where analog and 
digital subsystems are supported.

 – Custom DSP algorithms, which can be easily inserted to support custom systems. In Figure 
18, we use number 3 to mark custom DSP algorithm models. Look at the Signal Processing 
and Range & Velocity Estimation subsystems. You can write your own MATLAB script 
code using the MATLAB script block and perform it in signal processing and parameter 
estimation blocks. 

 – Environment scenarios, which include clutter, interference, and target, return RCS. We use 
number 4 to mark FMCW environments. As shown in the example, users can easily add 
such things as clutter, interference and targets to the environment scenarios.

 – Advanced measurements are used, which include a Range Doppler 3D plot. We use 5 to 
mark measurements. Basic measurements such as waveform and spectrum, are used in all 
subsystems. Number 5 is also used to mark advanced measurements such as the range-
Doppler 3D or 2D plots. 

 – Estimating range and velocity. We use number 6 to mark the simulation results for 
estimation of target range and velocity. As shown, the simulation results are very close to 
the expectation of range and velocity.

 – User-friendly simulation using sliders is considered; for example, using sliders to allow key 
parameters to change in the top-level design. This is shown by number 7. 

The algorithm is implemented using MATLAB script code as shown in Figure 17C. A complete 
signaling layer with advanced components is shown in Figure 18. The basic architecture is 
based on what has been previously described in this application note. To highlight the unique 
features we use numbers from 1 to 7. 

Key Features
1. Antenna and array antenna model with beamforming 
2. RF-DSP multi-domain
3. Custom DSP algorithm 
4. Environment scenarios: clutter, targets, clutter, interference
5. Advanced measurements
6. Estimating range and velocity
7. User-friendly simulation using sliders

1 1
2 2

3

4 5

3

6
7

Figure 18. An example of an advanced FMCW system  
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Test and Verification

In SystemVue, simulation data can be downloaded to instruments, ARBs or wideband ARBs to 
generate hardware test signals. In Figure 19, we show a typical application using SystemVue 
to Instrument Links to generate an RFCW signal for testing purposes. From the SystemVue link 
model (e.g., Signal Downloader), we can send FMCW simulation data with a triangle, saw-tooth 
or a combination of different frequency sweep types to ARBs such as the MXG, PSG or ESG, or 
AWGs like the M8190A or M8195B. Then, hardware test signals can be generated with custom 
requirements. The test source is flexible, can be easily edited in SystemVue and is suitable for 
custom testing.

Figure 19. Using SystemVue instrument links to generate FMCW test signals 

A system-level test system can be integrated together using SystemVue. As shown in Figure 
19, SystemVue generates a FMCW simulation signal and then through the LAN sends it to the 
M8190A/M8195A. Next, a custom RF upconverter is used to modulate the signal to 77 GHz. 
The automotive radar signal transmits the signal using a Tx antenna. In the receiver, an Rx 
antenna is used to receive the signal. Then, through a custom down converter, the FMCW signal 
is sent to an Infiniium oscilloscope. Next, the raw waveform received in the scope is sent to 
SystemVue for further processing using the software receiver in SystemVue. Finally, the system 
performance measurement (e.g., detection rate, false alarm rate, and 3D plot) is displayed. 

Figure 20. Using SystemVue instrument links to generate FMCW test signals

24, 77, and 79 GHz Up Converter Custom Design

24, 77, and 79 GHz Down Converter Custom Design

The test setup in Figure 20 can be used to diagnose and solve cross-domain problems 
early in R&D, and reduce excess design margin in both baseband/DSP and RF transceiver 
architectures. It can also create an accelerated model-based design methodology that sits 
above traditional RF and baseband hardware design flows, and connects to them, making them 
more powerful. 
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Conclusion

In this application note, the SystemVue Scenario Framework Solution for automotive 
radar system simulation is proposed. Using SystemVue as a design and test tool, the 
challenges designers encounter today can be addressed. For increasing the fidelity of 
the design in its earliest stage, an integrated solution that employs SystemVue Links to 
Instruments can be used. Field test is also an important part of the design process, but it 
is expensive. Environment Scenario simulation offers one way to reduce cost. SystemVue, 
in simulation mode, can be used for custom algorithm development for target detection 
and removal of channel effects (e.g., clutter and interference). Simulation results can 
be reviewed with Keysight VSA software. The SystemVue Radar/EW Reference Library 
can be used for customization and offers a generic way for engineers to solve custom 
problems.
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