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NewSense  
EVALUATION OF 5G NETWORK AND MMWAVE RADAR SENSORS TO ENHANCE 
SURVEILLANCE OF THE AIRPORT SURFACE 

 

This deliverable titled “mmWave technology preliminary assessment” is part of the NewSense project 
that has received funding from the SESAR Joint Undertaking under grant agreement No 893917 [1] 
under European Union’s Horizon 2020 research and innovation programme. 

 

 

Abstract  

The NewSense project aims at improving safety and efficiency of operations primarily in secondary 
airports, with innovative low-cost surface surveillance solutions using 5G and millimeter wave 
(mmWave) signals, widely used outside Air traffic Management (ATM), allowing the implementation 
of affordable Advanced-Surface Movement Guidance and Control Systems (A-SMGCS) and increasing 
the automation levels of Airport Collaborative Decision Making (A-CDM) milestones events detection.  

This document is the mmWave technology preliminary assessment, D4.1, of the NewSense project. 
This deliverable depicts the Frequency-Modulated Continuous Wave (FMCW) mmWave radar 
technology. It also provides a description of mmWave radar devices used within this study and a 
preliminary assessment of these devices, including the integration scenarios performed in a controlled 
lab environment in addition to measurements performed at car parking and their corresponding signal 
processing calculations and results. 
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1 Introduction 

1.1 Project overview 

NewSense project aims at improving safety and efficiency of operations primarily in secondary1 
airports with innovative low-cost surface surveillance solutions allowing the implementation of 
affordable Advanced-Surface Movement Guidance and Control Systems (A-SMGCS). 

It also aims at developing gap-filler solutions that could be deployed at larger airports to cover up 
current system limitations such as coverage issues, to extend ATCo’s situational awareness in the 
parking and apron areas, and to enable increase in automation levels through, for example, automated 
detection of A-CDM milestones events. 

The project has the following objectives: 

• Objective 1: Propose an initial system design for an A-SMCGS system based on 5G SDR 
receivers with 3D Vector antennas and relying on mmWave radar augmented with AI 

✓ Identify and analyze the operational, technical performance, safety and security 
requirements applicable to such system for use in an A-SMGCS from the existing 
standards. 

✓ Propose an initial system design and guidelines for building an A-SMCGS system based on 
NewSense sensors.  

• Objective 2: Design a 5G-signal-based surveillance function for use in A-SMGCS including: 

✓ 3D vector antenna: source of Angle of Arrival (AOA) estimation 

✓ A 5G positioning function identifying and calculating cooperative targets position using 
AOA and estimating Time of Arrival (TOA) from their transmitted 5G RF signals. 

✓ A radar-like system relying on 5G signals to calculate all targets position from AOA and 
TOA of reflected 5G Base Station (BS) RF signals 

• Objective 3: Evaluate low-cost mmWave radar as a non-cooperative surveillance solution for 
use in A-SMGCS.  

✓ Consolidate a preliminary mmWave technology capabilities assessment for use in A-
SMCGS. 

 

 

1 Secondary airports are those that have significant or increasing commercial traffic but are not the largest within 
a certain region. 
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✓ Provides an assessment of the mmWave radar augmented with AI to recognize target 
types from reflected mmWave radar signals. 

As part of WP4, this document answers directly the objective 3, and specifically the first point within 
this objective by making a preliminary assessment of mmWave technology and especially FMCW 
mmWave radar sensors for use in A- SMGCS  allowing range detection, velocity, and angle estimation 
of “non-cooperative” targets. This document also describes the complete processing chain that should 
be applied to reflected mmWave signals for use in non-cooperative targets positioning and 
classification.  

1.2 Document scope 

This document D4.1 is the first deliverable of the NewSense WP4 (AI augmented mmWave Radar) that 
provides a preliminary mmWave technology assessment.  

The first chapter provides a description of FMCW mmWave radar concept. The second chapter makes 
a presentation of mmWave radar devices used within this study, the performed lab integration 
scenarios, and the corresponding results in terms of range detection and velocity and angle estimation.  

The document D4.2, the second deliverable within WP4, will provide a supplementary assessment of 
the mmWave augmented with AI in addition to data fusion integration within a global A-SMCGS. It will 
also include proposed system design, the performed testing scenarios at airports and the 
corresponding results. 
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2 mmWave Radar Technology 

2.1 Introduction 

mmWave radar sensor is a special type of radar technology that uses short-wavelength 
electromagnetic waves (around 4 mm). The radar system emits electromagnetic signals that are 
reflected by objects in its path. By capturing the reflected signal, the radar system can determine the 
range, speed, and angle of the object.  

The mmWave sensor can accurately measure the distance and relative speed of obstacles within its 
range. Compared with optical and LIDAR sensors, the significant advantage of mmWave sensors is that 
they are less affected by environmental conditions, such as rain, dust, smoke, fog, or frost. In addition, 
the mmWave sensor can work in complete darkness or in direct sunlight. 

In this chapter, a description of the concept of FMCW radar technology is made. Understanding the 
technology concept is essential to properly configure and optimize the use of mmWave sensors for the 
targeted application. In addition to the technology concept, the processing chain that should be 
applied within a FMCW radar is also detailed to understand what capabilities the sensor can offer in 
terms of positioning, velocity estimation and targets classification. 

In the scope of NewSense project, the purpose is to localize targets on the airport surface, to estimate 
their velocity and to find a mean to distinguish between aircraft, cars and persons using mmWave 
radar augmented by AI.  

2.2 mmWave FMCW radar concept 

2.2.1 Principle 

Radar systems transmit electromagnetic waves that are reflected by obstacles in their path. Reflected 
signal is then received by the radar and used to determine the range, velocity and angle of the objects. 
mmWave radars operate in the millimeter-wave band (wavelength 1- 10 mm for a frequency range of 
30 - 300 GHz). 

In the scope of NewSense project, we are assessing FMCW mmWave radars that differ from traditional 
pulsed radars by the fact that they transmit a Frequency Modulated Continuous Wave (FMCW) signals 
instead of short pulses transmitted periodically. 

 Pulsed Wave Radar uses electromagnetic waves that are emitted from the antenna in short 
bursts. The waves are interrupted for a period of time so that the wave can reach a reflecting 
target or surface and a portion of the energy can return to the same antenna before the next 
burst of waves are transmitted. If appropriate timing devices are employed, it is possible to 
determine the distance to the target. Pulsed Wave Radar typically operates at frequencies 
between 6 and 28 GHz. 

 The concept of FMCW radar systems is completely different achieving a much better SNR 
(Signal-to-Noise Ratio). FMCW is also considered more accurate than pulse and is the preferred 
choice in challenging applications. 
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Figure 1 – Pulsed Radar compared to FMCW-Radar 

In FMCW radar, the signal is transmitted through the antenna, reflected on the product surface, and 
received by the radar after a specified time. The FMCW radar emits a high-frequency signal called a 
"chirp", it can be understood as sinusoidal wave with a frequency that increases linearly during the 
measurement phase (called frequency sweep), as shown in Figure 2 representing the amplitude vs 
time of a chirp signal. 

 

Figure 2 - Amplitude-time domain representation of a chirp signal 
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Another term used to define a chirp is its slope, cf. Figure 3. It is defined by the rate at which the chirp 
ramps up. The main specific terms of a chirp are the following:  

• Start frequency (𝑓𝑐), which represents the initial frequency value.  

• Frequency sweep Bandwidth (𝐵), which is the frequency interval between the start and end 
value of the ramp.  

• The chirp duration (𝑇𝑐), which is the assigned chirp cycle time.  

• The chirp slope (𝑆), which represents the rate of change of the chirp signal frequency per unit 
time. It can be expressed as follow: 

 
𝑆 =  

𝐵

𝑇𝑐
 

( 1 ) 

In the example of Figure 3, the chirp sweeps a 4 GHz bandwidth within 40 µs, which corresponds to a 
slope of 4/40=100MHz/µs. 

 

 

Figure 3 - Instantaneous frequency-time domain representation of a chirp signal 

After introducing the chirp signal, the concept of FMCW radar can be further explained. It is basically 
composed of a transceiver and a control unit with a microprocessor. Figure 4 represents the functional 
block diagram of FMWC radar concept. In this section, we will focus on explaining the generation of 
the Intermediate frequency (IF) signal, which is used to extract the desired information captured by a 
FMCW radar. 
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Figure 4 - FMCW radar concept 

The construction of the IF signal is done by several steps as illustrated in Figure 4. First, the synthesizer 
generates a defined chirp signal that is transmitted by the transmit antenna TX. Once the chirp is 
reflected by an object on its path, the reflected chirp is received by the receive antenna RX. Then, the 
RX and TX signals are "mixed”, to generate the "IF signal", known also as the beat frequency. Finally, 
the obtained signal is filtered with a low-pass filter to eliminate the high frequency components, to be 
next digitized using the Analog to Digital Converter (ADC). The obtained digital signal is transmitted to 
a processor based on the corresponding Digital Signal Processing (DSP) algorithms. 

2.2.2 The mixer - mathematical representation 

The mixer is a 3-port device with 2 inputs and 1 output. It can be modelled as shown in Figure 5. 

 

Figure 5 - RF mixer circuit symbol 

From the two input sinusoidal curves 𝑥1 and 𝑥2, the output (𝑥𝑜𝑢𝑡) is a sinusoidal curve with the 
following characteristics: 

• The instantaneous frequency (𝑤𝑜𝑢𝑡) is equal to the difference between the instantaneous 
frequencies of the two input sinusoidal waves. 

• The phase (𝜙𝑜𝑢𝑡) is equal to the phase difference of the two input sinusoidal waves.  

Mathematically speaking, we can say: 

 𝑥1 = cos(𝑤1𝑡 +  ɸ1) ( 2 ) 

 𝑥2 = 𝑐𝑜𝑠 (𝑤2𝑡 +  ɸ2) ( 3 ) 

The mixer multiplies those two signals, which results in sum and difference frequencies. 
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 𝑥𝑜𝑢𝑡 = cos(𝑤1𝑡 +  ɸ1) × 𝑐𝑜𝑠(𝑤2𝑡 + ɸ2) ( 4 ) 

 
𝑥𝑜𝑢𝑡 =  

1

2
 [cos((𝑤1 − 𝑤2) 𝑡 + (ɸ1 − ɸ2)) +  𝑐𝑜𝑠 ((𝑤1 + 𝑤2)𝑡 + (ɸ1 +  ɸ2))] 

( 5 ) 

The 
1

2
 term in the equation ( 5 ) is the minimum loss produced by the conversion of mixer. The second 

term of equation ( 5 ) will be filtered by the LP filter that follows the mixer which leads to the general 
output equation of the signal presented as follow: 

 𝑥𝑜𝑢𝑡 = 𝑐𝑜𝑠 (𝑤𝑜𝑢𝑡𝑡 + ɸ𝑜𝑢𝑡 ) ( 6 ) 

    Where: 

 𝑤𝑜𝑢𝑡 = 𝑤1 − 𝑤2 ( 7 ) 

 ɸ𝑜𝑢𝑡 =  ɸ1 − ɸ2 ( 8 ) 

2.2.3 Range measurements of the radar 

One of the essentials measurements of the FMCW radar is the distance range (d) between the target 
and the radar module.  This information can be extracted from the IF signal obtained at the output of 
the mixer. 

For a single object being placed in front of the radar, Figure 6 (a) shows the representation of the TX 
signal transmitted by the radar and the RX signal reflected from the object in the frequency time 
domain. Note that the RX signal is only a delayed version of the TX signal. While 𝜏 represents the round-
trip time between the radar and the object. 

 

Figure 6 - IF signal of one-target measurement, where (a) shows the frequency vs time representation of the 
TX and RX chirp signal, and (b) shows the frequency vs representation of the IF signal 
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As the frequency of the IF signal is the difference between the frequencies of the transmitted and 
received signals, it results in an IF signal with a constant frequency as shown in Figure 6 (b). This 
constant frequency is equal to: 

 𝑓𝐼𝐹 = 𝑆 × 𝜏 ( 9 ) 

Where τ is equal to: 

 
𝜏 =  

2𝑑

𝑐
 

( 10 ) 

The parameter c is the propagation velocity equal to 3 × 108 ms-1. The factor 2 in equation ( 10 ) is 
explained by the fact that the distance (d) between the target and the radar is realized twice during 
the round-trip time. Thus, 𝑓𝐼𝐹 can be written as:  

 
𝑓𝐼𝐹 = 𝑆 ×

2𝑑

𝑐
 

( 11 ) 

As a conclusion, the distance range measured by the FMCW radar can be extracted using the following 
equation: 

 𝑑 = 𝑓𝐼𝐹 ×  
𝑐

2𝑆
 

( 12 ) 

In the case of multiple objects placed in front of the radar, we obtain multiple reflected chirps at the 
RX antenna as a result. Figure 7 shows 3 reflections received by the RX antenna, each having a constant 
IF frequency. The highest IF frequency correspond to the farthest object (presented in green color). 

 

Figure 7 - IF signal of multiple -target measurement, where (a) shows the frequency vs time representation of 
the TX chirp signal and the RX chirp signals, and (b) shows the frequency vs representation of the IF signals 
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Figure 8 illustrates the corresponding frequency spectrum of the IF signals. The spectrum will show 
multiple tones, in this case the number of tones is equal to 3, and as mentioned above the frequency 
of each tone is proportional to the range of each object with respect to the radar. 

 

Figure 8 - IF frequency spectrum 

2.2.3.1 Range Resolution of the radar 

The range resolution of a radar refers to the ability to resolve two closely spaced objects. In a first case, 
where two objects are so close to each other, they appear as a single peak in the spectrum (cf. Figure 
9). In a second case, two objects are far enough apart to be distinguished, resulting in two peaks in the 
spectrum (cf. Figure 10). 

 

Figure 9 - Representation of an IF frequency spectrum of two objects close to each other 

 

Figure 10 - Representation of an IF frequency spectrum of two objects far enough apart to be distinguished 

As long as the frequency difference ∆𝑓𝐼𝐹 is greater than 
1

𝑇
 , two objects can be distinguished. Since the 

observation interval is 𝑇𝑐 , this means that ∆𝑓𝐼𝐹 should be greater than  
1

𝑇𝑐
.  From equation ( 11 ), the 

∆𝑓𝐼𝐹 for two objects separated by ∆𝑑, is given by: 
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∆𝑓 =  

𝑆2∆𝑑

𝑐
 

( 13 ) 

To obtain the maximum allowable distance ∆𝑑 in order to distinguish these two objects, the following 
calculation is presented: 

 
∆𝑓 >

1

𝑇𝑐
 

 

 𝑆2∆𝑑

𝑐
>

1

𝑇𝑐
 

 

 ∆𝑑 >
𝑐

2𝑆𝑇𝑐
  

From equation ( 1 ), 𝐵 = 𝑆𝑇𝑐 , thus: 

 ∆𝑑 >
𝑐

2𝑆𝑇𝑐
 

( 14 ) 

By consequence, the distance resolution 𝑑𝑟𝑒𝑠 is equal to:  

 𝑑𝑟𝑒𝑠 =
𝑐

2𝐵
 

( 15 ) 

As a conclusion, 𝑑𝑟𝑒𝑠 depends only on the bandwidth (𝐵) swept by the chirp, which are inversely 
proportional, i.e., to obtain a better distance resolution the bandwidth (𝐵) must increase. 

2.2.3.2 Maximum range of the radar 

The FMCW radar is designed to detect objects up to a maximum range (𝑑𝑚𝑎𝑥). From Figure 7 we can 
state that the maximum range corresponds to 𝜏 equal to 𝑇𝑐, so in this case  𝑑𝑚𝑎𝑥 will be equal to: 

 
𝑑𝑚𝑎𝑥 =

𝑐𝑇𝑐

2
 

( 16 ) 

However, the IF signal will be digitized by an ADC placed after the mixer, in order to be sent to the 
processor (see Figure 4). Thus, a hardware limitation is added to the FMWC radar, where the sampling 
frequency (𝐹𝑠) of the ADC should be equal to the double of the IF frequency, based on Nyquist 
sampling theorem. From this theorem and by referring to equation ( 11 ), we can extract the maximum 
range as follow:  

 𝐹𝑠 > 2 × 𝑓𝐼𝐹  

 𝐹𝑠 > 
2 ×

𝑆2𝑑𝑚𝑎𝑥

𝑐
 

 

 𝐹𝑠𝑐

4𝑆
 

> 𝑑𝑚𝑎𝑥  

Thus, we obtain the maximum range of the radar to be equal to: The ADC sampling rate 𝐹𝑆 limits the 
maximum range of the radar to: 
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𝑑𝑚𝑎𝑥 =

𝐹𝑠𝑐

2𝑆
 

( 17 ) 

If we reconsider the example of paragraph 2.2.1, where 𝑇𝑐 is equal to 40 µs, we can calculate the 
maximum distance (𝑑𝑚𝑎𝑥) limited by the characteristics of the radar, using equation ( 16 ) to be equal 
to 6 Km. As for the hardware limitation, most of the ADC has a maximum sampling rate of 50 MHz, so 
by applying equation ( 16 ) ) and for 𝑆 equal to 100 MHz/µs, as in the example of paragraph 2.2.1, the 
corresponding 𝑑𝑚𝑎𝑥 is equal to 37.5 m. Thus, in general we can retain that the limiting factor in 
maximum detectable range is hardware caused by the ADC sampling rate. We can also retain that the 
smaller the slope value, the larger the maximum range. 

There are also other radar system parameters, target characteristics, and background effects that 
could limit the maximum range. In fact, these parameters have a direct impact on the signal to noise 
ratio (SNR) of signal received by the radar. These parameters are [2]: 

• RF performance of the Radar device, like TX output power, RX noise figure, as well as chirp 
parameters like chirp duration and number of chirps in the frame. 

• Antenna parameters like the TX and RX antenna gain in the direction of interest. 

• Object characteristics like Radar Cross Section (RCS). RCS is a measure of the amount of energy 
the object reflects back. A greater RCS indicates greater ability to be detected for a given radar 
sensor system. 

• Minimum SNR required by the detection algorithm to detect an object. 

𝑅𝑎𝑛𝑔𝑒𝑚𝑎𝑥𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑆𝑁𝑅 = √
𝑃𝑡 × 𝐺𝑅𝑥 × 𝐺𝑇𝑥 ×  𝐶2  × 𝜎 × 𝑁 ×  𝑇𝑟

𝑓𝑐
2 × (4𝜋3) × 𝑘 × 𝑇 × 𝑁𝐹 × 𝑆𝑁𝑅𝑑𝑒𝑡

4

 

Pt: Tx output power 

GRx and GTx: RX and TX antenna gain 

C: Speed of light 

σ:  RCS of the object 

N: Number of chirps 

Tr: Chirp time  

fc: frequency of the chirp ramp 

NF: Noise figure of the receiver  

SNRdet: Minimum SNR required by the algorithm to detect an object. 

k: Boltzman constant 

T: Ambient temperature 



MMWAVE TECHNOLOGY PRELIMINARY ASSESSMENT  
 

  

 

 

 20 
 

 

 

2.2.4 Velocity estimation 

For multiple objects with different relative velocities which are at the same equidistance from the 
radar, the latter cannot distinguish the objects since they will have the same IF tone. Thus, the phase 
of the IF signal must be taken into consideration. For objects at a distance d from the radar, the IF 
signal will be a sinusoidal wave and can be presented as: 
 

 cos(2𝜋𝑓𝐼𝐹𝑡 + 𝜙0) ( 18 ) 

Where 𝜙0 is the phase of the IF signal and recall from equation, 𝑓𝐼𝐹 is equal to: 

𝑓𝐼𝐹 =  
𝑆2𝑑

𝑐
 

To measure the velocity of an object, we should transmit two chirps separated by 𝑇𝑐, so, each chirp 
will have peaks in the same location but with different phases. ∆𝜙 is the phase variation, which is 
proportionally related to the range variation (∆𝑑). Using equations ( 10 ) and recalling that 𝑐 = 𝜆. 𝑓𝐼𝐹, 
∆𝜙 can be written as: 

 ∆𝜙 = 2𝜋𝑓𝐼𝐹∆𝜏  

  = 
2𝜋

𝑐

𝜆
∙  

2∆𝑑 

𝑐
 

 

  = 4𝜋∆𝑑

𝜆
 

( 19 ) 

where 𝜆 is the wavelength. 

The measured phase difference (∆𝜙) corresponds to a motion in the object of 𝑣𝑇𝑐 

∆𝜙 =
4𝜋𝑣𝑇𝑐

𝜆
 

So: 

 
𝑣 =

𝜆∆𝜙

4𝜋𝑇𝑐
 

( 20 ) 

2.2.4.1 Maximum relative velocity 

The maximum relative speed (𝑣𝑚𝑎𝑥) that can be measured by two chirps spaced 𝑇𝑐 apart is only if the 
phase difference (∆𝜙) is less than 𝜋 radians. Therefore, the maximum velocity can be expressed as: 
 

∆𝜙 < 𝜋 
 

4𝜋𝑣𝑇𝑐

𝜆
< 𝜋 

𝑣 <
𝜆

4𝑇𝑐
 

Thus, 𝑣𝑚𝑎𝑥 is equal to: 
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𝑣𝑚𝑎𝑥 =  

𝜆

4𝑇𝑐
 

( 21 ) 

In case of multiple objects at the same range, we should transmit N equi-spaced chirps called a 
"frame", after Fast Fourier Transformer (FFT), we obtain multiple peaks. Figure 11 shows the FFT of 
two objects with different relative velocities. From this figure we can notice that each peak of the 
Doppler-FFT corresponds to the phase difference of one measured target. Furthermore, recalling the 
results from the equation ( 20 ), the relative velocities of the targets can be expressed as: 

𝑣1 =
𝜆∆𝜙1

4𝜋𝑇𝑐
 

𝑣2 =
𝜆∆𝜙2

4𝜋𝑇𝑐
 

 

 

Figure 11 - A doppler-FFT of two objects with different relative velocities.  

2.2.4.2 Velocity resolution 

The velocity resolution is ensured when two or more peaks are separated in frequency with at least 
2𝜋

𝑁
. So, when applying this condition and by using equation ( 20 ), velocity resolution (𝑣𝑟𝑒𝑠) can be 

obtained as follow: 

∆𝜙 >
2𝜋

𝑁
 

𝑣 >
𝜆

2𝑁𝑇𝑐
 

Thus, 𝑣𝑟𝑒𝑠 can be expressed as: 
𝑣𝑟𝑒𝑠 =

𝜆

2𝑇𝑓
 

( 22 ) 

With introducing parameter 𝑇𝑓, which is the frame time and is equal to: 

𝑇𝑓 = 𝑁𝑇𝑐 

Finally, the velocity resolution of the radar is inversely proportional to the frame time 𝑇𝑓 . 

2.2.5  Angle estimation 

It is clear that a small change in the distance of the object results in a phase change (∆𝜙) in the peak 
of the range-FFT. In order to calculate angle estimation, we require at least 2 RX antennas as shown in 
Figure 12. 
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Figure 12 - Representation of the AOA of the reflected signal by a single object received by two RX antennas. 

Using a mathematical calculate, we can use the phase difference (∆𝜙) in order to estimate the angle 
of arrival of object (𝜃), by applying the following formula: 

 

 
∆𝜙 =

2𝜋∆𝑑𝑟

𝜆
=

2𝜋𝑑𝑟 sin(𝜃)

𝜆
 

( 23 ) 

Where 𝑑𝑟  is the distance separating the two RX antennas. The angle of arrival 𝜃 can be next expressed 
as:  

 
𝜃 =  sin−1(

𝜆∆𝜙

2𝜋𝑑𝑟
) 

( 24 ) 

2.2.5.1 Maximum field of view 

The maximum field of view (𝜃𝑚𝑎𝑥) that can be serviced by two antennas spaced (𝑑𝑟) apart can be 
estimated using the same criterion as that of the maximum velocity. Thus 𝜃𝑚𝑎𝑥 can be expressed as: 

∆𝜙 <  𝜋 

2𝜋𝑑𝑟 sin(𝜃)

𝜆
< 𝜋 

𝜃 < sin−1(
𝜆

2𝑑𝑟
) 

Finally, 𝜃𝑚𝑎𝑥 is equal to: 

 
𝜃𝑚𝑎𝑥 =  sin−1(

𝜆

2𝑑𝑟
) 

( 25 ) 

In case of multiple objects at the same range and with the same relative speed to the radar, we should 
fix an array of 𝑁𝑟  receive antennas, after FFT transformation, we obtain the same as Figure 12. Thus, 
we can have the arrival angle for a multiple object: 

 
𝜃1 =  sin−1(

𝜆∆𝜙1

2𝜋𝑑𝑟
) 

 

𝜃2 =  sin−1(
𝜆∆𝜙2

2𝜋𝑑𝑟
) 
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2.2.5.2 Angular resolution 

The angular resolution (𝜃𝑟𝑒𝑠) is the minimum angle separation for the two objects to appear as 
separate peaks in the angle-FFT. Those two objects will have an AOA of 𝜃 and 𝜃 + ∆𝜃. The angle 

resolution is ensured when two or more peaks are separated in the frequency domain with at least 
2𝜋

𝑁
. 

Using equation ( 23 ), we have: 

[∆∅ =
2𝜋𝑑𝑟 [sin(𝜃 + ∆𝜃) − sin(𝜃)]

𝜆
] >

2𝜋

𝑁𝑟

 

2𝜋𝑑𝑟 cos(𝜃)∆𝜃

𝜆
>

2𝜋

𝑁𝑟
 

. ∆𝜃 >
𝜆

𝑁𝑟 𝑑𝑟cos(𝜃)
 

Resolution is often quoted assuming 𝑑𝑟 =
𝜆

2
 and for 𝜃=0, so 𝜃𝑟𝑒𝑠 can be expressed as follow: 

 
𝜃𝑟𝑒𝑠 =  

2

𝑁𝑟
 

( 26 ) 

Table 1 summarizes the relevant equations obtained from this section concerning the features of the 
FMCW radar: 

 Range [m] Velocity [m/s] Angle [rad] 

General 
equation 

𝐹𝑠𝑐

2𝑆
 

𝜆∆𝜙

4𝜋𝑇𝑐
  sin−1(

𝜆∆𝜙

2𝜋𝑑𝑟
) 

Resolution 𝑐

2𝐵
 

𝜆

2𝑇𝑓
 

2

𝑁𝑟
 

Maximum 𝑐𝑇𝑐

2
 

𝜆

4𝑇𝑐
 sin−1(

𝜆

2𝑑𝑟
) 

Table 1 - Summary showing the general equations of the range, velocity, and angle with the resolution and 
maximum formula of each parameter. 
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2.3 mmWave FMCW radar processing chain 

 

Figure 13 - mmWave FMCW radar processing chain 

As illustrated in Figure 13 the mmWave FMCW radar system is made of the following processing blocks: 

• It starts by the RF front-End consisting of RF transmit and receive components (cf. Figure 4). A 
typical radar could include multiple transmit channels, e.g. 2 Tx, and multiple receive channels, 
e.g. 4 Rx. 

• Multiple ADC (Analog-to-Digital Converters) converting received signals from the Rx channels 
into digitized data that we will call “ADC data”. 

• The DSP (Digital Signal Processer – Red box) processing the ADC data through multiple 
calculations mainly using FFT (Fast Fourier Transform). The output of the DSP is the point cloud, 
i.e. set of data points in space corresponding to detected targets. 

 

Figure 14 – View of a signal in the time and frequency domains 

• The point could feed a microcontroller/or server in charge of points clustering, object tracking 
and object classification (i.e. human, vehicle, or aircraft). The idea here is to use AI for this type 
of classification. 
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Some mmWave radars include only the RF front-end and the ADC modules, in this case the ADC data 
processing is done by external processors. 

Some other mmWave radars integrate in addition to the RF frond-end and ADC modules, the DSP to 
perform basic processing functions (range, velocity, and angle estimation).  

Full mmWave radars that come with an embedded real-time processor perform more advanced 
functions such as the clustering, tracking and classification of objects. 

2.3.1 The Digital Signal Processing (DSP) calculations 

The calculations applied by DSP algorithms on ADC data consist of the following FFT calculations as 
follows:  

First FFT calculation applied on ADC data allows the calculation of range. Fourier transform processing 
result in a frequency spectrum that has separate peaks, and each peak denotes the presence of an 
object at a specific distance. This calculation is named, 1D FFT processing (also named range-FFT) 
taking as input the ADC data from multiple receive antennae. This calculation is applied on every chirp. 

 

Figure 15 – 1st FFT – Range FFT 
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Figure 16 – Example showing 1D FFT calculation from time domain signal 

  Multiple objects equidistant from the radar, but with differing velocities relative to the radar 
will have single peak corresponding to the range. These equi-range objects which have differing 
velocities relative to the radar can be separated out using a “Doppler-FFT” 

 

Figure 17 –Range FFT calculation for Equi-range objects 

The range-FFT corresponding to each chirp will have peaks in the same location, but with a different 
phase. The measured phase difference corresponds to the moving velocity. 2D (velocity) FFT 
processing that takes as input the 1D FFT and performs FFT to give a (range, velocity) matrix. 

 The range-FFT corresponding to each chirp will have peaks in the same location, but with a 
different phase. The measured phase difference corresponds to the moving velocity. 

 The velocity measurement method based on the two close chirps does not work when multiple 
moving objects with different velocities and same distance to the radar appear at the time of 
measurement. An FFT on the sequence of phasors corresponding to the range-FFT peaks 
resolves this problem. This processing is called the Doppler-FFT. 
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Figure 18 – Visualizing the 2D-FFT also named Doppler-FFT 

The Constant False Alarm Rate (CFAR) detection, in Doppler direction block, detects target returns 
against noise and spurious sources. 

 
3D FFT processing for direction of arrival (azimuth) estimation to map the X-Y location of the object. 

 The range-FFT and Doppler-FFT do not work when two objects with equidistant and same 
velocity relative to the radar appear. Then the angle of arrival needs to be estimated. 

 Angle estimation is based on the phase change in the peak of the range-FFT or Doppler-FFT 
because of differential distance from the object to each of the antennas, which requires at least 
2RX antennas. Similarly, an FFT on the sequence of phasors corresponding to the 2D-FFT (range-
FFT and Doppler-FFT) peaks resolves the angle estimation problem. This is called angle-FFT. 
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Figure 19 – Final Radar cube obtained using three FFT calculations (range, doppler and Angle bins) 

2.3.2 Clustering, tracking and object classification 

2.3.2.1 Clustering 

Clustering consists of finding and removing outliers from the data that will be used for tracking and 
objects classification which will improve the performance of objects detections. A well-known data 
clustering algorithm that is typically used in Machine Learning is the “Density-Based Spatial Clustering 
of Applications with Noise“(DBSCAN) that was proposed by Martin Ester, Hans-Peter Kriegel, Jörg 
Sander and Xiaowei Xu in 1996 [3]. DBSCAN will cluster the points that are close to each other in a 
specific group based on two parameters:  

1. The distance from an original point to surrounding points (named eps).  

2. The minimum number of points in one cercle which center is the original point and radius eps. 

Points that satisfy these two parameters will be clustered in the same core. Points that do not satisfy 
these two parameters are be classified as border and outlier (noise) points.  
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Figure 20 - DBSCAN algorithm 

2.3.2.2 Tracking  

Object tracking is done using algorithms such as the Kalman filter to track the target position and to 
obtain a smoother estimation of the target trajectory. 

2.3.2.3 Classification 

Objects’ classification identifies the target class (in the scope of NewSense, we target three classes: 
aircraft, vehicle, and persons). Recent research studied the use of Machine Learning in radar signal 
detection and classification [4] [5] [6]. In order to use mmWave radar signals as input to the Machine 
Learning model, these data should be processed. Many radar data representations have been 
proposed over the years including radar point clouds, Micro-Doppler (MD) signature, etc. 

A Micro-Doppler Signature of a target is a time varying frequency modulation imparted on the radar 
echo signal by moving components of the target. 

The following figure illustrates a measurement done in the lab for a person walking forth and back in 
front of the radar. The micro doppler generates a certain signature that can be used to train a model 
on the target type. 
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Figure 21 – Micro doppler plot showing the velocity signature of a person passing in front of the Radar – Test 
done in a car parking 

2.3.3 Full processing chain illustrated 

The overall mmWave radar processing chain can be finally illustrated as a sequence of steps as follows: 

a) Signal Capture 
b) Range FFT calculation  
c) Doppler FFT calculation 
d) Digital Beam Forming 
e) Target Detection 
f) Object Tracking 
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Figure 22 – Radar Signal Processing Steps (4 Rx channels), (a) Signal Capture; (b) Range FFT; (c) Doppler FFT; 
(d) Digital Beam Forming, (e) Target Detector; (f) Object Tracker 

The Machine Learning neural networks that will be applied to the transformed mmWave radar signals 
(data cube) within this study will not be covered in this deliverable as it will be done in the scope of 
next deliverable D4.2 “AI augmented mmWave Radar global solution assessment”. However, in the 
next chapter, we are going to assess the use of mmWave radar sensors to constitute the radar data 
representations that could be used to feed the Machine Learning data sets (e.g. point clouds, MD 
signature, etc.) 
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3 mmWave FMCW Radars Assessment 

In this chapter, we are going to evaluate three FMCW sensors from Texas Instruments mainly in lab 
environment but also in an external car parking. Texas Instruments propose a broad portfolio of 
automotive (AWR family) and industrial (IWR family) FMCW radar sensors. AWR and IWR radar sensors 
have the same characteristics with some minor differences: 

• AWR sensors support higher temperature range -40°C to 125°C compared to IWR: -40°C to 
105°C. 

• AWR series are qualified for automotive applications (AEC-Q100 qualified and ASIL-B 
compliant) 

• Most AWR chips have CAN-FD and CAN interfaces unlike most IWR chips that have only CAN 
interface. 

Due to these differences, AWR series are adapted to automotive applications. However, in terms of RF 
design and capabilities, there is no difference between AWR and IWR series for the same model (e.g. 
AWR1642 compared to IWR1642). 

Texas Instruments offers some evaluation radar modules that include the radar chip integrated with 
the antenna on the same board. 

The choice of the mmWave radars in the scope of the NewSense project is based on the radars range. 
We have targeted 3 different FMCW evaluation radar modules with short, medium and long range. As 
the long-range radar evaluation module is proposed only for the automotive evaluation board, we 
have purchased the three models within the AWR family sensors. We have also purchased two 
recording cards to record raw data for post-processing purposes and a DSP board necessary to use the 
long-range evaluation module. 

Following sub-sections detail the characteristics of these FMCW radars, their configuration and 
preliminary tests and assessments. 

3.1 AWR1642, AWR1843 and AWR2243 Single-chip 76-GHz to 81-
GHz radar sensor 

Texas Instruments' AWR1642, AWR1843 and AWR2243 devices are integrated single-chip FMCW radar 
sensors operating in the band of 76 GHz to 81 GHz.  
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Figure 23 - AWR1642, AWR1843 and AWR2243 Single-Chips 

The devices are built on Texas Instruments’ low-power 45 nm RFCMOS process, which enables a 
monolithic implementation of a 2TX, 4RX for AWR1642 and a 3TX, 4RX for AWR1843 and AWR2243 
system with built-in PLL and A2D converters [7] [8] [9]. 

Simple programming model changes can enable a wide variety of sensor implementation with the 
possibility of dynamic reconfiguration for implementing a multimode sensor (Short, Mid, Long). 
Additionally, the devices are provided as complete platform solutions including reference hardware 
design, software drivers, sample configurations, API guide, and user documentation [7] [8] [9]. 

AWR1642 and AWR1843 integrate the DSP subsystem, which contains Texas Instruments’ high-
performance C674x DSP for the radar signal processing. They include an Arm® Cortex®-R4F-based 
processor subsystem, which is responsible for radio configuration, control, and calibration [7] [8]. 

AWR2243 does not include a DSP or an MCU. It should be used with an external processor.  AWR2243 
offers a control interface with external processor over SPI or I2C interface and a data interface with 
external processor over MIPI D-PHY and CSI2 v1.1 [9]. 

AWR1642 architecture and external interfaces are shown in Figure 24. AWR1843 has the same 
architecture and interfaces except that it has 3 transmit antennas (2 transmit antennas for AWR1642). 
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Figure 24 - Autonomous Radar Sensor AWR1642 [7] 

AWR2243 architecture and external interfaces are shown in Figure 25. 

 

Figure 25 - Radar Sensor AWR2243 

AWR1642, AWR1843 and AWR2243 features are shown in Table 2: 

Features AWR1642 AWR1843 AWR2243 

Frequency 76-81 GHz 76-81GHz 76-81GHz 

Number of receivers  4 4 4 

Number of transmitters 2 3 3 
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Max sampling rate Real samples: 12.5 Msps 

Complex samples: 6.25  
Msps 

Real samples: 25 
Msps 

Complex samples: 
12.5  Msps 

Real samples: 45 
Msps 

Complex samples: 
22.5  Msps 

IF bandwidth 5 MHz 10 MHz 20 MHz 

Processing Arm Cortex R4F 200MHz 

C674x DSP 600MHz 

Arm-Cortex R4F 
200MHz 

C674x DSP 600MHz 

Radar hardware 
accelerator 

- 

Memory 1.5 MB 2 MB - 

Interfaces CAN, CAN-FD, I2C, QSPI, 
SPI, UART 

CAN, CAN-FD, I2C, 
QSPI, SPI, UART 

MIPI CSI2, I2C, SPI, 
UART 

RF bandwidth 4 GHz 4 GHz 5 GHz 

Performance Phase noise: -95 dBc/Hz 

Noise figure: 14 dB 

Output power: 12 dBm 

Phase shifter resolution: 
N/A 

Phase noise: -95 
dBc/Hz 

Noise figure: 14 dB 

Output power: 12 
dBm 

Phase shifter 
resolution: +/-5 bits 

hase noise: -97 
dBc/Hz 

Noise figure: 12 dB 

Output power: 13 
dBm 

Phase shifter 
resolution: +/-5 bits 

Cascade capable 

Table 2 - AWR1642, AWR1843 and AWR2243 features comparison 

As shown in section 2.2.3.2, the maximum range of the radar is proportional to the sampling frequency. 
So, we except that the AWR2243 is suitable for long range applications, AWR1843 for medium range 
and AWR1642 for short range applications.  

Texas Instruments offers some evaluation radar modules (EVM) that include the radar chip integrated 
with the antenna on the same board. Next section details the characteristics of EVM cards that 
integrate the radar chips listed in current section. 
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3.2 AWR1642, AWR1843 and AWR2243 EVMs 

3.2.1 AWR1642BOOST: AWR1642 evaluation module (EVM) 

The AWR1642 BoosterPack from Texas Instruments is an easy-to-use evaluation board for the 
AWR1642 mmWave sensing device, with direct connectivity to the microcontroller (MCU) LaunchPad 
Development Kit. The BoosterPack contains everything required to start developing software for on-
chip C67x DSP core and low-power ARM® R4F controllers, including onboard emulation for 
programming and debugging as well as onboard buttons and LEDs for quick integration of a simple 
user interface [10]. 

The front side of the AWR1642BOOST EVM is shown in Figure 26.  

 

Figure 26 - AWR1642BOOST EVM (front) [10] 

The BoosterPack includes onboard-etched antennas for the four receivers and two transmitters that 
enable tracking multiple objects with their distance and angle information. This antenna design 
enables estimation of distance and elevation angle that enables object detection in a two-dimensional 
plane [10].  

The antenna peak gain is > 9 dBi across the operating frequency band of 76 to 81 GHz. The peak output 
power with the antenna gain is < 55 dBm EIRP, as required by the European regulations [10]. 

The AWR1642BOOST evaluation module (EVM) could be used with external cards provided by TI. We 
have purchased the DCA1000EVM that enables access to sensor’s raw data via LVDS interface. 

The DCA1000EVM is a capture card for interfacing with Texas Instrument’s 77GHz xWR1xxx EVM that 
enables users to stream the ADC data over Ethernet [14]. This enables data post processing such as 
radar processing functions detailed in 0.   
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Figure 27 - DCA1000EVM for Real-time data-capture (Top View) 

3.2.2 AWR1843BOOST: AWR1843 evaluation module (EVM) 

The AWR1843BOOST evaluation module (EVM) design is very similar to the AWR162BOOST (EVM) (cf. 
3.2) with the exception that it contains the AWR1843 mmWave sensing device and that the onboard 
antenna includes three transmit antennas and 4 receive antennas.  

This onboard antenna design enables estimation of distance and elevation angle that enables object 
detection in a three-dimensional plane. The antenna peak gain is > 10.5 dBi across the frequency band 
of 76 to 81 GHz [11]. Figure 28 shows the AWR1843BOOST EVM’s antenna. 

 

Figure 28 - AWR1843BOOST EVM’s TX and RX antennas [11] 

The AWR1843BOOST EVM could also be used with the DCA1000EVM for real-time ADC data capture. 
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3.2.3 MMWCAS-RF-EVM: mmWave cascade imaging radar RF evaluation 
module (EVM) 

The AWRx Cascaded Radar RF evaluation board is an AWRx based mmWave sensing solution from TI 
implementing a 4-device, cascaded, array of AWRx mmWave devices. In this cascaded radar 
configuration, a single master device distributes a 20 GHz LO signal between all 4 devices, allowing 
these 4 devices to operate as a single RF transceiver. This enables support for up to 12 TX and 16 RX 
antenna elements. In TX beamforming, beam-steering and MIMO/SIMO use-cases the larger number 
of antenna elements allows for higher SNR and higher angular resolution compared to a single-device 
system [12]. 

MMWCAS-RF-EVM is supported by standard mmWave tools and software, including mmWave Studio 
(MMWAVE-STUDIO) and the mmWave device firmware package (MMWAVE-DFP). 

TI proposes this EVM only with the AWR2243 mmWave device and this is the module that will be used 
to evaluate this mmWave sensors cascade configuration. 

As the AWR2243 does not include a DSP or an MCU as explained in 3.1, the MMWCAS-RF-EVM must 
be paired with the mmWave cascaded imaging radar DSP evaluation module (MMWCAS-DSP-EVM). 
MMWCAS-DSP-EVM provides radar data capture, storage capability and a processing foundation for a 
cascaded imaging radar system [13].  

 

Figure 29 - MMWAVCAS-RF-EVM (top) attached to the MMWAVCAS-DSP-EVM (bottom) [12] 

3.3 TI’s FMCW radar sensors configuration 

FMCW radars transmit a high-frequency signal called a chirp. Chirp parameters (e.g. frequency slope, 
sweep bandwidth, etc.) and their impact on the system performance are detailed in chapter 2.2. 

 



MMWAVE TECHNOLOGY PRELIMINARY ASSESSMENT  
 

  

 

 

 39 
 

 

 

TI offer an API that permits to interface with the FMCW sensors and to configure these parameters as 
shown in Figure 30.  

 

Figure 30 - FMCW chirp parameters (figure taken from TI's mmWave sensing estimator tool) 

A set of chirps is sent within a frame as illustrated in Figure 31. This configuration makes possible for 
the FMCW radar to enable different modes (short, medium and long range) depending on the target 
application using a single mmWave device. In fact, different chirp configurations are possible within 
the same frame. TI’s mmWave API enables to program up to four different chirp profiles. In addition, 
up to 512 unique chirps can be pre-programmed and stored in the chirp configuration RAM. Each chirp 
configuration belongs to one of the pre-programmed chirp profiles and could differ from the parent 
profile by minor changes [2].  

Chirp profiles’ parameters are [2]: 

• Start frequency 

• Frequency slope 

• Idle time 

• ADC start time 

• Ramp end time 

 

Figure 31 - Frame structure in FMCW radar [2] 
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3.4 FMCW radar sensors preliminary assessment 

In this section, we performed various tests to assess the use of mmWave devices in lab environment. 
For this reason, we focused here on short range tests as it is not possible to make medium-range (tens 
of meters) and long-range tests (hundreds of meters) in a restricted environment.  

The objective is to understand how to use these sensors, to identify the required radar configuration’s 
and to verify obtained results.  

In addition to that, we calculated radar imaging functions such as: 

• Doppler heatmap: speed vs. range 

• Range-angle heatmap:  range vs. angle 

• FFT-range: power of reflected signal vs. range 
These calculations are performed for different objects to identify on which features these objects could 
be classified using their imaging radar (e.g. point cloud size, Micro-Doppler (MD) signature, size of 
object reflexions in the range-angle heatmap, etc.). 

All these calculations are done while answering the following questions: 

• How does the radar estimate the range of an object? 

• What if there are multiple objects? 

• How close can two object get and still be resolved as two objects? 

• What determines the furthest distance a radar can see? 

• How to measure the angle of arrival of an object using multiple RX antennas ? 

3.4.1 Radar configuration assessment 

The configuration of a mmWave radar in addition to its intrinsic hardware characteristics have a direct 
impact on the detection performance, typically the range and detection resolution. This section depicts 
the impact of multiple configuration parameters such as the ADC sample rate and the frequency slope. 

3.4.1.1 ADC sample rate 

The maximum supported ADC sampling frequency is a key characteristic of the ADC. The more the ADC 
sample is higher, the better range we can have, but the drawback is that more calculations and 
memory are required. The following table summarizes the maximum sample rate supported by the 
different mmWave cards. 

 

   XWR1642   XWR1843   XWR2243  

Max complex sampling rate (MSPS)          6.25         12.50              22.50  

 
 

• The number of ADC samples per chirp 
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3.4.1.2 The frequency slope 

The slope captures the rate of frequency change of chirps form the low frequency limit to the upper 
limit, e.g. from 77 GHz to 81 GHz. These limits being intrinsic characteristics of the mmWave card. 

 
XWR1642 XWR1843 XWR2243 

Frequency Limit Low (GHz)        77.00         77.00              77.00  

Frequency Limit High (GHz)        81.00         78.00              80.00  

Maximum Chirp Bandwidth (MHz)   4 000.00    1 000.00         3 000.00  

 

3.4.1.3 Max Range Assessment 

The Range is a function of the ADC Sampling rate and the slope rate. 

  

Figure 32 – Maximum range = f (ADC Sampling rate, slope) 

As it can be seen, for a fixed slope, the higher the sample rate is, the better is. 

3.4.1.4 Range resolution assessment 

The Resolution is a function of the ADC Sampling, the slope, and the number of ADC samples per chirp, 
i.e. indirectly the time duration of chirp. 
 
Multiple values for the Number of ADC are assessed (64, 128, 256, 512) as follows: 
 



MMWAVE TECHNOLOGY PRELIMINARY ASSESSMENT  
 

  

 

 

 42 
 

 

 

  
 

  
As it can be seen, for the same sample rate and slope, the higher is the number of ADC samples, the 
range resolution is better. 
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3.4.1.5 Radar imaging example 

This paragraph provides an example of a radar configuration and the corresponding theorical radar 
performance, which are maximum range, resolution, maximum velocity, and velocity resolution. 

 Parameter Unit Value 

RF Profile Start Freq GHz 77 

Frequency slope MHz/us 99,987 

Idle Time Us 447 

Adc Samples Number 64 

Sample rate Ksps 2000 

Ramp End Time µs 40 

RX Gain dB 30 

Chirp Start Chirp for Cfg TX0 0 

EndChirp for Cfg 1 

Start Chirp for Cfg TX1 1 

EndChirp for Cfg 1 

Frame Start Chirp TX  0 

End Chirp TX  1 

No of Frames  0 

No of Chirp Loops  16 

Periodicity ms 100 

 

Which makes it possible to have the following calculations using the formulas mentioned in section 2: 

• Maximum range 𝑑𝑚𝑎𝑥 =
𝐹𝑠𝑐

2𝑆
= 3𝑚 

• Range resolution 𝑑𝑟𝑒𝑠 =
𝑐

2𝐵
 =

𝑐

2𝑆𝑇𝑐
=

𝑐𝐹𝑠

2𝑆𝐴𝐷𝐶
= 4𝑒−2 𝑚 = 4 𝑐𝑚    

• Maximum velocity 𝑣𝑚𝑎𝑥 =
𝜆

4𝑇𝑐
= 2 m/s with: 𝑇𝑐 = 𝑖𝑑𝑙𝑒𝑇𝑖𝑚𝑒 + 𝑟𝑎𝑚𝑝𝐸𝑛𝑑𝑇𝑖𝑚𝑒 

• Velocity resolution 𝑣𝑟𝑒𝑠 =
𝜆

2𝑇𝑓
= 0.01 𝑚/𝑠 with: 𝑇𝑓 = 𝑁𝑇𝑐 
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3.4.2 Laboratory - Baseline environment measurement 

The first step consists of measuring the laboratory environment, done at ALTYS, before introducing 
objects. This measurement is considered as baseline to which each measurement is compared when a 
new object is added.  Differential measurement allowed us understanding the impact of the radar 
signal on each object more easily. 

3.4.2.1 Environment description 

We developed the radar signal processing part in Python using the AWR1642BOOST mmWave card 
combined with the DCA1000 data capture card, pulling the raw data from TI's mmWave Studio 
simulator. The card is positioned on a tripod in a space where there is a desk and where we will position 
our objects. We tested the environment without object in order to have a reference to compare, then 
an object in front of the radar to explore the calculation of the range, and two objects in front of the 
radar to find the critical distance that allows the radar to distinguish the two objects. On the other 
hand, we test the fan to see the performance of the radar in terms of speed calculation. Finally, the 
angle calculation test is done by positioning the object in a precise angle (+30°), or two objects 
symmetrical. The mmWave radar parameters used in our configuration are listed in the table in the 
next section. then, the raw data goes through a processing chain, in order to have the figures in the 
following sections. 

 

Figure 33 – ALTYS Lab environment 
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3.4.2.2 Sensor’s configuration 
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3.4.2.3 Measurements (no object – baseline) 

 

Figure 34 - Reflected power (FFT) versus Range for multiple chirps 

• Some signals are present between 0 and 10 m, these correspond to the lab environment (wall, 
desk etc.) 

• Note that the maximum calculated theorical range is 49,99 m 

 

Figure 35  - Range bins vs. doppler bins – range doppler heat map  

• Good to know: 

o Range “bins” can be converted to range in “m”, by multiplying by the theorical 
calculated range resolution 
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o Doppler “bins” can be converted to velocity in “m/sec” by multiplying by the theorical 
calculated velocity resolution 

 

Figure 36  - Reflected power versus Velocity for multiple chirps 

• Only an offset signal is present at 0 meter as no object is moving in front of the radar. 

 

Figure 37 - Range bins (256 bins) versus Angle azimuth bins (64 bins) 

• Only an offset signal is present around 0 as no object is moving in front of the radar 

• Good to know: 
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o Range “bins” can be converted to range in “m”, by multiplying by the theorical 
calculated range resolution 

o Angle “bins” can be converted to angle in “degree”, by applying “arcSin” function 

o Range in m and angle in “degree” was not calculated to ease graph interpretation 
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3.4.3 Measurement of an object within the maximum range 

The used object is a mug put at distance of 144 cm from the radar. 

 

The following figure compares the measure FFT range with baseline.  

 

Figure 38 - Reflected power versus Range bins. 

The mug object 



MMWAVE TECHNOLOGY PRELIMINARY ASSESSMENT  
 

  

 

 

 50 
 

 

 

 

Figure 39 – No impact as object is not moving 

Since the mug is not moving, it is obvious that the speed is zero 

The existence of the mug illuminates the range angle heatmap as follows: 

 

 

Figure 40 - Range Bins versus Angle azimuth bins (before on left and after on right) 

3.4.3.1 Assessment  

We can see the difference between an object in front of the radar and a vacuum, in terms of range, 
there is a peak corresponding to the object with the corresponding distance, however, in terms of 
speed, we can see the reflection of the object but with zero speed. Finally, the illumination of the 
heatmap in Figure 40, allows to see the position of the object.  
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3.4.4 How close can two object get and still be resolved as two objects? 

Range resolution refers to the ability to resolve two closely spaced objects. 

In case the distance between the two objects is less than the range resolution, as the two objects are 
so close, they appear as a single peak in the spectrum. 

The calculated theorical range resolution is 19,52 cm. 

3.4.4.1 Measurement of two objects below resolution 

The distance from the radar is equal to 144cm, and the distance between the two objects is 15 cm 
(within the range resolution). 

 

Figure 41 - Reflected power versus Range for chirp number one. 

 

Figure 42 - The impact of speed. 

One peak for the 
two objects. 
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Even if we have two objects in front of the radar, we can only observe one object in the figure below: 

 

Figure 43 -Range Bins versus Angle azimuth bins for the two objects. 

3.4.4.2 Measurement for two objects  

In case the distance between the two objects is beyond the range resolution, the two objects appear 
as two peaks in the spectrum. 

The distance between two mugs is equal to 30 cm. 

 

One object 
instead of two. 
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Figure 44 - Reflected power versus Range for chirp number one. 

Now, we can distinguish between the two objects: 

 

Figure 45 : Range Bins versus Angle azimuth bins for the two objects. 

3.4.4.3 Assessment  

We can conclude that if the distance between two objects is less than the distance resolution, we 
cannot distinguish the two objects. Otherwise, we can see two peaks and we can differentiate them. 

Object N°1 

Object N°2 

Object N°1 

 

Object N°2 
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3.4.5 Velocity estimation 

3.4.5.1 Sensor’s configuration 

 

 

3.4.5.2 Calculated maximum velocity 

From the formula of the speed: 

• Velocity Maximum = 6,08 m/s. 

• Velocity Resolution = 0,04 m/s. 

3.4.5.3 Measurement for ventilator 

The position of the ventilator: 
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Figure 46 - Reflected power versus Range for chirp number one. 

The fan was spinning around, as result, we will have an intervalley of velocity (negative and positive): 

 

In this figure, you can see the appearance of several objects in a fixed row but different angles, this is 
due to the movement of the fan: 

The ventilator 

The velocity 
at which the 
fan rotates 
varies in this 
interval 



MMWAVE TECHNOLOGY PRELIMINARY ASSESSMENT  
 

  

 

 

 56 
 

 

 

 

Figure 47- Range Bins versus Angle azimuth bins for the ventilator. 

3.4.5.4 Assessment 

It can be concluded that radar can detect the movement of an object and even its speed. 
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3.4.6 Angle estimation 

3.4.6.1 Sensor’s configuration 

 

 

3.4.6.2 Explain angle range (-90° to +90°) 

3.4.6.3 Measurement of one object (0°) 

The distance of the object from the radar is 156cm. 
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Figure 48 - Reflected power versus Range for chirp number one. 

The mug is in 0°, so: 

 

Figure 49 - Range Bins versus Angle azimuth bins for the mug in 0°. 

3.4.6.4 Measurement of one object (+30°) 

The position of the object is 50cm from the radar and in 30°: 

The object 
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Figure 50- Reflected power versus Range for chirp number one. 

 

Figure 51 - Range Bins versus Angle azimuth bins for the mug in +30°. 

3.4.6.5 Measurement of two objects (-30° to +30° same range) 

The position of the two object is 50cm from the radar and the distance between the two object is 
100cm as shown in this figure: 
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Figure 52 - two objects in 30° with same range. 

The object n°1 is in -30°, and the object n°2 is in +30°. 

 

Figure 53 - Reflected power versus Range for chirp number one. 

The object n°1 is in -30°, and the object n°2 is in +30°, so: 
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Figure 54 - Range Bins versus Angle azimuth bins for the two objects. 

3.4.6.6 Measurement of two objects (+30° two different ranges) 

The position of the object n°1 is 50cm from the radar and the position of the object n°1 is 87cm from 
the radar as shown in this figure: 

 

Figure 55 - two objects in 30° with different ranges. 

The object n°1 is in -30°, and the object n°2 is in +30°. 

Object N°1 

 

Object N°2 
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Figure 56 - Reflected power versus Range for chirp number one. 

The object n°1 is in -30°, and the object n°2 is in +30°, so: 

 

 

Figure 57 - Range Bins versus Angle azimuth bins for the two objects. 

3.4.6.7 Assessment 

We can see a small difference in terms of the angle, i.e., the difference between an object in a zero 
angle and an angle + 30 °, however, we do not see much difference in case of two objects in a 
symmetrical angle with same row or different row. 

Object N°1 

 

Object N°2 
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4 Conclusion 

 

Figure 58 – mmWave signal processing flow and the corresponding calculations 

The main purpose of this report, D4.1, was to consolidate a preliminary assessment of the mmWave 
radar technology for a targeted final usage at airport environment. This assessment was done using 
basic unitary testing in a controller laboratory environment in addition to some tests performed at 
underground parking. An underground parking environment can be considered as a good baseline for 
validation with a lot of similarities with airport environment, mainly to detect vehicles and humans, 
and to validate the radar functional aspect (range,  velocity and angle information). Additional testing 
in phase 2 at airport will allow additionally to test aircraft detecting. 

The main challenge during the first phase was to control the software environments and to process 
the raw radar data. The first testing results confirmed the capability and the potential of the mmWave 
technology.  The measured radar performance was aligned with the theorical calculation, and the radar 
was mainly able to detect moving targets in a complex environment.  
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In the next project phase, the main objective will be to consolidate a dataset from AI training using the 
different scenarios recording including the underground parking, and later on the Muret Airfield. This 
dataset will be used to train an AI model will be used to identify target’s type. 

The performed activities during the first phase could be summarized as follows: 

 The first step consisted of depicting the mmWave radar technology utilizing Frequency-
Modulated Continuous Wave (FMCW) modulation.  This allowed identifying key parameters 
and configuration’s directly impacting the radar performance, including detection range, range 
resolution, maximum detected velocity, velocity resolution, and angular field of view. 

• The range, range resolution, maximum detected velocity, and the velocity resolution, all 
these depend on the intrinsic characteristic of the radar used card including the ADC, the 
radar frequency sweep range (e.g. from 77 to 81 GHz) and the rate at which the 
frequency of transmitter signals is changing (i.e. the slope rate) 

• The maximum field of view being dependent on the distance between Rx antennas d, 

𝜃𝑚𝑎𝑥 =  sin−1(
𝜆

2𝑑𝑟
) 

 The second step consisted of implementing the processing of radar signals to calculate the 
output radar data cube combining range, velocity, and angle information. The signal processing 
was implemented using commonly used methods including FFT which could be easily 
integrated in embedded environment. 

 The third step consisted of assessing multiple mmWave cards allowing to directly capture raw 
data from the ADC. The calculation being previously implemented in step-2 using MATLAB and 
Python environments and cross-checked against trial software provided with these cards. 

 The last step consisted of evaluating the mmWave cards and the signal processing 
implementation in a controller environment, i.e. lab environment which allowed to compare 
theoretical calculated performance with measured performance. The measured performance 
was aligned with the theorical calculation. The radar was mainly able to detect moving targets 
in a complex environment which could be a seen a drawback but at the same time it allows to 
automatically filter out static objects related to the environment (e.g. wall, pillars etc.). This 
limitation was directly caused by the applied clustering algorithm that could be also turned. 

 Some additional tests were also performed in parking environment (cf. Figure 59, Figure 60), 
the detailed assessment will be provided in the final report D4.2. These tests will be also used 
to build datasets to train an AI model allowing to recognize target types (human, vehicle, or 
aircraft) in the next phase. 
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Figure 59 – mmWave in front of Car at parking 

 

Figure 60 – Car detected path in front of the mmWave radar and the corresponding Micro doppler 
calculation 

 

The End 
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Appendix A Acronyms 
 

A-CDM  Airport Collaborative Decision Making 

ADC  Analog to Digital Converter 

AEC  Automotive Electronics Council 

AI  Artificial Intelligence 

API  Application Programming Interface 

AOA  Angle of Arrival 

ASIL-B  Automotive Safety Integrity Level B 

A-SMGCS Advanced-Surface Movement Guidance and Control System 

ATC  Air Traffic control 

ATCO  ATC Officer 

ATM  Air Traffic Management 

AWR  Automotive mmWave Radar 

BS  Base Station 

CAN  Controller Area Network 

CAN-FD  Controller Area Network Flexible Data-Rate 

CFAR  Constant False Alarm Rate 

CSI  Camera Serial Interface 

DBSCAN Density-Based Spatial Clustering of Applications with Noise 

DSP  Digital Signal Processing 

EIRP  Effective Isotropic Radiated Power 

EVM  Evaluation Module 

FFT  Fast Fourier Transform 

FMCW  Frequency-Modulated Continuous Wave 

GA  Grant Agreement 

IF  Intermediate Frequency 

IWR  Industrial mmWave Radar 

LED  Light-Emitting Diode 

LIDAR  Laser Imaging, Detection And Ranging 

LO  Local Oscillator 

LP  Low-Pass 

LVDS  Low Voltage Differential Signaling 
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MCU  Microcontroller Unit 

MD  Micro-Doppler 

MIMO  Multiple-Input Multiple-Output 

ML  Machine Learning 

mmWave Millimetre Waves 

PLL  Phase Locked Loop 

RA  Range-Angle 

RCS  Radar Cross Section  

RF   Radio Frequency 

RFCMOS RF Complementary Metal–Oxide–Semiconductor 

SDR  Software Define Radio 

SIMO  Single-Input Multiple-Output 

SJU  Sesar Joint Undertaking 

SNR  Signal to Noise Ratio 

SPI  Serial Peripheral Interface 

TI  Texas Instruments 

TOA  Time of Arrival 

WP  Work Package 
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