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I. INTRODUCTION 

Millimeter wave (mmWave) frequency-modulated continu-

ous-wave (FMCW) radars are installed in automotive vehicles 

for safety and driver assistant functions, such as collision mitiga-

tion, blind spot detection, land change assistance, and parking 

assistance. Radar is also utilized for autonomous driving due to 

its robustness in harsh weather and low cost [1]. 

Most recent radars installed in automotive vehicles adopt 

FMCW waveforms and utilize large bandwidths up to several 

GHz. According to the working principle of FMCW radar, a 

large bandwidth results in high range resolution, which can im-

prove environment recognition performance [2]. A single vehi-

cle utilizes front and multiple corner radars to monitor the driv-

ing environment [3]. For these safety and technical reasons, the 

number of mmWave FMCW radars and their sensing perfor-

mance requirements are both increasing continuously. 

As the number of FMCW radars increases, so does the possibil-

ity and frequency of radar interference. Much literature has studied 

automotive FMCW radar interference and classified it into two 

different cases: crossing and parallel interference [4]. Crossing in-

terference in FMCW radar amplifies baseband noise and reduces 

the signal-to-noise ratio; on the other hand, parallel interference 

generates a ghost target and produces a false alarm to the system. 

To avoid or suppress interference, several studies have sug-

gested orthogonal noise waveforms based on the phase retrieval 

method [5], frequency hopping for each chirp signal [6], or 

changing the start time of each chirp signal, such as pulse repeti-

tion time dithering [7]. Mitigation by signal processing is an 

option [8]; however, the best method to deal with interference is 
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Abstract 
 

We propose a new method to estimate the waveforms of frequency-modulated continuous-wave (FMCW) interferers by intentional inter-

ference. The proposed method utilizes the crossing interference of FMCW radar by adaptive waveform configuration. The victim radar 

analyzes the periodicity and frequency of the interference signal from the mixer at the FMCW receiver. The bandwidth, slope, and inter-

vals of the interferer waveform are derived from multiple adaptive waveforms from interference detection results. The estimated time and 
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to sense the spectrum and avoid interference. 

Some research has presented effective methods for real-time 

wideband spectrum sensing; however, these techniques have a 

few limitations that prevent adopting them for automotive 

FMCW radar problems, such as low signal power [9], large 

computation time [10–12], and additional hardware require-

ments [13–15]. 

This paper presents an effective method for recognizing the 

waveform of a periodic FMCW interferer by intentional inter-

ference to the victim system. The adaptive configuration of the 

victim radar system monitors and analyzes interference with 

minimum signal processing. The proposed method first esti-

mates the bandwidth, chirp interval, frame interval, slope, and 

relative time difference of the interference waveform with a 

commercial off-the-shelf (COTS) radar system. 

This paper is organized as follows. Section Ⅱ describes the 

principle of the proposed method. Section Ⅲ presents the exper-

imental results and analysis, and Section Ⅳ concludes the paper. 

II. METHODOLOGY 

1. FMCW Radar Principles and Interferences 

FMCW radar is a radar system that uses a linear frequency-

modulated signal to measure the range and velocity of the target. 

The reflected signal from the target is received by the antenna 

and mixed with a transmitted signal replica, generating a new 

signal called a beat or intermediate frequency (IF) signal, as 

shown in Fig. 1. Range, Doppler, and angle processing can be 

performed with the beat signal, as described in [16]. 

The received signal power from the target reflection 𝑃௥ can 

be estimated using Eq. (1): 
 𝑃௥ ൌ 𝑃௧௫ ൅ 𝐺௧௫ ൅ 𝐺௥௫ ൅ 𝜎 െ 10log10 ቀሺସగሻయோరఒమ ቁ, 

(1)
 𝑃௧௫  is the transmitted signal power, 𝐺௧௫  and 𝐺௥௫  are the 

gains of the transmitter and receiver antennas, 𝜎 is the radar 

cross section of the target, 𝜆 is the wavelength of the center 

frequency of the FMCW signal, and 𝑅 is the distance between 

the radar and the target. 

The interference signal is received directly from the interferer 

radar in a one-way manner:  
 𝑃ூ ൌ 𝑃௧௫಺ ൅ 𝐺ூ ൅ 𝐺௥௫ െ 10lo g 10 ቀସగோఒ ቁଶ, (2)
 𝑃௧௫಺ and 𝐺ூ are the transmitted power and antenna gain of the 

interferer, respectively. 

Since the interfering signal propagates in one direction, the 

power level of the interfering signal may be higher than that of 

the signal reflected by the target [17]. When crossing type inter-

ference occurs, the amplitude of the analog-to-digital converter 

(ADC) output increases dramatically and increases the noise floor 

in the frequency domain. On the other hand, parallel interference 

rarely occurs in real situations, since the interference signal should 

be allocated within the IF bandwidth of the victim radar [18]. 

In this paper, focusing on crossing-type FMCW interference, 

we propose a method for recognizing and avoiding the periodic 

waveform of the interference signal. 

 

2. Proposed Method 

The proposed method estimates the interfering FMCW ra-

dar parameters by creating intentional interference from adap-

tive waveform reconfiguration. Intentional interference does not 

affect other FMCW radars due to the transmitter’s high attenu-

ation. To avoid interference, the victim radar must be aware of 

the bandwidth, center frequency, and slope of the FMCW in-

terfering signal. Assuming the interferer transmits an FMCW 

waveform without dithering techniques, the victim radar can 

estimate the chirp interval, frequency bandwidth, and slope by 

configuring different waveforms. 

Fig. 2 shows the procedure of the proposed method, compris-

ing six different steps. The first step is to detect crossing inter-

ference. Detection is performed by comparing the amplitude of 

the ADC output with the threshold from the cell averaging 

constant false alarm rate (CA-CFAR) algorithm. After the in-

terference detection, the process of estimating the waveform 

parameter begins. Three estimation sequences for the chirp in-

terval, bandwidth, and slope of the interference signal are pre-

sented in the following subsections and in Fig. 3. 

 

(a) (b) 

Fig. 1. Principle of FMCW radar: (a) basic FMCW radar system architecture and (b) FMCW radar Tx/Rx signals. 
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2.1 Chirp Interval Estimation 

To estimate the interval between successive chirps of the in-

terferer FMCW radar, the victim radar must receive multiple 

interferences in one chirp signal. Therefore, the victim radar is 

configured with a maximum chirp time, and the frequency slope 

is set to zero, like continuous-wave radar. From the ADC sam-

ple indexes of multiple interferences, the chirp interval can be 

estimated by multiplying the sampling time and the difference 

between the sample indexes. The estimated chirp interval can be 

divided into chirp time and idle time, which requires accurate 

bandwidth and slope estimation. 
 

2.2 Bandwidth Estimation 

The bandwidth of the interfering signal can be estimated by 

changing the frequency of the zero-slope waveform used in the 

chirp interval estimation. However, the length of the waveform 

is shortened to have at least one interference in one chirp signal. 

In this study, we set the chirp time as 1.5 times the chirp inter-

val estimated in the previous step. 

An example waveform for bandwidth estimation is depicted 

in Fig. 4(a). The number of frequency steps is initially set to 12 

MHz and 200 MHz separation. This is because the radar sys-

tem (AWR2243 and AWR2944) supports four different wave-

form configurations during operation, and each configuration 

provides a maximum 450 MHz frequency variability for each 

chirp signal. 

Theoretically, the bandwidth of an interfering signal can be 

estimated accurately to the order of a few kHz over several itera-

tions only if the interfering signal is continuously received. 

However, in a real situation, the interferer and victim vehicle 

move independently within seconds. Therefore, in this study, 

two-step bandwidth estimation is considered for fast estimation, 

as shown in Fig. 4(a) and 4(b). The second estimation estimates 

the bandwidth with reduced frequency separations, which is 

determined by the result of the first stage. 
 

2.3 Slope Estimation 

The theoretical FMCW radar system transmits the chirp 

signal continuously without any idle time so that the slope is the 

same as the total bandwidth divided by the chirp interval. How-

ever, in practice, FMCW waveforms have some idle times be-

tween consecutive chirps for signal quality, data transfer, or other 

purposes. If the interference FMCW signal ramps fast and has a 

sufficiently long idle time, the spectrum can be shared with oth-

er radar systems. 

Like the previous step, the proposed method exploits the fre-

quency and time differences of multiple interference incidents in 

one chirp. However, in this step, the slope of the adaptive wave-

 
 

Fig. 2. Processing steps of the proposed method. 
 

 
Fig. 3. Time-frequency diagram of interference and victim FMCW 

signals. Each estimation requires a victim FMCW wave-

form update to enforce interference to the victim radar. The 

victim radar sets its parameter in the following order: slope 

as zero for the interferer interval, various start frequencies 

for the interferer bandwidth, and an arbitrary slope for the 

interferer slope. 

 
(a) (b) 

Fig. 4. (a) Time–frequency FMCW waveform diagram of the initial bandwidth estimation. (b) Based on the result of (a), the estimation frequency 

range is adaptively decreased. 
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form should be selected in the following range to estimate the 

slope of the interference signal. The minimum value of the slope 

of the victim radar 𝑆௠௜௡ is derived from the sampling time of 

the victim radar, as described in Eq. (3). 

Compared to the chirp interval estimation, the slope estima-

tion relies on an additional time delay from the increased fre-

quency. If this time delay is shorter than the sampling time of 

the victim ADC, then the slope estimation fails. 
 𝑆௠௜௡ ൌ ஻಺௧ೞ௧಺ሺ௧಺ା௧ೞሻ, (3)
 𝐵ூ is the bandwidth of the interference signal, 𝑡ூ is the esti-

mated chirp interval, and 𝑡௦ is the sample time. 

The maximum value of the slope is based on the fact that 

multiple interferences must occur during one victim chirp. This 

causes the bandwidth limitation of the listening waveform to be 

less than or equal to the interference bandwidth. Considering 

that the total time of the listening waveform is the same as twice 

the chirp interval, 𝑡ூ, then the maximum slope can be expressed 

in an equation: 
 𝑆௠௔௫ ൌ ஻಺ଶ௧಺. (4)
 

After selecting an arbitrary slope as 𝑆௩ in the valid range, the 

slope of the interference signal can be obtained with the follow-

ing closed-form expression:  
 𝑆ூ ൌ ேೞ,మൈௌೡൈ௧ೞ௧ೞ൫ேೞ,మିேೞ,భ൯ ൌ ேೞ,మൈௌೡேೞ,మିேೞ,భ, (5)
 𝑁௦,ଶ and 𝑁௦,ଵ are the sample distance from the slope and the 

chirp interval estimation. 

III. EXPERIMENTAL SETUP AND RESULTS 

1. Experimental Setup 

1.1 FMCW radar setup 

The proposed method was demonstrated with Texas Instru-

ments’ automotive mmWave FMCW radar. The interfering 

radar was an AWR2944 evaluation board, and the victim was a 

cascaded AWR2243 board. Both operate in the same frequency 

bandwidth (i.e., 76–81 GHz). The proposed estimation method 

was implemented using built-in multiple profile and parameter 

variation functions. The validity of the proposed estimation was 

tested in an indoor laboratory environment, as shown in Fig. 

5(a). Fig. 5(b) shows the experiment performed in an outdoor 

environment with a vehicle to assess the practicality of the pro-

posed method. 

The number of samples between high values implies perio-

dicity, so the estimation accuracy is highly dependent on the 

sampling frequency of the victim radar. A higher sampling fre-

quency may be required for accurate estimation, but the pro-

posed method is also based on intentional interference with a 

long chirp time. Therefore, higher accuracy requires many sam-

ples and increases memory budgets. In this experiment, the 

sampling frequency of the victim radar was set to 2.5 Msps, 

considering the performance of the radar chipset. 

 

1.2 Test cases 

The estimation performance of the proposed method was 

tested in three different cases to prove the efficiency and limita-

tions of the proposed method. Test case A provided the basic 

performance of the proposed method, and cases B and C were 

designed to test the limitations of the proposed method. The 

waveform parameters of case A were selected as a low slope, and 

a long chirp interval, which are highly likely to interfere with 

other FMCW radars. 

Automotive radar interference changes quickly because both 

the interferer and victim radars are moving. Therefore, the total 

estimation time should be fast enough to avoid the interference 

signal. To test the total estimation time, a longer frame interval 

of the interferer radar was presented in case B. On the other 

hand, in case C, a higher slope and larger bandwidth led to an 

increased probability of crossing interference. The waveform 

parameters of the three test cases are summarized in Table 1. 

 
(a) (b) 

Fig. 5. (a) Interferer (AWR2944) and victim (AWR2243) radars and the indoor laboratory experiment’s environment. (b) Outdoor environment 

with increased distance and a stationary vehicle.  
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2. Results Analysis 

Fig. 6 shows the results of the proposed method from each 

estimation step for test case A in an indoor environment. The 

chirp interval, bandwidth, and slope estimation results are pre-

sented with the amplitude of the ADC samples from the adap-

tive waveforms. Using Eq. (5), the chirp interval is calculated as 

54.8 μs, and the slope is obtained as 11.85 MHz/μs. The 

bandwidth is estimated as 580 MHz with 40 MHz error with a 

total 0.9-second bandwidth estimation time. 

The total estimation results for the three test cases are sum-

Table 1. Interference waveforms and estimation results in indoor and outdoor environments

Parameter 

Case A (standard) Case B (low FPS)  Case C (high slope)

Interference 

waveform

Estimation 

in indoor 

Estimation 

in outdoor

Interference 

waveform

Estimation 

in indoor

Estimation 

in outdoor

Interference 

waveform 

Estimation 

in indoor

Estimation 

in outdoor

Start frequency (GHz) 77.5 77.5 77.5 77.5 77.5 77.5  77.5 77.5 77.5

Bandwidth (MHz) 540 580 510 540 510 510  1,350 1,305 1,305

Frequency slope (MHz/μs) 12 11.85 11.85 12 11.76 11.76  30 29.4 29.4

Idle time (μs) 10 
54.8 54.8 

10
54.8 54.8 

 10 
54.8 54.8 

Chirp time (μs) 45 45  45 

Frame interval (ms)  100 200   100

Average of peak value (log) - 62.56 53.93 - 64.34 47.08  - 62.28 50.95

Variation of peak value - 5.4 53.08 - 3.91 53.11  - 13.68 63.92

Total estimation time (s) - 0.9 0.9 - 2.1 2.1  - 0.9 0.9

Average estimation error (%) - 2.85 2.39 - 2.65 2.65  - 1.9 1.9

FPS=frame per second. 

(a) (b) 

 

(c)  

Fig. 6. Results of the proposed method from test case A: (a) the interferer chirp time is derived from the same sample distance of the periodic inter-

ference, (b) the interferer bandwidth is analyzed by checking the interference for each frequency, and (c) the interferer slope is estimated 

from the increased sample distance from the known victim slope.
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marized in Table 1. The results indicate that the proposed 

method effectively estimates the waveform with less than 3% 

error. The highest error is from the bandwidth estimation; how-

ever, the estimation provides the upper bound of the bandwidth, 

which is sufficient for interference avoidance. 

When the frame interval of the interferer radar is increased, 

as in case B, the total estimation time increases to 2.1 seconds, 

while the errors do not increase. Test case C presented a higher 

bandwidth error compared to the other cases because the esti-

mation frequency steps were larger than in the other cases. 

The total estimation time for each case was measured as the 

time to interference occurrence, which triggered the next esti-

mation step. In case A, the chirp interval estimation time was 

153 ms, the bandwidth was 753 ms, and the slope was 6 ms. 

Bandwidth estimation takes the longest time because the esti-

mation requires multiple start frequency changes, as presented 

in Fig. 3. 

In an outdoor environment where the distance increases, not 

only does the received power decrease due to additional path 

loss, but the variance also significantly increases, as shown in Fig. 

7(a) and 7(b). This difference occurs due to constraints in radar 

signal detection caused by environmental factors. These fluctua-

tions can lead to errors if interference signals are not detected, 

but this can be redeemed by improving the detection CFAR 

algorithm. 

The outdoor experiment confirmed that in the proposed method, 

the amplitude of the received signal only serves a detection role. 

Therefore, if only detection is performed, the algorithm’s perfor-

mance is unaffected by the amplitude of the received signal. 

The proposed method presents high estimation accuracy 

without any additional hardware, but it has a limitation that 

relies on the occurrence of interference, which is not always 

guaranteed. Also, the proposed method assumes that the inter-

ference is periodic; however, the interferer radar may use multi-

ple waveforms to avoid interference. However, the proposed 

method can be utilized for wireless synchronization or extended 

spectrum sensing using FMCW radar. 

IV. CONCLUSION 

This paper presented a method based on intentional local in-

terference to estimate the interference waveform of FMCW 

radar. The proposed method detects interference and estimates 

the waveform of the interference signal through adaptive con-

figuration of the victim radar and minimal signal processing. 

After estimation, the victim radar can configure a waveform to 

avoid the detected interference signal. 

The proposed method was demonstrated with COTS 

FMCW radars in three different test cases. The proposed meth-

od does not require any additional hardware and can be imple-

mented in an existing radar system with a simple algorithm. 

The periodic interference signal parameters were estimated 

with a low error rate of 2.85% and a low sampling rate of 2.5 

Msps in 0.9 seconds. The most time-consuming and inaccurate 

estimation was bandwidth estimation in all three cases, but this 

could be improved with a frequency selection strategy or a mul-

tiple independent receiver system. The average error rate of the 

proposed method is 2.85%, which is acceptable information for 

designing the waveform of the victim radar to avoid the inter-

ference signal. 

In an outdoor environment, the estimation error and time do 

not exhibit substantial deviation compared to an indoor experi-

ment but the average and the variation of the peak amplitude 

markedly deviate. However, if a peak amplitude by interference is 

detectable, the performance of the algorithm is hardly degraded. 

This intentional interference technique can be used not only 

for interference avoidance but also for estimating the relative 

parallax of a distributed radar system for synchronization. In 

future, this estimation method will be expanded to interference 

signals with timing dithering and multiple configuration modes. 

In addition, the total estimation time will be decreased by im-

proving the processing algorithm. 

(a) (b) 

Fig. 7. Time domain diagram on a log scale: (a) consistent peaks were observed in the indoor experiment and (b) the outdoor experiment revealed 

smaller peaks compared to (a). 
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