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Abstract – This paper represents a new automotive radar 

concept based on a nonlinear target detection and classification. 

The target carries the nonlinear tag that generates the nonlinear 

products of the transmitter signals - the second harmonics and 

intermodulation products of the third-order, which are detected 

by the harmonic radar receivers. The cars are identified by 

reflection of the second harmonics of the radar transmitter 

signals - two LFM modulated carriers, whereas the vulnerable 

targets, such as pedestrians, children and similar, are detected by 

reflection of the third-order intermodulation products. As the 

power amplifier in the radar transmitter, due to its nonlinear 

transfer characteristic, generates the intermodulation products it 

is linearized by the linearization technique that exploits the 

second harmonics of the transmitted signals. 

 

Keywords – Automotive harmonic radar, Vulnerable targets, 

Nonlinear passive tag, LFM signal. 

 

I. INTRODUCTION 

The modern automotive industry has a great need for 

development of the automotive applications such as pedestrian 

safety systems, collision warning, turning-off and lane 

changing assistance. The automotive radar system requires the 

simultaneous and precise targets localization with high 

accuracy and resolution and also their classification to 

distinguish between the different object classes such as the 

automobiles and vulnerable road users (VRU) for their better 

protection.  

The design of the harmonic car radar includes the passive 

reflector (tag) mounted on the back of the vehicles preceding 

that returns the second harmonic of the frequency transmitted 

from the vehicle behind [1]. This concept aims to avoid 

rear/end collisions and it is immune to the clutter reflection 

from the different objects and obstacles, and also it protects 

from blinding by the cars that travel in the opposite direction. 

Significant effort has been devoted to the development of 

the harmonic radars for various applications. The second 

harmonic radar that emits signal at one frequency and passive 

tags reflecting signal at the emitted signal second harmonics, 

have been used for insect and animal searching [2], remote 

sensing and detection of vital signs in medical application [3], 

as well as target detection in ultrawideband UWB systems [4]. 

The harmonic radars that transmit signals at two or more 

carrier frequencies have been applied for classification and 

localization of the VRUs [5], detection of RF electronic 

component and devices [6] and in RFID system for detection 

and accurate localization by using the harmonic tags [7].  

The VRUs localization system consists of a harmonic car 

radar that transmits two distinct frequency carriers ( 1f  and 

2f  
) modulated by the LFM baseband signal. The targets are 

carrying the nonlinear tag that generates the nonlinear 

intermodulation products of the transmitted signals that may 

be transmitted back to the radar. The radar system processes 

the reflections and separates the conventional targets from the 

VRUs. 

However, when the power amplifier in the radar transmitter 

amplifies two or more modulated carriers, due to its nonlinear 

characteristic it generates the intermodulation products at the 

amplifier output that cause spectral regrowth with the useful 

fundamental signals. The various linearization techniques for 

minimizing the third- and fifth-order distortions of the power 

amplifiers have been reported in the literature [8]: feedback, 

feed-forward, predistortion, etc.  

In the previous work, authors of this paper have deployed 

the linearization technique that uses the second- and fourth-

order nonlinear signals (IM2, IM4) of the fundamental signals 

[9-12] and validated its effects on the several single stage RF 

and Doherty PA configurations throughout the simulation 

process and experiments. Very good results are achieved in 

the reduction of the third- and fifth-order intermodulation 

products of the amplifiers for multitone signals as well as for 

digitally modulated QAM, WCDMA and OFDM signals. 

In this paper, the reduction of the third-order 

intermodulation products in the harmonic radar transmitter is 

accomplished by application of the linearization method that 

uses the second harmonics (IM2 signals) of the fundamental 

LFM modulated carriers. 

In Section II the new harmonic radar concept is described 

and the theoretical background of the applied linearization 

approach is explained. The Section III relates to the results of 

the IM3 and IM5 products suppression obtained by the 

proposed linearization approach. Then, in the Section IV, 

some conclusions are reported. 

II. HARMONIC RADAR CONCEPT 

Figure 1 shows the new harmonic radar concept that 

includes the transmitter at the car front end that emits two 

LFM modulated carriers at frequencies 1f  and 2f . A linear 

frequency modulated (LFM) waveform is the simplest form of 

frequency modulation, commonly used in the automotive 

industry, where the frequency is repeatedly swept linearly in 
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frequency range, swf , (each frequency sweep is commonly 

known as a chirp, 
chirpT ). The transmitted signals travel to the 

harmonic tags (transponders, sensors, reflectors) that consist 

of the nonlinear element, receiving and transmitting antennas. 

The nonlinear element generates the nonlinear signals such as 

harmonics and intermodulation products of the transmitted 

signals. The adequate design of the transmitting antenna on 

the nonlinear tag provides reflection of the second harmonic 

or intermodulation products of the receiving signals. The 

vulnerable targets may carry the intermodulation nonlinear tag 

whereas the second harmonic tag may be installed on the back 

side of the car.  

 

Fig. 1. Harmonic radar concept for target classification and range and 

velocity determination 

 

The power amplifier in the radar transmitter is a nonlinear 

device and produces the nonlinear products - harmonics and 

intermodulation products at frequencies 212 ff   and 

122 ff   that are close to the fundamental emitted frequencies 

1f  and 2f . The signal for vulnerable target detection and 

identification appears at the intermodulation frequencies and 

can interfere with the intermodulation products generated at 

the transmitter due to the nonlinear transfer characteristic of 

the power amplifier. Accordingly, in this paper, the 

transmitter intermodulation products are suppressed by the 

linearization technique that utilizes the second harmonics of 

the transmitted LFM modulated fundamental carrier [9-12]. 

The adequate baseband signals for the linearization are up 

converted at the frequencies of the second harmonics of the 

fundamental signal carriers, adjusted in amplitude and phase 

and inserted at the input and output of the PA transistor. The 

frequencies of the local oscillators, necessary for the down 

conversion at the second harmonic receiver, 
12 f  and 

22 f , are 

generated at the transmitter for the linearization purposes.  
Two identical LFM signals are upconverted to the second 

harmonics of the two fundamental carriers and sent to the two 

types of targets. One target type is normal (does not carry 

nonlinear tags) while the other type carries the harmonic tags. 

The nonlinear element in the tag produces the harmonic and 

intermodulation signals, whereas the reflecting tag antenna 

determines the frequency of the reflected signal: at the 

carriers’ second harmonics or at the intermodulation products 

of the third-order. The reflected signals from the targets are 

detected at the radar receivers that select the certain channel 

by the appropriate bandpass filter. The target range and 

velocity may be determined according to the equations from 

the procedure of measuring beat frequencies and applying 

FFT according to the algorithm depicted in literature, [4], 

[13].  

The operating principle of the proposed linearization 

approach could be described by a Taylor-series polynomial 

model, [14], in case when the memory effects are neglected. 

The linear frequency modulated signal can be represented in 

the form: 

    tAt
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Complex version of the signals is: 

      tjtAjQI  sincos                     (2) 

where    tI =AI cos  and    tQ = AQ sin are the in-phase and 

quadrature-phase components of the baseband signal. 

The complex envelope of the LFM triangular signal 

characterized with the s 1chirpT  is created in ADS to 

modulate the fundamental carriers at the frequencies 
1f  and 

2f . The baseband signal required for the linearization is 

formed as squared of the complex envelope of the 

fundamental LFM signal:  

    IQjQIjQIv IMlin 2222
2_                 (3) 

The baseband signal for the linearization modulates the 

second harmonics of the fundamental carriers at 12 f  and 
22 f . 

After modulating, the signals are combined and adjusted on 

the appropriate amplitude and phase in the analogue RF 

domain throughout the two linearization branches. The signals 

for the linearization set on the appropriate values are inserted 

at the input and output of the power amplifier transistor over 

the bandpass filters centered at
2

21 ff
fc


 .  

The signals injected at the amplifier transistor gate - the 

fundamental useful signals and the signals for linearization 

adjusted in amplitude and phase (
hghga 22  ,  ) are given by: 
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The signal at the drain of the transistor consists of the 

fundamental signal gained linearly (the first term in eq. (5)), 

and the signals for linearization tuned in amplitude and phase 

(
hdhda 22  ,  ) and injected at the amplifier transistor drain. 
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where (     tQtIv iioi  sincos , i=1,2 is the output signal at the 

fundamental frequencies. 

The drain current at the frequencies of the third-order 

intermodulation products 
212   and the fifth-order 

21 23  , are represented by the equations (6) and (7), 

respectively. We supposed 
sss vvv  21

and 
ooo vvv  21

 to 

simplify the equations. Another the IM3 and IM5 products, at 

frequencies 
122   and 

12 23  , have the same form. 
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According to the analysis carried out in the previous 

research [9-12], the third-order distortion of the fundamental 

signal is dominantly caused by the cubic transconductance      

( ) term in the polynomial transistor model and can be 

reduced by selecting the adequate amplitude and phase of the 

second harmonic modulated by the appropriately modified 

baseband signal for the linearization, which are injected at the 

input and output  of the amplifier transistor. 

III. LINEARIZATION RESULTS 

In the automotive industry different frequency bands have 

been used for applications whereas the 24 GHz and 77 GHz 

bands are dominant [13]. In this paper, we have analyzed the 

proposed harmonic radar concept operating at much lower 

frequency than standardized. The main reason for that is the 

intention to test the linearization effects of the technique that 

exploits the carrier second harmonics in case of the LFM 

continuous wave signal, which is utilized standardly in 

automotive radars for range and velocity determination. For 

the application and testing purposes of the proposed 

linearization technique [9-12], we have exploited previously 

designed power amplifier that operates in the frequency range 

0.7 to 1.1 GHz [12]. The amplifier was designed in Agilent 

Advanced Design System-ADS based on the nonlinear MET 

model of the Freescale transistor MRF281S LDMOSFET. The 

maximum achieved gain is around 22 dB at 1 GHz, whereas 

the maximum power added efficiency (PAE) for the 

maximum output power of around 36 dBm is 50% at 1 GHz. 

Two identical LFM signals characterized by the frequency 

bandwidth MHz 50swf  are upconverted by RF carriers 

GHz 95.01 f  and GHz 05.12 f
 
for sending to the targets 

that may be normal (does not carry nonlinear tags), and targets 

that carry harmonic tags. The nonlinear elements produce the 

harmonic and the intermodulation signals. The tag antenna 

operating frequency band enables that the reflected signals are 

at the carriers’ second harmonics GHz 9.12 1 f  and 

GHz 1.22 2 f  or at the intermodulation products of the third-

order GHz 85.02 21  ff  and GHz 15.12 12  ff . 

 
a) 

 
b) 

Fig. 2. The intermodulation products of the power amplifier at the 

transmitter of the automotive radar for the LFM signal in terms of 

input power levels before and after the linearization: a) third-order; 

b) fifth-order 
 

The analysis has been carried out for different fundamental 

signal power levels at the amplifier input from 0 dBm to 

12 dBm. The simulation results represented in Figure 2a show 

that the IM3 products are lessened more than 15 dB in the 

case of 0 dBm input power, whereas for the rise of the input 

power level the suppression rate is falling down to 10 dB up 

to approximately 6 dBm input power. In case of the higher 

power levels the linearization cannot be attained. It should 

point out that 6 dBm input power enables the output power of 

26 dBm per carrier, which is around 3 dB below 1-dB 

compression point of the amplifier, [12]. Moreover, including 

the fact that the RF carriers are shifted by 100 MHz (25% of 

theamplifier bandwidth) the achieved linearization results are 

considered to be satisfied.  
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The simulated results of the performed linearization 

approach effect on the fifth-order intermodulation products, 

IM5, presented in Figure 2b, indicate that the IM5 products 

are slightly worsen in reference to the state before the 

linearization for almost all considered input power levels. The 

significant impairment is observed at lower power level from 

0 dBm to 3 dBm. It should stress that the linearization has 

been performed, i.e. the optimization of the amplitude and 

phase of the signals for linearization has been carried out with 

the aim to suppress the third-order intermodulation products 

and to restrain the fifth-order intermodulation products at the 

levels below the reduced IM3 products, which is 

accomplished in entire power range. 

 
Fig. 3. Output power of the power amplifier in automotive radar 

transmitter for two RF carriers modulated by LFM signal 
 

Additionally, the output power of the RF carriers is also 

enhanced when the proposed linearization approach is 

applied, which is illustrates in Figure 3. 

IV. CONCLUSION 

A new automotive radar concept for target detection and 

classification based on the idea of the harmonic radar is 

presented in this paper. The system generates the nonlinear 

products of the transmitted signals, such as the second 

harmonics and intermodulation products of the third-order, 

because the targets are carrying the nonlinear tag. The cars 

may be identified by reflection of the second harmonics of 

the two radar transmitter carriers modulated by the LFM 

baseband signal, whereas the vulnerable targets, such as 

pedestrians, children and similar will be identify by 

reflection of the third-order intermodulation products. The 

power amplifier in the radar transmitter amplifies the two 

carriers and, due to its nonlinear transfer characteristic, 

generates the intermodulation products that may interfere 

with the reflected products from the VRU targets. 

Accordingly, it is necessary to suppress the amplifier third-

order intermodulation products and to retain the fifth-order 

distortions to the appropriate power level below the third-

order. The reduction of the intermodulation products has 

been obtained by using the linearization technique that 

exploits the second harmonics of the fundamental signal 

carriers. The satisfactory reduction of the IM3 products is 

achieved and IM5 products are kept at the power level 

below the suppressed IM3 products even though two 

transmitter carriers are shifted in frequency 100 MHz (25% 

of the amplifier bandwidth). Also, the output power of the 

fundamental signals is increased for a certain percent of 

decibels.    
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