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Abstract – Many practical frequency-modulated 
continuous-wave (FMCW) radars utilize consecutive 
upchirps and/or downchirps of the same ramp slope to 
extract the desired range and velocity information of the 
targets.  In this contribution it is demonstrated that 
consecutive ramp sequences provide only little more 
information compared to a non-consecutive sequence, 
but lead to a huge calculation complexity.  Additional 
significant information on the target states for a non-
consecutive sequence is gained by using the ramp slope 
as a design parameter.  The ramp sequence distributed 
over a certain period is temporally aligned to a given 
point in time.  State estimation is done by minimizing a 
cost function.  A significant advantage of a cost 
function approach is that ghost targets are suppressed 
directly.  For test purposes a 77-GHz FMCW radar 
prototype is used in an automotive environment. 
 
Keywords: FMCW radar, data association, state 
estimation, temporal alignment. 
 

1 Introduction 
For automotive applications the knowledge of range and 
velocity of a target is of importance.  Conventional 
FMCW radar systems use a sequence of consecutive 
ramps utilizing identical ramp slopes for the up- and 
downchirps.  Such ramp sequences lead to a significant 
amount of calculation complexity.  Especially for 
automotive applications computing power is a very 
limited resource.  Therefore the investigation of waveform 
design principles for automotive radars becomes more and 
more important.  The use of different ramp slopes is 
considered in [1].  In this contribution the advantages of 
ramp sequences consisting of a few tens of chirps is 
discussed in detail resulting in a fast and accurate range as 
well as velocity estimation. 

2 FMCW Radar 
The well-known FMCW radar principle is summarized in 
this section.  For an in-depth discussion it is referred to 
[2] and [3]. 

2.1 FMCW Principle 
An FMCW radar utilizes linear frequency ramps, also 
denoted as chirps, as transmit signal.  The ramp slope kr of 
an FMCW chirp is defined as 
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with Br as the covered bandwidth of the ramp signal and 
Tr as its duration.  For Br equal to zero the radar is said to 
work in the continuous wave (CW) mode.  For an upchirp 
the bandwidth is considered to have a positive sign and a 
negative for a downchirp.  The transmitted signal is mixed 
with the damped and delayed replica returned from a 
target which generates the intermediate frequency (IF).  In 
Fig. 1 the frequency course of a transmit signal in the 
radio frequency (RF) as well as in the IF is plotted for an 
upchirp as well as for a downchirp.  The RF and IF are 
sketched for a static and for a moving target. 

2.2 Measurement Equation 
The measurement equation of an FMCW radar describes 
the impact of both, range as well as velocity of a target on 
the IF frequency.  The effect of range-Doppler coupling in 
chirp radars is explained in [4].  For a complex-valued 
measurement signal the frequency f in the IF is calculated 
to 
 

 
 
Fig. 1   Frequency course of an FMCW radar in the RF as 
well as in the IF. 
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Fig. 2   Ramp sequence consisting of two different ramp 
pairs with an identical center frequency as well as a CW 
mode. 
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with c0 as the velocity of propagation of the 
electromagnetic wave, fc as the center frequency of the 
chirp signal, as well as r0 and v0 as the target range and 
velocity.  If only a real-valued measurement signal is 
available the measurement equation is given by 
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resulting in an inherent ambiguity between positive and 
negative frequencies.  The frequency f can e.g. be 
estimated by a fast Fourier transform (FFT).  In this case 
the variance σf

2 of the estimated frequency for (2) is 
calculated to 

 ,
)2(

12}ˆvar{ 2
r

2
win2

TN
kff ηπ

σ ≈=  (4) 

with N >> 1 as the number of samples, e.g. N = 1024.  In 
case of additive white noise (AWN) the signal to noise 
ratio (SNR) η is usually defined as 
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with A as the amplitude of the signal and σn
2 as the 

variance of the remaining noise.  The derivation of (4) is 
shown in [5] for an FFT based frequency estimation.  In 
[6] it is extended to take into account the windowing 
function.  For a Hanning window the windowing factor 
kwin is calculated to kwin = 2.34.  For (2) and (3) it is 
assumed that the chirp is linear enough so that non-linear 
phase distortion effects in the IF have no significant 
influence. 

2.3 Frequency Resolution 
The term resolution describes the ability to separate two 
closely spaced targets.  The one-bin resolution in the 
frequency domain Δf is given by 
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with fs as the sample rate and Ts as the sampling period of 
the analog/digital (A/D) conversion.  According to (6), the 
range resolution Δr is calculated to 
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and the velocity resolution Δv results in 
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For a bandwidth equal to zero the radar is denoted as 
Doppler radar. 

3 Ramp Sequence Design 
The main design parameters of an FMCW radar are the 
bandwidth Br of the chirp signal, the chirp duration Tr, as 
well as the sample rate fs of the A/D conversion. 
A classical variation in the signal generation of an FMCW 
radar is to use upchirps as well as downchirps for state 
estimation purposes. 

3.1 Ramp Slope as Design Parameter 
This section describes how to use the bandwidth Br and 
the chirp duration Tr as design parameters for a ramp 
sequence.  Other radar parameters remain unchanged.  
According to (4), the accuracy of the estimated frequency 
is not influenced by modifying the bandwidth of the chirp 
signal. 
An upchirp followed by a downchirp with the same ramp 
slope is denoted as ramp pair.  Such a ramp pair can e.g. 
be generated by a linear sweep unit that is based on a 
direct digital synthesizer (DDS).  The ramp sequence 
itself consists of a specific number of ramp pairs.  A short 
reprogramming time Tp between each ramp pair is 
necessary to adjust the parameter setup of the DDS.  A 
sketch of a ramp sequence consisting of two different 
ramp pairs with an identical center frequency fc as well as 
a CW mode is plotted in Fig. 2. 

3.2 Temporal Alignment 
The term temporal alignment describes the mapping of 
local sensor observation times to a common timeline.  For 
a theoretical in-depth description of temporal alignment 
techniques it is referred to [7]-[9]. 
A single FMCW radar can not generate several chirp 
signals simultaneously.  The temporal alignment of 
several measurement chirps of an FMCW signal sequence 
is discussed next.  For a short temporal alignment time in 
the range of some milliseconds a proper model 
assumption on the target’s motion for typical automotive 
scenarios is a constant velocity resulting in 
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Fig. 3   Temporal alignment of a ramp signal for the 
condition of a virtually infinite steep ramp slope. 
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with m as the ID of a specific ramp of the ramp sequence, 
Ta [m] as the aligned time for ramp m which can be chosen 
arbitrary, and r[m] as the temporally aligned range.  For 
Ta > 0 the measurement is predicted into the future, and 
for Ta < 0 the time is virtually turned back.  Based on (9) 
the time alignment of the estimated frequency f [m] for 
ramp m of a real-valued signal is calculated to 
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Therefore, for carrying out the temporal alignment the 
center frequency fc[m] is virtually replaced by 
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Compared to the original measurement equations of (2) 
and (3) the term caused by the Doppler shift of the 
frequency is influenced by the duration of the time shift 
multiplied by the ramp slope, resulting in a modified ramp 
slope.  For the condition 
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the time shifted ramp is virtually infinite steep.  A 
graphical interpretation of (10) for the condition of (12) is 
given in Fig. 3. 

3.3 Ramp Sequence Design 
Due to practical limitations extremely steep ramp slopes 
can not be generated directly since e.g. the intermediate 
frequencies become very large with the additional 
problem of an increased noise bandwidth. 
 

 
 

Fig. 4   Proposed ramp sequence in the time/frequency-
domain consisting of non-consecutive steep and flat ramp 
pairs. 
 
The sampling frequency of the A/D conversion is 
restricted by technical reasons resulting in the availability 
of only a very limited number of sampling points of the 
downconverted ramp signal for an extremely steep ramp 
signal.  Furthermore, as shown in (4), the accuracy of the 
estimated frequency depends directly on the number of 
sample points as well as the squared value of the chirp 
duration. 
The ramp sequence proposed in this contribution consists 
on one hand on steep ramps and on the other hand of 
ramps with a significantly flatter ramp slope.  
Furthermore, the steep upchirp/downchirp of the last/first 
ramp pair fulfills condition (12).  A visualization of the 
proposed ramp sequence in the time/frequency-domain is 
given in Fig. 4.  The representation of the designed ramp 
sequence in the range/velocity-plane is discussed next. 

4 Range/Velocity-Plane 
A single FMCW measurement of a target implies an 
inherent ambiguity of the target states in the 
range/velocity-plane, described by (10).  This ambiguity 
is resolved by taking into account a sequence of 
contemporary measurements.  A graphical interpretation 
of two temporal aligned FMCW measurements for a 
target represented in the range/velocity-plane is given in 
Fig. 5.  The amplitude of the peak in the spectrum is 
proportional to the radar cross section (RCS) of the 
detected target. 

4.1 Ramp Sequence in the Range/Velocity-
Plane 

The proposed ramp sequence consists of both steep and 
flat ramps.  The steep ramps have a bandwidth of e.g. 
1.024 GHz and a total duration of 1.024 ms.  The time 
between the first/last downchirp/upchirp fulfills the 
condition of (12) resulting in a total duration of 
approximately 2×77 ms.  The total duration time of the 
ramp sequence can be further reduced using steeper ramps 
with the necessity of very fast A/D converters (ADCs). 
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Fig. 5   Two temporally aligned FMCW measurements of 
a target represented in the range/velocity-plane. 
 
Advantageously, the fast sampling is only required for a 
short period of time and the gaps between the ramp pairs 
are perfectly suitable for data transfer and calculation 
purposes. As will be shown later the accuracy is not 
increased significantly if the time between the first and 
the last sequence are totally filled up with steep ramps.  
The total amount of reduction of ramp pairs results in 
drastically reduced computation power requirements.  
More information with less computational effort can be 
gained by directly altering the ramp slope.  Therefore, the 
gaps between the fast ramp pairs are used by ramps with a 
duration of up to 4.096 ms.  A virtual generation of the 
flat ramps based on the steep ramps would take a huge 
amount of time which is not available in automotive 
scenarios. 
Each peak in the spectrum of a chirp in the IF represents a 
line in the range/velocity-plane.  The intersection of 
several lines resolves the ambiguity problem of range and 
velocity.  Resolving a target with zero velocity and zero 
range in the range/velocity-plane is plotted in Fig. 6 for 
(a) four steep ramp pairs and a positive temporal 
alignment time, for (b) four steep ramp pairs and a 
negative temporal alignment time.  An additional ramp 
sequence with a ramp duration of up to 4.096 ms is 
plotted in (c).  A combination of the first three sequences 
is given in (d).  The representation of 40 steep ramp pairs 
in the range/velocity-plane is plotted in (e).  The 
additional sequence of flat ramps of (c) is added in (f) to 
the 40 steep ramp pairs of (e). 

4.2 Error Propagation for a Single Target 
In this subsection the influence of the number of ramp 
pairs on the accuracy of the estimated state is investigated.  
The investigation is only done for a single target scenario 
without the problem of correct data association.  Data 
association is investigated in the next subsection.  For a 
single target the observation matrix H of the ramp 
sequence is given by 
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Fig. 6   Intersection of a target with zero velocity and zero 
range in the range/velocity-plane.  (a) four steep ramps for 
Ta > 0, (b) four steep ramp pairs for Ta < 0, (c) additional 
flat ramp sequence consisting of four ramp pairs, (d) eight 
steep ramp pairs and additional flat ramp sequence, (e) 40 
steep ramp pairs, as well as (f) 40 steep ramp pairs and an 
additional flat ramp sequence. 
 
with the number of rows of H equal to the number of 
ramp signals of the processed ramp sequence.  For a least 
squares approach the states range r0 and velocity v0 are 
calculated by 
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with f as the vector of the estimated frequencies for the 
single target.  Assuming an identical standard deviation σf 
for the frequency estimates the covariance matrix of 
estimated states is calculated to 
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with qrr and qvv as the normalized variances of the range 
and velocity estimates as well as qrv = qvr as the 
normalized covariance term between range and velocity.  
Normalized standard deviations with respect to the 
number of steep ramp pairs are plotted in Fig. 7 for (a) the 
range estimate and in (b) for the velocity estimate.  
Furthermore the normalized standard deviations are  
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(b) 
 

Fig. 7   Normalized standard deviations with respect to the 
number of steep ramp pairs for range estimate (a) as well 
as velocity estimate (b) with (solid line) and without 
(dashed line) an additional flat sequence consisting of 
four ramp pairs. 
 
plotted if a flat ramp sequence consisting of four ramp 
pairs is added.  For a single target scenario the number of 
ramp pairs has only a very limited influence on the total 
achievable accuracy.  Hence little performance is lost, but 
a huge amount of calculation power is saved if only a 
limited number of ramp pairs, e.g. eight, are used. 

4.3 Resolving Multi Target Scenario 
For automotive radar applications the goal is not 
necessarily to achieve the asymptotic best possible 
accuracy for range and velocity estimates based on an 
infinite amount of measurements.  Far more important for 
this type of applications is that both parameters of a target 
are estimated with an acceptable accuracy in a very short 
period of time, detecting potential threats as soon as 
possible.  The overall goal is to resolve the inherent 
ambiguities in the FMCW measurement equation and 

estimate all ranges as well as all velocities in a multi 
target scenario. 
A key problem for this type of data fusion is to assign a 
specific peak in the spectrum to a specific target in the 
multi target scenario.  The peaks itself are detected by a 
constant false alarm rate (CFAR) algorithm as discussed 
e.g. in [10] and [11].  The vector of IF frequencies f [m] 
corresponding to the targets for ramp m is given by  

 [ ] ,][][][ T
21 Kmfmfm =f  (16) 

with f1[m] and f2[m] as the estimated frequency of the first 
and second peak in the spectrum.  The state of a target is 
given by the intersection of the temporal aligned 
measurement equation (10) for the peaks of the same 
target, but purely in the spectrum this assignment is not 
possible.  Furthermore, the intersection of two lines from 
two different targets results in a so called ghost target.  To 
avoid this ambiguity the intersection problem is replaced 
by minimizing a cost function. 
The minimal distance d [m](r,v) for a specific point in the 
range/velocity-plane (r,v) for peak n and ramp m is 
calculated by 
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If only a real-valued IF signal is available, both signs of 
the estimated frequency must be considered as a valid 
solution. 
The difference between the expected frequency and the 
measured frequency fn[m] is normalized by the one-bin 
resolution Δf to take into account the different accuracies 
depending on the different ramp durations.  The total 
vector of minimal distances d[m](r,v) is given by 

 [ ]T),(2),(1),( ][][][ Kvrvrvr mdmdm =d  (18) 

and the total minimal distance dmin[m](r,v) for chirp m and a 
specific point in the range/velocity-plane is calculated to 

 ( ).,][min][ max),(),(min dmmd vrvr d=  (19) 

The possibility of a miss is taken into account by a 
maximal distance dmax.  This maximal distance guarantees 
that a single miss can deteriorate the cost function only in 
a limited way. 
The cost function Jtot(r,v) for a specific point in the 
range/velocity-plane (r,v) is calculated by 

 ,][),( ),(mintot ∑=
m

vrmdvrJ  (20) 

with ||·|| as a suitable norm, e.g. L1 or L2.  A case example 
of resolving nine simulated targets in the range/velocity-
plane based on an L1 cost function using different ramp 
sequences is plotted in Fig. 8.  In (a) 40 ramp pairs, in (b) 
eight ramp pairs, and in (c) eight ramp pairs plus an 
additional flatter ramp sequence are used.  The 40 ramp  
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(b) 
 

 
 

(c) 
 
Fig. 8   Cost function of a simulated test scenario 
consisting of nine targets (white circles). (a) 40 ramp 
pairs, (b) eight ramp pairs, (c) eight ramp pairs plus an 
additional flatter ramp sequence. 
 
pairs show almost no difference compared to the eight 
ramp pairs.  Adding the sequence of flat pairs according 
to Fig. 6 (c) significantly improves the cost function, 
resulting in enhanced ghost target suppression. 

 
 

Fig. 9   Photo of the used 77-GHz FMCW radar 
prototype. 
 

5 Applications 
Due to cost reasons the available processing power for 
automotive mass market applications is very limited.  
Therefore, the proposed ramp sequence, only consisting 
of a very limited number of ramps, is perfectly suitable 
for this type of application.  For automotive applications 
two frequency bands are reserved: 76-77 GHz for long 
range radar (LRR) and 77-81 GHz for short range radar 
(SRR) applications.  The resolvability of multi target 
situations is a key issue for both LRR as well as SRR. 

5.1 77-GHz FMCW Radar Prototype 
The used 77-GHz radar prototype, presented in [12] and 
[13], is suitable for both frequency bands.  Basically it 
consists of four boards: 

• RF frontend 
• phased locked loop (PLL) & DDS board 
• amplifier & ADC board 
• baseband board 
 

Sampled raw data from the ADCs are transferred to a 
conventional PC via a USB 2.0 connection realized by a 
microcontroller (UC).  Signal processing itself is directly 
done within the Matlab environment.  A photo of the 77-
GHz FMCW radar prototype is shown in Fig. 9.  The 
LRR specifications are complied for implementation 
purposes of the presented ramp sequence.  A summary of 
the basic parameters of the radar prototype is given in 
Table 1. 

5.2 Automotive Environment 
For measurement purposes a test car is equipped with the 
radar prototype of Fig. 9.  Data storage and further  
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Table 1 
Parameter set of the 77-GHz FMCW radar prototype. 

 
    

symbol value unit description 
 

    

fc 76.5 GHz center frequency 
fs 1 MHz sample frequency 
Br 1024 MHz total bandwidth 
Tr 1 - 4 ms ramp duration 
Tp 20 μs programming time 

    
 

 
processing is done by a laptop within the car.  A photo of 
the 77-GHz FMCW radar prototype mounted on a test car 
is shown in Fig. 10. 

6 Conclusion 
A key issue for automotive applications is a fast resolving 
of multi target scenarios as well as detection and 
elimination of any ghost targets.  In this contribution it is 
demonstrated that properly designed ramp sequences of 
an FMCW radar, consisting of only a very limited number 
of ramp pairs, are useful for this purpose.  The basic 
design considerations of ramp sequences are discussed in 
detail.  All measurements of a complete sequence are 
temporal aligned to a specific point in time.  At this point 
in time the multi target scenario is resolved.  The range 
and velocity estimation of a multi target scenario is done 
by using a cost function.  A 77-GHz radar prototype is 
used for test purposes in an automotive scenario. 
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