
 
 

 

 
Abstract—The theme of this paper is to realize a continuous 

time domain window similar to the Hamming window. 
Windowing is used in signal processing to smooth the spectral 
content and for reducing the spectral leakage as well. Long time 
duration windows with narrow spectral content can provide 
much better smoothing compared with short duration windows 
with broad spectral content. The other advantage of the 
windowing in the time domain is the reduction of sidelobe levels 
in the output of the matched filter (MF). In radar systems which 
use the MF, this reduction in the relative sidelobe level improves 
the resolution of the system. Radar systems use the hyperbolic 
frequency modulated (HFM) signals to have the better range and 
velocity resolutions since these waveforms are Doppler invariant. 
To further improve the range resolution, the envelope of the HFM 
signal has been modified using a continuous time domain 
Hamming window and its Doppler invariant property has been 
observed. In order to realize the practical circuit that implements 
the analogous continuous time domain Hamming window for the 
HFM signal, Butterworth notch filter, and Butterworth highpass 
filters (HPF) has been considered and it is observed that HPF is 
approximating the characteristics of the Hamming window. 
 

Index Terms—Auto-correlation, Doppler invariance, 
hyperbolic frequency modulation, matched filter, notch filter, 
relative sidelobe level.  

I. INTRODUCTION 
N digital signal processing [1], windowing is used in order 
to smooth the spectrum of a given signal. For better 

smoothing of a given spectrum, the spectrum of the windowing 
signal has to be a narrow band in nature. Since time and 
frequency are inversely related [2], this narrow band (in 
frequency domain) windowing signal has to be very long in the 
time domain. However, it is not practically possible to use 
such long duration windows on the signals (such as a finite 
duration pulse rather than a continuous wave); the amplitude 
of the windowing signal has to be altered in order to have the  
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control on the spectral leakage. This has led to the wide variety 
of windows in the literature [3]-[5] and depending on the 
requirement of the application, an appropriate window will be 
selected. 

Hamming window is extensively used in the communication 
systems and radar systems due to the advantage of minimizing 
the largest sidelobe in the spectrum [6]. Even though 
windowing is used more with the discrete time signals, 
amplitude tapering or amplitude modulation (modification) is 
also being used by the time-varying amplifiers whose gain will 
be controlled as a function of time. Designing of time-varying 
amplifiers is complicated but they are still necessary for 
sophisticated systems [7].  

Radar systems [8] use a wide variety of waveforms in order 
to improve the range resolution. Along with the range, velocity 
information is also important in order to track the targets. For 
determining range and velocity simultaneously, most of the 
radar systems use the linear frequency modulated (LFM) 
signals [9]-[11]. But these LFM signals produce distortion in 
the output of the matched filters if the received signal is 
coming from a moving target which is also called as Doppler 
distortion. In order to avoid this problem, the hyperbolic 
frequency modulated signals are explored and suggested their 
use for high radial velocity targets [12]-[16]. The further 
improvement in the range resolution is still possible with the 
amplitude tapering and hence this paper considers the 
continuous time domain windowing on the HFM signals. This 
is being achieved with the help of a highpass filter and notch 
filter [17-19].   

This paper is organized as follows. The next section 
formulates the problem and Section III presents the problem 
solution with numerical simulations. Section IV presents the 
conclusion of the analysis carried out with different filters.  

II. PROBLEM FORMULATION 
If there is a relative velocity between the target and radar 

system, the reflected received signal which is Doppler-
distorted can be expressed as [8]:  
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In Equ.1, )(tx  is the transmitted signal and  is the scale 

factor that comes from the relative velocity between target and 
radar system. 0 represents the delay that comes from the 
round trip time of the target due to it position. The scaling 
factor  can be expressed as: 
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In Equ.2, the plus sign is used for the approaching target 

and the minus sign is for the receding target.  is equal to one 
for a stationary target.  This received signal is applied to the 
matched filter whose impulse response has been taken as the 
transmitted signal )(tx . The matched filter maximizes the peak 
signal to noise ratio. If the transmitted radar signal is 
hyperbolic frequency modulated then it can be represented as 
[18]:  
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In Equ.3, k is a constant factor and minf  is the starting 
frequency of the HFM signal. Depending on the pulse duration 
( ) and maximum frequency ( maxf ) of the HFM signal, the 
constant k  can be derived as:  

1
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The main purpose of this paper is to consider the envelope 
modification of HFM signal analogous to the Hamming 
window in order to see the improvement in the range 
resolution by decreasing the relative peak sidelobe level 
(RPSL) in the output of the MF. Along with this, it is also 
required to observe the rate of decay of the sidelobe levels in 
the output of the MF due to filtering and this has to be 
compared with the Hamming windowing. Thirdly, the 
implementation of the Hamming window using the LC-notch 
filter and LC-highpass filter has been considered. Lastly, the 
effect of windowing and filtering on the output of the MF in 
presence of Doppler velocities has to be considered. Analysis 
of all these has been presented in this paper. 

III. PROBLEM SOLUTION AND SIMULATION RESULTS 
To perform the simulations, the starting frequency ( minf ) of 

the HFM signal is taken as 100Hz and the ending frequency 
( maxf ) as 300Hz. The duration of the pulse (τ) has been taken 
as 2s. The value of k  obtained for these values is 0.0025. Four 
different cases have been considered. In first case, simulations 
are carried out without any windowing. This is represents as 
simply HFMS. In the second case, simulations are carried out 
by windowing the HFMS with the Hamming window. 
Subsequently simulations are performed by filtering the HFMS 
with the notch filter and lastly passing the HFMS through the 
highpass filter. A comparative analysis has been carried out for 
these four cases and conclusions are made after careful 

observations from the frequency domain and time domain 
waveforms. 

The notch filter considered in this paper is a sixth order 
Butterworth filter while the highpass filter is a third order 
Butterworth filter. These filters have been designed for a 
characteristic impedance of 50 ohms system. All simulations 
are carried out in MATLAB [19]. The notch filter is 
characterized by its center frequency and the 3-dB bandwidth. 
The center frequency and 3-dB bandwidth of the notch filter 
have been chosen such that the spectrum of the notch filtered 
hyperbolic frequency modulated the signal and the windowed 
signal is almost similar. A linear search has been carried out 
and the values of the center frequency have been obtained as 

cf  =40Hz and the 3-dB bandwidth has been obtained as 
150Hz. Since the highpass filter has only one degree of 
freedom in the form of 3-dB cutoff frequency, the cutoff 
frequency of the highpass filter has been again obtained by a 
linear search such that there is a minimum difference between 
the windowed spectrum and the highpass filtered spectrum. 
The optimal value of the cutoff frequency of the highpass filter 
has been obtained as 190Hz. The spectra for all the above 
mentioned four cases have been represented in Fig. 1.  
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Fig. 1. The spectrum of the original, windowed, notch filtered and highpass 

filtered HFM signals. 
  
 From the Fig.1, it is observed that the highpass filtering is 

good at matching the spectrum of the windowed signal with 
the filtered signal. Even though there is no much difference 
between the spectrum of the notch filtered signal and the 
highpass filtered signal over the actual range of the HFM 
signal, there is a huge difference at the lower frequencies. 
Since the notch filter is giving highest gain (unity) at lower 
frequencies compared with all other cases this leads to slightly 
higher levels of sidelobe in the time domain.  

The time domain signals of the original hyperbolic 
frequency modulated the signal, Hamming windowed signal, 
notch filtered signal and highpass filtered signal are 
represented in Fig. 2. 

From the Fig.2, it is observed that the notch filtering slightly 
deviates at lower frequencies from the windowed signal. This 
is due to the fact that the notch filter has a gain equal to unity 
at the lower frequencies and hence it is not able to suppress the 
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lower frequency components which are usually, the main 
reasons for the highest sidelobe levels in the output of the 
matched filter. From the same figure, it is observed that the 
variation of the envelope of the highpass filtered signal and 
windowed signal are almost same. 
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Fig. 2. Time domain signals of the original, windowed, notch filtered and 

highpass filtered HFM signals. 
 

In order to see the effect of the filtering in the time domain, 
the auto-correlation functions have been obtained and 
represented in Fig. 3. From this figure, it is clear that there is 
an improvement in reducing the sidelobe levels near the origin. 
This indicates the improvement in the range resolution which 
is an advantage in the radar system. 
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Fig. 3. ACF of the original, windowed, notch filtered and highpass filtered 

HFM signals. 
 
Finally, in order to observe the effect of filtering on the 

Doppler invariant property, the output of the MF has been 
obtained when the relative velocity between the target and 
radar system such that the scaling factor γ = 1.01. The outputs 
are shown in Fig. 4 and from this figure it is observed that the 
filtering has no negative effects on the matched filter outputs. 

Since there is no huge difference between the responses of 
the notch filter and highpass filters, the highpass filter is 
preferred over the notch filter since it has less number of 
components in comparison with the notch filter. 
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Fig. 4. Distortion of the original, windowed, notch filtered and highpass 

filtered HFM signals in presence of Doppler velocity. 

IV. CONCLUSION 
From the analysis with the notch filter and highpass filter, it 

is proposed that the highpass filtering can be used effectively 
on the hyperbolic frequency modulated signals in order to 
reduce the RPSL in the output of the MF and the improvement 
in the rate at which the sidelobe levels decrease. The HPF is 
smoothing the spectral content by distributing spectrum over 
the normalized frequency similar to that of a Hamming 
windowed signal. In addition to it, this paper also proposes the 
use of LC-HPF in radar systems to improve the range 
resolution, since it is very easy to implement the HPF either in 
lumped design (at low frequencies) or a distributed design (at 
higher frequencies). From this analysis, it is observed that the 
HPF is acting like a time-varying amplifier for HFM signals 
which can be easily used in replacing the conventionally used 
envelope modulators.  
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