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 The ever-expanding growth of the electronics and communications industries 

present new challenges for researchers. One of these challenges is the 

generation of the required bandwidth signal over a specific time frame that is 

used in a variety of contexts, particularly radar systems. To improve the 

range resolution in the radar along with better SNR, it is necessary to reduce 

the signal bandwidth and increase the peak power. There are some 

restrictions for narrowband signals like power limitation, pulse shaping, and 

the production of unwanted harmonics. So as a solution pulse compression 

techniques are suggested. Pulse compression is a process that modulating the 

transmitted pulse to achieve a wideband signal and then at the receiver, the 

received signal correlates with the transmitted pulse to achieve narrowband 

representations of data. Chirp is the most common signal used in pulse 

compression. The chirp signal is produced using linear frequency 

modulation. In this study, we attempted to add an amplitude modulation to 

the chirp signal and evaluate its performance by implementation on FPGA. 

The outcome signal is called chirplet and simulation will show that it 

enhance target detection and image quality in imaging radars like SAR. 
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1. INTRODUCTION 

Signal compression is an effective way to achieve the benefits of a short pulse and wideband signals 

at the same time. Attempts to produce a high bandwidth signal at the appropriate time, thus eliminating the 

need for very high power at short intervals as seen in short pulse signals [1-3]. One of the most widely uses 

of signal compression is in radar applications [4, 5]. Various implementation LFM methods have been 

studied in the articles [6-12]. The use of LFM modulation along with many features also has disadvantages. 

The LFM signal at the beginning and end of its spectrum has large amplitude jumps that cause signals to be 

added to the system in the frequency spectrum. Adding these frequencies disrupts the operation of the 

transmitter and receiver circuits, making it difficult to detect the reflected signal. In this paper, in order to 

overcome this problem, a domain modulation is also implemented on LFM modulation. Running the domain 

modulation softens the signal domain changes at the beginning and end of the LFM signal. The softening of 

the domain changes at the beginning and end of the spectrum has significantly increased the quality of the 

signal. The signal produced is called the Chirplet signal [13, 14]. According to the widespread use of FPGA 

in the industry, this paper implements the chirplet signal using FPGA. Attempts have been made to use 

minimal FPGA resources, including LUT and FFT. This makes it possible to implement the system in low-

cost hardware. The following section describes the importance of signal compression, and then in the third 
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section, the chirplet signal will be explained. The fourth part of the paper describes the proposed algorithm 

and the fifth part shows the simulation results. Finally, the sixth section deals with the conclusion. 

 

 

2. IMPORTANT OF SIGNAL COMPRESSION IN RADARS  
To determine the target distance in the radar system, the delay time between the transmitted pulse 

and the echoed signal is calculated. For example, if the return pulse from the target has a delay time equal to 

τ, the target distance from the radar will be cτ/2, where c is the speed of light [15-17]. Also, as seen in  

Figure 1, in order to distinguish return pulses from two adjacent targets, the transmitted pulse need to be 

sufficiently narrow. The range resolutions (ΔR) can be defined as (1) [15, 18, 19]: 

 

Δ𝑅 =  
𝑐𝑇𝑝

2
 (1) 

 

where Tp is the width of the transmitted pulses. So the narrower the pulse gives a better resolution. On the 

other hand to achieve a better signal-to-noise ratio (SNR) it needed to Increase the signal peak power, which 

is difficult to achieve in practice by narrow pulse width [20-23]. 

 

 

 
(a) (b) 

 

Figure 1. Radar system (a) targets can't be detected individually, (b) targets separated using narrow pulse 

width [18] 

 

 

To fix this problem, wide bandwidth pulses are used. One of the most popular of these pulses is the 

linear FM modulation (LFM) pulse, known as the “chirp” signal Figure 2. LFM signal in terms of time is a 

relationship as (2). 

 

𝑠(𝑡) = 𝑃(𝑡)𝑒𝑗𝜋𝛼𝑡2
     −

𝑇𝑝

2
≤ 𝑡 ≤

𝑇𝑝

2
 (2) 

 

 

 
 

Figure 2. Chirp signal 
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where P(t) is a square pulse at time t, with the width of Tp and α is the rate of increase in frequency. In this 

signal, the instantaneous frequency increases linearly with time, so the wider pulse will have more 

bandwidth. The instantaneous frequency and bandwidth of this signal can be expressed by the parameters f(t) 

and B, as (3): 

 

𝑓(𝑡) =  
1

2𝜋

𝑑(𝜋𝛼𝑡2)

𝑑𝑡
=  𝛼𝑡,        𝐵 =  𝛼𝑇𝑝 (3) 

 

At the receiver, the pulse compression technique is used to separate targets [24, 25] as shown in Figure 3. 

This process consists of correlating between the received signal and a sample of sending chirp signals. 

 

 

 
 

Figure 3. Chirp signal compression [24] 

 

 
After compression, achieved resolution will be as (4). 

 

Δ𝑅 =  
𝑐

2𝐵
 (4) 

 

In this case the resolution will be as (5). 

 

∆𝑅 =
𝑐

2𝐵
=

𝑐

2𝛼𝑇𝑝

 (5) 

 

So, unlike the narrowband pulses (1), the resolution becomes better as the pulse gets wider [26-32]. 

 

 

3. CHIRPLET SIGNAL 

A chirplet is a windowed portion of a chirp signal, where the window provides some time 

localization property, like magnitude [33]. Signal amplitude variations can follow a variety of functions. For 

amplitude changes in terms of the Sine-Gaussian relation, the chirplet waveform is defined as the (6): 

 

𝑆(𝑡) = 𝑃(𝑡) exp ( −
𝐵

𝑄
 𝑡2 ) exp(𝑗 𝜋𝛼𝑡2)   −

𝑇𝑝

2
≤ 𝑡 ≤

𝑇𝑝

2
∆𝑅 =

𝑐

2𝐵
=

𝑐

2𝛼𝑇𝑝

 (6) 

 

In the above relation Q is the signal quality coefficients (ratio of the central frequency to 

bandwidth). The waveform of a Chirplet signal is shown in Figure 4. The main advantage of using the 

Chirplet signal is the reduction of unwanted frequencies entered into the system. These frequencies cause by 

resistive nature of the signals against sudden changes in levels, like step increasing or decreasing. As a result, 
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little distortions can be seen in both the primary and the terminal sides of the practical chirp signal. Chirplet 

omits these phenomena and achieves better impulse shape after the compression process for a point target. 

Therefore in imaging radars like synthetic aperture radar (SAR), higher quality images can be produced using 

chirplet [35-38]. 

 

 

 
 

Figure 4. Sample of chirplet waveform [34] 

 

 

4. PROPOSED ALGORITHM 
In this section, the designed algorithm is fully described. In general, there are two ways to generate 

the desired signal, using LUT and direct digital signal generation. We will first describe each of these 

methods. LUTs are memories in which the values of the signal we want to generate are pre-stored, and in the 

FPGA, one of these values is sent to the output by each clock. The advantage of this method is its simplicity. 

In this way, we first generate the desired signal in different software programs such as MATLAB and sample 

its values. We then store these samples in the LUT. The disadvantage of this method is that in order to 

change the signal, the LUT must be re-programmed each time. Another way is to generate digital signals. In 

this method, we store only the values of a period of a sinusoidal signal in the LUT, and by selecting the 

number of LUT memory cells in specific iterations, frequency changes can be simulated. The difficulty of 

this method is the design of the address counter block. This block selects the values of phase differences 

according to the required frequency. The advantage of using this method over the previous method is the 

possibility of generating a signal with various parameters, and its drawback is more challenges in hardware 

design. Another advantage of this method is that to change the signal shape, we only need to adjust the small 

parameters and there is no need to design new values and load on LUT. In this article, the second method is 

used. 

The first block designed to implement this research is scheduling control. Sending information to the 

transmitter is a repetitive operation with fixed time intervals. The number of pulses of a repeating signal in a 

specific time unit, normally measured in pulses per second is called the pulse repetition frequency (PRF). As 

a result, the FPGA requires a block design that can control the timing and repeat the transmitting at specified 

intervals. The perfect choice for this design is an Up-Counter. This block increases the number stored in the 

buffer per clock. This increment continues until the buffer reaches its maximum and then it resets to zero for 

the next round. 

Chirplet signal design requires a chirp signal with appropriate amplitude changes. The chirp signal 

can be generated by controlling the phase changes of a sine wave. So at this point, we need two blocks. The 

first block controls the phase changes and the second block is the library that provides the sine value 

corresponding to the requested phase. This is because the FPGA does not have high-level commands such as 

geometric operations. The best way to implement these functions is to use the look-up tables (LUT). LUT is a 

memory in which the values sampled from a sinusoidal signal are stored. It is possible to generate the output 

signal with the required frequency by refreshing memory addresses at specified time intervals or by skipping 

the specified number of memory addresses. To reduce the stored data in memory, only half of the sin period 

is sampled and inserted into memory. This is because the other half of this signal is similar to the first half 

and only the sign is different. With the proper design of the phase controller, the LUT data once called with 

the positive sign and then with the negative sign. 
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In the next block, when the enable signal is activated, the built-in up counter starts. The count range 

for this up-counter is between 0 and 1023. The coefficient of frequency increase in the written program is set 

to 25%, which can be adjusted according to the radar chip rate. 

The next step is to change the amplitude of the chirp signal and convert it to Chirplet. For this 

purpose, the Gaussian signal is used in this paper. As mentioned earlier, there is no high-level Gaussian 

signal function in the FPGA. As a result, the desired signal is generated by MATLAB and similar to the 

previous part the desired signal is generated. 

To generate a Gaussian signal, the block receive an address between 0 and 1023 and then produces 

the appropriate amplitude. For address generation, a control block designed to control a rising counter. In the 

final step, the two generated signals must be combined. The mixer block is designed for this purpose. The 

chirp signal is 9-bit (8 bit+1 bit sign), and the Chirplet signal is 17 bit due to the multiplication of two 8-bit 

signals and the addition of one bit sign. The final output signals and block diagram of this design is as 

Figures 5 and 6. 

 

 

 
 

Figure 5. Final output signals 

 

 

 
 

Figure 6. Overview of the relationship between blocks in the designed algorithm 

 

 

5. SIMULATION RESULTS 

MATLAB and ISE Xilinx software have been used for the simulation. In the first step, the resource 

consumption of FPGA was investigated in each method. The FPGA selected from the Spartan6 family with 

the specific type of xc6slx9. The obtained results can be seen in Table 1. 

 

 

Table 1. Comparison of FPGA resources used in different methods 
Delay FF LUT Methods 

2.54 ns 91 94 [39] Chirp Signal 

2.62 ns 92 93 [40] Chirp Signal 

2.84 ns 85 102 [41] Chirp Signal 
3.15 ns 104 116 The proposed method 

 

 
The reason for the increases in delay and greater uses of FPGA resources in the proposed method 

rather than in previous methods is the addition of amplitude modulation to the system. Due to the benefits of 

a designed system, such as better performance in signal detection and improved signal quality, these 
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increments can be neglected. One of the evolution criteria in imaging radar algorithms is the integrated side 

lobe ratio (ISLR) and the peak side lobe ratio (PSLR). These measures indicate the degree of target 

concentration. This is done by calculating the energy of the sub lobe relative to the main lobe for a point 

target. To calculate the ISLR as in Figure 7(b), first an area of 5 blocks of resolution per dimension is 

selected to extract the energy of the main lobe, then as in Figure 7(c), this location filter is increased to 10 

blocks. To determine the total energy of the main lobe and the side lobe. The ISLR value is then calculated 

using the (7). 

 

 

  
(a) (b) 

 
(c) 

 

Figure 7. Point target (a) Signal from point target, (b) Main lobe, (c) Main lobe + sub lobe 

 

 

𝐼𝑆𝐿𝑅|𝑑𝑏 = 10 log |∯ |𝐼|𝑑𝐴
(10Δ𝑥.10Δ𝑟)

− ∯ |𝐼|𝑑𝐴
(2.5Δ𝑥.2.5Δ𝑟)

| − 10 log |∯ |𝐼|𝑑𝐴
(2.5Δ𝑥.2.5Δ𝑟)

|  (7) 

 

To calculate the PSLR maximum of the first side lobe divided by the maximum of the main lobe as 

seen as (8). 

 

𝑃𝑆𝐿𝑅|𝑑𝑏 = 190 log|𝐼𝑠| − 10 log|𝐼𝑀|  (8) 

 

Given the values of Table 2 from the simulations, it is evident that chirplet output has better quality than a 

chirp signal. 

 

 

Table 2. ISLR and PSLR values in different images 

Chirplet Signal Chirp Signal [39] Chirp Signal [42]  
-7.5 -10.31 -7.19 ISLR (db) 

-14.1 -13.62 -13.82 PSLR (db) 
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6. CONCLUSION 
Signal compression is an important issue in telecommunications. Bandwidth signal generation and 

timing are of great importance in radar manufacturing. As mentioned earlier, the chirp signal is one of the 

methods of signal compression. Chirp signal, also has some disadvantage. The simulation results in this paper 

showed that the chirp signal in its frequency band has very disturbing frequencies that challenge the receiver 

with justification. In order to eliminate the disadvantages of the chirp signal, amplitude modulation was used 

on the chirp signal. The simulation results in this paper showed that the signal quality produced increased 

significantly. This paper deals with generating a chirplet signal in FPGA and shows the advantages of using a 

chirplet signal. The simulation results show that the chirplet signal uses more FPGA resources than the chirp 

signal due to more processing step, but contrast of radar image can Increases significantly 
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