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Abstract— This paper presents a complete algorithmic framework for the automatic detection, parameter 
estimation, and recognition of Linear Frequency Modulated (LFM) synthetic aperture radar (SAR) signals within 
a compact radiomonitoring module. The proposed method integrates a parallel frequency-based search, an 
autocorrelation-based detection stage, time–frequency parameter extraction, and a Bayesian decision scheme for 
signal classification. A key feature of the approach is its implementation within an autocorrelation-type receiver, 
which enables precise estimation of LFM parameters at low signal-to-noise ratios while maintaining the small 
size, low weight, and low power consumption required for deployment on both stationary and mobile platforms. 
The simulation results indicate that the parameter estimation error does not exceed 8%, and the classification 
probability approaches unity for representative SAR signal types at signal-to-noise ratios above 0 dB. These 
results confirm the effectiveness of the proposed algorithm for compact radiomonitoring applications. 
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1. INTRODUCTION  

Modern synthetic aperture radar (SAR) systems are among the most advanced tools in 

contemporary radar technology. Their information capacity is enhanced through the use of 

various ground observation modes (stripmap, spotlight, scan, etc.) and operating modes 

(polarimetric, interferometric, etc.), which generally require two or more channels for trajectory 

signal processing. Current SAR systems are capable of generating high-resolution radar images 

(with resolutions ranging from 0.1 to 5 m) using various types of aerial platforms [1-3]. Since 

SAR employs complex signals, such as linear frequency modulated (LFM) waveforms, 

specialized algorithms for signal reception and processing are required in radiomonitoring 

systems. Given the a priori uncertainty of LFM signal parameters, their processing can be 

effectively implemented using an autocorrelation receiver (ACR) [4-7]. 

Moreover, many radiomonitoring systems lack compact devices capable of detecting 

radar illumination of various objects by airborne or space-based systems. The use of standard 

radiomonitoring complexes for this purpose is impractical for stationary deployment and 

impossible in mobile scenarios [8-10]. Therefore, it is necessary to develop a compact receiving 

device that can determine the parameters of LFM signals. Such a device should be installed 

directly on or within objects and infrastructure, providing real-time warnings of SAR 

illumination and delivering information on the resolution of radar images generated by SAR. 

Previous studies have examined the feasibility of using autocorrelation processing for 
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modulation recognition [4], evaluated computational complexity aspects of such receivers [5], 

and analyzed the accuracy of localization when processing complex and broadband signals [6]. 

Further research demonstrated that autocorrelation receivers offer robust detection 

characteristics for both simple radio pulses and signals with LFM or PSK modulation, even 

under low-SNR conditions [7]. More recent work has also confirmed their suitability for 

compact radiomonitoring modules, highlighting the potential for reduced hardware 

complexity and improved noise immunity [8-11].  

Despite these contributions, existing literature primarily focuses on individual 

components—modulation identification, complexity analysis, or detection performance—

without addressing a unified and fully automatic processing chain suitable for recognizing 

SAR-LFM signals. This gap is especially significant because practical radiomonitoring 

applications require not only detection but also precise parameter estimation and classification 

of LFM radar emissions operating in dense electromagnetic environments.  

To address this need, the present work proposes a complete end-to-end algorithm 

integrating frequency search, autocorrelation-based detection, time–frequency parameter 

estimation, and Bayesian classification, specifically optimized for implementation in compact 

radiomonitoring modules. 

The aim of this paper is to develop an algorithm for the automatic processing of LFM 

signals in a compact radiomonitoring module. 

2. TECHNICAL JUSTIFICATION OF AN AUTOCORRELATION RECEIVER FOR SAR 

SIGNALS 

The requirements for an ACR should be formulated based on the evaluation of the 

radiomonitoring system efficiency. In turn, the efficiency of such a system may be assessed 

according to different criteria and expressed in various units, depending on the end users it 

serves. 

The main technical characteristics of the autocorrelation receiver for SAR signals in the 

X-, L-, and C-bands are as follows: Type of received signal – pulsed LFM; RF bandwidth (pulse 

duration) ∆𝑓𝐻𝐹  (𝜏𝑝); Frequency modulation rate (delay duration) 𝑣𝑓  (𝜏𝑑); IF bandwidth ∆𝑓𝐿𝐹 ; 

Receiver sensitivity 𝑃min ; Antenna gain 𝐺m ; Detection range 𝐷m ; Antenna beamwidth 𝜃a ; 

Number of receiving channels by direction N; Number of receiving channels by frequency M. 

Figure 1 illustrates the ACR structure used in this study, adopted from established literature 

[4–7], and integrated into the proposed processing chain. The diagram of the proposed ACR (Fig. 1) 

includes: high-pass band-pass filter (BF HF) with a passband ∆𝑓𝐻𝐹 ; delay line DL with delay 

duration 𝜏𝑑 ; multiplier; low-pass filter (LF) with a passband ∆𝑓𝐿𝐹 ; parameter measurement 

block (PMB). 

 
Fig. 1. Block diagram of an autocorrelation receiver. 
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The operating principle of the ACR is based on extracting the low-frequency component 

at the difference frequency after multiplying the received signal by its delayed copy, which 

enables recognition of the LFM signal and determination of its parameters. Let us consider the 

mathematical model of LFM signal processing in the ACR. The block diagram of this model is 

shown in Fig. 2. While the general principles of autocorrelation processing have been examined 

in previous works [4–7], all computer simulations presented in this paper were carried out by 

the authors using the mathematical model adapted for the proposed processing algorithm. For 

the purpose of defining the limitations and assumptions in justifying the ACR scheme, the 

following technical specifications are adopted: High-frequency bandpass filter bandwidth: 

∆𝑓𝐻𝐹 = 80 MHz or 500 MHz; Low-frequency bandpass filter bandwidth: ∆𝑓𝐻𝐹 = 5 MHz (for X-band 

signals), ∆𝑓𝐻𝐹 = 2 MHz (for C-band signals). The probing signals are listed in Table 1.   

Table 1.  LFM Signal parameters. 

№ 

signal 

Parameters 

𝑓𝑠[GHz] ∆𝑓𝑠 [MHz] 𝜏𝑝 [μs] 𝑣𝑓 [MHz/µs] SNR [dB] 

1 9.65 400 80 5 -15…5 

2 9.65 138 40 3.45 -15…5 

3 5.35 225 20 11.25 -15…5 

4 5.35 18.75 20 0.94 -15…5 

 

 
Fig. 2. Block diagram of the mathematical model of LFM signal processing in the ACR. 
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Simulation of the processing of probing LFM SAR signals in the ACR showed the 

following results: For X-band probing signals, under the specified initial conditions, the error 

in determining the signal spectrum width did not exceed 2.5%, with the maximum error 

occurring at the minimum 𝑣𝑓 = 1 MHz/μs; For C-band probing signals, under the specified 

initial conditions, the error in determining the signal spectrum width did not exceed 3%, except 

in the case of simulating an LFM signal with a 𝑣𝑓 = 0.94 MHz/μs, where the maximum error 

reached 7.61%. 

It should be noted that, prior to developing the processing algorithm, we calculated the 

expected detection range 𝐷𝑚 of airborne and spaceborne SAR signals when using an 

autocorrelation receiver (ACR). These calculations were carried out to determine the minimum 

antenna gain required for reliable reception, assuming a receiver sensitivity of 𝑃𝑚𝑖𝑛 ≥ −120 dB  

Using the detection-range estimation methodology described in [11], the results showed that, 

at typical operational ranges and considering both main-lobe and side-lobe illumination, a 

radiomonitoring system requires an antenna gain of at least 𝐺𝑚 ≥ 2  to ensure stable detection 

of SAR signals.  

To enable efficient detection of wideband synthetic-aperture radar (SAR) emissions, the 

proposed processing chain employs a parallel directional frequency search strategy. This 

approach performs simultaneous energy probing across multiple narrow angular–frequency 

sectors, which significantly accelerates the search stage compared with traditional sequential 

scanning. The beamwidth of the radiomonitoring antenna is estimated using the well-

established approximation: 

𝜃a[𝑟𝑎𝑑] = √
𝑘4𝜋2

𝐺m
, 𝑘 ∈ [0.4,0.8]           (1) 

where 𝐺m denotes the antenna gain and 𝑘 is the illumination-dependent coefficient determined 

by the aperture distribution [12, 13]. Eq. (1) provides the fundamental angular resolution that 

constrains how many parallel beams may be formed without mutual overlap. For 

omnidirectional radiomonitoring, the required number of channels is: 

𝑁 =
3600

𝜃𝑎[𝑟𝑎𝑑]
             (2) 

From Eqs. (1) and (2), the antenna beamwidth and corresponding scanning step directly 

determine the number of parallel directional branches required for full coverage of the monitored 

angular sector. For the operational parameters considered in this study, these equations yield a 

minimum of 𝑁 = 6 parallel search channels. This configuration, illustrated in Fig. 3, ensures that the 

entire surveillance region is simultaneously probed with no angular gaps, thereby enabling reliable 

detection of short-duration SAR signals under low-SNR conditions.  

 
Fig. 3. Radiation pattern of the directional search antenna in ACR operation. 
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In radiomonitoring stations, each spatial channel is associated with its own receiving 

channel [14-16]. Direction finding in such a station is performed according to the number of the 

receiver channel in which the radar signal is detected.  

If the radar signal is received not by a single but by several adjacent antenna pattern lobes, 

further refinement of the direction can be achieved by comparing the amplitudes or phases of 

the received signals in these adjacent channels.  

With this approach, direction finding of the radar is performed almost without time 

delays, and the reception duration corresponds to the illumination time of the radiomonitoring 

station. 

In the ACR, frequency search represents the process of systematically scanning a specific 

portion of the frequency band ∆𝑓 = 𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛  (Fig. 4) by sequentially turning the 

radiomonitoring receiver, which has a finite bandwidth ∆𝑓𝐻𝐹. Similar to directional search, it 

constitutes one of the methods for conducting radiomonitoring.  

The ultimate result of frequency search within the L, C, X1, and X2 bands is the detection 

of signals from active radio-emission sources (Fig. 5) [17, 18]. 

The number of frequency channels is defined as: 

𝑀 =
∑ ∆𝑓𝑖𝑖

∆𝑓𝐻𝐹
             (3) 

where ∆𝑓𝑖 – the bandwidth of the i-th operating frequency range of the SAR; i – the index of 

the operating frequency range of the SAR. With Eq. (3), the required number of receiver 

switching operations for implementing sequential frequency search is calculated in Table 1. 

 

 
Fig. 4. Frequency search. 

 
Fig. 5. L, C, X1, X2 frequency bands. 

Based on the number of frequency channels (Table 2) and the maximum pulse repetition 

period of SARs with different configurations, the search time of SAR emissions by frequency 

can be calculated. Consequently, the total search time of SAR emissions by both direction and 

frequency can be determined. 
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Table 2. Required receiver switching operations for sequential frequency search. 

Frequency range 

(carrier frequency, GHz) 
L(1,2575) C(5,35) X1(7,86) X2(9,65) 

Total number of 
frequency 

search channels 

Operating frequency range 

(MHz) 
185 475 1000 1000 - 

Number of frequency channels 

under the condition 

∆𝑓𝐻𝐹 = 500 MHz 

1 1 2 2 6 

Number of frequency channels 

under the condition 

∆𝑓𝐻𝐹 = 80 MHz 

3 6 13 13 35 

3. ALGORITHM DEVELOPMENT FOR SAR RECOGNITION USING TIME–
FREQUENCY PARAMETERS OF LFM SIGNALS 

The parameters of SAR signals and their variations serve as revealing intelligence 

features. Identifiable features are those that allow the detection of SAR radiation activity and 

the determination of its operational mode and type. These features comprise the technical 

parameters of SAR emissions and the manner in which the SAR is employed. The technical 

parameters are mainly characterized by the frequency and time properties of the probing 

signals. 

The frequency-related parameters include the carrier frequency (𝑓𝑠), the pulse repetition 

frequency (𝑃𝑅𝐹𝑝), the burst repetition frequency (𝐹𝑏𝑟), and, if applicable, the law of carrier 

frequency variation. The burst repetition frequency (𝐹𝑏𝑟) is determined by the angular velocity 

of the SAR antenna scan and the size of the antenna beam scanning sector. This parameter 

characterizes the rate at which the SAR antenna beam intersects the field of view of the 

electronic surveillance system. 

The time-related parameters of SAR signals include the pulse duration (𝜏𝑝), the pulse 

repetition interval (𝑃𝑅𝐼𝑝), the burst duration (𝜏𝑏𝑟), the scan period (𝑇𝑠𝑐𝑎𝑛), and the law of burst 

envelope variation. The burst duration (𝜏𝑏𝑟 ) observed in electronic surveillance systems is 

determined by the antenna beamwidth and the angular scan rate of the SAR antenna in the 

horizontal plane. The law of envelope variation can indicate the presence or absence of spatial 

scanning by the SAR antenna. 

To achieve the primary objective of SAR recognition, an informed decision must first be 

made regarding the set of features by which the system will identify SAR objects. It can be 

concluded that the most informative recognition features: 𝑓𝑠, Δ𝑓𝑠, 𝑃𝑅𝐹𝑝, 𝑃𝑅𝐼𝑝. It should also be 

noted that all SAR systems are characterized by a carrier frequency range; therefore, the pulse 

duration of the probing signals and other related parameters must be considered. 

Based on Bayes’ formula, an algorithmic scheme (Fig. 6) was developed for SAR 

recognition using the time–frequency parameters of LFM signals. Although Bayesian decision 

theory is well established in signal recognition and has been extensively discussed in the 

literature [19, 20], the present work does not claim the Bayesian framework itself as a 

contribution. Instead, our contribution lies in adapting and integrating Bayesian inference into 

a specialized recognition scheme tailored for LFM-based SAR signals within a compact 

radiomonitoring module. In the proposed approach, Bayes’ formula is reformulated for joint 
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use with the time–frequency features extracted by the autocorrelation receiver, enabling a 

unified multi-stage chain for detection, parameter estimation, and classification.  

 

 
Fig. 6. Block diagram of the algorithm for SAR recognition based on the time–frequency parameters of LFM 

signals. 

The signal from the electronic surveillance receiver is fed into Block 1, where its 

parameters are measured. Each measured parameter 𝑏𝑖 is then forwarded to the comparison 

unit (Block 2), in which it is compared with the reference data stored in the memory unit (Block 

3). Depending on the degree of correspondence between the measured parameters  𝑏𝑖 and the 

reference data, the memory unit outputs to the decision-making device (Block 4) the conditional 

probability that the received signal with the measured parameters 𝑏𝑖  belongs to a specific SAR 

type 𝐴𝑖 . To assess the performance of the proposed SAR-signal classification algorithm, 

numerical simulations were conducted in MATLAB using the parameters defined in Subsection 

2. Signals 1 and 2 correspond to COSMO-SkyMed-type SAR waveforms, while Signals 3 and 4 

represent RISAT-1-type waveforms. 

The results indicate that the simulation results validate that the proposed method 

achieves high classification accuracy in both low-SNR conditions. As the SNR increases from –

15 dB to 5 dB, the probability of correct classification improves steadily: approximately by 3% 

for COSMO-SkyMed signals and by 9% for RISAT-1 signals. At SNR ≥ 0 dB, the probability of 

correct classification approaches unity for all evaluated SAR types, and the probability of 

misclassification becomes negligible. This behavior confirms that the proposed Bayesian-based 

decision rule effectively exploits the intrinsic characteristics of the signal parameters. 

Furthermore, the difference in classification gain between the two SAR families reflects their 

distinct modulation structures, which are captured reliably by the feature set used in the 

algorithm. 

4. DEVELOPMENT OF AN OPERATING ALGORITHM FOR A COMPACT 

AUTOMATIC DEVICE FOR SAR SIGNAL MONITORING 

The developed algorithms for determining the frequency–time parameters of SAR 

signals and their recognition, as well as the justification of the technical characteristics of the 
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compact radiomonitoring device, make it possible to proceed with the description of the 

overall operating process of the proposed system. The primary requirement for the operating 

algorithm of the compact radiomonitoring device is the capability to automatically process the 

received signals and provide output information to the end-user without operator 

intervention. The structural block diagram of the operating algorithm of the compact 

automatic SAR signal monitoring device is presented in Fig. 7. The operating principle of the 

developed device can be summarized as follows. 

 
Fig. 7. Structural block diagram of the operating algorithm of the compact automatic SAR signal monitoring 

device (beginning). 

After power-up and initialization of the device hardware, the following information is 

retrieved from the non-volatile memory (Block 2): the number of angular channels N = 6; the 

number of frequency channels M = 6; and data on the frequency–time parameters of SAR 

signals operating in different modes. The search for SAR probing signals then begins, carried 

out by direction (azimuth only, since the beamwidth of the radiomonitoring antenna ensures 

reception across all elevation angles) and within the ranges of their operational frequencies. 

The receiver is connected to the first antenna (nominally) and tuned to the frequency 

band Δ𝑓1 (Blocks 3 and 4). Within each frequency band, the probing signals must be received 
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for a sufficient duration to correctly determine the SAR pulse duration 𝑃𝑅𝐹𝑝. This observation 

time is denoted as 𝑇𝑓,which is defined as: 

𝑇𝑓 = 2,5 ∗ 𝑃𝑅𝐼𝑝 𝑚𝑎𝑥 ∗ 𝑀            (4) 

where 𝑃𝑅𝐼𝑝 𝑚𝑎𝑥 – the maximum possible pulse repetition interval of the SAR probing signal. 

The SAR probing signals enter the first channel of the receiving unit (n = 1, m = 1) (Block 

4), which is tuned to the frequency band Δ𝑓𝑚. In Block 5, the timing of signal reception begins 

over the interval 𝑇𝑓. The received signal 𝑆𝐿𝐹(𝑡) must exceed the detection threshold level 𝑆0. In 

Block 6, the condition 𝑆𝐿𝐹(𝑡) ≥ 𝑆0 is verified. If the condition 𝑆𝐿𝐹(𝑡) ≥ 𝑆0 is not satisfied (no 

signal is present), the receiver switches to the next frequency search channel. If the condition 

𝑆𝐿𝐹(𝑡) ≥ 𝑆0 is satisfied (signal detected), then in Block 8 the parameters of the signal received 

in the m-th frequency channel are determined: 𝑣𝑓𝑚
, Δ𝑓𝑠𝑚

,  𝜏𝑝𝑚
, 𝑃𝑅𝐼𝑝𝑚

 (Fig. 2). 

Based on the measured parameters of the probing signal, Block 9 performs recognition 

of the SAR platform type (satellite, aircraft, or UAV) (Fig. 8). These operations are repeated 

until the condition m = M (all SAR operational frequency ranges scanned) is satisfied in Block 

10. Once the frequency–time parameters of the probing signals are determined across all 

frequency channels, Block 11 computes the overall spectral width Δ𝑓𝑠 using identical values of 

𝑣𝑓 , 𝜏𝑝 , 𝑃𝑅𝐼𝑝 . Block 11 may also refine the estimates of the pulse duration 𝜏𝑝  and pulse 

repetition interval 𝑃𝑅𝐼𝑝 by excluding anomalous measurements and applying averaging with 

current estimates. Subsequently, in Block 12, the antenna is switched by azimuth angle 𝛽𝑛, 

where the above operations are repeated for each frequency channel m. After the condition n 

= N is satisfied, azimuthal scanning is considered complete (Block 13). 

All frequency–time parameters of the probing signal determined in the n-th channel are 

sent to Block 14, where, first, the aperture synthesis time of the SAR of 𝑇𝑆𝐴𝑅 is calculated, which 

may last several tens of seconds; second, the imaging range of the formed radar images is 

computed, with range and azimuth resolution). After these calculations, the results of 

radiomonitoring are stored in memory and displayed to the user (Block 15). In parallel with 

outputting the information to the operator, the device is switched back to the initial spatial 

and frequency channels. All the above procedures are subsequently executed automatically, 

without operator intervention, until the power supply is turned off.  

Considering Eq. (4), the total scanning time of the receiver 𝑇𝑠𝑐𝑎𝑛 is defined as: 

𝑇𝑠𝑐𝑎𝑛  = 𝑇𝑓 ∗ N = 2,5 ∗ 𝑃𝑅𝐼𝑝 𝑚𝑎𝑥 ∗ 𝑀 ∗ 𝑁.                                 (5) 

For Δ𝑓𝐻𝐹 = 80 MHz substituting the parameters 𝑃𝑅𝐼𝑝 𝑚𝑎𝑥 = 1000  μs [21], 𝑀 = 6 and                 

𝑁 = 6 into Eq. (5), we obtain: 

𝑇𝑠𝑐𝑎𝑛  = 𝑇𝑓 ∗ N = 2,5 ∗ 𝑃𝑅𝐼𝑝 𝑚𝑎𝑥 ∗ 𝑀 ∗ 𝑁 = 2,5 ∗ 1000 ∗ 10−6 ∗ 6 ∗ 6 = 0.09 s     (6) 

For Δ𝑓𝐻𝐹= 500 MHz and 𝑃𝑅𝐼𝑝 𝑚𝑎𝑥 = 1000 μs [21]: 

𝑇𝑠𝑐𝑎𝑛  = 𝑇𝑓 ∗ N =0.53 s                (7) 

The typical minimum aperture synthesis time 𝑇𝑆𝐴𝑅  (excluding wide-area surveillance 

modes of spaceborne SARs) is 1 s or longer [22]. From Eqs. (6) and (7), a guaranteed search for 

emissions of airborne and spaceborne SARs is ensured, provided that the condition 𝑇𝑠𝑐𝑎𝑛 <

𝑇𝑆𝐴𝑅 is satisfied. 

The algorithmic components were independently verified through computer 

simulations using synthetic SAR signals. These simulations confirmed both the accuracy of 

parameter estimation and the robustness of the Bayesian recognition module under low 

signal-to-noise ratio conditions. Collectively, these results demonstrate that the proposed 
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processing chain operates correctly at the algorithmic level and is suitable for real-time 

implementation in compact radiomonitoring systems. 

 
Fig. 8. Structural block diagram of the operating algorithm of the compact automatic SAR signal monitoring 

device (conclusion). 

5. CONCLUSIONS 

In this work, a compact automatic device for real-time radiomonitoring of SAR 

emissions has been developed. The proposed solution enables automatic detection of emission 

onset, classification of signals, analysis of technical parameters, and attribution of emissions 

to their respective sources. The simulation results demonstrate that the proposed processing 

scheme provides a parameter-estimation error below 8% and achieves classification 

probabilities approaching unity for representative SAR signal types at signal-to-noise ratios 

above 0 dB. These findings confirm the effectiveness of the developed algorithmic chain and 

its suitability for implementation in compact radiomonitoring modules. 

Acknowledgement: The authors would like to thank the anonymous reviewers and editors 
for providing valuable suggestions and comments. 
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