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I. INTRODUCTION 

Buried target detection and imaging have been topics of in-

terest for various military and security applications. In particular, 

ground-penetrating radars (GPR) have proven to be useful in 

detecting landmines and threat devices buried in the ground [1–

5]. Unlike targets in free space, buried targets are typically im-

mersed in dielectric media, which are often lossy and inhomo-

geneous. Moreover, the occurrence of coupling between un-

wanted objects or multiple scatterers adds further complexity, 

rendering the detection of buried targets difficult. As a result, 

various techniques have been proposed to improve the perfor-

mance of buried target detection and GPR [6–13]. 

Even when using advanced processing techniques, targets 

with a small radar cross section (RCS), especially when they are 

buried, are difficult to detect. Notably, buried threat devices, such 

as improvised explosive devices (IEDs) and bombs, often com-

prise non-metallic materials, thereby producing small RCS.  

However, many such devices contain small electronic compo-

nents that are largely used to control detonation, among other 

functions. In this context, by utilizing nonlinear detection, the 

difficulty of detecting small RCS buried targets can possibly be 

alleviated. In other words, taking advantage of the nonlinear 

characteristics of the semiconductor junctions in electronics, 

harmonic radar can be implemented to detect the harmonic 

responses scattered from these "nonlinear targets" with mall 

RCS, which are otherwise difficult to detect [14–17]. Since 

harmonic radars are designed to only receive nonlinear (har-

monic) responses from targets, linear responses (clutter and oth-

er unwanted signals) are inherently suppressed. Such properties 

of harmonic radars are well suited for improving the perfor-

mance of buried target detection, i.e., detecting targets contain-

ing small electronic devices. 

When detecting buried targets, a multistatic system can be 

used to effectively improve detection accuracy, as it can appro-

priately deal with weak target signals in a lossy medium [3, 18–
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21]. Using signal processing algorithms, the signals collected by 

an antenna array in a multistatic manner can be used to provide 

images of targets. In particular, the decomposition of the time-

reversal operator (DORT) technique has been widely used in 

various detection scenarios using an array-based system [22–32]. 

DORT allows for the separation of multiple detected targets 

through the eigenvalue decomposition (EVD) of the time-

reversal operator in the multistatic response matrix, thus provid-

ing the information necessary for selective focusing/imaging of 

each detected target. For this reason, DORT has been used for 

the detection and imaging of multiple buried targets [23, 25, 27, 

31]. Recently, the use of DORT for nonlinear target detection 

has also been proposed [28, 30, 32], which demonstrated the 

accurate detection of nonlinear targets in the presence of linear 

scatters. However, the use of DORT-based techniques for bur-

ied nonlinear target detection has yet to be reported. 

The reported capabilities of DORT for detecting buried and 

nonlinear targets make it a suitable candidate for buried nonlin-

ear target detection. Therefore, this paper proposes and demon-

strates array-based buried nonlinear (harmonic) target detection 

using DORT. The performance of the proposed approach was 

verified through numerical simulations and measurements of 

various test cases involving buried nonlinear targets. 

II. PROPOSED APPROACH 

A general scenario of the proposed approach for the detection 

of buried nonlinear targets is illustrated in Fig. 1, where it is 

considered that both linear and nonlinear targets may exist in a 

buried environment. An antenna array is used to generate mul-

tistatic responses from the probed environment, which are then 

processed using DORT for the detection and focusing/imaging 

of the targets. Here, the antenna array can be configured into a 

monostatic array, where the same array is used to transmit (Tx) 

and receive (Rx) signals, or a bistatic array, where separate Tx 

and Rx arrays are used. 

DORT is an array-based detection processing technique that 

separates detected targets and extracts information on their lo-

catio’ns in terms of their eigenvalues and the corresponding ei-

genvectors through EVD [22]. In the case of an array with N 

elements, the time-domain monostatic/bistatic responses collec-

tively make up an N×N multistatic matrix Mሺ𝑡ሻ. Each matrix 

element of Mሺ𝑡ሻ, namely 𝑚௜,௝ሺ𝑡ሻ, represents the response be-

tween the jth Tx and ith Rx antenna element pair. Therefore, in 

the presence of P scatterers, 𝑚௜,௝ሺ𝑡ሻ can be expressed in terms 

of the scattered response from the pth scatterer, 𝑠௣,௝ሺ𝑡ሻ, and the 

Green’s function between the scatterer and the ith receive anten-

na, 𝑔௜,௣ሺ𝑡ሻ. This can be expressed as follows: 
 𝑚௜,௝ሺ𝑡ሻ ൌ ෍ 𝑠௣,௝ሺ𝑡ሻ ∗ 𝑔௜,௣ሺ𝑡ሻ௉

௣ୀଵ , 
(1)

 

where * denotes convolution. To account for the responses from 

both linear and nonlinear targets, 𝑠௣,௝ሺ𝑡ሻ can be expressed us-

ing a power series, as follows: 
 𝑠௣,௝ሺ𝑡ሻ ൌ ෍ 𝑐௞ஶ

௞ୀଵ ሾ𝑓ሺ𝑡ሻ ∗ 𝑔௣,௝ሺ𝑡ሻሿ௞, 
(2)

 

where 𝑓ሺ𝑡ሻ is the transmit pulse and 𝑔௣,௝ሺ𝑡ሻ represents the 

Green’s function between the pth scatter and jth Tx antenna. For 

linear targets, scattering only occurs in the fundamental band of 𝑓ሺ𝑡ሻ, which means that 𝑐௞ is nonzero only for k = 1. In con-

trast, in the case of nonlinear targets, the scattered responses 

contain the harmonic bands of 𝑓ሺ𝑡ሻ, resulting in nonzero 𝑐௞ 

for all values of k. Here, we are only interested in receiving the 

nonlinear responses in the second harmonic band, that is, only 

the portion of 𝑚௜,௝ሺ𝑡ሻ corresponding to k = 2, namely 𝑚௜,௝௛ ሺ𝑡ሻ, 

will be received and processed. Therefore, by receiving and pro-

cessing only the second harmonic content, the linear responses 

(clutter) are inherently suppressed. 

DORT processing can then be applied to M௛ሺωሻ, which re-

fers to the frequency domain version of M௛ሺ𝑡ሻ. The time-

reversal operator Tሺωሻ can be defined as follows: 
 Tሺωሻ ൌ M௛ሺωሻM௛றሺωሻ, (3)
 

where † denotes the Hermitian conjugate corresponding to the 

time reversal in the frequency domain. The eigenvalues and ei-

genvectors can be extracted through EVD of Tሺωሻ which can 

be expressed as: 
 Tሺωሻ ൌ UሺωሻΛሺωሻUறሺωሻ, (4)
 

where Λሺωሻ is a diagonal matrix containing the eigenvalues 𝜆௡ and Uሺωሻ is a unitary matrix containing the eigenvectors. 

Ideally, each nonzero eigenvalue should correspond to each de-

tected nonlinear target, while the associated eigenvectors should 

 

 

Fig. 1. Buried nonlinear target detection using an array-based system 

and DORT. 
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represent the phase-conjugated Green’s functions between the 

array elements and target. This implies that the detected targets 

and their information can be separated in terms of their eigen-

structure. The EVD of Tሺωሻ can be done by means of the 

singular value decomposition of M௛ሺωሻ , since Tሺωሻ  is a 

Hermitian matrix [28]. 

Once the detected targets are separated by implementing EVD, 

a set of signals that can be backpropagated for selective focusing 

(imaging) of each target can be determined. Therefore, for the ith 

target, the backpropagation signals can be represented as follows: 
 k௡ሺωሻ ൌ σ௡ሺωሻv௡ሺωሻ, (5)
 

where σ௡ሺωሻ is the singular value (𝜎௡ଶ ൌ 𝜆௡) and v௡ሺωሻ is 

the eigenvector. Therefore, each element of k௡ሺωሻ corresponds 

to the signal fed into the array elements for selective focusing on 

the nth target. Subsequently, by taking the inverse Fourier trans-

form of Eq. (5) (over the second harmonic band), the time-

domain backpropagation signals, k௡ሺ𝑡ሻ, can be obtained, which 

can then be virtually fed into the antenna array to generate fo-

cused waves at the location of the corresponding target. 

In the following sections, the detection and location of buried 

nonlinear targets utilizing the aforementioned approach are 

demonstrated through numerical simulation and measurements. 

III. NUMERICAL SIMULATIONS AND MEASUREMENTS 

To validate the proposed approach, a buried nonlinear target 

detection environment was set up, as shown in Fig. 2, compris-

ing an acrylic box (30 cm × 30 cm × 30 cm) filled with dry sand 

(𝜀௥ ൌ 3), and two separate antenna arrays for Tx and Rx. For 

the transmit signal, a Gaussian pulse with a center frequency of 

3.1 GHz and a bandwidth of 200 MHz was used. The array 

elements were antipodal Vivaldi antennas (40 mm × 60 mm × 

1.6 mm), as shown in Fig. 3(a). The reflection coefficient of the 

Vivaldi antenna is shown in Fig. 3(b), where the impedance 

bandwidth covers both the fundamental and second harmonic 

bands. The spacing of the array elements was set to 0.81𝜆௛, 

with 𝜆௛ being the wavelength at 6.2 GHz (2nd harmonic) in 

the sand. This spacing was determined by accounting for the 

transmit and receive frequencies—3.1 GHz and 6.2 GHz, re-

spectively—as well as the potential presence of grating lobes and 

mutual coupling between the Tx and Rx arrays [28]. A planar 

bowtie structure (22.6 mm × 26 mm × 1.2 mm) was used to 

represent the linear and nonlinear targets, where a resistor and 

Schottky diode were used as their terminations, respectively. 

Since the purpose of this experiment was to demonstrate the 

feasibility of the proposed approach, a canonical shape, such as 

bowtie, that allows for sufficient scattering over a wide band-

width, including the fundamental and second harmonic bands, 

was considered to be a good choice for the test target. 

The performance of the proposed approach in the aforemen-

tioned test environment was examined by carrying out numeri-

cal simulation and measurements. The numerical simulation 

was performed using SEMCAD X [33]. The measurement 

setup is depicted in Fig. 2. On the Tx-end, a high-speed arbi-

trary waveform generator is used as the signal source, followed 

by a power amplifier. In addition, a band pass filter (3–3.2 

GHz) is connected to suppress any self-generated harmonics 

occurring before transmitting through the Tx antenna. On the 

Rx-end, a band pass filter (5.6–7.0 GHz) is placed behind the 

Rx antenna, followed by a low noise amplifier to effectively am-

plify the received target harmonic responses for an oscilloscope 

to directly sample and capture them for signal processing. 

Measurements were performed for each Tx–Rx element pair to 

collect each 𝑚௜,௝௛ ሺ𝑡ሻ at a time, which were then arranged into M௛ሺ𝑡ሻ in the processing. The power level of the transmit pulse 

was set to 0.5 W (27 dBm). For nonlinear target detection, it is 

important to use sufficient transmit power to excite harmonic 

responses from nonlinear targets. The nonlinear detection range 

 

Fig. 2. Block diagram and experimental setup for buried nonlinear 

target detection. 
 

(a) (b)

Fig. 3. (a) Fabricated Vivaldi antenna and (b) reflection coefficient 

(|S11|) of the Vivaldi antenna. 
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is determined by the parameters, such as the transmit power and 

nonlinear RCS, that constitute the nonlinear radar equation, the 

details of which can be found in [15, 17].  

Fig. 4 illustrates three representative target configurations—

Case 1 involves a single buried nonlinear target, Case 2 involves 

linear and nonlinear buried targets, and Case 3 involves two 

nonlinear buried targets. 

For Case 1, as shown in Fig. 4(a), a single nonlinear target was 

placed 25 cm below the surface, slightly to the right of the center. 

Based on the results of the DORT processing, the extracted ei-

genvalues from the simulated and measured data are shown in Fig. 

5(a) and 5(b), respectively. The presence of the nonlinear target is 

confirmed by the dominant eigenvalue 𝜆ଵሺ𝜔ሻ  in the second 

harmonic band, which can be verified in Fig. 5 for both the simu-

lation and measurement. Fig. 6(a) and 6(b) show the imag-

ing/focusing results for the simulated and measured cases, respec-

tively. The backpropagation signals are generated using vଵሺ𝜔ሻ 

and σଵሺ𝜔ሻ, based on Eq. (5). Note that the backpropagated 

waves are virtually generated using the numerical model in SEM-

CAD X for both cases. The images in Fig. 6 correspond to the 

time instance at which the backpropagated waves focus on the 

location of the nonlinear target, indicating that the nonlinear tar-

get is properly detected and located using the DORT processing. 

For Case 2, a nonlinear target was buried 25 cm below the sur-

face, slightly to the right of the center, while a linear target was 

placed 23.5 cm below the surface, slightly to the left of the center. 

Fig. 7(a) and 7(b) show the extracted eigenvalues from the simulat-

ed and measured data, respectively. Even in the presence of the 

linear target, only one dominant eigenvalue could be extracted in 

the second harmonic band, indicating that only the nonlinear target 

was detected as a result of harmonic detection since the linear target 

did not generate any harmonics. The imaging/focusing results for 

the simulated and measured cases are shown in Fig. 8(a) and 8(b), 

respectively. It is evident that the nonlinear target is properly de-

tected and located even in the presence of a linear target nearby. 

For Case 3, the same target locations as those in Case 2 were re-

tained, but both targets were nonlinear targets. The extracted ei-

genvalues from the simulated and measured data are shown in Fig. 

9(a) and 9(b), respectively. The presence of two nonlinear targets 

was confirmed by two significant eigenvalues, 𝜆ଵሺ𝜔ሻ and 𝜆ଶሺ𝜔ሻ, 

appearing in the second harmonic band, indicating that both non-

linear targets were properly detected and separated in the eigen-

structure. The backpropagation signals for each target were then 

generated using vଵሺ𝜔ሻ and vଶሺ𝜔ሻ, as well as the corresponding σଵሺ𝜔ሻ and σଶሺ𝜔ሻ. The selective focusing/imaging results of each 

nonlinear target are shown in Fig. 10. For each target, focusing of 

the backpropagated waves takes place at the target location, with 

the simulated and measured results in close agreement. This verifies 

that multiple buried nonlinear targets can be properly detected, 

separated and selectively located, using DORT. 

(a) (b) 

Fig. 5. Extracted eigenvalues for Case 1 from (a) simulated data and (b) measured data.

(a) (b) (c)

Fig. 4. The three representative buried target cases tested: (a) Case 1, 

single nonlinear target, (b) Case 2, a nonlinear target and a lin-

ear target, and (c) Case 3, two nonlinear targets. 

 

(a) (b)

Fig. 6. Backpropagation (imaging/focusing) results for the detected 

nonlinear target in Case 1 on using (a) the simulated and (b) 

measured data.
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IV. EFFECTS OF TARGET ORIENTATION 

The simulated and measured results described in the previous 

section were obtained with the array antenna and the bowtie 

target facing each other directly. To test the effects of target 

orientation on detection performance, simulation was conduct-

ed by rotating the target about its center from 0° to 90°, as 

shown in Fig. 11(a). The imaging/focusing results for the four 

simulated cases, as shown in Fig. 11(b), highlight that the back-

propagated waves remain properly focused on the location of 

the nonlinear target even when the array antenna and target do 

not face each other directly. This is primarily due to the bowtie 

structure exhibiting an omnidirectional pattern, which minimiz-

es the influence of the target orientation. However, in practical 

(a) (b) 

Fig. 7. Extracted eigenvalues for Case 2 from (a) simulated data and (b) measured data.

(a) (b) 

Fig. 9. Extracted eigenvalues for Case 3 from (a) simulated data and (b) measured data. 
 

   

  
(a) (b) 

Fig. 10. Backpropagation (imaging/focusing) results for the detected nonlinear target in Case 3 on using (a) the simulated and (b) measured data. 

Note that backpropagation was performed for each of the two detected nonlinear targets.

(a) (b) 

Fig. 8. Backpropagation (imaging/focusing) results for the detected 

nonlinear target in Case 2 on using (a) the simulated and (b) 

measured data. 
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scenarios in which realistic targets may be various electronic 

devices exhibiting more angle-dependent scattering patterns, a 

detailed analysis on the influence of target orientations would be 

important for accurately predicting the detection performance of 

the proposed approach. 

V. CONCLUSION 

This paper proposes and validates the application of har-

monic detection and DORT processing for detecting buried 

nonlinear targets. Through simulation and measurements in a 

test environment, the detection and location of buried nonlin-

ear targets were verified for various configurations, demon-

strating the feasibility of the proposed approach for detecting 

buried small electronic devices, which are typically difficult to 

detect. The results of this study merit further investigation 

into the proposed technique, which holds good potential for 

application in areas where the detection of small buried non-

linear devices is crucial, such as security, military and biomedi-

cal applications. 
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