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Abstract

:

The stochastic characteristic of the radiation field of a mono-static microwave staring correlated imaging (MSCI) radar degenerates with the increase of the imaging distance, which results in degradation of the image quality. To address this issue, a novel MSCI method based on bi-static radar is proposed from two perspectives: site-deploying and waveform design. On the one hand, a new bi-static MSCI site-deploying scheme is proposed which adopts two transmitting stations with their azimuth angles relative to the center of the imaging region differing by 90 degrees. On the other hand, by using two transmitting arrays synchronously transmitting inner-and-inter pulse frequency hopping (IAIP-FH) signals, the radiation field of each station includes a few “frequency stripes” perpendicular to the radiation direction, and as a consequence, the “frequency stripes” of each radiation field are perpendicular to each other. As a result, the radiation field of the bi-static MSCI is the superposition of the two striped radiation fields, thus a latticed radiation field is constructed. Therefore, the targets in different latticed grids scatter independent fields, then, the images can be reconstructed using correlation process (CP) algorithms. The grid size of the latticed radiation field is determined by the inner-pulse frequency hopping (FH) interval of the IAIP-FH signals and the imaging geometry. Moreover, it is shown that the 3 dB beam width of the space correlation function of the radiation field does not change with the imaging distance, thus the stochastic characteristic of the radiation field is partly preserved when the imaging distance increases. Simulation results validate the analysis and show that the proposed method can obtain higher resolution images than the common mono-static MSCI method.
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1. Introduction


The radar imaging technique has the ability of working all-day and in all weathers [1,2], thus it has attracted increasing attentions and extensive researches, among which earth observation is an important application field [3].



The conventional high-resolution radars for earth observation commonly employ the Range-Doppler (RD) principle [4] or tomography theory [5] to acquire two-dimensional high-resolution images, e.g., synthetic aperture radar (SAR) [6,7,8], etc. For either the RD principle or tomography theory, the azimuth resolution is determined by the aspect-angle variation range during the target observation, thus the radar platforms have to observe the imaging area from multiple observation angles. Therefore, the high-resolution radars based on the two theories all aim to increase the aspect-angle variation range, e.g., spotlight SAR [9,10] and wide-angle SAR [11], and so on. For earth observation, the radar platforms take a long time to obtain multiple sets of observation data from different viewing angles, which greatly increases the time cost and the system complexity.



In many applications, it is necessary to observe a fixed important region continuously using radar systems carried on stationary platforms, for example in important area observations and disaster monitoring. This is called radar staring imaging. In these applications, there is no relative movement between the radar platform and the imaging area, thus the SAR technique cannot be applied. Furthermore, the azimuth resolution of the conventional staring imaging radar, e.g., real aperture radar (RAR), is limited by the aperture size of the antenna array. When the imaging distance increases, the resolution becomes lower. Hence, it is necessary for RAR to use a large-scale antenna array or a sufficient number of stations to form a larger aperture, though this is not always achievable in practice. Therefore, seeking a high-resolution radar imaging method in staring imaging geometry is a hot and difficult problem [12,13].



Recently, microwave staring correlated imaging (MSCI) was proposed as a new microwave staring imaging method, and since then has attracted increasing attentions [14,15,16] due to its ability to acquire high-resolution images in staring imaging geometry.



The detailed imaging process of mono-static MSCI is illustrated in Figure 1. The crucial purpose of MSCI is to construct a temporal–spatial stochastic radiation field (TSSRF) which is realized by random radiation source (RRS), thus the MSCI system commonly consists of multiple transmitters and one or more receivers [14,15,17]. Multiple antennas of the transmitters constitute an array of RRS. First, by using the RRS to transmit predesigned waveforms, the TSSRF is formed at the imaging plane. Then, the receive antenna receives the scattered echo, and after the down-conversion and sampling procedure, the sampled signal is obtained. Finally, the TSSRF matrix is computed according to the parameters of the RRS and the images are reconstructed by correlation process (CP) of the sampled signal and the TSSRF matrix.



The TSSRF in a different spatial position is independent, thus the targets in different locations within the beam coverage scatter independent time-varying fields. Therefore, the MSCI can achieve super-resolution images of the targets. As a consequence, MSCI is superior to RAR and can be used in stationary/quasi-stationary platforms.



The key to MSCI is to construct the TSSRF [14], and the image resolution of MSCI is determined by the stochastic characteristics of the TSSRF, which is heavily dependent on the RRS [14,15,16] design. Therefore, many researchers have studied the RRS design from different aspects. These studies mainly focus on two aspects: (1) multi-channel waveform design, (2) element and layout design of the radiation array.



In waveform design, several commonly used radar waveforms are studied in references [14,15,17,18]. References [14,15] both proposed employing a white Gaussian noise (WGN) signal as the transmitting signal and analyzed its resolution capability. Reference [18] analyzed the usage of the WGN signal in MSCI from a compressive sensing aspect, and pointed out that the column correlation of the sensing matrix of MSCI decreases as the array aperture size increases when the imaging geometry and the size of spatial grids are fixed. However, an ideal WGN signal cannot be easily achieved in engineering due to the bandwidth limitation. In consequence, Reference [17] proposed using inner-pulse frequency hopping (FH) signals which can be easily realized in radar systems and an outfield experiment was performed. However the frequency code design of the FH signal is still an open problem. Reference [19] considered minimizing the condition number of the radiation field matrix and a stochastic optimization algorithm was adopted to acquire a good frequency code design of the FH signal. Contrarily, Reference [20] proposed a method to acquire an ideal orthogonal radiation field by elaborately choosing the waveform parameters. As a consequence, for each pulse, an inverse radiation problem has to be solved to obtain the waveform parameters of each channel. The number of ideal orthogonal radiation fields is finite as a result of the limitation of the bandwidth and the aperture size.



In addition to the waveform design, optimizing the element design and the layout of the array elements can also improve the stochastic characteristic of the TSSRF. Reference [21] proposed the temporal–spatial distribution entropy (TSDE) as the optimization target to optimize the elements’ layout. It is shown that the effective rank of the TSSRF matrix increases as the TSDE increases. Nevertheless, all of the aforementioned researches only utilize the antenna as the basic element of the RSS. Recently, Reference [22] introduced metamaterial apertures [23,24,25,26] into the MSCI, and proposed employing the secondary scattering of a meta-surface to achieve a better radiation field. The meta-surface consists of many evenly spaced complementary-electric-inductor-capacitor (cELC) elements and the scattering property of each cELC element differs from each other. By randomly adjusting the parameters of each cELC, the random radiation field can be achieved. However, using secondary scattering will lead to energy loss and the resolution is still limited by the size of the metamaterial aperture.



The aforementioned researches all focus on the mono-static MSCI system, that is, the transmitting array and the receiver are in the same area. For the mono-static MSCI method, the stochastic characteristic of the TSSRF can be improved using the above methods. However, these methods cannot overcome the problem that the stochastic characteristic of TSSRF degenerates as the imaging distance increases, which lead to the degradation of the imaging results.



Multi-static radars observe the targets from more and larger aspect angles, thus have the potential to form TSSRF with a better stochastic characteristic. Nevertheless, the resolution of MSCI is not determined by the aperture size but by the stochastic characteristic of the TSSRF, and multi-static radar systems greatly increase the system cost and complexity. Therefore, a bi-static radar system rather than a multi-static radar system is considered in this paper. As far as we know, there are no researches on bi-static or multi-static MSCI.



A novel MSCI method based on bi-static radar is proposed which considers both site-deploying and waveform design. First, for site-deploying, the proposed bi-static imaging geometry requires that the azimuth angles of the two transmitting station differ by 90 degrees relative to the imaging area center. Second, every transmitter transmits a IAIP-FH signal to form a “frequency stripe” field with the stripes perpendicular to the radiation direction at the imaging plane. Summing up the above, the radiation field at the imaging plane is the superposition of the two “frequency stripe” fields, thus a latticed radiation is achieved; and so the field in the different lattices is independent and the targets in different lattices scatter independent fields . Finally, high-resolution images can be obtained using the CP algorithms. The grid size of the latticed field is determined by the inner-pulse FH interval of the IAIP-FH signals and the imaging geometry, and is not influenced by the imaging distance.



The remainder of this paper is outlined as follows. The imaging model of the proposed imaging geometry and the waveform design are given in Section 2. In Section 3, the space correlation function of the TSSRF of the proposed method is analyzed. In Section 4, simulations are taken to verify the effectiveness of the proposed method and analyze the space correlation function of the TSSRF and the resolution capability with the distance and the number of transmitters. Conclusions are drawn in Section 5.




2. The Proposed Bi-Static MSCI Method


The proposed method is expected to be applied for continuous observation of important areas in staring imaging geometry, which means that the radar is carried on a stationary/quasi-stationary platform. The bi-static MSCI system considered in this paper consists of two transmitting stations with two RRSs. By employing the bi-static radar system, it is anticipated to obtain a better TSSRF. In addition, both site-deploying and waveform design are considered in this paper.



Firstly, a new site-deploying scheme for bi-static MSCI is proposed, and its key point is that the two transmitting arrays observe the imaging area from two azimuth angles which differ by 90 degrees. The detailed imaging geometry is illustrated in Figure 2.



Let (x,y,z) be Cartesian coordinates with the origin O located at the center of the imaging area which is labeled G, and (r,φ,ϕ) denotes the according spherical coordinates, where azimuth angle φ denotes the angle between the orthogonal projection of the location vector on the XOY plane and the Y axis, and elevation angle ϕ denotes the angle between the location vector and the XOY plane. The plane XOY denotes the imaging plane and the Z axis is perpendicular to the ground.



The bi-static radar system is located in two stationary platforms above the ground, whose squint angles are both α, as shown in Figure 2. Each RRS is composed of a multiple antenna array labeled D1 and D2, respectively, and D1 consists of I1 antennas while D2 consists of I2 antennas. Meanwhile, the centers of the two transmit arrays are (0,−H1tanα,H1) and (−H2tanα,0,H2), respectively. Furthermore, the location vector of the i-th antenna is r→i. In addition, the receive antenna is located at the center of D1 with its location vector denoted as r→0=(0,−H1tanα,H1). The viewing angle between the two stations to the imaging area is θ.



In practice, reflector geometry, shadowing, and the scattering characteristic caused by coherent scintillation can be strongly dependent on viewing angle, for this reason, θ is chosen to be less than 15∘ [11].



Secondly, for waveform design, this paper proposes to employ inner-and-inter pulse frequency hopping (IAIP-FH) signals and the waveform is illustrated in Figure 3. The transmitted signal of the i-th transmitter is


Si(t)=∑l=1L∑q=1Qu(t−qΔt−lT)ej2πfi,l,q(t−lT)



(1)




where T denotes the pulse period and Δt is the inner-pulse FH interval, Q is the number of FH code per pulse. Thus, the width of each pulse is QΔt, and u(t) is


u(t)=Δ10<t<Δt0otherwise.











By employing IAIP–FH signals, the radiation field of each RRS is a striped field with different distance stripes of the imaging area covered by different frequency stripes in one pulse. That is, the radiation field of D1 forms Q frequency stripes perpendicular to the Y axis at the plane XOY and the radiation field of D2 forms Q frequency stripes perpendicular to the X axis at the plane XOY, as illustrated in Figure 4.



The radiation field at the imaging plane is the superposition of the two “frequency stripe” fields and thus it forms the latticed radiation field and the field in the different lattice is independent, which is illustrated in Figure 4. Moreover, the grid size of the lattice is cΔtsinα×cΔtsinα, where c is the speed of light, Δt is the inner-pulse FH interval.



The radiation field at the location r→ can be expressed as [18,20]


E(r→,t)=Erad1(r→,t)+Erad2(r→,t)=∑i=1I1Ai(R→^i,r→)4π|r→−r→i|∑l=1L∑q=1QSi(t−qΔt−lT−τi(r→))+∑i=I1+1I1+I2Ai(R→^i,r→)4π|r→−r→i|∑l=1L∑q=1QSi(t−qΔt−lT−τi(r→))



(2)




where R→^i,r→=(r→−r→i)/r→−r→i, Ai(·) denotes the radiation pattern of the i-th antenna, τi(r→)=r→−r→i/c, c is the speed of light, Si(t) is the transmitted signal of the i-th transmitter.



The radiation field interacts with the targets and the received echo signal can be expressed as [18,20]


Secho(t)=∫G∑i=1I1+I2Ai(R→^i,r→)A0(R→^0,r→)(4π)2|r→−r→i||r→−r→0|Si(t−τi,0(r→))σ(r→)dr→+n(t)



(3)




where τi,0(r→)=(r→−r→i+r→−r→0)/c, n(t) denotes the additive noise.



The modified radiation field is defined as [18]:


Esca(r→,t)=∑i=1I1Ai(R→^i,r→)A0(R→^0,r→)(4π)2|r→−r→i||r→−r→0|∑l=1L∑q=1QSi(t−qΔt−lT−τi,0(r→))+∑i=I1+1I1+I2Ai(R→^i,r→)A0(R→^0,r→)(4π)2|r→−r→i||r→−r→0|∑l=1L∑q=1QSi(t−qΔt−lT−τi,0(r→)).



(4)







Therefore, the imaging equation of the integral form can be expressed as follows:


Secho(t)=∫GEsca(r→,t)σ(r→)dr→+n(t).



(5)







In order to solve the imaging equation numerically, the imaging plane is discretized into N=U×K grid cells, with its size g×g, r→j denoting the center of the j-th grid cell. Let σj=σ(r→j) denotes the backscattering coefficient of the j-th grid cell. In addition, the echo signal is also sampled, thus the final imaging equation is


Secho=Esca·σ+n



(6)




where Secho=[Secho(t1),Secho(t2),⋯,Secho(tM)]T∈CM×1, σ=[σ1,σ2,⋯,σN]T∈CN×1, n∈CM×1 is the additive noise vector, Esca∈CM×N is the radiation field matrix with [Esca]kj=Esca(r→j,tk).



The reconstruction for σ using Esca and Secho can be expressed as


σ=℘[Secho,Esca]








where, ℘ denotes the operator of the correlated process (CP) algorithms. The common CP algorithms include, for example, the first order CP algorithm [18], the Tikhonov regularization method [17,18], and some sparse recovery methods, such as orthogonal matching pursuit (OMP) [27,28], sparse Bayes learning (SBL) [29,30] algorithm, and so on. Recently, some structured compressive recovery algorithms [31] have been applied into MSCI due to their ability of exploiting the elaborate structure information of the targets [32,33,34]. In radar imaging applications, the targets typically have cluster structures, thus the cluster prior of the targets is considered to develop the algorithms in References [32,33,34].



The detailed procedure of the proposed method is shown in Figure 5.



To sum up, the detailed imaging procedure of the proposed method is as follows: (1) perform site-deploying to satisfy the requirements of the proposed imaging geometry; (2) the two RRSs synchronously transmit the IAIP-FH signals to construct a latticed field at the imaging plane; (3) sample the received signal and compute the modified radiation field matrix based on the waveform parameters; (4) correlation process (CP) of the sampled signal and the matrix to obtain the image. The imaging procedure flow of the proposed method is illustrated in Figure 6.



In addition, the transmitters at the two stations should be accurately synchronized in our proposed method. Typically, the world wide accessible GPS signals and the microwave link established between the two stations can realize high-precision time synchronization [35]. Nevertheless, synchronization errors cannot be fully eliminated. Readers who are interested in calibration methods related to synchronization errors in MSCI can refer to Reference [36].




3. Analysis of the Space Correlation Function of the Proposed Method


According to the foregoing, the proposed method constructs a latticed radiation field, thus the stochastic characteristic of the radiation field is greatly improved. Commonly, the space correlation function is used to measure the stochastic characteristic of the radiation field [15,16], which has been pointed out to be related with the imaging system’s point spread function (PSF) in Reference [37]. In this subsection, the space correlation function is analyzed.



The space correlation function of E(r→,t) at two different locations r→j and r→j+Δr→ is defined as follows [15,16]:


R(r→j,Δr→)=Esca(r→j,t),Esca(r→j+Δr→,t)=1M∑k=1MEsca(r→j,tk),Esca(r→j+Δr→,tk)



(7)




where r→j=(xj,yj,0) and Δr→=(Δx,Δy,0).



By substituting (4) into (7), R(r→j,Δr→) can be expressed in (8).


R(r→j,Δr→)=C0∑i=1IAi(R→^i,r→j)A0(R→^0,r→j)Ai(R→^i,r→j+Δr→)A0(R→^0,r→j+Δr→)|r→j−ri→||r→j−r0→||r→j+Δr→−ri→||r→j+Δr→−r0→|Si(tk−τi,0(r→j))Si(tk−τi,0(r→j+Δr→))+C0∑i1≠i2IAi1(R→^i1,r→j)A0(R→^0,r→j)Ai2(R→^i2,r→j+Δr→)A0(R→^0,r→j+Δr→)|r→j−ri1→||r→j−r0→||r→j+Δr→−ri2→||r→j+Δr→−r0→|∑k=1MSi1(tk−τi1,0(r→j))Si2(tk−τi2,0(r→j+Δr→))≈C∑i=1I∑k=1MSi(tk−τi,0(r→j))Si(tk−τi,0(r→j+Δr→))+C∑i1≠i2I∑k=1MSi1(tk−τi1,0(r→j))Si2(tk−τi2,0(r→j+Δr→))



(8)




where C0=1(4π)4M.



In (8), the heights of the two stations are supposed to be the same, so the imaging distances between the imaging region and the two station are the same. Under far field condition |rj→|≫|Δr→|, we can make approximations that 1|r→j−r→0|≈1|r→j−r→i||≈1|r→j+Δr→−r→0|≈1|r→j+Δr→−r→i|≈1z, where z is the imaging distance. Moreover, r→j and r→j+Δr→ are close to each other within the beam coverage. In addition, the radiation patterns of all the antennas are supposed to have the same characteristics. Thus, Ai(R→^i,r→j)≈Ai(R→^i,r→j+Δr→), A0(R→^i,r→j)≈A0(R→^i,r→j+Δr→), 1(4π)4MAi(R→^i,r→j)A0(R→^0,r→j)Ai(R→^i,r→j+Δr→)A0(R→^0,r→j+Δr→)|r→j−ri→||r→j−r0→||r→j+Δr→−ri→||r→j+Δr→−r0→|≈C is almost a constant. The first term on the right of (8) is the cross-correlation of the different transmitters’ signals and the second term is the self-correlation. Since the frequency codes of each transmitter are randomly and independently selected, thus the cross-correlation of the different transmitters is much less than the self-correlation, thus the first term is neglected hereinafter:


R(r→j,Δr→)≈∑l=1L∑i=1Iu(t−qΔt−lT−τi,0(r→j+Δr→))∑k=1Mej2πfi,j,q(τi,0(r→j+Δr→)−τi,0(r→j))=∑l=1L∑i=1I∑k=1Mej2πfi,j,q(τi,0(r→j+Δr→)−τi,0(r→j)).



(9)







Notice that the constant C is omitted here. Furthermore, fi,j,q∈[fL,fH], where fL, fH are the lower and upper bound of the transmitted frequency band. In the proposed IAIP-FH signals, fi,j,q is uniformly and randomly selected in [fL,fH], so


⟨ej2πfi,j,q(τi,0(r→j+Δr→)−τi,0(r→j))⟩≈B∑iIej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))×sinc(B(τi,0(r→j+Δr→)−τi,0(r→j)))



(10)




where ⟨·⟩ denotes expectation and sinc(x)=sin(πx)πx, fc=(fL+fH)/2.



Therefore, the space correlation function R(r→j,Δr→) can be expressed as


R(r→j,Δr→)≈R1(r→j,Δr→)+R2(r→j,Δr→)



(11)




where


R1(r→j,Δr→)=B∑i=1I1ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(B(τi,0(r→j+Δr→)−τi,0(r→j)))R2(r→j,Δr→)=B∑i=I1+1I1+I2ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(B(τi,0(r→j+Δr→)−τi,0(r→j))).



(12)







In (12), τi,0(r→j)=r→j−r→ir→j−r→0/c, by substituting location vector r→i=(|r→i|,φi,ϕi) of the i-th antenna and the location vector r→0=(|r→0|,φ0,ϕ0)=(H1/tanα,π,π2−α) of the receive antenna into τi,0(r→j), and applying far field approximation:


cτi,0(r→j)≈|r→i|+|r→0|−xj(cosϕisinφi+cosϕ0sinφ0)−yj(cosϕicosφi+cosϕ0cosφ0)=|r→i|+|r→0|−xjcosϕisinφi−yj(cosϕicosφi−cosϕ0).



(13)







Substitute (13) into c(τi(r→j+Δr→)−τi(r→j)):


c(τi,0(r→j+Δr→)−τi,0(r→j))=−Δxcosϕisinφi−Δy(cosϕicosφi−cosϕ0).



(14)







The receive antenna is at the center of D1 as illustrated in Figure 1, its azimuth angle φ0 is π . Additionally, the azimuth angle of the other antennas in D1 is approximately equal to π, and their elevation angle ϕi is approximately equal to ϕ0. Thus, we can make an approximation that sinφi=−sin(φ0−π)≈π−ϕi, cosφi≈−1 and substitute these into R1(r→j,Δr→):


R1(r→j,Δr→)=B∑i=1I1ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(Bc(Δxcosϕi(π−ϕi)−Δy(cosϕi+cosϕ0)))≈B∑i=1I1ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(Bc(Δx(π−ϕi)cosϕi−2Δycosϕ0)).



(15)







On the basis of (15), the two-dimensional function sinc(Bc(Δxcosφisinϕi−2Δycosϕ0)) determines the envelop of R1(r→j,Δr→) and its contour map is illustrated in Figure 7a. In addition, its 3 dB beam width along X axis and Y axis can be easily computed, Beam13dBX=0.882c/Bcosϕ0|π−φi|, Beam13dBY=0.441c/Bcosϕ0. Since Beam13dBX/Beam13dBY≈2|π−φi|≫1, thus the 3 dB beam width along X axis of R1(r→j,Δr→) is far wider than that along Y axis.



For the antennas of D2, their azimuth angles φi are approximately equal to 3π2, thus |φi−3π2|≪1, so sinφi≈−1, cosφi≈0. Their elevation angle is approximately equal to ϕ0.



Thus, R2(r→j,Δr→) is


R2(r→j,Δr→)=B∑i=I1+1I1+I2ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))×sinc(Bc(Δxcosϕisinφi+Δy(cosϕicosφi−cosϕ0)))≈B∑i=I1+1I1+I2ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))×sinc(Bc((Δx+Δy)cosϕ0)).



(16)







The contour map of the function sinc(Bc((Δx+Δy)cosϕ0)) is illustrated in Figure 7b. It can be easily seen that when Δx=−Δy, that is, Δr→ moves along vector (1,−1,0), the value of R2(r→j,Δr→) stays the same, so the 3 dB beam width of R2(r→j,Δr→) along vector (1,−1,0) is wide. On the contrary, when Δr→ moves along vector (1,1,0), the value of R2(r→j,Δr→) decreases fast, so the 3 dB beam width of R2(r→j,Δr→) along vector (1,1,0) is sharp and its 3 dB beam width is 0.882c/B2cosφ0.



By Substituting (15) and (16) into (11), R(r→j,Δr→) can be expressed as


R(r→j,Δr→)=B∑i=1I1ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(Bc(Δx(π−ϕi)cosφi+2Δycosϕ0))+B∑i=I1+1I1+I2ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(Bc((Δx+Δy)cosϕ0)).



(17)







Thus,


R(r→j,Δr→)R(r→j,0)=∑i=I1+1I1+I2sinc(Bc((Δx+Δy)cosϕ0))I1+I2+∑i=1I1sinc(Bc(Δx(π−ϕi)cosφi+2Δycosϕ0))I1+I2.



(18)







On the basis of (18), for each location r→j in the imaging area, Δr→ moves along any direction for Δx≥cBcosϕ0 or Δy≥cBcosϕ0, one can get that |R(r→j,Δr→)R(r→j,0)|≤0.6<22. That means the 3 dB beam width of R(r→j,Δr→) along any direction is less than cBcosϕ0, which does not change with the imaging distance. On the other hand, the side lobe of the R1(r→j,Δr→) and R2(r→j,Δr→) are superposed, thus along the X axis and the vector (1,−1,0), R(r→j,Δr→) has high side lobes. For example, when Δr→=(Δx,0,0), and cBcosϕ0≤|Δx|≤c10(π−ϕi)Bcosϕ0, it is always found that |R(r→j,Δr→)R(r→j,0)|≥∑i=1I1sinc(−Δx(π−ϕi)πB/c)I1+I2≥0.98I1I2=0.49, which means the side lobe is high.



For the mono-static MSCI, the space correlation function is the same as when all the transmitters are placed in D1, so it can be expressed as


R(r→j,Δr→)=B∑i=1I1+I2ej2πfc(τi,0(r→j+Δr→)−τi,0(r→j))sinc(Bc(Δx(π−ϕi)cosφi+2Δycosϕ0)).



(19)







Therefore, the 3 dB beam width along the X axis of the space correlation function R(r→j,Δr→) of mono-static radar is far wider than that along the Y axis.



In the following paragraphs, the choice of different azimuth angles of the two stations that differ by 90 degrees is discussed. Suppose the location of Station 1 stays the same, while the location of the center of Station 2 is changed to (Htanαsinφ2,Htanαcosφ2,H). Therefore, after similar derivations, R(r→j,Δr→) can be expressed as


R(r→j,Δr→)R(r→j,0)=∑i=1I1sinc(Bc(Δx(π−ϕi)cosφi+2Δycosϕ0))I1+I2+∑i=I1+1I1+I2sinc(Bc(Δxcosϕ0(sinφ2+(φi−φ2)cosφ2)+Δycosϕ0(cosφ2−(φi−φ2)sinφ2−1)))I1+I2.



(20)







Since φi−φ2≪1, the 3 dB width of R(r→j,Δr→) along the Y axis and the vector (cosϕ0sinφ2,cosϕ0(cosφ2−1),0) is sharp and the values of these 3 dB width are 0.441c/Bcosϕ0 and 0.882c/Bcosϕ02(1−cosφ2), respectively. In addition, as mentioned in Section 2, θ is limited and there is a condition based on the imaging geometry such that sinα=1−cosθ1+cosφ2. Since cosϕ0=sinα, one gets that 0.441c/Bcosϕ0=0.441c/Bsinα and 0.882c/Bcosϕ02(1−cosφ2)=0.4412cB(1−cosθ)1+cosφ21−cosφ2.



To sum up, on the one hand, the 3 dB beam width of R(r→j,Δr→) along the vector (cosϕ0sinφ2,cosϕ0(cosφ2−1),0) and the Y axis are anticipated to be sharp, on the other hand, the angle between the side lobes is anticipated to be as large as possible. Therefore, the choice of φ2 is a compromise of the 3 dB width of R(r→j,Δr→) and the side lobes’ directions.



In conclusion, choosing different azimuth angles of the two stations that differ by 90 degrees is a reasonable and comprehensive consideration.




4. Simulations


The 3 dB beam width of the space correlation function of the proposed method does not change with the imaging distance, and the stochastic characteristic of the radiation field is greatly improved. To verify the effectiveness of the proposed method and analyze its resolution capabilities, five groups of numerical simulations are presented in this section. First, simulations are presented to compare the imaging results of mono-static and bi-static MSCI. Then, the space correlation functions of mono-static MSCI and the proposed method are compared and the space correlation functions of different distances are illustrated to verify the derivation of Section 3. Finally, the resolution capability with the number of transmitters and the imaging distance is analyzed using simulations.



The radar system used in the simulations in this section works at X band frequency. In addition, the antennas of the bi-static and mono-static MSCI are all equally placed in the transmitting array. Furthermore, the mono-static MSCI system adopts a 1.6 m × 3.2 m array, while the bi-static MSCI system adopts two 1.6 m × 1.6 m arrays. Some parameters are given in Table 1. The parameters related to the imaging distance, pulse width, and inner-pulse FH interval are different in each different simulation.



4.1. Imaging Simulations for Mono-Static and Bi-Static MSCI


In this subsection, simulations are presented to compare the imaging results of mono-static and bi-static MSCI with different imaging distance. To clearly describe the imaging performance, the normalized mean square error (NMSE) is used to quantify the reconstruction effect of the target imaging; the definition of which is NMSEdB=20lg∥σ^−σ∥2/∥σ∥2, where σ denotes the target image and σ^ denotes the reconstruction image.



The system parameters, including the pulse width, number of transmitters, and inner-pulse FH interval, are given in Table 2, and the other parameters are the same as those in Table 1. The height of the radar platform varies from 500 m to 10 km, and the according imaging region size varies from 20 m × 20 m to 160 m × 160 m . The signal to noise ratio (SNR) is set to 25 dB in the five simulations. The PC-SBL algorithm exploits the cluster structure prior to the targets, thus it has a better and more stable performance than other CP algorithms in mostly situations [31,34]. Besides, the target images in the simulations indeed have cluster structures. Therefore, the PC-SBL algorithm is adopted in the following simulations.



The imaging results of mono-static MSCI and the proposed bi-static MSCI with different imaging distances are illustrated in Figure 8. It can be seen that the target images (a3, b3, c3, d3, e3) reconstructed by bi-static MSCI have clear outlines and are easily identified, while the outlines of the target images (a2, b2, c2, d2, e2) reconstructed by mono-static MSCI are distorted and the targets cannot even be identified. The NMSEs of the reconstructed images given in Table 3 are averaged by five Monte Carlo trials for each imaging distance. It can be seen that the NMSEs of bi-static MSCI are lower which means better results. In brief, the bi-static MSCI can acquire clearer images and better results than the mono-static MSCI, which shows the effectiveness of the proposed method.




4.2. The Space Correlation Functions of Mono-Static and Bi-Static MSCI


In Section 3, the space correlation functions of mono-static and bi-static MSCI are analyzed. To verify the formula derivation, the following simulation is presented.



Some parameters are given in Table 4, while the other parameters are the same as those in Table 1. The space correlation functions are computed using (4) and (7); R(r→j,Δr→) of mono-static and bi-static MSCI are illustrated in Figure 9; Figure 9b1,b2,c1,c2 are the X-axis and Y-axis profiles, respectively.



It can be seen from Figure 9 that the space correlation function of mono-static MSCI is sharp in the Y-axis and wide in the X-axis and has high side lobe along the X-axis, while the space correlation function of bi-static MSCI is sharp in both the X-axis and Y-axis. However, it has high side lobes along the X-axis and the vector (1,−1,0). Additionally, the above results coincide with the analysis in Section 3, that is, the 3 dB beam width of bi-static MSCI is sharper than that of the mono-static MSCI.




4.3. The Space Correlation Function in Different Imaging Distances


It can be derived from (18) that the 3 dB beam width of the space correlation function of bi-static MSCI has no relations with the imaging distance, so the following simulation is taken to verify this.



The size of imaging area is given in Table 5 and the other parameters are the same as those in Table 1. The heights of the radar are set as 2 km and 10 km. The space correlation function of bi-static MSCI is illustrated in Figure 10. It can be seen from Figure 10b1,c1 and the partial enlarged drawing of Figure 10b2,c2 that the 3 dB beam width of the space correlation function does not change with the imaging distance, while the width of side lobe becomes wider with the increase in the imaging distance, which is in agreement with (18).




4.4. The Imaging Capacity with the Number of the Transmitters


The key point of TSSRF is to make the field within the beam independent from each other, thus to acquire super resolution. In practice, the TSSRF is achieved using multi-transmitters transmitting independent radiation field, and the number of transmitters is strongly related with the stochastic characteristic of the radiation field. Reference [13] proved by simulation that the imaging errors decrease with the increase in the number of transmitters when the array aperture and the bandwidth are fixed. However, it can be seen from (18) that the beam width of the space correlation function of the proposed method has a weak relationship with the number of transmitters. Thus, it is necessary to study whether the method can maintain the imaging quality while decreasing the number of transmitters.



Therefore, the below simulation is presented. The NMSE of the imaging results of mono-static and bi-static MSCI is compared by changing the number of transmitters under different imaging distances. The parameters of the imaging area are the same as those in Table 3. The imaging distances vary from 0.5 km to 10 km and 10 individual experiments are taken at each distances.



The NMSE of different number of transmitters of mono-static and bi-static MSCI is illustrated in Figure 11. It can be seen that the NMSE of bi-static MSCI is much better than mono-static MSCI when there are 48 transmitters. When the number of transmitters decreases while being still greater than 12 (each station has 6 transmitters), the NMSE of bi-static MSCI changes slightly. When the number of transmitters decreases and amount to less than eight, the NMSE of bi-static MSCI decreases greatly while still being better than that of mono-static MSCI.



In brief, decreasing the number of the transmitters will degrade the image quality, which is due to the degeneration of the stochastic characteristic of the radiation field. However, as a result of the superiority of the proposed bi-static imaging geometry, when the number of transmitters decreases, the stochastic characteristic of the radiation field decreases slowly, thus the image quality is maintained. In a practical system, the system complexity needs to be taken into comprehensive consideration. On the premise of ensuring image quality, fewer transmitters can be used to effectively reduce the system complexity.




4.5. The Resolution Capability with the Imaging Distance


The 3 dB beam width of the space correlation function of bi-static MSCI does not change with the increase in the imaging distance, while the side lobe becomes wider. Therefore, the resolution capacity of bi-static MSCI cannot be directly concluded. Thus, the following simulations are presented.



In order to measure the resolution capacity, the following definition is given:



Definition 1.

The images are evaluated as accurate recovery under noiseless condition when the NMSE of the imaging results satisfies:


NMSEdB=10lg∥σ^−σ∥2/∥σ∥22<−40dB.



(21)









Definition 2.

The images are evaluated as basic recovery under noiseless condition when the NMSE of the imaging results satisfies:


NMSEdB=10lg∥σ^−σ∥2/∥σ∥22<−10dB.



(22)









The radar parameters are given in Table 6 and other parameters are the same as those in Table 1. The algorithm is still the PC-SBL algorithm.



The least grid size that satisfies the basic recovery and accurate recovery of mono-static and bi-static MSCI under different imaging distances is obtained by increasing the size of the imaging grid step by step in the simulations, the curves are drawn in Figure 12. The curve of the real aperture radar is calculated by RRAR=λDL, where D is the array aperture and L is the imaging distance and λ is the wavelength of the signals, which is not obtained using simulations.



As the height of the radar platform increases, that is to say, the imaging distance increases, the resolution of the real aperture radar increases linearly, while the least grid size that satisfies the basic recovery and accurate recovery of bi-static MSCI grows much less than the RAR. Under noiseless conditions, the bi-static MSCI can reserve the accurate recovery capacity of 2.9 m and the basic recovery capacity of 1 m while the imaging distance is 50 km. Thus, this proves the effectiveness and superiority of the proposed method.





5. Conclusions


In this paper, a novel MSCI method based on a bi-static radar system is proposed, considering both waveform design and bi-static site-deploying. The proposed method adopts two radar stations observing the imaging region from different azimuth angles which differ by 90 degrees. At the same time, the IAIP-FH signals are transmitted to form a latticed radiation field, therefore the stochastic characteristic of the radiation field is partially preserved as the imaging distance increases. The 3 dB beam width of the space correlation function of the radiation field of the bi-static MSCI does not change with the imaging distance. Simulations prove that the proposed method can obtain better imaging results and has a greatly improved resolution capability.
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The following abbreviations are used in this manuscript:





	CP
	correlation process



	cELC
	complementary-electric-inductor-capacitor



	FH
	frequency hopping



	IAIP-FH
	inner-and-inter pulse frequency hopping



	MSCI
	microwave staring correlated imaging



	RAR
	real aperture radar



	RD
	Range-Doppler



	RRS
	random radiation source



	SAR
	synthetic aperture radar



	TSSRF
	temporal–-spatial stochastic radiation field



	TSDE
	temporal–-spatial distribution entropy



	WGN
	white Gaussian noise







References


	



Ausherman, D.A.; Kozma, A.; Walker, J.L.; Jones, H.M.; Poggio, E.C. Developments in radar imaging. IEEE Trans. Aerosp. Electron. Syst. 1984, AES-20, 363–400. [Google Scholar] [CrossRef]

	



Zhao, L.; Wang, L.; Yang, L.; Zoubir, A.M.; Bi, G. The Race to Improve Radar Imagery: An overview of recent progress in statistical sparsity-based techniques. IEEE Signal Process. Mag. 2016, 33, 85–102. [Google Scholar] [CrossRef]

	



Sandau, R. Status and trends of small satellite missions for Earth observation. Acta Astronaut. 2010, 66, 1–12. [Google Scholar] [CrossRef]

	



Walker, J.L. Range-Doppler imaging of rotating objects. IEEE Trans. Aerospa. Electron. Syst. 1980, AES-16, 23–52. [Google Scholar] [CrossRef]

	



Mensa, D.L.; Halevy, S.; Wade, G. Coherent Doppler Tomography for Microwave Imaging. Proc. IEEE 1983, 71, 254–261. [Google Scholar] [CrossRef]

	



Lord, R.T.; Inggs, M.R. High resolution SAR processing using stepped-frequencies. In Proceedings of the 1997 IEEE International Geoscience and Remote Sensing. Remote Sensing—A Scientific Vision for Sustainable Development (IGARSS ’97), Singapore, 3–8 August 1997; Volume 1, pp. 490–492. [Google Scholar]

	



Patel, V.M.; Easley, G.R.; Healy, D.M., Jr.; Chellappa, R. Compressed synthetic aperture radar. IEEE J. Sel. Top. Signal Process. 2010, 4, 244–254. [Google Scholar] [CrossRef]

	



Zhu, X.X.; Montazeri, S.; Gisinger, C.; Hanssen, R.F.; Bamler, R. Geodetic SAR tomography. IEEE Trans. Geosci. Remote Sens. 2016, 54, 18–35. [Google Scholar] [CrossRef]

	



Munson, D.C.; O’Brien, J.D.; Jenkins, W.K. A tomographic formulation of spotlight-mode synthetic aperture radar. Proc. IEEE 1983, 71, 917–925. [Google Scholar] [CrossRef]

	



Jakowatz, C.V.; Wahl, D.E.; Eichel, P.H.; Ghiglia, D.C.; Thompson, P.A. Spotlight-Mode Synthetic Aperture Radar: A Signal Processing Approach; Springer Science & Business Media: Des Moines, IA, USA, 2012. [Google Scholar]

	



Ash, J.; Ertin, E.; Potter, L.; Zelnio, E. Wide-Angle Synthetic Aperture Radar Imaging: Models and algorithms for anisotropic scattering. IEEE Signal Process. Mag. 2014, 31, 16–26. [Google Scholar] [CrossRef]

	



Dunkel, R.; Saddler, R.; Doerry, A.W. Synthetic aperture radar for disaster monitoring. Int. Soc. Opt. Photonics 2011, 8021, 125–134. [Google Scholar] [CrossRef]

	



Madsen, S.N.; Edelstein, W.; Didomenico, L.D.; Labrecque, J. A geosynchronous synthetic aperture radar; for tectonic mapping, disaster management and measurements of vegetation and soil moisture. In Proceedings of the IGARSS 2001, Scanning the Present and Resolving the Future, IEEE 2001 International Geoscience and Remote Sensing Symposium (Cat. No.01CH37217), Sydney, NSW, Australia, 9–13 July 2002; Volume 1, pp. 447–449. [Google Scholar]

	



Guo, Y.; He, X.; Wang, D. A novel super-resolution imaging method based on stochastic radiation radar array. Meas. Sci. Technol. 2013, 24, 074013. [Google Scholar] [CrossRef]

	



Li, D.; Li, X.; Qin, Y.; Cheng, Y.; Wang, H. Radar Coincidence Imaging: An Instantaneous Imaging Technique With Stochastic Signals. IEEE Trans. Geosci. Remote Sens. 2014, 52, 2261–2277. [Google Scholar]

	



Ma, Y.; He, X.; Meng, Q.; Liu, B.; Wang, D. Microwave staring correlated imaging and resolution analysis. In Geo-Informatics in Resource Management and Sustainable Ecosystem; Springer: Berlin/Heidelberg, Germany, 2013; pp. 737–747. [Google Scholar]

	



Cheng, Y.; Zhou, X.; Xu, X.; Qin, Y.; Wang, H. Radar coincidence imaging with stochastic frequency modulated array. IEEE J. Sel. Top. Signal Process. 2017, 11, 414–427. [Google Scholar] [CrossRef]

	



Guo, Y.; Wang, D.; Tian, C. Research on sensing matrix characteristics in microwave staring correlated imaging based on compressed sensing. In Proceedings of the 2014 IEEE International Conference on Imaging Systems and Techniques (IST), Santorini, Greece, 14–17 October 2014; pp. 195–200. [Google Scholar]

	



Zhou, X.; Wang, H.; Cheng, Y.; Qin, Y.; Chen, H. Waveform Analysis and Optimization for Radar Coincidence Imaging with Modeling Error. Math. Probl. Eng. 2017, 2017, 7253179. [Google Scholar] [CrossRef]

	



Liu, B.; Wang, D. Orthogonal radiation field construction for microwave staring correlated imaging. Prog. Electromagn. Res. 2017, 57, 139–149. [Google Scholar] [CrossRef]

	



Meng, Q.; Qian, T.; Yuan, B.; Wang, D. Random Radiation Source Optimization Method for Microwave Staring Correlated Imaging Based on Temporal-Spatial Relative Distribution Entropy. Prog. Electromagn. Res. 2018, 63, 195–206. [Google Scholar] [CrossRef]

	



He, Y.; Zhu, S.; Dong, G.; Zhang, S.; Zhang, A.; Xu, Z. Resolution Analysis of Spatial Modulation Coincidence Imaging Based on Reflective Surface. IEEE Trans. Geosci. Remote Sens. 2018, 56, 3762–3771. [Google Scholar] [CrossRef]

	



Hunt, J.; Driscoll, T.; Mrozack, A.; Lipworth, G.; Reynolds, M.; Brady, D.; Smith, D.R. Metamaterial apertures for computational imaging. Science 2013, 339, 310–313. [Google Scholar] [CrossRef]

	



Lipworth, G.; Mrozack, A.; Hunt, J.; Marks, D.L.; Driscoll, T.; Brady, D.; Smith, D.R. Metamaterial apertures for coherent computational imaging on the physical layer. JOSA A 2013, 30, 1603–1612. [Google Scholar] [CrossRef]

	



Fromenteze, T.; Yurduseven, O.; Imani, M.F.; Gollub, J.; Decroze, C.; Carsenat, D.; Smith, D.R. Computational imaging using a mode-mixing cavity at microwave frequencies. Appl. Phys. Lett. 2015, 106, 194104. [Google Scholar] [CrossRef]

	



Yurduseven, O.; Imani, M.F.; Odabasi, H.; Gollub, J.; Lipworth, G.; Rose, A.; Smith, D.R. Resolution of the frequency diverse metamaterial aperture imager. Prog. Electromagn. Res. 2015, 150, 97–107. [Google Scholar] [CrossRef]

	



Tropp, J.A.; Gilbert, A.C. Signal recovery from random measurements via orthogonal matching pursuit. IEEE Trans. Inf. Theory 2007, 53, 4655–4666. [Google Scholar] [CrossRef]

	



Zhou, X.; Wang, H.; Cheng, Y.; Qin, Y. Sparse auto-calibration for radar coincidence imaging with gain-phase errors. Sensors 2015, 15, 27611–27624. [Google Scholar] [CrossRef] [PubMed]

	



Wipf, D.P.; Rao, B.D. Sparse Bayesian learning for basis selection. IEEE Trans. Signal Process. 2004, 52, 2153–2164. [Google Scholar] [CrossRef]

	



Zhou, X.; Wang, H.; Cheng, Y.; Qin, Y. Radar coincidence imaging with phase error using Bayesian hierarchical prior modeling. J. Electron. Imaging 2016, 25, 013018. [Google Scholar] [CrossRef][Green Version]

	



Fang, J.; Shen, Y.; Li, H.; Wang, P. Pattern-coupled sparse Bayesian learning for recovery of block-sparse signals. IEEE Trans. Signal Process. 2015, 63, 360–372. [Google Scholar] [CrossRef]

	



Wang, H.; Qin, Y.; Cheng, Y.; Zhou, X. Radar coincidence imaging by exploiting the continuity of extended target. IRT Radar Sonar Navig. 2017, 11, 60–69. [Google Scholar]

	



Qian, T.; Lu, G.; Wang, G. Radar correlated imaging for extended target by the clustered sparse Bayesian learning with Laplace prior. In Proceedings of the Tenth International Conference on Digital Image Processing (ICDIP 2018), Shanghai, China, 11–14 May 2018; Volume 10806, p. 108063L. [Google Scholar]

	



Cao, K.; Zhou, X.; Cheng, Y.; Fan, B.; Qin, Y. Total variation-based method for radar coincidence imaging with model mismatch for extended target. J. Electron. Imaging 2017, 26, 063007. [Google Scholar] [CrossRef]

	



Weib, M. Synchronisation of bistatic radar systems. In Proceedings of the 2004 IEEE International Geoscience and Remote Sensing Symposium (IGARSS 2004), Anchorage, AK, USA, 20–24 September 2004; Volume 3, pp. 1750–1753. [Google Scholar]

	



Tian, C.; Yuan, B.; Wang, D. Calibration of gain-phase and synchronization errors for microwave staring correlated imaging with frequency-hopping waveforms. In Proceedings of the 2018 IEEE Radar Conference (RadarConf18), Oklahoma City, OK, USA, 23–27 April 2018; pp. 1328–1333. [Google Scholar]

	



Obermeier, R.; Martinez-Lorenzo, J.A. Sensing matrix design via mutual coherence minimization for electromagnetic compressive imaging applications. IEEE Trans. Comput. Imaging 2017, 3, 217–229. [Google Scholar] [CrossRef]








[image: Sensors 19 00879 g001 550]





Figure 1. The imaging geometry and procedure of mono-static microwave staring correlated imaging (MSCI). 
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Figure 2. The proposed imaging geometry of bi-static MSCI. 
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Figure 3. Waveform of the inner-and-inter pulse frequency hopping signals. 
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Figure 4. The superposition of the radiation field of bi-static MSCI. 
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Figure 5. Imaging geometry and procedure of the proposed method. 
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Figure 6. Flow chart of the proposed bi-static MSCI method. 
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Figure 7. The contour map of two-dimensional sinc function. 
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Figure 8. The imaging results of mono-static and bi-static MSCI. (a1–e1) the target images when the heights of the radar platform are 500 m, 1 km, 2 km, 5 km, and 10 km, respectively; (a2–e2) the reconstructed images using mono-static MSCI when the heights of the radar platform are 500 m, 1 km, 2 km, 5 km, and 10 km, respectively; (a3–e3) the reconstructed images by bi-static MSCI when the heights of the radar platform are 500 m, 1 km, 2 km, 5 km, and 10 km, respectively. 
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Figure 9. The correlation function of mono-static and bi-static MSCI. (a1,a2) The space correlation function of mono-static and bi-static MSCI; (b1,b2) the X-axis profile of the space correlation function of mono-static and bi-static MSCI; (c1,c2) the Y-axis profile of the space correlation function. 
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Figure 10. Space correlation function of bi-static MSCI under different imaging distance. (a1,a2) The space correlation function of bi-static MSCI under different imaging distance 2.03 km and 10.1 km; (b1,b2) the X-axis profile of the space correlation function of bi-static MSCI under different imaging distance 2.03 km and 10.1 km; (c1,c2) the Y-axis profile of the space correlation function of bi-static MSCI under different imaging distance 2.03 km and 10.1 km. 
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Figure 11. NMSEs of the imaging results by mono-static and bi-static MSCI at different imaging distances and different grid sizes. 
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Figure 12. (a) The least grid size that satisfies the basic recovery of mono-static and bi-static MSCI under different imaging distances. (b) The least grid size that satisfies the accurate recovery of mono-static and bi-static MSCI under different imaging distances. 
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Table 1. The simulation parameters of mono-static and bi-static MSCI.
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	Parameters
	Mono-Static MSCI
	Bi-Static MSCI





	The aperture size
	1.6 m × 3.2 m
	each array 1.6 m × 1.6 m



	The number of receiver
	1
	1



	The carrier frequency
	9.2 GHz
	9.2 GHz



	Bandwidth
	500 MHz
	500 MHz



	The squint angle
	10∘
	10∘



	The pulse period
	10 ms
	10 ms



	The number of pulse
	3000
	3000










[image: Table]





Table 2. Parameters of the inner-and-inter pulse frequency hopping (IAIP-FH) signal in this subsection.
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	Parameters
	Mono-Static MSCI
	Bi-Static MSCI





	Pulse width
	400 ns
	400 ns



	The inner-pulse frequency hopping (FH) interval
	10 ns
	10 ns



	Code number of inner-pulse FH
	40
	40
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Table 3. The normalized mean square error (NSME) of the reconstructed images.
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	Grid Cells Size
	The Height of the Radar Platform
	Mono-Static MSCI
	Bi-Static MSCI





	0.5 m × 0.5 m
	500 m
	−2.87 dB
	−2.95 dB



	1 m × 1 m
	1 km
	−3.14 dB
	−7.09 dB



	2 m × 2 m
	2 km
	−4.03 dB
	−18.03 dB



	3 m × 3 m
	5 km
	−3.39 dB
	−15.86 dB



	4 m × 4 m
	10 km
	−2.32 dB
	−9.68 dB
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Table 4. Simulation parameters in this subsection.
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	Parameters
	Mono-Static MSCI
	Bi-Static MSCI





	Pulse width
	200 ns
	200 ns



	The inner-pulse FH interval
	5 ns
	5 ns



	The height of radar platform
	1 km
	1 km
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Table 5. Parameters of imaging distance and imaging region in this subsection.
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	Parameters
	Imaging Distance 1
	Imaging Distance 2





	Imaging distacne
	2.03 km
	10.1 km



	The size of the imaging region
	80 m × 80 m
	200 m× 200 m
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Table 6. Parameters of the transmitted signals in this subsection.
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	Parameters
	Mono-Static MSCI
	Bi-Static MSCI





	Pulse width
	500 ns
	500 ns



	The inner-pulse FH interval
	10 ns
	10 ns
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