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Abstract

Considering the difficult transceiver-isolation problem of the monostatic synthetic
aperture radar (SAR) in the terahertz (THz) band, this paper proposes a compact THz
bistatic SAR (BiSAR) geometry. The system allows the separately distributed trans-
mitter and receivers. At the receiving end, there are a direct-wave receiver and an
echo receiver, both operating at the heterodyne and in-phase mode. The echo receiver
runs along a linear rail to fulfill the scene scanning, while the direct-wave one is
fixed as a reference. Furthermore, assuming that the receivers are synchronized, both
the problem of synchronization between the separated transmitter and receivers and
the problem of timing at the signal acquisition would be solved by utilizing the high
coherence between the echo and the direct wave. Based on such a system, the applica-
tion of THz BiSAR for one-dimensional imaging is taken into consideration. Then, a
high-resolution imaging algorithm is proposed benefitting from the total least squares
estimating signal parameters via rotational invariance techniques (TLS-ESPRIT) and
the spatial smoothing process (SSP). The imaging performance is then demonstrated
by both simulations and the experiments in the 0.183 THz.

Keywords THz imaging - Bistatic SAR - DOA estimation - Synchronization

1 Introduction

Terahertz (THz), which occupies a frequency interval from 0.1 to 10 THz, has a great
potential for high-resolution imaging systems [1-3]. The current well-known THz
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imagers are those utilizing the synthetic aperture radar (SAR) technique [4-6]. For
the consideration of the technical maturity and the simplified system establishment
in practice, most of the state-of-the-art SAR-based THz imagers prefer to work in a
monostatic mode [7, 8]. No matter how many transceivers those systems are utiliz-
ing, their inherent property is monostatic, where the transceiver isolation is one of
the key factors constraining the imaging performance. Therefore, to ensure the isola-
tion between the transmitters and receivers, bistatic and even multistatic techniques
have gained increasing attentions for both long- and short-range THz imaging field
nowadays [9].

Compared to monostatic SAR, bistatic SAR (BiSAR) can bring the increased ben-
efits of flexible configuration, abundant information, and reduced vulnerability [10],
and has been widely used in the imaging works [11-13]. However, the separated dis-
tribution of the transmitter and receiver renders the synchronization to be a significant
factor of the imaging performance for BiSAR [14]. In the microwave field, a popular
way to implement frequency synchronization is to make all the involved frequen-
cies from a common reference, such as using Global Positioning System disciplined
sources [15]. Then, the possible phase synchronization problem would usually be
tackled in the post-processing by a mathematical way, such as by compressing the
echo signal in the range dimension using the direct signal as a matched filter and by
the range cell migration (RCM) [16]. However, there is relatively less consideration
of synchronization problem paid on THz BiSAR.

Hence, for THz near-field imaging application, we propose a compact THz
BiSAR geometry, where a fixed transmitter emits continuous THz waveform (single-
frequency signal or wide-band signal), and a receiving system is of a combination
of an echo receiver with a linear motion trajectory and a fixed direct-wave receiver.
The receivers operate at a heterodyne- and in-phase mode to reduce the system cost.
Although transmitter and receiver are still non-cooperative with each other in our
geometry, it is possible to make it synchronized by making use of the strong coher-
ence between the direct wave and the echo. Therefore, the problem of accurate timing
existing in the in-phase receiving scheme and the synchronization problem due to the
independent transmitter and receivers can be overcome.

Furthermore, based on our proposed system geometry, a one-dimensional (1-D)
near-field THz BiSAR imaging is concerned. To obtain an analytical expression for
imaging, the Hilbert transform is firstly adopted to convert both the real echo and
the direct wave to their complex forms. The strong correlation of the inherent phase
relationship between the direct wave and the echo is then utilized to achieve the
synchronization. The stationary position method makes the nonlinear phase of the
involved route delay a pleasant linear approximation and thus yields the expression
for 1-D azimuthal imaging in the wave-number domain.

For the imaging method, the state-of-the-art Fourier transform (FT) algorithms
[17], its corresponding resolution would be limited due to the Rayleigh criterion.
To break this limitation, a high-resolution imaging method for THz 1-D azimuthal
targets is proposed, by combining the direction of arrival (DOA) estimation with the
spatial smoothing process (SSP) [18, 19]. Specifically, the total least squares estimat-
ing signal parameters via rotational invariance techniques (TLS-ESPRIT) commonly
used in the DOA estimation is utilized to improve the azimuth resolution, where
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the SSP operates in advance as a pre-processing for TLS-ESPRIT to decrease the
coherence of the original data. By establishing the proposed algorithm for high-
resolution bistatic radar imaging, we investigate its reconstruction performance by
both simulations and experiments.

2 THz BiSAR
2.1 THz BiSAR Geometry

The concerned geometry of THz BiSAR imaging system is shown in Fig. 1. The echo
receiver moves on the observation plane and receives the echo signal scattered by the
scattering point. The reference receiver which uses the same local oscillator source
of the echo receiver is located in a fixed position and receives the direct signal.

The distance from the observation plane to the object plane is Rg. The position of
the transmitter is fixed at (x;, yr.). The echo receiver is placed on a linear rail, and its
position is denoted as (x,y, yrr), and x,, ranges from —% to %, where L, denotes
the aperture length in x —dimension and the varying of x,, implies the trajectory of
arectilinear motion. The direct-wave receiver is at a fixed position (xy.f, yref). Both
the receivers operate at the heterodyne- and in-phase mode. Obviously, the trans-
mitter and receivers are separately distributed, and the transceiver isolation problem
usually troubling the monostatic system does not exist.

2.2 Signal Model for 1-D Imaging

The transmitter sends a single-frequency signal,

Sex () = cos2m fet + ¢r0) (1

transmitter(X, )

Lx '/
| |
1 1
observation plane / ‘

echo receiver(Xr,Yi) /
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Fig. 1 Geometry of THz BiSAR
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where f. and ¢;( denote the carrier frequency and the initial phase at the transmitting
end, respectively.
After the propagation delay, the echo is given by

Spx(Xpx, 1) = /g(x)stx(t — T(Xpx, x))dx )

where g(x) denotes the scattering coefficient of a target at (x,0), t(x,x,x) =
w is the propagation delay for bistatic, R;(x) and R, (x,x, x) represents
the distance from the transmitter to the scattering point and that from the scattering
point to the echo receiver, respectively, and

Ri(x) + Ry Ciras 1) = G — 07 + G — 0% 43/ (e = 0% + (e = 0% 3)

In receiving, the heterodyne- and in-phase echo receiver has an independently
local frequency oscillator, and one of the inputs of its inner mixer can be written as

Stocal (t) = cosQ2m frt + @r0) 4

where fr and ¢,o is the local frequency and initial phase at the receiving end,
respectively.

Therefore, the output of the mixer with respect to Egs. 2 and 4 at the echo receiver
can be expressed as

SIF(Xprx, 1) = /g(x) cos(2m fot — 27 fet (Xpx, X) + @10 — @ro)dx (5)

where fo = f. — fr denotes the intermediate frequency.

Similarly, with the same configuration as the echo receiver, the received signal at
the direct-wave receiver, denoted as s,.r () , and its corresponding output, denoted
as syef,1F (1) , can be expressed respectively as

Rref
Sref (1) = cos <27ch (t - ) + <.0t0) (0)

27chRref
C

Sref,IF(t) = COs (27Tf()t - + 010 — §0r0> (7)

where R,y is the reference distance from transmitter to reference receiver and is of
the form as

RrEf = \/(xref - xlX)2 + (yref - ytx)z ®)

It is easily observed from Eq. 5 that as a continuous signal, the start timing of
signal acquisition for the echo when in-phase mode is adopted and the initial phase
mismatch induced by ¢,o and ¢;9 make it hard to achieve inversion of g(x) from
Eq. 5. However, it can be solved by jointly utilizing the direct wave.

@ Springer



1166 Journal of Infrared, Millimeter, and Terahertz Waves (2018) 39:1162-1173

Hence, we firstly turn the involved real signals to their complex forms, and thus,
the Hilbert transform is taken into consideration. Correspondingly, the echo in Eq. 5
and the direct wave in Eq. 7 can be rewritten as

SHilbert (Xrx, t) = Hilbert {s; p (x;x, 1)} = / g(x)ej(27Tfol72ﬂfct(x,<x,x)+tp,07<pro)dx
©)

7 fe

. 2 Rref
Sref, Hitbert (t) = Hilbert {syof 17 ()} = &/ FT0I = F00=¢r0)  (10)

where Hilbert {-} represents the Hilbert transform.

Then the direct wave can be made as a matched filter, and the possible syn-
chronization problem existed in echo (i.e., Eq. 9) can be alleviated by a conjugate
multiplication between (9) and (10),

S(Xrx) = Sgitbert Xrx, t)s;kEf,Hilbert(t) — fg(x)ejk(Rref_(Rt(er)-‘rRr(er,x)))dx

(11)

# indicates the

where (-)* represents the conjugate operation and k =
wavenumber.

To obtain an analytical expression for 1-D imaging, firstly the Fourier trans-
form of Eq. 11 is operated along the observation aperture to turn the echo into the
wavenumber domain, i.e.,

S(ky) = / s(xpp)e e gy, (12)

where k, represents the component of the wavenumber frequency in the x dimension.
Let the phase in Eq. 12 be ¢(x, x,x) = k(R;(x) + Ry (xpx, X)) + kxXyx — kRyey.
According to the principle of stationary position method, the integral of ¢(x, x,y)

can get its non-zero value around x,*,,we can get

@x, x5 = ky/ (xix — )2 + ytzx + kyx 4+ k2 — K2y — kRyer (13)

So far, substituting (13) into (12) yields the signal model for 1-D imaging.

—j —)2a2 2_12 —
S;T(kx) ng(x)e ./(k (%rx —=X) 2+ Yy Thxx+a/ k= —kg yrx kRVEf)dx (14)

Since y,x and R;.s are known parameters in Eq. 13, their corresponding terms
e~ I VK2 —kiyextjkRrer in Eq. 14 can be removed through a phase-compensation.

Seomplx) = St (l)el VE Kovn=ikRrer — / gl (VlnmITRtrk) g
(15)
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3 High-Resolution 1-D Imaging Method

To achieve high-resolution imaging, the TLS-ESPRIT is taken into account. We
firstly turn the signal in Eq. 15 to its discrete way, and then the signal received at the
m-th spatial sampling position can be written as

K
sm=Y_ g(xk) e~ IR (er =) 37— jm Ak (16)
k=1

where m = 1, ..., M and M is the number of sampling positions, K is the number of
scattering points in the scene of interested, Ak, represents the sampling interval of
the X-dimensional wavenumber domain and Ak, = kL

—F
m(5) +r3
By collecting the signals from all of the sampling positions, and defining
s=1[s1 5 ... sM]T
we can get the following simplified expression
s = ADg 17)

where

g= [g(xl)v R g(-xK)]T
D = diag {e—jkv @a=x)*yi L eIk (er—XK)2+y,2x}

A=[a17'_"’aM]T )
a,; = [effmAkxxh cee, effmAkXxK]T

where () represents transpose and a,, denotes the receiving steering vector.

—  Step 1: Spatial smoothing process (SSP)
In order to effectively reduce the interference of the high coherent signal
involved in Eq. 16, SSP method is adopted. As illustrate in Fig. 2, the signal

forward

v

Sub-signal 1 Sub-signal L

1|‘ 2. IiPwL‘ . M-Iﬂ Py M.
|

1 .

Sub-signal 2

Fig.2 Spatial smoothing process
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is segmented into L (L = M + 1 — P) vectors, where P is the length of the
sub-signal, P € {2, 3, ..., M — 1}. Let the /-th sub-signal be denoted as

T
st=[s - Siep e Siep—1] (18)

where s;4, represents the (p + 1)-th element belonging to the /-th sub-signal,
andsl+p=af+pg,1<l<L,0<p< P—1.
— Step 2: Covariance matrix construction
Then, the average of all sub-signal covariance matrixes would be obtained as

L
1 H
Rss = z ZE_I Sl(sl) (19)

where (-)¥ represents conjugate transpose.
— Step 3: Eigenvalue Decomposition
R, can be decomposed as

Ry = ESSAEg (20)

where A is the diagonal matrix consisting of eigenvalues, Ey is the corre-
sponding matrix consisting of eigenvectors. Then, we form E, and E, from
E,, as
Ei=Ex G 1:M-1)
E,=E(,2: M)

Equation (21) is to build two new eigenvectors E, and E, from the original
eigenvector Eg. And the new eigenvector has a fixed phase difference between
each element.

— Step 4: Noise subspace construction

2

Letting E; = [ gx :| we can get the decomposition of EsEf € C2Px2p
)7

EE, = EAEY (22)

where A; is the diagonal matrix composed of eigenvalues, and E is a matrix of
its corresponding eigenvectors.
Furthermore, dividing the matrix E into four P x P sub-matrices, that is

En En
E= 23
|:E21 Ezz} @3)

where |:E11 j| € C?P*P consists of the eigenvectors corresponding to larger
21

sigenvalues, and |:E12 i| € C2P*P consists of the eigenvectors corresponding to
22

the left smaller eigenvalues, denoting the noise subspace.
—  Step 5: DOA estimation
Letting ¥ = —E12E2_21, the eigenvalues of ¥ can be computed as

{qgl, S, qASp } Assuming that the eigenvalues are sorted in a descending order,
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the position of the scatterer can be calculated from its K largest eigenvalues as
follows )
. angle
I R T S (24)
Aky
where angle(-) represents the extraction phase.
The scattering coefficient g(xx) can be obtained by bringing the estimated x;
into the measurement matrix A in Eq. 17, i.e.,

s =D 1(ATA) A (25)

4 Simulations

We compare the performance of the proposed algorithm with FT-based algorithm,
especially from the actual azimuth resolution point of view.
The spatial sampling interval based on Nyquist theory is approximated as

Axt o n (26)
2

where A denotes the wavelength, and A = ﬁ
The theoretical azimuth resolution is given by

2
c Rg + (%)
8§~ f—L 27
cH~x

The parameters are listed in Table 1.
a) Imaging based on simulations

When the synthetic aperture length of BiSAR L, is fixed, the simulations have
been carried out to illustrate the influence of spatial sampling interval on imaging
performance of two algorithms. Here three scatterers are located at (—2.1cm,Ocm),
(—1.8cm,0cm) and (4cm,Ocm), respectively, where the distance between any two
scatterers is multiple times of the resolution.

Table 1 Parameters

Parameter Value
Carrier frequency f. 183GHz
Local frequency f1 182GHz
Position of reference receiver (xref, yres) (0.2m,0m)
Position of transmitter (xsy, yrx) (0.2m,0.5m)
Distance from observation plane to object plane Ry 0.5m

The aperture length L 0.3m
Nyquist sampling interval Ax* 0.8mm
Theoretical azimuth resolution § 3mm
Signal-to-noise ratio 10dB
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Fig.3 Performance comparison between our proposed algorithm and FT

It is apparent from Fig. 3a that both the algorithms can accurately reconstruct the
scatterers when the distance between two scatterers is greater than the azimuth reso-
lution. When two scatterers become closer with a small interval, like one theoretical
resolution, the performance of FT-based algorithm would be deteriorated due to the
influence of mainlobe and sidelobe. However, the proposed algorithm maintains its
performance.

Then, the estimation error of the two algorithms versus the varying distance
between two scatterers is examined. According to Fig. 3b, we can see that the perfor-
mance of FT-based algorithm gradually becomes well with the increasing interval of
the two scatterers, especially when the distance is great than 65. However, the esti-
mation error of the proposed algorithm keeps stable at a very small value, even in
the case of two scatterers with their interval less than theoretical resolution 6. This

Oscilloscope

Transmitter Direct-wave receiver

Echo receiver Targets

Line trajectory | Absorber

Fig.4 Photograph of the THz BiSAR experimental system
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Fig.5 Imaging result for multiple cylinders

implies that the proposed algorithm can guarantee an improved resolving capability
in contrast to FT-based counterpart.

b) Imaging based on experiments

To perform proof-of-principle experiments, a prototype imager with the same
parameters setting in Table 1 is established as Fig. 4 shows. The echo and direct wave
are acquired simultaneously by a two-channel oscilloscope.

Firstly, there are three mental cylinders with the same diameter of 1.5cm as the
targets under test, shown in Fig. Sa. At this time, the distance between any two scat-
terers are greater than multiple times of resolution. The 1-D imaging result is shown
in Fig. 5b, it is obvious to see that the targets can be clearly identified by both
algorithms.

To test the practical resolution, two cylinders are placed with 3mm interval as the
targets, shown in Fig. 6a. Obviously, Fig. 6b demonstrates that the targets can be
well resolved by the proposed algorithm when the interval between the two metal

---FT 1
—— The proposed algorithm ||

1

Iy 1]
1 Al
1

IR Tt |
\‘;"l\"‘ ‘,' \l\ ! ‘\"‘ Y w,
-6 -4 -2 0

Azimuth(cm)

(a) Photograph of two cylinders (b) Imaging result

Fig.6 Imaging result for two cylinders
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cylinders is equal to the theoretical resolution, while the FT-based algorithm fails.
This exactly verifies the good performance of our proposed algorithm.

5 Conclusion

In this paper, a compact THz bistatic SAR geometry has been proposed for the dif-
ficult transceiver-isolation problem in the monostatic SAR with application to THz
imaging. Benefitting from the proposed geometry, the problem of synchronization
for bistatic system and the problem of accurate timing in in-phase receiving scheme
have been solved mathematically by utilizing the high coherence between the echo
and the direct wave. Then, a proposed algorithm based on TLS-ESPRIT and SSP
has been performed to support high-resolution 1-D imaging from DOA estimation
point of view. The simulations and experiment results demonstrate that compare
with FT-based algorithm, the proposed algorithm is able to provide better resolution
performance, and this shows its wide feasibility in practical applications.
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