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ABSTRACT

To address the problem that the imaging inversion method based on a single model in integrated aperture imaging
is difficult to effectively correct model errors and perform accurate image reconstruction, a dual-model (DM)-based
integrated aperture imaging inversion method is proposed for correcting the parametric errors of the inversion model
and performing highly accurate millimeter-wave image reconstruction of the target scene. In view of the different pa-
rameter sensitivities of the Fourier transform (MFFT) model and the G-matrix (GM) model, the proposed DM method
first corrects the imaging parameters with errors accurately by comparing the reconstruction errors of the two models;
then recon-structs a high-precision target image based on the accurate GM model with the help of an improved regular-
ization method. It is proved by simulation experiments that the proposed DM method can effectively correct the param-
eter errors of the imaging model and reconstruct the target scene with high accuracy in millimeter wave images
com-pared with the traditional single-model imaging method.
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1. Introduction

Millimeter-wave synthetic aperture interferometric radiometer
(SAIR) breaks the limitation of antenna aperture on spatial resolution
with the help of integrated aperture technology, and can achieve
high-resolution imaging detection using small-aperture array antennas;
it also has the characteristics of both infrared and microwave imaging,
and can penetrate clothing, plastic, wood and other materials to achieve
high-precision stealth detection, and has been widely used in military,
navigation, medical and traffic security monitoring™?. However, due to
some unavoidable factors (such as background noise, system parame-
ters and imaging model errors), like other non-optical imaging systems,
the image reconstructed by SAIR is a degraded image, and there is a
certain error between it and the real millimeter wave image. At present,
typical SAIR imaging methods (such as MFFT, NUFFT, Gridding, and
regularized inversion methods) are used to optimally reconstruct the
target scene under their own inversion models with the help of numeri-
cal inversion, and their reconstruction accuracy largely depends on the
accuracy of the adopted inversion models”™. However, due to some
simplifying approximations in the model construction, the actual SAIR
inversion model often suffers from certain description errors. In addi-
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tion, some imaging parameters are often difficult to
obtain accurately due to specific environmental
constraints in practical imaging applications. In this
case, it is difficult to reconstruct an accurate milli-
meter wave image with the help of the above-men-
tioned traditional imaging method based on a single
model.

At present, the Fourier transform (MFFT)
model and the G-matrix (GM) model are two typi-
cal high-precision imaging models for SAIR imag-
ing inversion. Among them, the GM model has
higher model accuracy and can reconstruct high
precision millimeter wave images; however, its pa-
rameter sensitivity is high and inaccurate model
parameters will lead to higher inversion errors. The
MFFT model, on the other hand, has lower model
accuracy and parameter sensitivity, and is an inert
imaging model; its reconstructed image accuracy is
lower but more stable. With the model parameters
approximating the exact parameters, the recon-
structed images of both models are close to the real
millimeter wave images, and the reconstruction er-
rors between the two models are minimized. In or-
der to make full use of the advantages of both mod-
els and perform highly refined reconstruction of the
real millimeter-wave images, an integrated aperture
inversion method based on the dual imaging model
(DM) is proposed in this paper. The proposed DM
method first corrects the imaging parameters with
errors by comparing the reconstruction errors be-
tween the GM model and the MFFT model, and
then improves the model accuracy of the imaging
model; then, the inert MFFT model is used to con-
strain the inversion process of the GM model with
the help of the reconstructed image of the inert
MFFT model, and the improved regularization
method is used to reconstruct the target scene with
high accuracy. The simulation results show that the
proposed DM method can effectively correct the
parametric errors of the imaging model and achieve
high-precision reconstruction recovery of the mil-
limeter wave image of the target scene compared
with the traditional single-model imaging method.

2. Millimeter-wave SAIR imaging
model

Before introducing the DM inversion method,

the MFFT and GM models are first briefly ex-
plained in conjunction with Figure 1. The array
antenna is located in the OXY plane, the target is
located in the oxy plane, and the distance between
the i-th radiation source Si and antennas c and | are
R and R! after target discretization, respectively.

o

Y (X,Y,0)
Figure 1. Integrated aperture imaging geometry.

Based on the interferometric principle of the
integrated aperture radiometer, a sample of the visi-
bility function measured by the antenna for (c, I)
can be expressed as:

V., = E (R, 1) « E (R,1) ), =

N

> Ty ) F Gy ) Fy Gy e #0600

i=1

1)
where, Ey(+) is the electromagnetic signal re-
ceived by the array antenna, (-) denotes the time
integration, 7 is the integration time, (x;y;) is the §;
coordinates, T (x;,yi) is the normalized bright tem-
perature, Fy(-) is the antenna orientation map,
k =2m/A is the circular wave number, 4 is the
system center wavelength, r¢, is the striation func-
tion. exp[—jk(R{ — R})] denotes the phase dif-
ference between antenna pairs (c,I). In the MFFT
model, a Taylor approximation expansion is often

performed for Rf and R}:
Ric ~ R+ [(xi - Xc)z + (Yi - Yc)z]/ZR (2)

@)
Substituting equations (2) and (3) into equa-
tion (1) and defining u=k(X,—X.)/, v=
k(Y; —Y.)/R, we can get:
V(u,v)
B e_j(p(u,V) ff T (x' Y)FcFl*rc,le_j(xu+yv)dxdy
(4)
where, @(u,v) = t(X2 + Y2 — X? —Y?)/AR
is the phase compensation term, which can effec-

RE~ R+ [(x; — X)) + (y; — Y))?1/2R
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tively improve the near-field imaging accuracy of
SAIR. For ideal SAIR, r¢, and the antenna orienta-
tion map Fy(-) can be further approximated as 1,
and equation (4) can be written as the following
MFFT imaging model:

V(u,v) = e Jo@p) ff TMF (x, y)e T ¥y dxdy

®)
TY(x,y)=FT, [V (u,v)j“’(”'v’]

(6)

The above equation is the MFFT imaging
model, TM is an approximation of the real image T,
and FT,[] is the two-dimensional Fourier trans-
form. The MFFT imaging method is based on equa-
tion (6) to reconstruct the target image by the fast
Fourier transform. Due to the high stability of the
Fourier transform operation, the reconstructed im-
ages TVF of the MFFT method are relatively sta-
ble, but the reconstructed images T have large
errors relative to the actual millimeter wave images
T due to the low accuracy of the MFFT model.

For a more accurate model description of the
integrated aperture imaging process, R{ and Rl?
can be precisely represented according to Figure 1
as:

RE = (v — X)? + (i — Y2 + R?
™

Rl = (x; — X)? + (y; — V)% + R?
(8)
Substituting equations (7) and (8) into equa-
tion (1), the following matrix equation can be de-
rived.
Vux1 = Guxn - Tyx1
9)
G(m,n)

= e (i, ¥i) Fry (X0, yi)

In the actual millimeter wave SAIR, the meas-
ured visibility function often has a certain observa-
tion error, and the number of sampling points M is
usually much smaller than the number of pixels N
to be recovered; at this time, the accurate inverse
solution of equation (9) can be performed with the
help of the regularization method, and the typical
reconstruction model is:

ming/(T) = ||GT — V||3 + a||CT||3

(11)

where ||GT — V|5 is the fidelity term to en-

sure that the difference between the reconstructed

image and the real millimeter-wave image is small

enough, ||CT||3 is the regularization term, and «

is the regularization parameter, and «a is often set

as small as possible to maintain the high resolution
of the millimeter-wave image.

3. Integrated aperture inversion
method based on dual model

From the above analysis, it can be seen that the
model accuracy of the GM model is high, but the
parameter sensitivity is high, and inaccurate model
parameters will lead to high reconstruction errors.
In practical applications, some imaging parameters
are often difficult to be accurately determined, and
at this time, accurate millimeter wave images can-
not be reconstructed with the help of the GM model.
While the MFFT model has lower reconstruction
accuracy, its reconstructed image has high stability
and is an inert imaging model. Combining the
characteristics of the two models, this paper pro-
poses an integrated aperture inversion method based
on the dual model (DM). Firstly, the error correc-
tion of imaging parameters is performed by com-
paring the reconstruction errors between the GM
and MFFT models; then the improved regulariza-

.2 . .
. eJTn[\/(xi_Xml)2+(yi_le)2+R2_\/(xi_ch)2+(J’i_Ymc)2+R2] tion method is used to reconstruct the target scene

(10)
Equation (9) is the exact GM model, which
describes the SAIR imaging process more accu-
rately than the MFFT model of approximate de-
scription; therefore, the accuracy of the recon-
structed images T® based on the GM model is
significantly higher than the results T™ of the
MFFT model.

with high accuracy.

3.1 Model parameter correction

By comparing the two imaging models, it
can be seen that the main model parameters are R,
A and antenna position (X, Ys), etc. Compared with
other parameters, the GM model is extremely sensi-
tive to the parameters R; and the distance R is
sometimes difficult to be determined accurately due
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to environmental constraints. Therefore, in this pa-
per, the parameter calibration process of the DM
method is illustrated with the parameters R as an
example.

(1) The image inversion is performed with the
help of MFFT model and GM model respectively
within the confidence interval of R (usually
0.5Ry~1.5R,, R, is the predicted imaging dis-
tance).

(2) Calculate the root mean square error
RMSE between the inverse images of the two mod-
els; and plot the variation curve of RMSE with the
parameter R. The RMSE is calculated as follows.

RMSE(T,TO)z\/Z[T(i)—To(i)]z /\/Z[To(i)]z

(12)
where T, is the reference image, and T is the
reconstructed image to be evaluated.

(3) Find the minimum value in the RMSE
curve, and its corresponding R is the accurate value
parameter R, to be corrected.

The following is a set of simulation experi-
ments to analyze the performance of the parameter
correction method visually, and the main simulation
parameters are shown in Table 1.

Table 1. Main simulation parameters

Parameter Center wavelength A/mm_Number of array element antennas Antenna spacing Ad/m Imaging distance R/m
Numerical value 8 100 0.01 500
The 100 array elements antennas were ar- iT , =
b arget

ranged into a line array with an antenna spacing of
0.01m. After the visibility function is obtained us-
ing electromagnetic simulation, the target scene T4
is reconstructed using the MFFT method and the
GM-based regularization method respectively, and
the corresponding simulation results are shown in
Figure 2. From Figure 2a, it can be seen that the
RMSE(TM, T%) of the MFFT reconstructed result
remains basically unchanged as the distance param-
eter R changes, while the RMSE(T®, T#) of the GM
model changes more drastically due to the high
sensitivity of the parameters, and only has a high
reconstruction accuracy around R, = 500 m. This
indicates that the reconstruction accuracy of the
GM model is better than that of the MFFT model
under the accurate parameter settings (as shown in
Figure 2b); however, when there are errors in the
parameters, the GM model will not be able to per-
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(b) Reconstruction results of the two imaging models (R, = 500
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(c) Correction curves with respect to parameters 4 (1, = 8 mm)
Figure 2. Simulation results.

form accurate image reconstruction. In addition, the
error curves RMSE(T®, T™F) and RMSE(T®, T4
curves between the two models are very similar and
all reach the minimum at R,. This indicates that
even if the real image T2 is not known, the exact
parameter R, can be found based on RMSE(TC,
TF). From the error curves about the parameters A
given in Figure 2c, it can be seen that the proposed
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correction method is also applicable to the correction
of the parameters A, which effectively verifies the
feasibility of the proposed parameter correction
method.

3.2 Estimation of real millimeter wave im-
ages

The parameter accuracy of the imaging model
can be effectively improved by the above-men-
tioned parameter correction method, and then high-
precision imaging inversion can be achieved by the
regularization method. The advantage of the regu-
larization method is that certain prior information is
used to construct the regular term, which not only
turns the pathological problem into a well-condi-
tioned problem, but also can effectively improve the
accuracy of reconstructed images. However, the
regular terms used in the traditional regularization
methods (e.g., equation (11)) are mostly quadratic
convex functions, which smooth the image edges
while causing parasitic ripples and edge blurring in
the images. Therefore, to further improve the accu-
racy of the reconstructed image, this paper adopts
the following improved regularized inverse model
for image reconstruction with the idea of Total Var-
iational (TV) parametrization:

min,J(T) = | GT = V|| + aP(T)
(13)

i,jeT
P(T) = JZ {0 76G,) -TGj+1) 1+
L TGL) TG+ L) L+ TG -1 1)

(14)

where P (T) is the improved regularization
term, the first two terms of which are the TV para-
metrization, and it has been shown that using the
TV parametrization as the regularization term can
achieve more accurate image reconstruction results.
In addition, given the high stability of the MFFT
inversion results, the reconstructed image can be
evaluated instead of the actual millimeter wave im-
age; we introduce its reconstruction result TMF into
the regularization term P(T) to constrain the regu-
larized reconstruction process and further improve
the recovery accuracy. In this paper, the fast gradi-
ent projection FGP algorithm® is used to solve the
optimization problem of equation (13), with the

maximum iteration step k set to 20 and the parame-
ter a set to 0.07.

The key of the proposed DM inversion method
is to first perform parameter correction for the
higher accuracy GM model to optimize its model
accuracy; and then use an improved regularization
method to reconstruct a high accuracy millimeter
wave image. Since both the MFFT model and the
GM model are based on the near-field integrated
aperture imaging principle, the proposed DM inver-
sion method is applicable to both near-field and
far-field cases.
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Figure 3. “T” array antenna distribution map.

4. Experiments and results

In this section, two typical target scene ex-
periments are used as examples to simulate and an-
alyze the proposed DM inversion method. The main
simulation parameters are set the same as in Table 1.
Considering that the MFFT inversion method re-
quires a complete visibility function, a “T” type
antenna array is used in the two-dimensional simu-
lation, and its array elements are arranged as shown
in Figure 3, with the real array elements (®) ar-
ranged along the axis and the corresponding visibil-
ity sampling points (o) uniformly distributed on the
rectangular array surface.

The bright temperature image distribution of
the target scene is shown in Figure 4, with dimen-
sion 100 % 100. To simulate the SAIR imaging
process more faithfully, the simulation treats
each pixel point in Figure 4a and 4b as a discrete
radiation source, its grayscale value as the radiation
intensity, and the neighboring radiation source
spacing is set to half of the system spatial resolution.
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The signal received by the array antenna is ob-
tained by integrating the millimeter wave radiation
signal generated by all discrete point sources. Then
the visibility function is derived by the complex
correlation calculation between antenna pairs. After
that, the MFFT method, TV regularization method
and DM inversion method are used to reconstruct
the image of the target scene respectively, where the
parameters of MFFT method and TV regularization
method are set as simulation parameters; the recon-
struction results are shown in Figure 5 and Figure
6.

(b) MFFT method results

(c) TV method results

(a) Tank and car scene

(d) DM method results
Figure 5. Inversion results of tank and car scenes.

(b) Ship scene

Figure 4. Brightness temperature image distribution of the 0.3
target scene. < RMSE(T™,TY
025 [~ RMSE(T®.TY) | /
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(b) MFFT method results

(c) TV method results

(d) DM method results
Figure 6. Inversion results of boat scenes.

From Figure 5 and Figure 6a, it can be seen
that the RMSE(T®,T®) is smaller than
RMSE(TMF, T%) when the parameters R are close to
the exact parameters, but higher than RMSE(T"",T4)
for the parameters R with larger errors. In addition,
since the GM model still has subtle model errors,
the parameters R, corresponding to the minimum
values of RMSE(T®,T#) and RMSE(T®, TF) are not
exactly equal to the simulation parameters (R, =
495 m in the tank scenario and R, = 510 m in the
ship scenario) in order to fit the model itself in a
large number of 2D data inversions; therefore, it is
necessary to perform model parameter correction

with the proposed DM method for practical applica-
tions.

From the reconstruction results shown in Fig-
ure 5b and Figure 6b, it can be seen that there is a
large noise pollution in the reconstructed images
due to the low accuracy of the MFFT model and the
fact that the Fourier transform also cannot effec-
tively remove the image noise. In contrast, the GM
matrix model has better model accuracy, and its
inverse image accuracy (Figure 5 and Figure 6c—
6d) is significantly better than that of the MFFT
image. In addition, the proposed DM inversion
method uses an improved regularization term to
constrain the regularization process, which can ef-
fectively improve the convergence speed of the
image algorithm, and its reconstructed image (Fig-
ure 5, Figure 6d) has better accuracy than the tra-
ditional TV method with lower noise pollution. In
order to objectively evaluate the accuracy of the
reconstructed images, the peak signal-to-noise ratio
(PSNR) and structural similarity ratio (SSIM) are
calculated, and the results are shown in Table 2;
obviously, the DM method inversion results have
the smallest RMSE and the largest PSNR and SSIM.
The results indicate that the proposed DM method
can effectively correct the imaging model parame-
ters and thus improve the imaging inversion accu-
racy of the integrated aperture radiometer.

5. Conclusion

A dual-model DM integrated aperture inver-
sion method is proposed to address the problem that
it is difficult to effectively perform image inver-
sion based on a single-model imaging method when
there is an error in the integrated aperture imaging
model. The model parameters are corrected by
comparing the reconstruction errors of the two
models, and then the target scene is reconstructed
with high accuracy by means of an improved regu-
larization method. The simulation results show that
the proposed DM method can effectively correct the
imaging model parameter errors and reconstruct the
target scene with high accuracy in millimeter wave
images.
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Table 2. Comparison of evaluation data of reconstructed images

Scene Inversion method Evaluation index
RMSE PSNR SSIM
Tank and vehicle MFFT 29.1263 18.3577 0.8604
TV 26.7083 18.9780 0.8764
DM 25.5480 19.3243 0.8832
MFFT 33.1131 17.1188 0.8384
Vessel TV 29.6395 17.9660 0.8495
DM 29.1390 18.0715 0.8601
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