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Abstract—Synthetic aperture interferometric radiometer (SAIR) is a high-resolution passive imager
by sparsely arranging a number of small aperture antennas to synthesize a large aperture. However,
the SAIR requires as many receivers as antennas needed, which results in high system complexity
and hardware cost and limits the application of the SAIR. Aiming to reduce the system complexity
of SAIR, a new passive coding imaging method is proposed in this paper. By using a new aperture
coded measurement approach, the proposed method can significantly reduce the number of RF chains
while keeping the image fidelity. The effectiveness of the proposed imaging method has been verified by
simulations. The results reveal that the proposed method can be an efficient alternative for simplifying
the architectures of SAIR.

1. INTRODUCTION

Synthetic aperture interferometric radiometer (SAIR) is a promising passive imager, which obtains
brightness temperature (BT) images by measuring the objects natural radiation in the microwave band
[1–8]. SAIR can realize high spatial resolution by using a thin array composed of numerous small
aperture antennas to achieve a large aperture antenna and overcome the mechanical scan limitation of
a traditional real aperture radiometer. Nevertheless, SAIR requires a large number of antennas and
receivers to obtain as much information of the scene as possible, which results in increased system
complexity and hardware cost and limits the applications of the SAIT in various domains.

In order to reduce the high complexity of a SAIR system, numerous researches have been performed.
These developed methods can be summarized into three categories: one based on the clock scanning
technique, one based on the compressed sensing (CS) technique, and one based on the passive coding
technique. For example, Zhang et al. proposed a clock scan microwave interferometric radiometer
(CSMIR) to reduce the complexity of the SAIR [7, 8]. However, the CSMIR requires the rotation
equipment and is suitable for observing slow changing targets [8]. The CS approach reconstructs the
BT images by randomly selecting partial visibility samples from all visibility samples. The feasibility
of the CS method is demonstrated for reducing the complexity of the SAIR system [9, 10]. Kpré and
Decroze proposed a passive coding technique to reduce the hardware cost of the SAIR system [11–13].
By using an oversized microwave cavity as the passive coding device, the BT image can be effectively
recovered solely with a few receivers.

In this paper, we propose a new passive coding imaging method for SAIR to reconstruct the BT
image. Different from the competing methods in [11–13], the proposed method employs a compact
variable fiber delay line (VFDL) as the passive coding device to encode the signal received by the
antenna array. Then the BT image can be reconstructed by decoding the coded signal and using the
Fourier transform method. Since the passive coding device proposed in this paper is more compact than
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that in [11–13], the proposed method is suitable for engineering application. Simulations are given to
validate the feasibility of the proposed method.

This paper is organized as follows. In Section 2, the theory of the proposed method is described.
In Section 3, the numerical simulations are carried out to validate the effectiveness of the presented
method. Conclusions are drawn in Section 4.

2. THEORY OF THE NEW PASSIVE CODING IMAGING METHOD FOR SAIR

In this section, the new passive coding imaging method for SAIR is introduced. Fig. 1 shows the
schematic of the SAIR system with a new passive coding device.
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Figure 1. Schematic of the SAIR system with the new passive coding technique.

The receiving antenna array with L elements is connected to an L×M (Input/Output) ports passive
coding device. The passive coding device, which consists of variable fiber delay lines (VFDLs), delays
and multiplexes the received L antenna signals into M (M<L) output signals, leading to architecture
simplification. The data measured by receiver k in frequency domain are expressed as follows:

yk(f) =
L∑

l=1

hkl(f)sl(f)

=
L∑

l=1

Rk(f)h′
kl(f)sl(f) (1)

where sl(f) denotes the signal of interest received by the lth antenna, and hkl(f) is the transfer function
between the lth antenna and the kth receiver. Rk(f) and h′

kl(f) are the transfer functions of the RF
receiver and the passive coding device, respectively. The passive coding device shown in Fig. 1 is
expressed as follows [11, 14]:

hkl(t) = F
[
gkl(t)e−iω(t−τkl)

]
(2)

where the symbol F denotes the Fourier transform, gkl(t) a random signal that obeys the random
Gaussian distribution, and τkl the time delay between the lth antenna and the kth receiver.

Reformulating Eq. (1) into the matrix form:

yk = hks (3)

where hk = [hk1(f) hk2(f) . . . hkL(f)] ∈ R1×L, s = [s1(f) s2(f) . . . sL(f)] ∈ RL×1.
Since the principle of the SAIR is to measure the cross correlation between each pair of the received

signals s, signals s should be estimated from the compressed data yk for all frequency samples. According
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to the CS theory [15], signals s can be recovered by solving the following convex optimization problem
when it satisfies the sparse requirement, and hk obeys the RIP condition [9, 10, 16],

min ‖s‖l1 s.t. yk = hks (4)

Then the visibility samples of the observed scene can be computed by performing the cross
correlation between each pair of the received signals s:

V (u, v) =
〈
si(f) · s∗j(f)

〉
(5)

where the symbol 〈·〉 denotes the inner product; u = (xi − xj)/λ, v = (yi − yj)/λ; λ is the wavelength;
(xi, yi) and (xj , yj) are the positions of antennas i and j, respectively.

Based on the Van Cittert-Zernike theory, the brightness temperature (BT) image of the scene can
be reconstructed by performing the inverse Fourier transform of the visibility samples [17]:

T (ξ, η) = F−1[V (u, v)]

=
∫∫

V (u, v)ej2π(uξ+vη)dudv (6)

where (ξ, η) = (sin θ cos φ, sin θ sin φ).
From the above theoretical analysis, the proposed method has two constraints: the received signals

should satisfy the sparsity in frequency domain, and the channels of the encoding device should satisfy
the orthogonality constraint. Once these two conditions are met, the received signals s can be accurately
estimated from the compressed data, and then the BT image of the scene can be reconstructed.
Therefore, a key point of the proposed method in this paper is to design the time delay of the VFDLs to
ensure that the channels of the encoding device satisfy the orthogonality constraint. The orthogonality
constraint of the encoded device with the output port k can be evaluated by calculating the normalized
correlation coefficients between the transfer functions of the passive coding device:

Rk = hH
k ∗ hk (7)

where hk = [hk1(f)hk2(f) . . . hkL(f)] ∈ R1×L.
When Rk(i, i) tends to 1 and Rk(i, j) tends to 0 (i �= j), the encoded device with output port k

satisfies the orthogonality constraint. Therefore, the time delay of the VFDLs can be designed to ensure
the encoded device satisfying the orthogonality constraints based on the above criteria.

3. NUMERICAL SIMULATIONS

In this section, several scenarios are shown to demonstrate the effectiveness of the proposed passive
coding imaging method for reducing the system complexity while maintaining the image quality.

3.1. Case 1: SAIR System with a Circular Antenna Array

Firstly, the SAIR system with a circular antenna array is used to test the proposed method. The
diameter of the circular antenna array is 7λ. 18 isotropic antennas are evenly arranged in the circular
antenna array. The circular array configurations and their corresponding uv sampling grids are shown
in Fig. 2(a) and Fig. 2(b), respectively. The uv sampling grids are denoted by the ‘∗’ symbol.

Then the proposed passive coding device with 18×4 ports is connected to the circular antenna array.
According to the Eqs. (2) and (7), the normalized correlation coefficients between the transfer functions
of the passive coding device can be calculated under the different lengths of VFDLs conditions. Based
on the simulation results, the lengths of the VFDLs, which can make the channels of the encoded device
satisfy the orthogonality constraints, are selected from a series of VFDLs with different lengths. In this
case, the lengths of the VFDLs are set from 10 cm to 180 cm with an increase of 10 cm. Fig. 3 shows
the normalized correlation coefficients between the transfer functions of the passive coding device with
output port 1. From Fig. 3, the proposed passive coding device meets the non-correlation condition.

Figure 4(a) shows the original brightness temperature (BT) image of the scene. Two point-like
targets with 300 K are set in the homogeneous background with 50 K. The targets are assumed to
radiate the sinusoidal signals with central frequency of 1GHz.
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Figure 2. (a) Layout of the circular antenna array; (b) uv sampling grid coverage.
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Figure 3. Normalized correlation coefficients between the transfer functions h1l, l ∈ [1, 2, . . . , 18].

As a comparison, Fig. 4(b) shows the image reconstructed by the traditional SAIR system with the
IDFT method. In the traditional SAIR system, each antenna is directly connected to a single receiver
channel. The traditional SAIR system utilizes 18 antennas, 18 receivers, and 18 ADCs to reconstruct
the image even though two targets are well recovered. Fig. 4(c) gives the result reconstructed by using
the proposed passive coding imaging method solely with four receivers. Two targets are accurately
reconstructed but with a few artifacts. In order to quantitatively compare the performance of different
methods, the root mean square errors (RMSEs) of the results reconstructed by different methods are
calculated according to the following equation:

RMSE =

√√√√ 1
N

N∑
n=1

(T(n) −T′(n))2 (8)

where T is the original BT image of the scene, T ′ the BT image reconstructed by the imaging method,
and N the total pixel number of the BT image.

The RMSE in Eq. (8) denotes the error between the reconstructed image and the original image.
The lower the RMSE is, the better the performance of the imaging method is. Based on Eq. (8), the
RMSEs of Fig. 4(b) and Fig. 4(c) are 0.121 and 0.123, respectively. The proposed method has a similar
imaging performance to the IDFT method while solely using 22% of the receivers employed by the IDFT
method. The proposed method greatly reduces the hardware cost of the receiving chains in the SAIR
system.
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Figure 4. (a) Original image; (b) Image reconstructed by the traditional IDFT method with the
circular antenna array and all 18 receivers; (c) Image reconstructed by the proposed method with the
circular antenna array and 4 receivers.

3.2. Case 2: SAIR System with Y-Shaped Antenna Array

In the second case, a commonly used Y-shaped antenna array is used to test the efficiency of the
proposed method. The Y-shaped antenna array consists of 24 isotropic antennas with equal space of
1.2λ. The configuration of the Y-shaped receiving array is shown in Fig. 5(a). Fig. 5(b) shows the uv
sampling grid coverage of the Y-shaped antenna array.
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Figure 5. (a) Layout of the Y-shaped antenna array; (b) uv sampling grid coverage.
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Figure 6. Normalized correlation coefficients between the transfer functions h1l, l ∈ [1, 2, . . . , 24].
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Figure 7. (a) Original image; (b) Image reconstructed by the IDFT method with the Y-shaped antenna
array and all 24 receiver chains; (c) Image reconstructed by the proposed method with the Y-shaped
antenna array and 4 receiver chains.

The passive coding device with 24 × 4 ports is connected to the Y-shaped antenna array shown
in Fig. 5(a). The lengths of the VFDLs are set the same as those in the first case. Fig. 6 shows the
normalized correlation coefficients between the transfer functions of the passive coding device. The
proposed passive coding device satisfies the non-correlation constraint in this scenario.

With the proposed passive coding device, the data of the scene are compressively obtained by four
receiver chains. Fig. 7(a) shows the original BT map of the scene. Three point-like targets with 300 K
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are set in the homogeneous background with 50 K. The signals radiated by three targets are the same
as those in the first case. Fig. 7(b) shows the image reconstructed by the traditional SAIR system
with the IDFT method. Since the traditional SAIR system employs all 24 receivers to receive the data,
three targets are accurately imaged. Fig. 7(c) shows the image reconstructed by using the proposed
method solely with four receiver chains. Three targets are still well recovered but with the artifacts.
The RMSEs of Fig. 7(b) and Fig. 7(c) are 0.102 and 0.107, respectively.

From Fig. 7, the proposed method has nearly the same imaging performance as the IDFT method
while solely employing about 17% of the receiver chains used by the traditional IDFT method.

3.3. Case 3: T-Shaped Array

In this scenario, the SAIR system with the T-shaped antenna array is used to validate the proposed
method. The T-shaped antenna array consists of 24 isotropic antennas with equal space of 1.2λ. The
layout of the T-shaped antenna array is shown in Fig. 8(a). Fig. 8(b) shows the corresponding uv
sampling grid coverage (denoted by the ‘∗’ symbol) of the T-shaped array.

A passive coding device, which is the same as that in case 2, is connected to the T-shaped antenna
array. Fig. 9 shows the normalized correlation coefficients between the transfer functions of the passive
coding device. From Fig. 9, the passive coding device meets the non-correlation constraint.

Figure 10(a) shows the original BT image of the simulated scene. Four point-like targets with 300 K
are located in the homogeneous background. As a comparison, Fig. 10(b) shows the image reconstructed
by the traditional SAIR system with the traditional IDFT method. Since the traditional IDFT method
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Figure 8. (a) Layout of the T-shaped antenna array; (b) uv sampling grid coverage.
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Figure 9. Normalized correlation coefficients between the transfer functions h1l, l ∈ [1, 2, . . . , 24].
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Figure 10. (a) Original image; (b) Image reconstructed by the IDFT method with the T-shaped
antenna array and all 24 receivers; (c) Image reconstructed by the proposed method with the T-shaped
antenna array and 4 receivers.

uses the samples obtained by all the receivers, four targets agree well with the original ones. Fig. 10(c)
shows the image reconstructed by using the proposed passive coding imaging method. The RMSEs of
Fig. 10(b) and Fig. 10(c) are about 0.095 and 0.108, respectively. The proposed method still recovers
the targets with high fidelity solely with four receiver chains though the RMSE of the result imaged by
the proposed method is a little higher than that imaged by the traditional IDFT method.

3.4. Case 4: Under the Noise Conditions

In the previous three examples, the validity of the proposed method has been demonstrated in different
configurations of the antenna array without noise. In this case, the Gaussian noise will be contained in
the simulated data to further test the performance of the proposed method.

The antenna array and the original BT image of the scene are set the same as those in case 1. Two
point-like targets radiate sinusoidal signals with central frequency of 1 GHz. The signal is contaminated
with Gaussian noise, and the SNR of the simulated data is about 10 dB.

Figure 11(a) shows the result reconstructed by the traditional SAIR system with the traditional
IDFT method. The BT image of two targets is nearly the same as that in Fig. 4(b) even in the noise
conditions. Fig. 11(b) shows the image reconstructed by using the proposed method with 6 receivers.
A passive coding device with 18 × 6 ports is used in this case. The lengths of the VFDLs are the same
as those set in case 1. Two targets are accurately reconstructed. Compared with the result in Fig. 4(c),
two more receivers are used, and the artifacts are higher owing to the effect of the Gaussian noise. The
RMSEs of the Fig. 11(a) and Fig. 11(b) are about 0.121 and 0.141, respectively, even though the RMSE
of the image reconstructed by the proposed method is higher than that of the image reconstructed by
the IDFT method.



Progress In Electromagnetics Research M, Vol. 98, 2020 43

-0.4 -0.2 0 0.2 0.4
ξ

-0.4

-0.2

0

0.2

0.4

η

50

100

150

200

250

300
K

(a)

-0.4 -0.2 0 0.2 0.4
ξ

-0.4

-0.2

0

0.2

0.4

η

50

100

150

200

250

300K

(b)

Figure 11. (a) Image reconstructed by the IDFT method with all 18 receivers; (b) Image reconstructed
by the proposed method solely with 6 receivers.

Through the numerical simulations in this section, the effectiveness of the proposed method is
verified for excessively reducing the hardware cost of the SAIR system while maintaining the image
quality.

4. CONCLUSIONS

In this paper, a new passive coding imaging method is developed to simplify the architecture of the
SAIR system. By adjusting the VFDLs in the passive coding device, the proposed method compresses
the signals received by multiple antennas and then recovers the BT image by extracting the interaction
between antennas from the encoded signals. Some numerical simulations are carried out to validate the
feasibility of the developed method. Compared with the competing methods, the proposed method can
effectively reduce the hardware cost of the SAIR system with good engineering realizability.
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12. Kpré, E. L. and C. Decroze, “Synthetic Aperture Interferometric Imaging using a passive microwave
coding device,” 2016 IEEE Conference on Antenna Measurements Applications (CAMA), 1–4,
Oct. 23–27, 2016.
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