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Abstract
In this paper, an SMMW interferometric radiometer concept is demonstrated
by a two-element interferometer with dedicated high accuracy SMMW devices.
Point-source calibration method is introduced in order to reduce instrument er-
rors. Interference fringes and point target images are presented by this SMMW
interferometer. The linear phase error of the interference fringes is less than
2° and the angular resolution is better than 0.57°. The measured performance
characteristics of the two-element interferometer are consistent with the theo-
retical analysis. This interferometer demonstrates a new method for passive
SMMW remote sensing. © 2016, Science Press. All rights reserved.
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Abstract

Interferometric radiometer obtains passive brightness temperature images by
correlation operation between different receivers, which would seriously increase
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hardware requirements and need high phase accuracy in submillimeter-wave
(SMMW) spectral region. An interferometric radiometer based on two-element
interferometer has been set up with specialized high accuracy SMMW devices
in this paper. Point-source target calibration has been introduced to reduce
instrumental error. Interference fringes and point target images are presented
by this SMMW interferometer. The linear phase error of interference fringes
is better than 2°. The angular resolution is 0.57°. System performance is in
accord with theoretical analysis. This interferometer demonstrates a new way
for passive SMMW remote sensing.

PACS: 07.57.Kp

Key words: submillimeter-wave (SMMW) imaging, point-source target cali-
bration, SMMW interference fringes, interferometric radiometer

Abstract (Chinese Translation)

Interferometric radiometers obtain passive brightness temperature im-
ages through correlation operations between multiple channels. For the
submillimeter-wave (SMMW) band, the correlation operation imposes stringent
requirements on the precision and phase stability of the hardware system. In
this paper, a set of interferometric radiometer system based on a two-element
interferometer is implemented through specially designed high-precision SMMW
devices. A point-source target response calibration method is proposed to
reduce system errors according to the characteristics of this system. After the
system was completed, interference fringe experiments and point-source target
imaging experiments were carried out respectively. Tests show that the linear
phase error of the system is less than 2°, and the angular resolution is better
than 0.57°. The measured system performance is consistent with theoretical
analysis results. The above research provides important reference value for the
future design of high-resolution submillimeter-wave interferometric imaging
radiometers.

Key words: Submillimeter-wave imaging, point-source target response calibra-
tion, submillimeter-wave interference fringes, interferometric

Introduction
The submillimeter-wave (SMMW) spectral region, commonly spanning from 300
GHz to 3000 GHz, represents one of the most exciting yet frustrating sectors of
the electromagnetic spectrum. It is exciting because of the wealth of knowledge
that can be gained from research at these frequencies, yet frustrating because
techniques have lagged behind those at lower and higher frequencies [1]. With
recent technological advances [2], SMMW detectors are playing an increasingly
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important role in remote sensing applications [3], such as security detection [4]
and meteorological observation [5].

In geoscience applications [6], many molecules have characteristic absorption
lines in the SMMW spectral region; for example, 380 GHz corresponds to water
vapor absorption spectra, and 425 GHz to oxygen absorption spectra. Numer-
ous attempts have been made to exploit the SMMW electromagnetic spectrum,
with several successful missions including Aura [7] and SMILES [8]. The Geo-
stationary Interferometric Microwave Sounder (GIMS) [9] is a millimeter-wave
imaging sounder concept proposed for China’s next-generation geostationary
meteorological satellite (FY-4M). Some millimeter-wave (MMW) bands, such as
50–56 GHz and 183 GHz, have been developed for GIMS [10]. Due to its short
wavelength, SMMW spectra are also fascinatingly helpful for GIMS to increase
spatial resolution, which is crucial for geostationary remote sensing.

Most existing SMMW sensors are based on either spatial domain scanning imag-
ing or focal plane array imaging. Spatial domain scanning imaging systems have
simple hardware structures but require large antenna apertures and long imag-
ing periods, as exemplified by the Microwave Limb Sounder (MLS) on Aura
[7][11]. On the other hand, focal plane arrays can decrease imaging time but
sharply increase hardware costs, as is the case with the Heterodyne Instrument
for the Far-Infrared (HIFI) on Herschel [12]. Unlike these instruments, interfer-
ometric radiometers synthesize a large antenna aperture using multiple small
antennas, and are thus also called synthetic aperture radiometers [13]. Spatial
frequency domain sampling is accomplished by moving receivers, enabling a flex-
ible tradeoff between system complexity and imaging period. Unlike traditional
radiometers, correlation measurement in interferometric radiometers requires
phase information between receivers [14][15]. This means high hardware stabil-
ity and phase accuracy must be achieved in the SMMW spectral region because
the short wavelength is extremely sensitive to delay error. To the best of our
knowledge based on public reporting, the highest frequency of existing inter-
ferometric imaging radiometers is 183 GHz, realized by the GeoSTAR project
[16].

In this paper, a passive SMMW interferometric radiometer is established using
a two-element interferometer operating at 440 GHz. Due to its system simi-
larities, this SMMW interferometric radiometer will be compatible with GIMS
and other spectral instruments. Related SMMW services with high stability
are developed for this interferometric radiometer to ensure hardware stability
and phase accuracy in the SMMW spectral region [17][18]. Furthermore, a new
calibration method—point-source target calibration—is introduced to eliminate
instrumental errors. In Section 1, the observation is formulated for the inter-
ferometric radiometer. The two-element SMMW interferometer and the point-
source target calibration are presented in Section 2. Section 3 demonstrates the
interference fringes and point target images obtained with this SMMW interfer-
ometer, followed by conclusions and outlook in Section 4.
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1 Formulation for Interferometric Imaging
An elementary interferometer of an interferometric radiometer [13] is shown in
Figure 1

Figure 1: Figure 1

. The two antennas are separated by a distance D, defined as the baseline, and
observe a point source located at direction s, which is in the far field of the
interferometer. Thus, the incident wavefront can be considered planar over the
distance D. To simplify the discussion, the receivers are assumed to have narrow
bandpass filters that pass only signal components very close to frequency f �. The
output in Figure 1 can be described as:

𝑉𝑖 ∝ ⟨𝐴 sin(2𝜋𝑓𝑡 + 𝜑) ⋅ 𝐴 sin(2𝜋𝑓(𝑡 − 𝜏𝑔) + 𝜑)⟩ = 𝐴2 cos(2𝜋 sin 𝜃 ⋅ 𝐷/𝜆)

where A is the signal strength of the point source, � is the wavelength correspond-
ing to f �, and �_g is the time delay between the two receivers. The quadrature
component V_q can be obtained similarly. When the source becomes an area
target expressed as T(�, �), and practical bandwidths are considered in the re-
ceivers, the output of the elementary interferometer can be described as [19]:
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𝑉 (𝑢, 𝑣) = ∬
𝜉2+𝜂2≤1

𝑇 (𝜉, 𝜂) ⋅ 𝐹 ∗
1,2(𝜉, 𝜂) ⋅ 𝑟1,2(𝜉, 𝜂) ⋅ ̃𝑟(𝑢, 𝑣)𝑒−𝑗2𝜋(𝑢𝜉+𝑣𝜂) 𝑑𝜉 𝑑𝜂

Here, u and v are the projections of the baseline normalized to the wavelength
over the X-Y axes. T_r is the instrument temperature. F�,�(�, �) is the conjugate
product of the receiver antenna patterns for receivers 1 and 2. r̃�,�(�, �) is the
fringe washing function related to the receiver frequency response [20]. V_i and
V_q correspond to the real and imaginary parts of V(u,v), respectively.

By changing baseline D, the synthetic aperture interferometric radiometer can
sample the effective spatial frequency domain. Then T(�, �) can be inverted by
appropriate inverse algorithms [21][22].

2 System Architecture
This SMMW interferometric radiometer is constructed using a two-element in-
terferometer. Because short wavelengths are very sensitive to delay error, corre-
lation for the interferometer requires not only high hardware stability but also
high phase accuracy. Therefore, SMMW devices must be elaborately designed
in the front end, and a high-speed digital correlator is employed in the back
end. Moreover, a new calibration method—point-source target calibration—is
proposed to eliminate instrumental errors.

A. Modular Composition

This SMMW interferometer mainly consists of three parts: an antenna subsys-
tem, an analog front-end subsystem, and a digital correlator. Additionally, a
two-dimensional moving platform is employed to complete spatial frequency do-
main scanning. The integrated system is shown in Figure 2 [FIGURE:2]. In
Figure 2(a), the dash line with arrows indicates flexible waveguide connections.
Two receivers are fixed respectively on the two moving arms of the platform.
One arm can move horizontally and the other vertically, so the trace of these
arms is T-shaped—hence the term T-shaped scanning. The SMMW interferom-
eter and moving platform are shown in Figure 2(b).

Horn antennas are employed in this system, which offer mature technology and
high reliability. The antenna gain is 25.6 dB, the 3 dB beamwidth is 10°, the
sidelobe level is lower than -30 dB, and the cross-polarization level is better
than 30 dB.

The analog subsystem mainly includes three components: a local oscillator (LO),
a tripler, and a mixer. Considering current processing technology levels, a cir-
cuit structure of anti-parallel diodes with self-bias is proposed for the tripler
[17], as shown in Figure 3 FIGURE:3. This structure not only solves the dif-
ficult problem of processing bias circuits but also efficiently realizes odd-order
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frequency multiplication. After machining and electrical installation, the high-
est measured output power is 3.1 mW at 221 GHz, and the output power exceeds
2 mW across frequencies ranging from 219 to 227 GHz.

Following the tripler is a 440 GHz sub-harmonic mixer [18], shown in Figure
3(b). An anti-parallel pair of Schottky diodes serves as the key component in
the mixer. The diode length is 74 µm, and the cutoff frequency exceeds 8000
GHz. The suspended microstrip matching circuit is built on quartz, and the
metal block is cut into two halves. The diode package and matching circuit are
integrated in the mixer model. Measured results indicate that the loss is below
17.0 dB in the band ranging from 433 to 451 GHz, with a 3 dB bandwidth of
18 GHz.

The digital subsystem is a high-speed digital correlator. This correlator solves
the phase synchronization problem using a cross-synchronization scheme based
on a low-cost FPGA controller. After digital quantization, quadrature digital
down-conversion is employed to eliminate quadrature error. In this correlator,
the sampling rate can reach as high as 5 GHz, the effective number of ADC bits
is greater than or equal to 6 [23], and the integration time is adjustable.

B. Point-source Target Calibration

This SMMW interferometric radiometer has only one elementary interferometer.
Therefore, errors originating in the receivers can be regarded as a simple modula-
tion of the source image, as long as the errors remain steady during one imaging
period—easily guaranteed by this system. The most crucial error source comes
from the flexible waveguide connections employed to complete spatial frequency
domain scanning. To address this problem, a point-source target calibration
method is presented.

During each imaging period, the system follows the same moving trace. The
error from the flexible waveguides can be described as a function of coordinates
in the spatial frequency domain. Let A(u,v) and �(u,v) denote the magnitude
and phase errors, respectively. Then Eq. (2) becomes:

𝑉 (𝑢, 𝑣) = ∬
𝜉2+𝜂2≤1

𝑇 (𝜉, 𝜂)⋅𝐹 ∗
1,2(𝜉, 𝜂)⋅𝑟1,2(𝜉, 𝜂)⋅ ̃𝑟(𝑢, 𝑣)⋅𝐴(𝑢, 𝑣)⋅𝑒−𝑗[2𝜋(𝑢𝜉+𝑣𝜂)+𝜑(𝑢,𝑣)] 𝑑𝜉 𝑑𝜂

When considering a point-source target located at (��, ��), we have:

𝑉𝑝𝑠(𝑢, 𝑣; 𝜉0, 𝜂0) = ∬
𝜉2+𝜂2≤1

𝑇𝑝(𝜉, 𝜂)⋅𝛿(𝜉−𝜉0, 𝜂−𝜂0)⋅𝐹 ∗
1,2(𝜉, 𝜂)⋅𝑟1,2(𝜉, 𝜂)⋅ ̃𝑟(𝑢, 𝑣)⋅𝐴(𝑢, 𝑣)⋅𝑒−𝑗[2𝜋(𝑢𝜉+𝑣𝜂)+𝜑(𝑢,𝑣)] 𝑑𝜉 𝑑𝜂

where T_p is the background brightness of the point source. A flat target
response can be obtained by turning off the point source:
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𝑉𝑓𝑡(𝑢, 𝑣) = ∬
𝜉2+𝜂2≤1

𝑇 ′
𝑟(𝜉, 𝜂)⋅𝐹 ∗

1,2(𝜉, 𝜂)⋅𝑟1,2(𝜉, 𝜂)⋅ ̃𝑟(𝑢, 𝑣)⋅𝐴(𝑢, 𝑣)⋅𝑒−𝑗[2𝜋(𝑢𝜉+𝑣𝜂)+𝜑(𝑢,𝑣)] 𝑑𝜉 𝑑𝜂

where T_r’is the instrument temperature during flat target imaging [24], which
may differ from other imaging scenarios. The flat target response serves as flat
target calibration for Eq. (4):

𝑉 ′
𝑝𝑠(𝑢, 𝑣; 𝜉0, 𝜂0) = 𝑉𝑝𝑠(𝑢, 𝑣; 𝜉0, 𝜂0) − 𝑉𝑓𝑡(𝑢, 𝑣)

The influence of the fringe washing function can be neglected. The weighting
effect of the antenna pattern becomes approximately constant and close to 1,
which can also be ignored. Then Eq. (6) can be used as point-source target
calibration for common measurements as described in Eq. (3):

𝑉 ″
𝑝𝑠(𝑢, 𝑣; 𝜉0, 𝜂0) = 𝑉 ′

𝑝𝑠(𝑢, 𝑣; 𝜉0, 𝜂0)
𝑉 ′

𝑓𝑡(𝑢, 𝑣) ≈ 𝑒−𝑗2𝜋(𝑢𝜉0+𝑣𝜂0)

where the calibrated result can be regarded as a space shift of the raw visibil-
ity function. Furthermore, the relationship between flat target transformation
and point-source target transformation is delicate. In theory, the Dirac delta
function and constant function are a Fourier transform pair. Thus, the visibil-
ity function of a flat target approximates a delta function, while the visibility
function of a point-source target resembles a constant function.

In practical application, flat target calibration is an additive operation aimed
at minimizing the impact of antenna errors by minimizing T_r described in
Eq. (2). Point-source target calibration is a multiplicative operation used to
eliminate multiplicative error. These two calibrations do not interfere with each
other. Indeed, flat target calibration assists point-source target calibration in
eliminating the influence of instrument temperature, as shown in Eq. (6).

Generally, flat target calibration can work for all synthetic aperture interfero-
metric radiometers, while point-source target calibration is effective for time-
sharing systems with a scanning period. However, when introduced to complex
systems with more than one elementary interferometer, the inconsistency be-
tween receivers should be considered in Eq. (6) and Eq. (7).

3 Experiment
A. Interferometric Fringes Experiment

With the interferometer baseline fixed and the point source moving in the hori-
zontal direction of the baseline, interferometric fringes can be obtained as shown
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in Figure 4 FIGURE:4. The phase of the interferometric fringes is shown in Fig-
ure 4(b). During the experiment, the SMMW interferometer operates at 440
GHz, the baseline length is 59.52 mm, and the vertical distance between the
interferometer and point source is 1100 mm. From Eq. (1), the displacement
corresponding to one interferometric fringe period is 12.6 mm, while the mea-
sured value is 12.4 mm. The linear correlation coefficient of the interferometric
fringes exceeds 0.999, and the corresponding linear phase error is better than
2°.

B. Point Source Imaging

Fixing the location of the point source and scanning the spatial frequency do-
main can be completed by moving the arms of the two-dimensional platform.
The SMMW interferometric radiometer operates at 440 GHz, with the longest
baseline at 70� in both u and v directions. The primary retrieved image is shown
in Figure 5 FIGURE:5, and the point-source target calibrated image using Eq.
(7) is shown in Figure 5(c-d).

For theoretical analysis, the normalized synthetic aperture array factor function
for an even sampling grid in the spatial frequency domain can be described as:

𝐷(𝜉, 𝜂) = sin[(2𝑁 − 1)𝜋𝜉Δ𝑢]
sin(𝜋𝜉Δ𝑢) ⋅ sin[(2𝑀 − 1)𝜋𝜂Δ𝑣]

sin(𝜋𝜂Δ𝑣)

where Δu and Δv are the minimum antenna spacing normalized to the wave-
length in the � and � directions, respectively. N and M are the numbers of
antennas in the � and � directions for a non-sparse array. Angular resolution can
be defined as the 3 dB beamwidth of the synthetic aperture antenna pattern,
with reference to the real aperture system, which is derived from Eq. (8):

𝜃𝐻𝑃 ≈ 1.207
(2𝑁 − 1)Δ𝑢

A similar result can be obtained in the � direction.

In this SMMW interferometric radiometer, which comprises a sparse mobile
array, the equivalent antenna array corresponds to N = M = 13. Introducing
these parameters into Eq. (8), the theoretical angular resolution is 0.55°, and
the ideal first sidelobe level approaches -6.5 dB. The practical angular resolution
is 0.57° as shown in Figure 5(c), which agrees well with theoretical results. In
the raw retrieved image, the first sidelobe level is -2.8 dB as shown in Figure
5(a). After point-source target calibration, it decreases to -5.3 dB.

Experimental results demonstrate that point-source target calibration plays a
key role in reducing the first sidelobe, which reflects the system errors of the
synthetic aperture interferometric radiometer. Unfortunately, there remains an
obvious gap between the calibrated image and theoretical image, suggesting that
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some considerable errors are still hidden in the point-source target calibrated
results, which must be addressed in future work.

4 Conclusion
In this paper, a SMMW interferometric radiometer has been established using a
two-element interferometer, and point-source target calibration has been applied
to improve radiometer performance. Interferometric fringes and point source
images have been presented, with the linear phase error of interference fringes
better than 2°. The angular resolution of imaging is 0.57°. System performance
shows good agreement with theoretical results.

This interferometer demonstrates the technical feasibility of synthetic aperture
imaging in the SMMW spectral region. The results provide an important refer-
ence for the next stage of the GIMS project.

For future work, the calibration method should be improved to further reduce
system errors. Additionally, a modified SMMW interferometric radiometer is
currently under development, and area target imaging is expected.
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