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Abstract: Interferometric radiometer obtains passive brightness temperature images
by correlation operation between different receivers, which would seriously increase
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.
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Abstract: 干涉式辐射计通过多通道间的相关运算得到被动亮温图像。对于亚
毫米波段(submillimeter-wave, SMMW)相关运算对硬件系统的精度与相位稳定性
提出了很高的要求。本文中，通过特殊设计的高精度 SMMW 器件，实现了一套

基于二单元干涉仪的干涉式辐射计系统。针对该系统的自身特点，作者提出了点
源目标响应定标方法来降低系统误差。系统完成后，分别进行了干涉条纹实验和
点源目标成像实验。经测试，系统的线性相位误差小于 2°，角分辨率优于 0.57°。
系统实测性能和理论分析结果一致。以上研究为今后设计高分辨率亚毫米波干涉
式成像辐射计提供了重要的参考价值。

Key words: 亚毫米波成像，点源目标响应定标，亚毫米波干涉条纹，干涉式
成像
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Introduction
The submillimeter-wave (SMMW) spectral region, interval commonly from
300GHz to 3000GHz, is one of the most exciting and, at the same time, most
frustrating sectors of the electromagnetic spectrum. Exciting because of the wealth of
knowledge that can be gained from research at these frequencies; frustrating because
techniques have lagged behind those at lower and higher frequencies[1]. With
technology advancing recently[2], SMMW detector is playing a more and more
important role in remote sensing field[3], such as security detection[4], meteorological
observation[5].
In geoscience applications[6], many molecules have characteristic absorption
lines in SMMW spectral region, of which 380GHz is water vapor absorption spectra,
and 425GHz is oxygen absorption spectra, et al. Many attempts have been made
around SMMW electromagnetic spectrum and several have succeeded with such fruits
as Aura[7],

and SMILES[8]. Geostationary 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 50-56GHz and 183Ghz, have been developed for
GIMS[10]. Because of short wavelength, SMMW spectra is also fascinatingly helpful
for GIMS to increase the special resolution, which is crucial for geostationary remote
sensing.
Most of existing SMMW sensors are based on spatial domain scanning imaging
or focal plane array imaging. The spatial domain scanning imaging system has a

simple hardware structure but a large antenna aperture and long imaging period, like
Microwave Limb Sounder (MLS) in Aura[7][11]. On the other hand, the focal plane
array could decrease the imaging time but the cost of its hardware structure is sharply
increased, as is the case with Heterodyne Instrument for the Far-Infrared (HIFI) in
Herschel[12]. Different from those instruments, large antenna aperture will be synthetic
by means of some small antennas in interferometric radiometers, thus also called
synthetic aperture radiometer[13]. Spatial frequency domain sampling will be
accomplished by mobile receivers, so there is a flexible tradeoff between systematic
complexity and the imaging period. Unlike traditional radiometers, correlation
measurement in interferometric radiometer needs phase information between the
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receivers[14][15]. That means high hardware stability and phase accuracy should be
achieved in SMMW spectral region, because the short wavelength is very sensitive to
delay error. As far as we know in the public reporting, the highest frequency of
existing interferometric imaging radiometers is 183GHz, which is realized by
GeoSTAR project[16].
In this paper, a passive SMMW interferometric radiometer is set up with
two-element interferometer working at 440GHz. Because of its similarities in system,
this SMMW interferometric radiometer will be compatible with GIMS other spectra
instruments. Related SMMW services with high stability are developed for this
interferometric radiometer to insure the hardware stability and phase accuracy in
SMMW spectral region[17][18]. Furthermore, a new calibration method, namely
point-source target calibration, is introduced to eliminate instrumental errors. In
Section 1, the observation is formulated for interferometric radiometer. Then the
two-element SMMW interferometer and the point-source target calibration are
presented in Section 2. In Section 3, we demonstrate the Interference fringes and point
target images by this SMMW interferometer, followed by the conclusion and outlook
in Section 4.

1 FORMULATION FOR INTERFEROMETRIC IMAGING
An elementary interferometer of interferometric radiometer[13] is shown in Fig. 1.
The two antennas are separated by a distance D , which is defined as the
baseline, and observe a point-source located in  0 , which is in the far field of the
interferometer. So the incident wavefront can be considered as a plane over the

distance D . In order to simplify the discussion, the receivers are assumed to have
narrow bandpass filters that pass only signal components very close to f 0 .
Then the output Vi in Fig.1 can be described as:
Vi   A( 0 )sin(2 f 0t   )  A( 0 )sin(2 f 0 (t   g )   )
 A2 ( 0 ) cos(2 f 0 g )
 A2 ( 0 ) cos(2
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Fig.1 elementary interferometer
图 1：单元干涉仪

In Eq. (1), A is the signal strength of point source,
corresponding to f 0 , and

g

 is the wavelength

is the time delay between the two receivers. Vq can

be got in the same way. When the source becomes area target, which can be expressed
as T ( , ) , and practical bandwidths are considered in the receivers, the output of
elementary interferometer, shown in Fig. 1, can be described as[19]:

V (u, v) 



  1
2

2

T ( , )  Tr
1   2  2

 F1,2* ( , )  r1,2 (

u  v  j 2 (u v )
)e
d d
f0

(2)

Here, (u, v) are the projections over the X-Y axes of the baseline D normalized to
the wavelength. Tr is the instrument temperature. F1,2* ( , ) is the conjugate
product of the receiver antenna pattern and the two receivers are numbered as 1 and 2.

r1,2 is the fringe washing function about the receiver frequency response[20]. Vq and
Vi correspond to the real and imaginary part of V (u, v) respectively.

By changing baseline D , the synthetic aperture interferometric radiometer
could get V (u, v) in an effective spatial frequency domain. Then T ( , ) can be
inverted by appropriate inverse algorithm[21] [22].

2 SYSTEM ARCHITECTURE
This SMMW interferometric radiometer is set up by two-element interferometer.
Because the short wavelength is very sensitive to delay error, correlation for the
interferometer requires not only high hardware stability but also high phase accuracy.
So the SMMW devices should be elaborately designed in the front end, and a high
speed digital correlator is employed in the back end. What’s more, a new calibration
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method, namely point-source target calibration, is proposed to eliminate instrumental
errors.
A. Modular Composition
This SMMW interferometer mainly consists of three parts: an antenna part, an
analog front-end part and a digital correlator. Furthermore, a two-dimensional moving
platform is employed to complete spatial frequency domain scanning. The integrated
system is shown in Fig.2.
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Fig.2 SMMW interferometer. (a) functional block diagram, (b) production after
machining and electrical installation
图 2：亚毫米波干涉仪 (a) 原理框图，(b) 加工装配后的实物图

In Fig.2(a), the dash line with arrows means flexible waveguides connection.
Two receivers are fixed respectively on two moving arms of the moving platform.
One arm can move horizontally and the other can move vertically, so the trace of
these two arms is T-shaped, which is so-called T-shaped scanning. SMMW
interferometer and the moving platform are set up as shown in Fig.2(b).
Horn antennas are employed in this system, which have a mature technology and
high reliability. The antenna gain is 25.6dB, 3 dB beamwidth is 10°, the sidelobe level
is lower than -30dB, and the cross polarization level is better than 30dB.
The analog part mainly includes three components: a local oscillator (LO), a
tripler and a mixer. Considering the level of processing technology at present, a circuit
structure of anti-parallel diodes with self-bias is proposed in the tripler[17]，which is
shown in Fig. 3(a). With this structure, not only can the difficult problem of
processing bias circuit be solved, but also the odd-order frequency multiplication can
be realized efficiently. After machining and electrical installation, the highest
measured output power is 3.1mW at 221 GHz and the output power is more than
2mW at frequencies ranging from 219~227 GHz.
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(a)

(b)
Fig.3 (a) tripler production, (b) mixer production
图 3 (a) 三倍频器实物图, (b) 混频器实物图

Behind the tripler is a 440GHz sub-harmonic mixer[18], which is shown in Fig.
3(b). An anti-parallel pair of Schottky diodes is the key component in the mixer. The
length of the diodes is 74  m , and the cutoff frequency of diodes is up to 8000GHz.
The suspended microstrip matching circuit is built on quartz, and the metal block is
cut into two halves. The diode package and the matching circuit are integrated in the
mixer model. The measured results indicate that the loss is below 17.0 dB in the band
ranging from 433~451 GHz, with a 3 dB bandwidth of 18 GHz.
The digital part is a high speed digital correlator. This correlator solves the phase
synchronization problem by using a cross synchronization scheme, which is based on
low hardware cost FPGA controller. After the digital quantization, quadrature digital
down conversion is employed to eliminate the quadrature error. In this correlator, the
sampling rate can reach as high as 5GHz, the effective number of ADC is greater than
or equal to 6bit[23], and the integration time is adjustable.
B. Point-source Target Calibration
This SMMW interferometric radiometer has only one elementary interferometer.
So the errors originating in receivers can be regarded as a simple modulation of the
source image, as long as the errors are steady during one imaging period, which is

easy to guarantee by this system. The most crucial error comes from the flexible
waveguides connection, which is employed to complete spatial frequency domain
scanning. To solve this problem, a point-source target calibration method is presented
in this paper.
During every imaging period, the system has the same moving trace. The error
coming from the flexible waveguides can be described as a function of coordinates in
spatial frequency domain. A(u, v) and  (u, v) mean magnitude and phase errors
respectively. Then, Eq. (2) becomes

V (u, v) 

T ( , )  Tr



1   2  2

 2  2 1

 F1,2* ( , )  r1,2 ( 

u  v
)
f0

(3)
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e j 2 (u v )  A(u, v) (u, v)d  d
When considering a point source target located on (0 ,0 ) , we have

V (u, v; 0 ,0 ) 



 (  0 ,  0 )  Tp  Tr
1   2  2

 2  2 1

 F1,2* ( , )  r1,2 (

u  v
)
f0

(4)

e j 2 (u v )  A(u, v) (u, v)d  d
in which, Tp is the background brightness of the point source. A flat target response

V (u, v; Tp  Tr) can be got by turning off the point-source

Tp  Tr



V (u, v; Tp  Tr) 

 2  2 1

e

1   2  2

 j 2 ( u  v )

 F1,2* ( , )  r1,2 (

u  v
)
f0

(5)

 A(u, v) (u, v)d  d

in which, Tr is the instrument temperature during flat target imaging[24], which may
be different from other imaging. Flat target response will be used as flat target
calibration for Eq. (4):
V (u, v; 0 ,0 )  V (u, v;  0 ,0 ) 




  1
2

2

Tr  Tp
V (u, v;Tp  T )
Tr  Tp

 (  0 ,  0 )
1   
2

2

 r1,2 (

u  v
)
f0

(6)

F1,2* ( , )  e  j 2 (u  v )  A(u, v) (u, v)d  d

When (0 ,0 )  (0,0) ,

1   2   2  1 . Influence of fringe washing function

r1,2 can be neglected. The weighting effect of antenna pattern becomes a constant
approximate to 1, which can also be ignored. Then Eq. (6) can be used as point-source

target calibration for a common measuring as described in Eq. (3):
V (u, v) 


V (u, v)
V (u, v; 0 ,0 )



 2  2 1

T ( , )  Tr

u  v
 r1,2 (
)  F1,2* ( , )  e j 2 [u ( 0 ) v ( 0 )]d d
2
2
f
1   
0

(7)

in which, the calibrated result V (u, v) can be regard as a space shift of the raw

V (u, v) .
Furthermore, the relationship of flat target transformation and point-source target
transformation is delicate. In theory, Dirac delta function and constant function are a
Fourier transform pair in Fourier transform theory. So the visibility function of flat
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target is approximate to delta function, and the visibility function of point-source
target is similar to constant function.
In practical application, flat target calibration is an additive operation, which is
aimed at minimizing the impact of the antenna errors by minimizing T ( , )  Tr , as
described in Eq. (2). Point-source target calibration is a multiply operation, which is
used to eliminate multiplicative error. These two calibrations have no interference
with each other. Indeed, flat target calibration will help point-source target calibration
to eliminate the influence of instrument temperature, just as shown in Eq. (6).
Generally, flat target calibration can work for all synthetic aperture
interferometric radiometers, and point-source target calibration will take effect on the
time-sharing system which has a scanning period. But when introduced to a complex
system with more than one elementary interferometer, the inconsistency between the
receivers should be considered in Eq. (6) and Eq. (7).

3 EXPERIMENT
A. Interferometric Fringes experiment
Fixing the baseline of interferometer, and moving the point-source in the
horizontal direction of the baseline, we can get interferometric fringes as shown in Fig.
4(a). The phase of interferometric fringes is shown in Fig. 4(b).
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(a)

(b)
Fig.4 (a)interferometric fringes, (b)linear phase of interferometric fringes
图 4 (a) 干涉条纹 （b）干涉条纹的线性相位

During the experiment, the SMMW interferometer is working at 440GHz and the
length of baseline is 59.52mm, vertical distance between interferometer and
point-source is 1100mm. By Eq. (1), the displacement corresponding to one
interferometric fringes period is 12.6mm, and the measured value is 12.4mm. The
linear correlation coefficient of interferometric fringes is better than 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 domain
can be completed by moving the arms of the two-dimension moving platform. The
SMMW interferometric radiometer works at 440GHz, with the longest baseline 
70 in both directions of  and  . The primary retrieved image is shown in Fig.
5(a-b), and the point-source target calibrated image by Eq. (7) is shown in Fig. 5(c-d).
For theoretical analysis, the normalized synthetic aperture array factor function
for an even sampling grid in spatial frequency domain can be described as:

D( , ) 

sin[(2 N  1)u ] sin[(2M  1)v ]

(2 N  1)sin[u ] (2M  1)sin[v ]

(8)

in which u and v are the minimum antenna spacing normalized to the wave
length in the directions of  and  respectively. N and M are the number of
antennas in the directions of  and  for no sparse array. Angle resolution can be
defined as 3dB beamwidth of the synthetic aperture antenna pattern, with reference to
the real aperture system, which is derived from Eq. (8):

 HP _   1.207

1
(2 N  1)u

(9)
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The similar result can be got in the direction of  .

(a)

(b)

(c)
(d)
Fig. 5 point source retrieved imaging (a) raw retrieved image, (b) cross section of raw
retrieved image, (c) point source target calibrated image, (d) cross section of

calibrated image
图 5 点源反演图 (a) 原始数据反演图像 (b) 原始反演图像的横剖图 (c) 点源响应
定标后数据的反演图像 (d) 点源响应定标后反演图像的横剖图

In this SMMW interferometric radiometer, comprised of a sparse mobile array,
the equivalent antenna array corresponds to

N  M  13 and u  v  5 .

Introducing this parameter to Eq. (8), we can figure out the theoretical angle
resolution is 0.55 , and that ideal first side lobe level approaches -6.5dB. The
practical angle resolution is 0.57 as shown in Fig.5(c), which has a good agreement
with the theoretical results. In the raw retrieved image, first side lobe level is -2.8dB
as shown in Fig. 5(a). After point-source target calibration, it decreases to -5.3dB.

chinaXiv:201703.00287v1

Experiment results show that point-source target calibration plays a key role in
reducing first side lobe, which reflects the system errors of synthetic aperture
interferometric radiometer. Unfortunately, there is an obvious gap between the
calibrated image and theoretical image, suggesting some considerable errors are still
hidden in the point-source target calibrated results, which are yet to be solved in the
next step work.

4 CONCLUSION
In this paper, a SMMW interferometric radiometer has been set up by means of
two-element interferometer and point-source target calibration has been applied to
improve the performance of this radiometer. Interferometric fringes and point source
images have been presented, and the linear phase error of interference fringes is better
than 2 . The angular resolution of imaging is 0.57 . System performance has a
good agreement with theoretical results.
This interferometer demonstrates the technical feasibility of synthetic aperture
imaging in its application to SMMW spectral region. The result provides important
reference for the next stage of GIMS project.
As for future work, the calibration method should be improved to reduce the
system errors. Additionally, a modified SMMW interferometric radiometer is now
under breadboarding and area target will be imaged in expectation.
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