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Abstract; In this paper, an SMMW interferometric radiometer concept is demonstrated by a two-element interfer-
ometer with dedicated high accuracy SMMW devices. Point-source calibration method is introduced in order to re-
duce instrument errors. 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 theoretical analysis.

This interferometer demonstrates a new method for passive SMMW remote sensing.
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Introduction

The submillimeter-wave ( SMMW ) spectral region
with frequencies from 300 GHz to 3 000 GHz is one of
the most interesting but challenging sectors of the electro-
magnetic spectrum. It is interesting because of the wealth
of knowledge that can be gained from research at these
frequencies, and challenging because the techniques
used for research in this region lag behind those used at
lower and higher frequencies'''. Of late, as a result of

the advancement of SMMW technology'?', SMMW sen-
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sors play an increasingly significant role in remote sens-

ing applications, ! such as security detection'*
[5]

and me-
teorological observations

In geoscience applications'® | various molecules
have characteristic absorption lines in the SMMW spec-
tral region, including the water vapor absorption spectra
at 380 GHz and the oxygen absorption spectra at 425
GHz. Several researches on the SMMW electromagnetic
spectrum have been conducted with successes such as the
Aura'”’ and the Superconducting Submillimeter-Wave

Limb-Emission Sounder (SMILES) '®'. The geostationary
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interferometric microwave sounder ( GIMS) "’ is a milli-

meter-wave imaging sounder concept proposed for the
next generation Chinese geostationary meteorological sat-
ellite (FY-4M). Millimeter-wave ( MMW ) bands at 50
~56 GHz and 183 GHz have been developed for the
GIMS'

Most of the existing SMMW sensors are based on
spatial domain scanning imaging or focal plane array im-
aging. Although a spatial domain scanning imaging sys-
tem has a simple hardware structure, it has a large an-
tenna aperture and a long imaging period, e. g. , the
Microwave Limb Sounder (MLS) in the Aura'”"’. On
the other hand, a focal plane array can reduce the ima-
ging time but the hardware is expensive, e. g. , the Het-
erodyne Instrument for the Far-Infrared ( HIFI) in the
Herschel'?'. Different from these instruments, the
large antenna aperture will be synthetic by means of
some small antennas in interferometric radiometers. For
this reason, the interferometric radiometers are also
known as synthetic aperture radiometers'"*'. In this type
of radiometer, spatial frequency domain sampling can
be accomplished using mobile receivers, hence, there is
a flexible tradeoff between the complexity of the system
and the imaging period. Unlike traditional radiometers,
the knowledge of the phase relationship between the re-
ceivers is important for correlation measurements in in-
terferometric radiometers' "', Therefore, a high de-
gree of hardware stability and phase accuracy should be
achieved in the SMMW spectral region because SMMW
is highly sensitive to phase errors. To the best of our
knowledge, the highest frequency achieved in existing
interferometric imaging radiometers is 183 GHz in the
Geostationary  Synthetic Thinned Array Radiometer
(GeoSTAR) project!"®!.

In this paper, a passive SMMW interferometric radi-
ometer was setup with a two-element interferometer work-
ing at 440 GHz. Related SMMW devices with a high sta-
bility were developed in the interferometric radiometer to
ensure hardware stability and phase accuracy in the
SMMW spectral region'”"®'. In addition, a new calibra-
tion method, the point-source calibration, was introduced
to eliminate instrument errors. In Sect. 1, the observa-
tions for the interferometric radiometer are formulated. In
Sect. 2, the two-element SMMW interferometer and the
point-source calibration method are presented. In Sect.
3, we demonstrate the interference fringes and the point
target images obtained with this SMMW interferometer,
followed by the conclusion and outlook in Sect. 4.

1 Formulation for interferometric ima-
ging

The architecture of a two-element interferometer
is shown in Fig. 1. The two antennas were separated by
a distance D and arranged to observe a point-source loca-
ted at ,, which is in the far-field of the interferometer.
Hence, the incident wavefront can be considered as a
plane wave. In order to simplify the discussion, the re-
ceivers were assumed to have narrow bandpass filters that
pass only the signal components that are very close to f,.

[13]

The output V; in Fig. 1 can be described as:
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Fig.1 Two element interferometer
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where A is the signal strength of the point-source, A is
the wavelength corresponding to f,, and 7, is the time
delay between the two receivers. The term V, can be ob-
tained in the same manner. When an distributed target
expressed as T(£,7n) and bandwidths in the receivers are
considered, the output of the two element interferometer
shown in Fig. 1 can be described as'"’

V(u,v) = WFl,z*(f’n);l,z
2in2<1 1 -¢& -9
( _ uf]: ”!l)efﬂﬂ(lé*m)dfdn . (2)
0
where, (u,v) are the projections over the X-Y axes of
the baseline D normalized to the wavelength. The term T,
is the instrument temperature, F,,.(£,n) is the conju-
gate product of the receiver antenna pattern, and the two
receivers are numbered 1 and 2, respectively. The term
Ty, is the fringe washing function of the receiver frequen-
cy response .
maginary parts of V(u,v) , respectively.
By changing the length and orientation of the base-
line, V(u,v) can be effectively sampled in spatial fre-
quency domain by the two-element interferometer. Then,

V, and V; correspond to the real and i-

i

T(&,m) can be retrieved by an appropriate inverse algo-
7 (212]
rithm .

2 System architecture

The proposed SMMW interferometric radiometer was
setup using a two-element interferometer. Because the
SMMW is highly sensitive to delay errors, a high hard-
ware stability and phase accuracy should be considered in

SMMW interferometric radiometer. Hence, the SMMW

devices used in the frontend should be elaborately de-
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signed and a high-speed digital correlator was employed
in the backend. In addition, we proposed a new calibra-
tion method, called the point-source calibration method,
that can be used to reduce instrument errors.
2.1 Modular composition

This SMMW interferometer mainly consists of three
parts ; antenna part, SMMW frontend, and digital corre-
lator. Further, a two-dimensional moving platform was
employed to allow complete spatial frequency domain
scanning. The overall system is shown in Fig. 2.

Fig.2 SMMW interferometer (a) functional block diagram,
(b) photo of the whole assembly
K2 AR (a) JEBIHER, (b) 2B S T

In Fig. 2(a), the dashed lines with arrows indicate
flexible coaxial connections. Both of the receivers were
mounted on the two moving arms of the moving platform.
One arm can move horizontally and the other vertically,
hence, the trace of these two arms is T-shaped and is
called T-shaped scanning. The whole assembly of the
SMMW interferometer and moving platform is shown in
Fig. 2(b).

Horn antennas were employed in this system. The
antenna gain is 25. 6 dB, the 3 dB beam width is 10°,
the sidelobe level is lower than -30 dB, and the cross po-
larization level is lower than -30 dB.

The analog part includes three main components: a
local oscillator (LO) , a tripler, and a mixer. A circuit
structure of anti-parallel diodes with self-bias was pro-

posed for the tripler[m , as shown in Fig. 3(a), which
is an efficient way to realize odd-order frequency multi-
plication with bias circuit. The measured output power is
maximum at 221 GHz with 3. 1 mW, and larger than 2
mW within the band between 219 and 227 GHz.

Fig.3 (a) Tripler, (b) Mixer
K3 (a) =fEascyid, (b) RHGRS) A

The tripler is followed by a 440 GHz sub-harmonic

mixer'® | as shown in Fig. 3(b). The key component
in the mixer is an anti-parallel pair of Schottky diodes.
The lengths of the diodes are 74 pum, and the cutoff fre-
quency of the diodes is up to 8 000 GHz. The suspended
microstrip matching circuit was constructed out of quartz,
and the metal block was divided into two halves. The di-
ode package and the matching circuit were integrated into
the mixer. The measured results indicate that the mixer
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 part is a high-speed digital correlator.
The phase synchronization problem was solved with a
cross synchronization scheme, based on a low cost FPGA
controller. After digital quantization, a quadrature digital
down converter was used before the complex correlation.
The sampling rate of the correlator can be as high as 5
GHz, the effective number of the ADC is 6 bits'>!, and
the integration time is adjustable.

2.2 Point-source calibration

The proposed SMMW interferometric radiometer was
demonstrated by a two-element interferometer. There-
fore, the errors that originate in the receiver pairs can be
regarded as simple modulations of the source images as
long as the errors do not change during an imaging peri-
od, which can be guaranteed by this system. The most
crucial errors arise from the bending and stretching of the
flexible coaxial cables during the T-shaped scanning, as
shown in Fig. 2. In order to reduce these errors, a point-
source calibration method is presented in this paper.

The system repeats the same moving trajectory dur-
ing every imaging period. The errors caused by the flexi-
ble coaxial cables can be described as a function of the
coordinates in the spatial frequency domain. and indicate
the magnitude and phase errors, respectively. Then Eq.

2 becomes,

T(é‘:,n) - Tr ~
V(u,v) = fj ﬁFl,z*(f,'fl)rl,z
E4n2<1 V 1 _§ -M

(- gf‘—’”l)e-ﬂ““f-WA(u,y)go(u,v)dgdn. (3)
0
Considering a point-source target located at , we
have :
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m(-%;—”he-ﬂ“"é'“'")A(u,vm(u,v)dgdn ,(4)
0

in which T, is the background brightness of the point-
source. A flat target response, V(u,v;T, = T',), can be

obtained by turning off the point-source,

T -T
V(w,0;T7, -T",) = ——F,.(&n)
’ fU VI-€ -7
?1,2(-%’l)e_ﬂ“(”&"")A(u,v)gp(u,v)dgdn , (5)
0

in which 7", is the instrument temperature during flat tar-

V(U,”;fo,ﬂo) =

ol 1

get imaging'**! that may vary from other imaging. The flat
target response will be used as the flat target calibration
for Eq. 4:
, T -T, :
ViCu,vséoome) = Vwoséysmo) = —p Vw,osT, = T')
r P
d(¢-&,m- 7]0); ( ué + bﬂ)
120"
2+92<1 V 1 _fz - 7’2 f()
Fy o (€)™ Au,p) p(u,) dédn
, (6)
when (&,,7,) =(0,0), 1 -& —7’]2 ~1. The influ-
ence of the fringe washing function, 7, ,, can be neglec-
ted. The weighting effect of the antenna pattern becomes
a constant that is approximately equal to one, which can
also be ignored. Then Eq. 6 can be used as the point-
source calibration for a common measurement, as de-
scribed in Eq. 3, which leads to Eq. 7:
, T(u,v)
Vi(uw) = o— 25—V
V(0560 ,m0)
_ I'(ém) - T, P u§+1;n)
= 120"
pipa V1€ - J

oo (E)e 00 gy, (7)

where the calibrated result V' (u,v) can be regarded as a
space shift of the raw V(u,v).

Furthermore, the relationship between the flat target
transformation and the point-source target transformation
is notable. The Dirac delta function and the constant
function are a Fourier transform pair in the theory of the
Fourier transform. In this case, the visibility function of
the flat target is approximately equal to the delta func-
tion, and the visibility function of the point-source target
is similar to the constant function.

In practical applications, a flat target calibration is
an additive operation that is intended to minimize the im-
pact of antenna errors by minimizing T(&,n) - T, as
described in Eq. 2, while a point-source calibration is a
multiply operation used to eliminate multiplicative errors.
These two calibrations do not interfere with each other;
the flat target calibration assists the point-source calibra-
tion in eliminating the influence of the receiver noise
temperature, as shown in Eq. 6.

Generally, a flat target calibration is effective for all
synthetic aperture interferometric radiometers, and a
point-source calibration is effective for a time-sharing
system which has a scanning period. However, when
point-source calibration is introduced into a complex sys-

tem with a group of receivers, the inconsistency between
the receivers should be considered, in Eqs. (6) and

(7).
3 Experimental

3.1 Interferometric fringes experiment

When we fixed the interferometer and moved the
point target, the interferometric fringes could be obtained
as shown in Fig. 4(a). The phase of the interferometric
fringes is shown in Fig. 4(b).

Fig.4 (a) Interferometric fringes, (b) linear phase of the
interferometric fringes

K4 (a) TWHRL, (b)) T ARG

During this experiment, the SMMW interferometer
was operated at 440 GHz, the length of the baseline is
59.52 mm, and the distance between the interferometer
and point-source is 1,100 mm. Using Eq. 1, the length
of one interferometric fringe period was calculated to be
12.6 mm, while the measured value as shown in Fig. 4
is 12.4 mm. The linear correlation coefficient of the in-
terferometric fringes is better than 0.999, and the corre-
sponding linear phase error is less than 2°.

3.2 Point target imaging

When we fixed the point target and completed the
spatial frequency domain sampling with the T-shape
scanning, the point target image could be obtained with
this SMMW interferometric radiometer.

During this experiment, the operated frequency is 440
GHz, and the longest baseline is 70A in both direction &
and 7. The retrieved image without calibration is shown in
Figs. 5(a) and (b), and the retrieved image with point-
source calibration is shown in Figs. 5(c) and (d).
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In terms of the theoretical analysis, the normalized
synthetic aperture array factor function for an even sam-
pling grid in the spatial frequency domain can be de-
scribed as:

D(&m) = sin[ (2N - 1) mAug] = sin(2M - 1) wAoy
’ (2N - 1)sin[ wAug] (2N - 1)sin[ wAué]

, (8)
in which Au and Av are the minimum antenna spacing
normalized to the wave length in the directions of & and
1, respectively. N and M are the number of antennas in
the directions of ¢ and 7 for no sparse array. The angle
resolution can be defined as the 3 dB beam width of the
synthetic aperture antenna pattern with reference to the
real aperture system, derived from Eq. 8.

1
Oup » = 1.207 (2N - 1) Au (9)

A similar result can be obtained in the direction of 1.

Fig. 5 Point target retrieved imaging (a) raw retrieved im-
age, (b) cross-section of the raw retrieved image, (c) point-
source calibrated image, and (d) cross-section of the calibra-
ted image

K5 IR (a) [ 6 808 SO B, (b) TR S 1]
BRI, (o) sUTRIR N E AR 5 A0 1Y SO R, (d) SR
Wi 17 A I 5 PR 18 e 1)

A T-shape scanning array was used in this SMMW
interferometric radiometer, and the equivalent antenna
array corresponds to N =M =13 and Au = Av=5. By in-
troducing these parameters into Eq. 8, we obtained a
theoretical angle resolution of , and the ideal first side-
lobe level approaches - 6.5 dB. The measured angle res-
olution is 0.565°, as shown in Fig. 5(c¢), which is in
good agreement with the theoretical results. In the raw
retrieved image, the first sidelobe level is - 2. 8 dB, as
shown in Fig. 5(a). After point-source calibration, the
sidelobe level decreases to - 5.3 dB.

The experimental results show that point-source cali-
bration plays a key role in reducing the first sidelobe,
which is the reflection of the system errors in the synthet-
ic aperture interferometric radiometer. Unfortunately,

there is an obvious gap between the calibrated image and
the theoretical image, which indicates the presence of
significant errors in the point-source calibrated results.
These errors will be addressed in future work.

4 Conclusion

An SMMW interferometric radiometer has been set-
up using a two-element interferometer at 440 GHz. A
point-source calibration method has been proposed to im-
prove its performance. The experimental results of inter-
ferometric fringes and point target images have been pres-
ented. The linear phase error of the interference fringes
is less than 2°, while the angular resolution of the re-
trieved point target image is around 0. 565°. The per-
formance of the experimental system is in good agreement
with theoretical calculations.

The technical feasibility of SMMW synthetic aper-
ture imaging has been verified by this interferometer. In
future works, the calibration method should be improved
in order to reduce the remaining system errors. The de-
sign of a modified SMMW interferometric radiometer is
currently in progress.
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