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Microwave to millimeter-wave diagnostics techniques, such as interferometry, reflectometry, scattering, and
radiometry, have been powerful tools for diagnosing magnetically confined plasmas. The resultant measurements
have clarified several physics issues, including instability, wave phenomena, and fluctuation-induced transport.
Electron cyclotron emission imaging has been an important tool in the investigation of temperature fluctuations,
while reflectometry has been employed to measure plasma density profiles and their fluctuations. We have de-
veloped a horn-antenna mixer array (HMA), a 50 - 110 GHz 1D antenna array, which can be easily stacked as
a 2D array. This article describes an upgrade to the horn mixer array that combines well-characterized mixers,
waveguide-to-microstrip line transitions, intermediate frequency amplifiers, and internal local oscillator modules
using a monolithic microwave integrated circuit technology to improve system performance. We also report on
the use of a multi-channel HMA system.
c© 2015 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction
Millimeter-wave imaging diagnostics, such as phase

imaging interferometry, microwave imaging reflectometry,
and electron cyclotron emission imaging, have proven to
be useful in obtaining 2-D images of electron density, elec-
tron temperature, and their fluctuations [1–3]. These tech-
niques are powerful tools for studying localized magneto-
hydrodynamic instabilities and micro instabilities, which
are considered to be responsible for the anomalous trans-
port of magnetically confined plasmas. Microwave imag-
ing systems are now installed in the large helical device
and the Tokamak EXperiment for Technology Oriented
Research [4, 5].

Figure 1 shows a schematic diagram of a microwave
imaging interferometer for a magnetically confined plasma
device. To ensure compatibility with the observation
of a high-density plasma and the use of a phase detec-
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tion method, the system employs both heterodyne and
frequency multiplication methods. An intermediate fre-
quency (IF) signal is utilized to detect signals from the
plasma and a radio frequency (RF) is utilized as a probe
beam. However, this system has several problems with the
local oscillator (LO) optics [6]. First, the beam splitter,
which acts as a beam combiner for the RF and LO waves,
attenuates its intensities. Second, there is a difference in
the conversion losses of the internal mixer between a center
channel and an edge channel of the horn-antenna mixer ar-
ray (HMA) [7,8] because of a deformed LO beam pattern.
Third, the LO supplied by irradiation requires an expen-
sive high-power amplifier owing to low coupling efficiency
between the irradiation horn antenna and each HMA ele-
ment. To solve these problems, a new antenna system is
proposed [9].

2. Upgraded HMA
Figure 2 shows schematic diagrams of (a) the former

HMA and (b) the upgraded HMA. Each horn antenna re-
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Fig. 1 Schematic diagram of the 1D microwave imaging interferometer.

Fig. 2 Schematic diagrams of (a) the former HMA and (b) the
upgraded HMA.

ceives both RF and LO waves, whereas the mixer gener-
ates IF signals. Various problems are caused by LO sup-
plied by irradiation as in the original HMA. However, the
new HMA is designed such that LO irradiation is not nec-
essary, and instead employs a monolithic microwave inte-
grated circuit (MMIC) frequency multiplier.

This multiplier converts an LO wave to a pre-LO sig-
nal that has 1/4 of the frequency. Using the multiplier, the
mixer can receive the LO wave on the same printed circuit
board (PCB). When the frequencies RF and LO wave fre-
quencies are 60.110 GHz and 60 GHz, respectively, 1/4 of
the LO wave frequency is 15 GHz. The signal at the fre-
quency of 15 GHz is easily divided, transmitted, and am-
plified on the PCB. Additionally, signals at this frequency
band can be transmitted with low loss using a coaxial con-
nector. Therefore, the upgraded HMA can provide LO
waves to each mixer inside the antenna housing, without

the LO optics.
The main element circuit pattern of the multi-channel

HMA was designed by Microwave Office (National In-
struments Corporation). A multi-channel horn mixer ar-
ray comprises well-characterized mixers, the waveguide-
to-microstrip transitions, IF amplifiers, and the internal LO
module using MMIC technology. The multi-channel mod-
ule has a +4 V input bias, a WR-15 RF port, two SMA
connectors for LO, and IF ports.

3. Experimental Methods and Results
A two-channel test module was fabricated for demon-

stration of the upgraded HMA. In this module, the frequen-
cies of the RF, LO, and IF signals were designed to be
60.110 GHz, 60 GHz, and 110 MHz, respectively [9]. In
the previous HMA system, the LO power was −16 dBm
[10]. The variation in conversion loss among the channels
was −20 dBm. These parameters improved in the upgrade
HMA system, e.g., the LO power increased up to +3 dBm
and the variation in conversion loss improved by 3 dB. The
average conversion loss of the two-channel module was
approximately −30 dB. The measurement was performed
using a two-channel antenna array as a proof of principle
experiment of the upgraded HMA.

The measurements of the phase variation, dependent
on the distance of each channel of the two-channel module,
were performed using the RF system, which is outlined in
Fig. 3. This system includes the in-phase and quadrature-
phase (IQ) detector, shown in Fig. 4 (a). This RF system al-
lowed for high sensitivity phase detection. The Tx antenna
was fixed and the Rx antenna was moved using movable
precision adjustment. The distance between the Tx and Rx
antennas ranged from 100 mm to 115 mm.

The RF system consisted of three blocks. The first was
the signal generation block of the LO signal (15 GHz) for
the Rx module. This block was employed for the measure-
ments of phase shift performance using a 15 GHz voltage-
controlled oscillator (VCO) and some power adjustment
components such as an attenuator, a power amplifier, and a
power divider. The second was the signal generation block
of the RF signal (14.9725) for the Tx module. This block
used a 15 GHz VCO, a 27.5 MHz VCO, a quadrature hy-
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Fig. 3 Schematic diagram of the RF circuits for the measurement of the phase shift performance.

Fig. 4 (a) Schematic diagram of phase variation measurement
for the two-channel module at each channel and (b) per-
formance of the phase variation.

brid, a mixer, attenuators, power amplifiers, and power di-
viders. The third was the signal generation block of the
input signal (220 MHz) for the IQ module. This block
used a 27.5 MHz VCO, some filters, frequency multipli-
ers, power amplifiers, and power dividers. Figure 4 (b)
shows the phase variation performance of the two-channel
module for each channel at the distances between the Tx

Fig. 5 (a) Schematic diagram of phase shift measurement of the
two-channel module for each channel using a fluorine
resin block and (b) characteristics of the phase shift.

and Rx antennas from 100 mm to 115 mm. The measured
phase variations were in good agreement with the theoret-
ical variations.

The measurement of the phase shift, dependent on the
dielectric material of the two-channel module at each chan-
nel, was performed using the RF system, including the IQ
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Fig. 6 Characteristics of the phase shift measurement of the
two-channel module for both channels using a fluorine
resin block.

detector, together with a block composed of fluorine resin
material, as shown in Fig. 5 (a). The Tx and Rx anten-
nas were fixed and the fluorine resin block was inserted at
right angle using movable precision adjustment. The vari-
ation in the distance between the center of the light wave
path and the edge of the fluorine resin block ranged from
−30 mm to 220 mm. Figure 5 (b) shows the characteristics
of the phase shift for each channel of the two-channel mod-
ule; the measured phase shift was observed to be in good
agreement with the calculated phase shift.

The phase shift of the two-channel module was mea-
sured at both channels (see Fig. 6), and was observed to be
in good agreement with the calculated values.

The difference in the length of the light wave path,
upon the insertion of the fluorine resin block, was approx-
imately 10 mm. The measured phase variations were in
good agreement with the theoretical positions calculated
from the properties of fluorine resin material on the optical
path. One objective of this experiment was to obtain simul-
taneous phase variation measurements: both signals were
detected using phase difference between the two-channels.

4. Conclusion
A two-channel test module was fabricated and evalu-

ated for use in the demonstration of the upgraded HMA.
The measurements of the phase variation, dependent on
the distance of each channel of the two-channel module,
were performed and the measured phase variations were

observed to be in good agreement with the theoretical val-
ues.

The measurement of the phase shift, dependent on the
dielectric material of the two-channel module at each chan-
nel, was performed using the RF system, including the IQ
detector, together with a block composed of fluorine resin
material. The measured phase shift was observed to be in
good agreement with the calculated shift. Furthermore, the
measured phase variations were in good agreement with
the theoretical positions calculated from the properties of
the fluorine resin material on the optical path.

The phase shift of the two-channel module at both
channels was also measured. The evaluation of the charac-
teristics of the phase shift for both channels was conducted
using the two-channel module. Both signals were detected
using the phase difference between the two channels.

The two-channel test module was successfully de-
signed and operated. Both the conversion loss and the
signal fluctuation were reduced using the upgraded HMA
module. Additionally, a system using this upgraded mod-
ule does not require complicated LO optics or expensive
high-powered amplifiers for its LO sources.

The specifications of the upgraded HMA for a mi-
crowave imaging interferometer are (1) that the distance
between the two-channel module is 20 mm and (2) that the
number of arrays for the high space resolution is eight. The
evaluation of the eight-channel HMA will be reported in
the near future.
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