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System-on-Chip integrated circuit technology
applications on the DIII-D tokamak for multi-field
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ABSTRACT: Several mm-wave diagnostics on the DII1-D tokamak provide multi-scale and multi-
dimensional measurements of plasma profile evolution and turbulence fluctuations. Mm-wave
fusion plasma diagnostics that adopt System-on-Chip integrated circuit technology can provide
better space utilization, flexible installation, and improved sensitivity. In order to further extend
this technology for additional fusion facilities with a higher toroidal magnetic field, V-band (55-
75 GHz) and F-band (90-140 GHz) chips for Microwave Imaging Reflectometer (MIR) and
Electron Cyclotron Emission Imaging (ECEI) instruments are developed and tested in the Davis
Millimeter Wave Research Center (DMRC). Current measurement data show that correlation
between these SoC-based diagnostic instruments with other state-of-the-art diagnostics enables
co-located multi-field turbulence fluctuation measurement.

KEYWORDS: Nuclear instruments and methods for hot plasma diagnostics; Plasma diagnostics -
interferometry, spectroscopy, and imaging.
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1. Introduction

Microwave imaging diagnostics have been developed and applied on major magnetic
confinement fusion facilities [1]-[6] for the study of MHD instability, energetic particle
instability, micro-turbulence, transport, disruption avoidance, and ELM physics. Advances in
technology bring leaps in diagnostic capabilities. The new approach microwave imaging
diagnostics use System-on-Chip (SoC) millimeter wave [7] integrated circuit (MMIC) technology
for front-end microwave transmitters and receivers. MMIC leads to epoch-making progress to
improve the signal-to-noise ratio, electronics noise suppression, integration, radiation resistance,
and provide the possibility of mass production. We have successfully developed the transmitter
and receiver modules for Microwave Imaging Reflectometer (MIR) and Electron Cyclotron
Emission Imaging (ECEI) instruments. In the current phase, we have developed receiver chips
based on both Si and GaAs material. The chips have been applied and successfully operated on
the DIII-D ECE Imaging diagnostic for over 2 years. The distance between the chips and the DIII-
D vessel window is 2.1 m. The chip approach ECE Imaging system has demonstrated outstanding
stable performance over these 2 years, including signal gain and out-of-band interference
including microwave bursting shielding. Importantly, the chip approach has exhibited
significantly better burn-out resistance than the previously employed planar arrays of Schottky
diodes [8]. In the next phase, we will carry out modeling for new chips based on wide bandgap
GaN to replace the current chips due to the ability of GaN to operate in harsh environments in
expectation of fusture burning plasma application [9].

The roadmap for incorporating state-of-the-art IC transceivers is illustrated in Fig. 1. An
SoC MMIC technology approach V-band (55 ~ 75 GHz) MIR system comprised of CMOS
transmitter and receiver arrays is being developed for 12 x 8 channel density fluctuation
measurements on DIII-D. The MMIC based V-band MIR system will be applied to replace the
previous quasi-optical MIR approach [6] for electron density fluctuation imaging. The current W-
band ECEI system operating on DIII-D, with 75-110 GHz working frequency, provides excellent
temperature fluctuation results for the physics studies on the pedestal and low field side core
region, including Alfven eigenmode, turbulence around magnetic islands, pedestal turbulence
during ELM suppression, and pedestal MHD perturbations [10]-[12]. The F-band chip for ECEI
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instruments, which has a higher frequency extending from 110 GHz to 140 GHz, has been
presented in this paper and will be applied on DIII-D for high field side temperature fluctuation
measurement in late 2021.

Printed microstrip ~ E-Band SoC

V-Band SoC W-Band SoC -Band SoC

O
'

1995-2016 2017 2018-2020 2018-2020 2021
Print microstrip 72-80 GHz 55-75 GHz 75-110 GHz 110-140 GHz
antenna Gaussian Rx module Tx/Rx module UC Rx module UC Davis Rx module UC Davis
optics coupling commercial chip Davis customized chip  customized chip customized chip

Fig 1. Roadmap for developing state-of-the-art mm-wave IC technologies by UC Davis.

The Radial Interferometry Polarimetry (RIP) system [13], (developed by the UCLA group),
can provide information concerning the line-integrated turbulent density fluctuations and radial
magnetic field fluctuations. Then, correlating with the RIP, the 2D MMIC based microwave
imaging diagnostics system has the potential to localize interferometric measurement of turbulent
fluctuations at the pedestal. Specifically, the current W-band GaAs chip based ECEI system is
located 15° toroidally away from the RIP system on the DIII-D tokamak. With magnetic
equilibrium reconstruction, it is possible to choose the ECEI channel from the 2D array and the
RIP channel to be located on the same magnetic field line at the pedestal, where the turbulence
fluctuations are highly correlated.

2. SoC approach microwave imaging diagnostics development

Custom-designed MMICs in our research group for the specific purpose of fusion plasma
diagnostics have been in development using both compound-semiconductor and CMOS
technologies. The former employed the WIN 0.1 um GaAs pHEMT process for the W-band
receiver chip and provided excellent performance in terms of noise figure and available output
power. The latter employed the 90 nm CMOS process for the V-band receiver chip and the 65 nm
CMOS process for both the V-band transmitter and F-band receiver chip (all from TSMC) and
can offer an even higher integration level. For example, it has the potential to integrate circuits
like ADC and VCO/PLL in the future within a quite small size. These processes which are
commercially available and easily accessed provide us a good start stepping into the MMIC
design.

2.1 SoC for V-band MIR instruments

The MIR system includes a single transmitter which emits a comb of individual microwave
signals at the probing frequencies and the receiver array which collects the signals reflected by
the plasma cut-off layers for plasma density fluctuation research. The development of the SoC
MMIC technology for the DIII-D MIR system is well underway with the V-band transmitter
module having been completed and the receiver chip being tested on-wafer showing excellent
results. Figure 2 shows the V-band MMIC transmitter integration for the MIR system. The
transmitter chip using 65 nm CMOS technology is soldered at the center of the RF-board which
is placed inside the aluminum housing. The transmitter module assembly is straightforward as the
transmitter chip is highly integrated. The four separate IF input signals are up-converted,
amplified, and combined to simultaneously illuminate 8-tone RF outputs. The output power level
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is at least 0 dBm at each individual frequency. It helps speed up the image scanning by a factor
of two compared to the current system which can only illuminate 4-tone RF outputs.

1.46 mm
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input hD DD
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Fig 2. V-band MMIC transmitter integration for MIR system, (a) V-band transmitter module, (b) VV-band
transmitter RF-board, and (c) V-band transmitter chip.

Figure 3 shows the V-band MMIC receiver integration for the MIR system where the
reflected signals are collected by the V-band feedhorn, and then down-converted by the receiver
chip using 90 nm CMOS technology to the intended wideband IF frequencies. The packaged
amplifier on the IF path provides an additional 17 dB gain, or even more if needed, for the receiver
module. As for the receiver chip, it consists of the RF- LNA, double-balanced mixer, and IF
amplifier to form a completed function of the receiving system. A commercial off chip multiplier
applied on the LO path of the module could multiply the 9~12.5 GHz signals which is easily
obtained from a synthesizer by a factor of 6 to the intended 55~75 GHz LO input signals for the
mixer core. That’s why the LO chain is not included in the receiver chip. An RF-LNA with
sufficient gain and a much lower noise is provided on-chip before the mixer to improve the overall
noise performance of the system. The on-chip IF amplifier behind the mixer further increases the
conversion gain and actively combines the differential signals into the single-ended output which
is compatible with the following down converting electronic system. The on-wafer measured
conversion gain of the chip is over 30 dB, which is 50 dB higher than the first down conversion
stage of the previous system which uses single-ended Schottky diode mixers possessing 20 dB
insertion loss at the front-end. Also, the measured noise of the chip is less than 10 dB which
promises to offer more than 10x reduction of the system noise.

1. 90 nm-CMOS receiver—>
2. 3-dB attenuator

3. 6x multiplier

4. 3-dB attenuator

5. IF amplifier (17 dB)

6. Bias-tee

Fig 3. V-band SoC receiver integration for the MIR system.
2.2 SoC for F-band ECEI instruments

The under-development F-band (110 ~ 140 GHz) ECEI system is shown in Fig. 4. The chip
using 65 nm CMOS technology consists of an RF-LNA, double-balanced mixer, IF amplifier, and
the LO chain including the LO Tripler and driving amplifier. The on-chip IF amplifier
immediately following the mixer not only can provide appropriate gain over 2~18 GHz, but also
serves as an active band-pass filter that can suppress the unwanted 110~140 GHz RF signal, as
well as the 36~47 GHz fundamental LO signal and its harmonics. Similarly, the on-chip 110~140
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GHz LO driver amplifier between the LO tripler and mixer will boost the tripled LO signal while
suppressing the fundamental and second harmonic LO signals. Figure 5 below shows the
measured spectrum where the applied LO power is 8 dBm. The fundamental LO is suppressed by
almost 70 dB! To further eliminate this LO leakage, an off-chip low pass filter can be easily added
while in IC packaging. In addition, an off-chip IF amplifier provides additional conversion gain
for the receiver system at the required level.
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Fig 4. The F-band SoC receiver integration for the ECEI system.
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Fig 5. The measured spectrum of the F-band chip.

An on-wafer measurement platform has been set up for the F-band receiver chip
characterization. The microwave signals at lower frequencies coming from the synthesizer are
multiplied by a factor of 4 and 2 by the multipliers to get up to 110 ~ 140 GHz. An F-band variable
attenuator is used to adjust the RF power to the intended -40 dBm, which is verified using the
power meter at the calibration plane located at the waveguide connector of the F-band probe. The
overall RF-to-1F conversion gain of this chip displayed in Fig. 6 (a) is greater than 5 dB over the
entire working band covering 110~140 GHz. The system provides 25 dB improvement compared
with the legacy Schottky diode mixer used in the initial version ECEI system on DIII-D,
promising to provide a much better noise performance. Fig. 6 (b) shows the conversion gain under
different RF power levels to find the input RF P1dB which is -21 dBm shown on the curve at 37
GHz LO and 113 GHz RF frequency point.
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Fig 6. (2) The measured RF-to-IF conversion gain, (b) conversion gain under different RF input power
levels.
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3. Turbulence multi-field fluctuation measurement with RIP and ECEI

The coherence between multi-field fluctuation plays an important role in determining
turbulence transport and ELM suppression [14]. Taking advantage of the proximity between the
ECEI and RIP [13] diagnostics in the DIII-D tokamak, the localized measurement of the
correlation between multi-field fluctuations (6n,, 6T, 6B,) is made possible. The diagnostic
arrangement of RIP and ECEl is illustrated in Fig. 7; ECEIl is installed at 270° of the DIII-D torus
near the low field side midplane, while RIP is installed at 285°. RIP measures the line integrated
density fluctuation dn, and radial magnetic fluctuation 6B,.. There are three RIP beams that are
launched horizontally at Z = +13.5 c¢m, 0 cm. Here, we just use the RIP beam on the midplane
(blue dash line) at Z = 0 cm. The same probing beam (blue dash line) serves for both the
interferometry, which measures én,, and polarimetry, which measures §B,.. As the turbulence
decorrelates rapidly across the magnetic field line, it is important to select the ECEI channel that
is near the same magnetic field line that passes through RIP at the pedestal. Due to the finite pitch
angle of the magnetic field line at the plasma edge, typically the three ECEI channels 13 cm
above the midplane are selected for the correlation.

(a) DINI-D torus 4 (b) ECEI/RIP layout
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Fig 7. The RIP and ECEI near the same magnetic field line are chosen for the correlation analysis (a) RIP
and ECEI layout in the 3D torus (b) The RIP and ECEI layout in 2D plasma cross-section.

o DIII-D#184971 184971, coherence, t=3000-3680 ms
1..2 a 4
3;’,"( ) Dq 1 i @ ECEIO506&RIP_6n, () RIP_5n,&ECEI0505
s L ' ’ (p~0.91) 0.45 (p~0.97)
-2:4 - 03 3 :
7 Z(Wm :(,ITIO(5070&8R6])P onl RIP_ 5B, &ECEI0S05
0.6} J p~0. ' ~0.97
‘3:: [ Te,ped (ké"V) i 0.2 (P )
i ' 0.15
4 1 01
3 (0) 1 -
z: m o 0.00 Ion mode [Electron mo
0 1 2 3 a 5 0 50 100 150 200 0 50 100 150 200
time(ms) f(kHz) f(kHz)

Fig 8. The RIP and ECEI correlation is applied to characterize the pedestal broadband MHD in a wide
pedestal QH discharge (a) D, (b) Pedestal top T, (c) Pedestal top n, (d) Coherence spectrum for the
purpose of localization (e) Coherence spectrum for multi-field fluctuation.

The RIP and ECEI signals are applied to characterize the fluctuation of a broadband MHD
in a wide pedestal Quiescent H-mode discharge [15] (Fig. 8 (a-c)). The measurement is performed
at 3000—3680 ms, where T, peq~1.2 keV, ngpeq~3 X 10'°m=3. The diagnostic data of RIP
on, are separately correlated with the off-midplane ECEI channel at p~0.86 and the channel at
p~0.91 (ECEI0506). The corresponding coherence spectrum (Csr, s, ) is demonstrated in Fig.

8 (d). The strong coherence (green line) only appears at the pedestal ECEI channel (p~0.91)
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instead of both channels; thus, we infer that the turbulence fluctuation seen by RIP is localized at
the field line passing through the pedestal p~0.91 rather than other flux surfaces (p < 0.86).

The correlation technique compares the coherence between different fluctuation fields of the
broadband MHD. The ECEI channel at p~0.97 is separately correlated with the RIP én, signal
and 8B, signal. The corresponding coherence spectra Csr, s, (blue line) and Csr, 55, (green line)
are shown in Fig. 8 (e). At the low frequency branch (f < 100 kHz), Cst, sn, is significantly
larger than Csr, 55, , While at the high frequency branch (f > 100 kHz), Csr,sn, 1S at a
comparable amplitude with Csr, s5,. Note that the broadband MHD has been characterized by
BES (Beam Emission Spectroscopy) in [15]; it is observed that the low frequency branch rotates
in the ion diamagnetic direction while the high frequency branch rotates in the electron
diamagnetic direction in the lab frame. Recent theoretical investigation [16] with BOUT++
identifies the electron mode as the kinetic drift Alfven wave and the ion mode as the kink/peeling
mode. Therefore, our observation, where Csr, sn, and Csr, s, Show different ratios over
frequency, supports the conclusion that the broadband MHD does indeed contain two different
modes, and that they have very different multi-field fluctuation signatures.

4. Summary

In order to further extend System-on-Chip technology for additional fusion facilities with a
higher toroidal magnetic field, the Davis Millimeter Wave Research Center (DMRC) has
successfully developed V-band (55-75 GHz) MMIC transmitters and receivers for MIR
instruments and F-band (110-140 GHz) MMIC chip receivers for ECEI instruments. The on-
wafer test results of the chips show excellent gain and noise performance at the wide working
band. The highly integrated chips also make the module assembly work much more
straightforward, convenient, and consistent compared with traditional discrete circuits. Compared
with previous systems, the performance of the system employing MMIC based chip technology
has been improved in many aspects such as the scanning speed, the EM shielding ability, and
especially the sensitivity. Taking advantage of the state-of-the-art level of signal noise ratio, the
MMIC millimeter diagnostic systems opens new physics studies. The principle of correlation
measurement between ECEI and RIP is demonstrated in this paper. The correlation localizes the
interferometric measurement of turbulence fluctuations of RIP to the pedestal. It also shows the
distinctively different coherence ratios (Csr, sn, /Cs1,58, ) between the ion branch and the

electron branch of broadband MHD in the wide pedestal QH mode discharges. With the
installation of MIR soon, the DIII-D MMIC based chip systems will provide a collection of co-
located multi-field characterization of pedestal turbulence, which is important for turbulence
identification and the understanding of turbulence transport properties.
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