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Abstract: An Electron Cyclotron Emission Imaging (ECEI) system has been developed on the J-TEXT 

tokamak and employed for the multi-dimensional electron temperature fluctuation imaging measurement in 

2019 campaign. The intelligent control module has been developed and been used to flexibly setup the 256-

channel ECEI system configurations for different plasma scenarios. The adjustments of key parameters are 

merged in this module including size and position of the geometric observation window, and the dynamic range 

of the signal and image resolution. The user-friendly interface is also developed for the tokamak operator to set 

the ECEI system focusing on physics interested region. This module is installed close to the diagnostic system 

around the J-TEXT tokamak, which can be remotely controlled by authorized operators in the control room. It 

significantly improves ECEI flexibility and stability, and also keeps the operation technician away from the 

harsh radiation environment. 
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1. INTRODUCTION 

Visualization diagnostics provides comprehensive multi-

dimensional results for magnetic confinement fusion experiment 

research [1]. The 2D microwave imaging diagnostics [2] were 

developed from one- dimension to two-dimension, such as 

Electron Cyclotron Emission Imaging (ECEI) [3,4] and 

Microwave Imaging Reflectometer (MIR) [5] instruments. ECEI 

system is built to acquire 2D electron temperature fluctuations, 

which provides more information than one-dimension Electron 

Cyclotron Emission Radiometer. The image quality is able to be 

improved with optics focusing and signal level optimization.  

ECE Imaging diagnostic was first employed for electron 

temperature fluctuation imaging on TEXT-U [6] in 1995 with one 

vertical window for fluctuation distribution measurement in the 

poloidal direction. In the following 24 years, ECEI diagnostics 

have been upgraded [7–16] as powerful diagnostics with more 

independent features for 2D mapping with tunable parameters, 

including poloidal range, radial depth, image shape in the plasma, 

signal level, radial zoom, and video bandwidth. There are a variety 

of ECEI system configurations based on plasma scenarios and 

interested physics topics. ECEI system requires intelligent control 

module to preset system configuration remotely to optimize setup 

and protect operation technicians away from the harsh radiation 
environment due to high power operation scenario of advanced 
tokamaks. The control module has been developed for J-TEXT ECEI for 
the physics experiment campaign in 2019.  

The ECEI system on the J-TEXT tokamak consists of two 

receiving antenna arrays [17] for different depth measurements at 

the same toroidal angle, while operating in W-band (75−110 GHz) 

and F-band (90−140 GHz). Currently, there are 16 vertical receiver 

antennas in each array corresponding to 16 independent poloidal 

viewing. For each vertical receiver, it gives 8 radial detection 

volume by carrier frequency separation in the ECEI electronics 

system. There are 256 channels in total for the J-TEXT ECEI 

system by 2 receiver arrays. The five major subsystems of the J-

TEXT ECEI system are shown in Fig. 1, including front 

microwave imaging optics, receiver array, local oscillation (LO) 

system, electronics system, and data acquisition system. Fig. 2 

shows photographs of the ECEI system arranged on J-TEXT.  

The front imaging optics is used to receive electron cyclotron 

emission from the tokamak (∼100 GHz) and shine on receiver 

antennas [18,19]. The receiver array receives the ECE signal and 

LO signal and mixes them for down converting the carrier 

frequency into 2−12 GHz. The dichroic plate [20,21] is installed 

on the receiver array to terminate the lower frequency portion for 

single sideband mixing. The local oscillation system is used to 

shining high frequency and strong microwave power onto the 

receiver array for down converting. Electronics system consists of 

two electronics modules, radio frequency (RF) board and 

intermedia frequency (IF) board, for separating output signal from 

antenna array into 8 individual detector chords for different radial 

channels. The radial zoom, output signal amplitude and bandwidth 

are able to be adjusted by the intelligent module remotely. The 

huge ECEI raw data is sent to the high speed data acquisition 

system for recording.  

This paper will introduce the intelligent control module for J-

TEXT ECEI system. The intelligent control for the front imaging 

optics and the LO system are shown in Sections 2 and 3, 



respectively. The control module design and realization for 

electronics system is presented in Section 4. The summary and 

future upgrade plan are given in Section 5.  

 

Fig. 1. Simplified schematic of J-TEXT ECEI system. 

 

Fig. 2. The layout of the J-TEXT ECEI system.  

2. The intelligent control for the front imaging optics 

The front microwave imaging optics is used to collect 

electron cyclotron emission from the plasma and direct it to the 

receiver antenna by refractive lenses. The 16 receiver antennas 

correspond to different vertical height viewings. As shown in Fig. 

3, There are 6 lenses in the J- TEXT ECEI front optics, denoted as 

‘zoom 1 lens’, ‘field curvature ad- justment (FCA) lens [22], 

‘zoom 2 lens’, ‘focus lens’ and ‘H-plane 1 & 2’. The two H-plane 

lenses are fixed to freeze the toroidal viewing volume as constant 

size.  

According to the optics system design [23] and laboratory 

testing result, the four floating lenses are split into two groups as 

focus group and zoom-FCA group, as shown in Fig. 4. The three 

typical optics configurations have been shown in subplots. The 

distance between zoom 1 lens and FCA lens is fixed as 103.5 mm. 

The ray tracing for edge channels are plot in red and blue. As 

shown in Fig. 4, the image plane and could cover whole plasma 

region from low field boundary (ρ = 1) to high field boundary (ρ = 

−1). The vertical coverage is able to switch between narrow (26 

cm) and wide (40 cm) options with frozen focal length. All three 

lens frames are set on linear slide and driven by re- motely 

controlling motor with millimeter step. 

The distances between lenses are saved in the optics 

configuration database by ray tracing simulation and laboratory 

testing results. As shown in Fig. 5, the logic and working routines 

have been set. The best setup will be filtered from database 

according to operator requested with zoom option and focal depth 

in plasma automatically. Then the command is sent to the motor to 

move the lens frames. At the same time, the echo will print and 

save into database. 

3. Remote operation for the local oscillation system 

The local oscillation (LO) system is composed of two local 

oscillator sources and coupling LO optics for each receiver array. 

After the Gaussian beam generated by the local oscillator sources 

shining through the LO optics, the beam is evenly illuminated to 

the receiver antenna array.  

The frequency of LO source determines the frequency band 

of the ECEI for observation, corresponding to radial sample range 

of plasma radiation. There are two LO sources in J-TEXT ECEI 

system, W-band LO source and F-band LO source. The W-band 

LO source is comprised of a Quicksyn-Lite frequency synthesizer 

and a 6-frequency multiplier, while the F-band LO source uses the 

ELVA-1 BWO. Through the USB port, the control unit 

communicates with the LO sources and can set the output 

frequency, as well as the output power level.  

The LO optics consisting of 3 hyperbolic lenses is qualified 

to provide uniform power distribution on receiver antenna array 

[24]. To get good signal-noise level, the LO power should be 

evenly illuminated to receiver antenna array, especially for edge 

channels. The LO frequency needs to be adjusted under different 

plasma scenarios and interested physics topics. Since the 

distribution of the LO power is sensitive to LO frequency, it can 

be corrected by the distance between the LO source and the LO 

optics group. The LO source is placed on linear slider, which is 

driven by millimeter step motor. As the LO frequency changed, 

the positions of the LO source will be moved to the optimum 

position from laboratory testing database. 

 

Fig. 3. Structure diagram for the front imaging optics of J-TEXT ECEI.  

 

Fig. 4. Schematic diagram for the front imaging optics. (a) Focuses on 
ρ = 0.6 with wide vertical coverage. (b) focuses on ρ = 0.6 with narrow 

vertical coverage. (c) focuses on ρ = −0.6 with wide vertical coverage.  

 



4. Intelligent control for the electronics system 

The ECEI electronics module has been built to separately 

detect the modulation power on different frequency carriers from 

the receiver antenna array. The input signal spectrum (2−12 GHz) 

is split into 8 individual channels corresponding to different radial 

positions. As shown in Fig. 6(a), the modulated signal power is 

detected by diode detector in the module, as shown in Fig. 6(b). 

The control module is able to adjust signal amplitude, radial zoom 

options, and video bandwidth.  

 

Fig. 5. The programming flow chart for the front imaging optics of J-
TEXT ECEI.  

 

Fig. 6. Schematic diagram for the J-TEXT ECEI electronics module. 
(a) is the circuit on the RF board. (b) is the circuit on the IF board.  

4.1. Signal optimization  

According to ECEI diagnostics principles, electron 

temperature has a linear relationship to emission power density. It 

requires dynamic amplitude adjustment ability to optimize signal-

to-noise ratio on all electronics modules for a number of plasma 

scenarios. In addition, the electron temperature has over 10 times 

difference between the core region and the pedestal region. 

Individual amplitude adjustment is re- quired for each pixel on 

ECEI image. The controlling module is able to adjust the 

amplitudes of all 256 channels independently by two-level 

attenuations named RF attenuation and IF attenuation [25]. The 

con- trolling module receives attenuation values from the operator 

via digital transmission line from the control room to the tokamak 

hall. Then, the control biases are sent from the controlling module 

to all attenuators inside of the electronics modules.  

The signal gain is not equalized while initially setting up the 

electronics modules. There are 256 channels in 32 individual 

electronics modules. The IF attenuator on each channel is used to 

equalize the signal gain between all 8 channels from the same 

electronics module. As shown in Fig. 7(a), the gain values have 

over 8 times difference be- tween channels on the same board 

while sweeping the input signal frequency with constant power. 

The IF step attenuator DAT-15R5-PP has 2–14 dB tunable range 

with 2 dB resolution by controlling pins. As shown in Fig. 8, the 

attenuation command is set by the operator and compiled by the 

data acquisition system. While testing in the laboratory, the 

attenuation goal is set as 8 V output while receiving −40 dBm RF 

power. After step tuning, the gain values have been equalized as 

shown in Fig. 7(b). The IF attenuations for each module have been 

stored as the initial attenuation setup. The signal gain values for 

different electronics modules are equalized by tuning the RF 

attenuation on each module. For laboratory testing, the input 

power is set as −40 dBm. Considering that ECEI is used to measure 

a variety of plasma scenarios, the primary RF attenuation setup is 

around 1.5 V/keV for all modules. For hotter plasmas, the RF 

attenuation will be increased by steps. The RF attenuation setup is 

saved for every shot on J-TEXT as reference for repeat shots. 

In an emergency, the attenuation will be very low if there are 

some dead channels with weak output voltage. The minimum RF 

and IF attenuation values are set as 3 dB to protect the amplifier, 

mixer, and detector in each channel. The unusual case will be 

reported to the operator and saved in the logbook. 

 

Fig. 7. Test results for signal optimization. (a) is the output of one 

electronics module before signal amplitude conditioning. (b) is the 
output of the same module after the signal amplitude conditioning.  

 

Fig. 8. Control flow for IF attenuation.  



 

Fig. 9. The test result of switching for radial zoom modes. (a) displays 

the output for the tested electronics module with narrow radial zoom 
mode. The test results for medium and wide radial zoom modes are 

shown in (b) and (c), respectively.  

4.2. Switching for radial zoom modes  

The J-TEXT ECEI system has three options for radial zoom 

by switching voltage control oscillator VCO frequencies on all 

electronics modules simultaneously. The frequency gaps between 

radial neighbor channels are set as 800 MHz narrow mode, 1000 

MHz medium mode, and 1300 MHz wide mode. For typical 

plasma shot 1063536 on J-TEXT (the toroidal field B0 = 1.7 T), 

those lead 6.03 cm, 7.21 cm and 9.04 cm radial coverage in the 

core, as shown in Fig. 9. The switches to different low-pass filters, 

corresponding to the three different modes, will synchronously 

deploy.  

4.3. Adjustment for video bandwidth  

To satisfy the physical frequency requirements for physics 

topics and obtain appropriate temperature and temporal resolution, 

the video bandwidth for the electronics module should to be 

adjusted between 50,100,200, and 400 kHz. So, the 10th order 

tunable low pass filter (LTC1569-7) is chosen. The cut-off 

frequency of the filter is determined by the TTL signal frequency 

input to the chip. In order to obtain the four cut-off frequencies 

mentioned above, TTL signals with four distinct frequencies of 

12.288, 6.144, 3.072, and 1.536 MHz should be input into the filter. 

Therefore, a crystal oscillator of 12.288 MHz and a 4-bit 

synchronous binary counter (SN74LV161A) are adopted to 

generate TTL signals of distinct frequencies. Only one frequency 

TTL signal is selected to input the filter by the switch ADG704, 

which is controlled by the 2-bit control signal.  

4.4. Controlling module hardware for electronics system  

The controlling module hardware (part A) employs NI-6368 

data acquisition cards with 16 differential analog acquisition 

channels and in addition 48 digital I/O ports on each card. One is 

used for two elec- tronics modules (16 ECEI channels) for data 

acquisition and the other for controlling IF attenuations (48 ports 

required). The port address and controlling attenuator pins are 

fixed after the initial setup.  

The controlling module hardware (part B) employs Arduino 

UNO microcontrollers with an USB communication port and 14 

digital I/O ports for RF attenuation, radial zoom modes, and video 

bandwidth switching. Each microcontroller sends RF attenuation 

setup through 6 digital output ports. The RF attenuations for all 32 

electronics modules are different.  

Instead of 32 microcontrollers for all electronics modules, we 

built controlling module hardware (part B) with only one Arduino 

board and addressing integrated circuit board, as shown in Fig. 10. 

The 5-bit ad- dress and 6-bit attenuation value will be merged and 

sent from the operator client to the microcontroller. The address 

will be recognized by 74HC138 decoders on digital integrated 

circuit board. Then, the decoders enable the 6-bit register 

(74LS378) for addressed RF attenuation control part. Meanwhile, 

the 6-bit attenuation signals output from the Arduino are cached in 

two pieces of quad buffer (74HC125); then they are sent to the 

register. When the register is addressed and enabled, the 6-bit data 

signals are sent to the addressed electronics module to adjust the 

RF attenuation.  

The controlling module hardware (part B) is built to switch 

radial zoom modes and video bandwidth. Unlike the RF 

attenuation adjustment, all 32 modules stay at the same setting. 

One 4-bit control signal is generated by the Arduino, which 

following the operator command, will be sent to the flip-flop 

(74HCT174). The radial zoom mode and video bandwidth status 

will be switched by this 4-bit control signal from the control board 

in the power supply to all electronics modules.  

The electronics system controlling module is developed with 

hard- ware and software for all 32 electronics modules by three 

individual parts, including the IF attenuations setup, RF 

attenuations setup and radial zoom mode switching, as shown in 

Fig. 11. Both hardware and software have been qualified by 

application on J-TEXT. The friendly graphic user interface (GUI) 

helps the operator to check system status, save/load present 

configurations and tune parameters manually. All changes and 

system status are saved in the ECEI database with raw data for 

every shot. 

 

Fig. 10. Schematic diagram for RF attenuation regulation.  



 

Fig. 11. The control structure for the electronics system.  

5. Summary  

A novel intelligent control module for the J-TEXT ECEI 

diagnostic has been developed including the front optics setup, LO 

subsystem setup, and electronics system setup. All key parameters 

of the ECEI system are able to be set by computer from preset 

configurations or manually tune.  

With the intelligent control module for the front imaging 

optics, the ECEI observation window will be automatically moved 

to the physics region of interest. As for the LO system, the LO 

frequency can be adjusted remotely to adapt to the changes in 

toroidal magnetic field or radial sample range, and the distribution 

of the LO power can be optimized simultaneously. Electronics 

system parameters, such as signal level, radial zoom, and video 

bandwidth, also can be regulated by the intelligent control module.  

The J-TEXT ECEI diagnostic with intelligent control module 

has been applied in the spring physics campaign in 2019. The 

outstanding flexibility and stability of the remote control module 

has been demonstrated. It’s hoped that the scheme of intelligent 

control module can be applied to other multi-channel diagnostic 

systems in the future. 
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