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A new generation of millimeter-wave heterodyne imaging receiver arrays has been developed and demonstrated 
on the DIII-D electron cyclotron emission imaging (ECEI) system. Improved circuit integration, improved 
noise performance, and enhanced shielding from out-of-band emission, is made possible by using advanced 
liquid crystal polymer (LCP) substrates and monolithic microwave integrated circuit (MMIC) receiver chips. 
This array exhibits ~ 15 dB additional gain and > 30x reduction in noise temperature compared to previous 
generation ECEI arrays. Each LCP horn-waveguide module houses a 3×3 mm GaAs MMIC receiver chip, 
which consists of a low noise millimeter-wave preamplifier, balanced mixer, and IF amplifier together with a 
local oscillator multiplier chain driven at ~12 GHz. A proof-of-principle partial LCP instrument with 5 poloidal 
channels was installed on DIII-D in 2017, with a full proof-of-principle system (20 poloidal × 8 radial channels) 
installed and commissioned in early 2018. The enhanced shielding of the LCP modules is seen to greatly reduce 
the sensitivity of ECEI signals to out-of-band microwave noise which has plagued previous ECEI studies on 
DIII-D. The LCP ECEI system is expected to be a valuable diagnostic tool for pedestal region measurements,
focusing particularly on electron temperature evolution during edge localized mode (ELM) bursting.

I. INTRODUCTION

The electron cyclotron emission (ECE) imaging (ECEI) 
diagnostic pioneered by UC Davis has been widely 
employed on many tokamaks1-7 for 2D electron temperature 
(Te) fluctuation measurements by collecting thermal 2nd 
harmonic ECE. Over the past ten years, ECEI has been 
employed as a powerful high-speed imaging diagnostic to 
capture multi-scale physics phenomena in the core and edge 
regions in the plasma, including the sawtooth crash,8 Alfven 
eignmodes,9 neoclassical tearing modes,10 and edge 
localized mode (ELM) filaments.11 

Integrated circuit (IC) technology facilitates combining 
many bulky microwave components onto a tiny piece of the 
semiconductor substrate as a “system-on-chip” (SoC). It has 
been widely applied in wireless communications, sensitive 
radar for satellites, and cellular phones. Likewise, IC 
technology could bring transformative advances in 
millimeter-wave diagnostics for fusion plasmas12. 
Compared with current ECEI technology, the IC approach 
can significantly improve signal-to-noise ratios and 
eliminate the need for quasi-optical local oscillator (LO) 
coupling, all in a highly integrated and compact package 
with significantly enhanced electrical shielding. 

For a proof-of-principle test of this newest generation 
of ECEI systems, commercially available monolithic 
microwave integrated circuits (MMICs), including SoC 
millimeter-wave heterodyne receivers, are integrated on 
liquid crystal polymer (LCP) and housed in fully shielded 
antenna modules designed by UC Davis. The operating 
frequency range of these commercial E-band gallium 
arsenide (GaAs) receiver chips (intended for point-to-point 
wireless communications) is limited from 72 to 81 GHz 
(instead of the full 60 – 90 GHz of E-band), but which spans 
a range suitable for imaging DIII-D pedestal region ELMs 
during operation with 1.7 to 1.8 T toroidal magnetic fields. 
Although outside the scope of this paper, the UC Davis team 
is extending this LCP module approach to W-band (75-110 
GHz) and F-band (90-140 GHz) with the development of 
custom MMICs. 

Technical details of the new LCP ECEI receiver are 
provided in Sec. II, including a discussion of the advantaged 
that this provides over previous ECEI implementations, 
while Sec. III shows the new ECEI system application and 
observation result on DIII-D. Finally, Section IV 
summarizes this work and discusses ongoing efforts to 
extend this new millimeter-wave imaging technology to 
higher frequencies and other fusion devices. 

II. LCP MODULES AND ARRAY BOX
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A photograph and schematic of the DIII-D LCP module 
is presented in Fig. 1. At its heart is a multifunctional GaAs 
MMIC receiver, which consists of a x6 frequency multiplier, 
mixer, IF amplifier and a low noise amplifier (LNA) 
integrated on a single chip. The MMIC receiver is wire-
bonded to an LCP substrate with outstanding electrical and 
mechanical properties, upon which is printed the DC biasing 
and an additional IF amplifier. ECE radiation is collected 
via a small probe at the end of a machined 70 mm long 
pyramidal horn, whose far-field pattern is comparable to a 
Gaussian beam in this frequency range (see Table 1). The 
LNA then pre-amplifies the radio frequency (RF) signal, 
and mixes it with a 6x frequency multiplied local oscillator 
(LO) signal. Finally, the down converted signal is once 
again amplified to yield an IF signal (from the MMIC) 
with >20 dB total gain (from RF input to IF output) and a 
noise figure <6 dB (equivalent noise temperature <865 K). 
We note that the use of an LNA between the antenna and 
down-converting mixer is key to achieving a low system 
noise temperature.13,14 

FIG. 1. (a) The side view of the LCP module shows the entire printed 
circuit board which was installed in the individual shielding module with 
machined pyramidal horn antenna. (b) Schematic of LCP electronics 
including PCB layer and MMIC layer. (c) Photo of the MMIC shows the 
RF and LO inputs and IF output signal. 

TABLE I. Gaussian beam parameters computed at 75 GHz for the LCP 
module pyramidal horn antenna. 

E-plane
beamwidth 

E-plane
waist

H-plane
beamwidth 

H-plane
waist

8.6° 9.98 mm 16.8° 5.11 mm 

The noise performance of a representative LCP module 
was measured quasi-optically, using a black body ECE 
Calibration Source (200 × 200 mm2 aperture) fabricated by 
National Physics Laboratory (NPL) that is heated to 500 °C. 
A large aperture mechanical chopper is then placed between 
the module and the load. With the IF output of the LCP 
module connected to a DIII-D ECEI electronics module 
(which functions as a high dynamic range, square law 
detector), a noise temperature Tn of ~3,000 K double-
sideband or 6,000 K single-sideband was measured in the 
laboratory. We should note that this measurement did not 
include losses due to the ECEI optics and port window, as 
we were not able to conduct an in-vessel system 
measurement (which would necessitate placing the ECE 
load inside the DIII-D vessel) at this time - we hope to be 
permitted to do so during an upcoming long vent. In 
comparison, the previous DIII-D ECEI system had an 
overall single-sideband system temperature (including 

optics but without the window) that varied between 60,000 
and 100,000 °C depending on the frequency and power level 
of the LO source that pumped the ECEI array. For 
comparison purposes, the DIII-D ECE radiometer has a 
published noise temperature of ~5 eV or 53,000 K.15 

The module conversion gain and bandwidth was 
measured in a standard plane-wave experimental setup,16 
using a tunable, millimeter-wave source placed in the far 
field of the LCP module horn. The transmitted power, Pt, 
was measured with an HP/Keysight V8486A power sensor. 
The received power, Pr, is determined from Frii’s trans-
mission formula: 

Pr = Pt·GtGr/4πd2 (1) 

where d is the distance (=1.0 m) between the transmitting 
and receiving horns, Gt is the gain of the transmitting horn 
and Gr is the gain of the receiving horn. The IF output power 
was measured using an Agilent/Keysight N9030A Signal 
Analyzer. Conversion gains of ~50 dB were measured at 
low IF frequencies (below 5 GHz), dropping by ~5 dB at 8 
GHz. This is considerably higher than that of the previous 
ECEI array, which had only a post-mixer connectorized 
LNA with 35-40 dB of gain. 

With its top cover attached, each LCP module is a 
compact, highly shielded enclosure box that measures 
28×30×163 mm3. Twenty individual LCP modules are 
mounted in two parallel arrays in a shielded enclosure box, 
as shown in Fig. 2.  While before there were two full height 
apertures on the array, one for the ECE from the plasma and 
one for the quasi-optically coupled LO, there is now only 
the one aperture for the plasma ECE which greatly 
simplifies the problem of shielding. A dichroic plate with a 
72 GHz cutoff frequency covers this single aperture, and 
ensures single sideband mixing on all 20 modules while 
simultaneously attenuating all low frequency electrical 
signals below the cutoff frequency of the plate. 

FIG. 2. There are 20 individual LCP modules installed in the shielding 
enclosure box, with a 72 GHz dichroic plate placed on the front panel. 
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The quasi-optical, millimeter-wave LO pump is 
replaced by a single microwave signal which enters the 
array box via an SMA input connector; a set of custom, 
broadband power divider boards driven by a single high 
power microwave amplifier (Mini-Circuits ZVE-3W-183+) 
serve to drive each of the 20 modules with an optimized LO 
drive level. An added benefit of the use of stand-alone LCP 
modules lies in the ease and flexibility of maintenance, as 
modules can be easily swapped out as needed (as compared 
to the old ECEI receiver in which an entire imaging array 
board would have to be swapped out in order to replace a 
single mixer diode on that board). 

The overall ECEI footprint on DIII-D is considerably 
reduced with the new LCP receiver. The new enclosure box 
measures 295 × 140 × 345 mm3, as compared to 245 × 220 
× 514 mm3 for the old box. More importantly, since the LO 
is now supplied via a microwave coaxial cable rather than 
quasi-optically, the mm-wave LO source is no longer 
required nor the LO optics that transform the mm-wave 
output into a tall yet narrow collimated beam incident on the 
imaging array. The elimination of the LO optics has one 
other key benefit – the ability to absolutely calibrate the 
ECEI receiver. One of the prime impediments to performing 
an absolute calibration till now was the strong dependence 
of the mixer conversion loss to both LO frequency and LO 
power. Standing waves generated by finite reflections 
between the LO optics surfaces aggravate this problem, due 
to the fairly large distances between the various reflecting 
surfaces. The elimination of this standing wave interference, 
coupled with the low Tn of the LCP modules (a high Tn 
would result in unacceptably large error bars), now make it 
quite feasible to perform an absolute calibration of the 
system as a function of LO frequency. 

III. DIII-D ECEI APPLICATION AND RESULT

The LCP ECEI receiver has been employed for pedestal 
top region measurements on DIII-D. Here, we focus on data 
collected in shot 175432. The radial observation window 
extends from the normalized radius ρ ~ 0.37 to ρ ~ 0.87, 
which covers the top of pedestal region as shown in Fig. 3a. 
The assumption of optical thickness is well satisfied in this 
region, which means the received ECE power is propor-
tional to the local Te. With this assumption, and with the 
toroidal field set such that the entire ECEI receiver maps 
into flux surfaces spanned by Thomson scattering, the ECEI 
system can then be cross-calibrated against the Thomson 
scattering Te profile (see Fig. 3b). The calibration coeffi-
cient cci,j is defined as the local value of Te (as determined 
by Thomson) divided by the local ECEI signal VECEI (after 
subtracting the DC offset voltage measured in the absence 
of a plasma), with units in keV/V, as shown in Eqn. (2). The 
subscripts i and j are used to denote channel numbers in the 
poloidal and radial directions, respectively. 

ܿܿ௜,௝ ൌ
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FIG. 3. (a) The solid curve is the Te profile fitted from Thomson scattering 
data at 2.080 sec in shot 175432. The black dash lines denote the 8 radial 
positions of the ECEI system. (b) Thomson scattering Te values plotted 
against ECEI channel voltage (after subtracting its DC offset voltage) for 
a channel located at the same flux surface. The X-axis is the ECEI specified 
channel voltage values. For example, the 8th poloidal channel and the 3rd 
radial channel have been chosen, located at the ρ ~ 0.70 flux surface. The 
calibration coefficient is determined by the fitted line parameter.  

With this cross-calibration applied, the LCP ECEI 
system is able to generate 2D Te profiles in optically thick 
plasmas. The ECEI radial coverage will move outward with 
higher toroidal field operation, which may push some 
channels to optically grey or thin regions where density 
fluctuations will affect the ECE signals. It is therefore 
necessary under these conditions to employ synthetic ECEI 
analyses to model and fit Te profiles and fluctuations.18,19 A 
comparison between the Thomson scattering data and LCP 
ECEI data shown in Fig. 4a, where the blue and red curves 
are seen to nearly perfectly match (indicating that the 
calibration coefficients remain constant over the discharge). 
Zooming in on a 100 msec window (see Fig. 4b), the LCP 
ECEI system monitors the Te recovery between two ELM 
crashes with high time resolution. An example of calibrated 
1-D and 2-D Te profiles generated by the LCP ECEI system
is presented in Fig. 5 for the same time point (different from
that of Fig. 3) in the DIII-D discharge.

Plotted in Fig. 6 are Te time traces of an ELM, generated 
for 3 different radial locations on the plasma midplane. The 
depth of the rapid drop in Te at the time of the ELM crash is 
seen to vary widely from channel to channel, with a more 
rapid drop observed on the outer channels indicating a 
significant change in the Te gradient in this region. This is 
followed by a gradual recovery and flattening of the Te 
profile from the core to the top of the pedestal region. 
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FIG. 4.  (a) Comparison result between Te measurements from Thomson 
scattering CH31 (blue curve) and LCP ECEI channel LFS0803 (red curve) 
at the same ρ ~ 0.7 flux surface for shot #175432. There is a 10 µsec 
smoothing box applied to the ECEI raw data. (b). Zoomed-in region 
showing Thomson scattering and LCP ECEI Te data, together with filter 
scope data to mark ELM bursting times.  

FIG 5. 1-D (left), and 2-D (right), Te profiles generated from LCP ECEI 
data for Shot 175432, t=1674.14 msec. 

To illustrate the improvement in shielding performance 
of the new LCP ECEI receiver over that of the previous 
ECEI receiver, both generations of ECEI arrays were placed 
side-by-side and aligned to simultaneously image the same 
plasma. Plotted in Fig. 7 is a schematic illustration of the 
physical layout employed for this test, together with Te data 
collected at 77.7 GHz from both systems. We note that 
while both in-band and out-of-band noise impinges on both 
receivers, the LCP ECEI receiver shows a complete absence 
of the large spikes associated with out-of-band interference 
together with a slight decrease in in-band noise (as seen by 
the relative width of the two traces). 

FIG. 6. (a) Te time traces during an ELM cycle for three different radial 
ECEI channels on the plasma midplane. The Te drop and recovery times 
associated with the ELM crash are highlighted in blue and yellow, 
respectively. (b) Smoothed (with a 5 kHz low pass filter) Te traces on the 
same 3 channels, showing the change in Te from before the ELM crash 

FIG. 7. (a) Experimental setup for old mini-lens and new LCP receiver 
simultaneous and co-located measurement comparisons. (b) Both the old 
mini-lens (black) and new LCP (red) instruments are used to measure the 
77.7 GHz ECE signal from the DIII-D tokamak. The black spikes in the 
dashed boxes show the out-of-band interference that is eliminated in the 
new data (red). 
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IV. SUMMARY AND FUTURE PLAN

For the initial proof-of-principle demonstration of the
LCP module approach, commercial GaAs receiver ICs have 
been successfully employed in an upgraded ECEI system on 
DIII-D. This new generation of LCP module receiver is able
to provide valuable data for ITER baseline experiments with 
on-axis toroidal magnetic field of ~1.7 T including ELM
bursting and inter-ELM physics studies, QH-mode
development, and advanced tokamak scenarios. Both W-
band (75-110 GHz) and F-band (90-140 GHz) systems,
employing custom MMIC receivers designed by UC Davis,
are under development to extend operation to 2.1 T and
above (see Fig. 8). Development of a W-band LCP receiver
for DIII-D is expected to be completed by December, 2018.

FIG. 8. Characteristic microwave plasma frequencies at 2.1 T on-axis 
toroidal magnetic field, shot 171314. The W-band and F-band LCP ECE 
Imaging system is able to cover ρ ~ [-0.17, 0.99] region in the plasma. 
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