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SAMI is a thinned array 
•  A	
  lens	
  or	
  mirror	
  element	
  steered	
  by	
  moving	
  the	
  element,	
  	
  
•  or	
  used	
  to	
  focus	
  image	
  onto	
  an	
  array	
  of	
  detectors.	
  

•  A	
  tradi8onal	
  phased	
  array	
  is	
  a	
  filled	
  aperture	
  of	
  phase	
  
sensi8ve	
  antennas.	
  

•  Beam	
  is	
  steered	
  through	
  phase	
  control	
  of	
  elements	
  
•  High	
  signal	
  to	
  noise,	
  but	
  high	
  redundancy	
  

•  A	
  thinned	
  array	
  makes	
  use	
  of	
  the	
  spa8al	
  incoherence	
  of	
  the	
  
source	
  to	
  remove	
  redundancies,	
  making	
  images	
  of	
  the	
  same	
  
fidelity	
  with	
  much	
  fewer	
  elements	
  

•  Beam	
  is	
  steered	
  through	
  phase	
  control	
  of	
  elements	
  
•  Beam	
  steering	
  replaced	
  by	
  Fourier	
  Transform	
  

For	
  imaging	
  microwaves	
  you	
  can	
  use…	
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SAMI array 
8	
  Antenna	
  array	
  installed	
  on	
  MAST	
   36	
  Antenna	
  array	
  for	
  illustra8on	
  

Linear	
  polarised,	
  very	
  broadband	
  PCB	
  based	
  antenna	
  
	
  

Array	
  has	
  wide	
  field	
  of	
  view	
  -­‐>	
  small	
  antenna	
  spacings	
  



Emission from over-dense 
machines 

Under-dense -> Normal ECE Over-dense -> mode converted emission 

• 	
  Most	
  conven8onal	
  tokamaks	
  emit	
  thermal	
  radia8on	
  from	
  Cyclotron	
  harmonics	
  
	
  

• 	
  High	
  beta	
  machines	
  tend	
  to	
  have	
  their	
  harmonics	
  covered	
  by	
  cut-­‐offs	
  

EBE	
  



Mode converted emission 

•  The dependence of the Mode Conversion 
(MC) on the incident angle to the field means 
the emission is anisotropic. 

•  The MC’d emission takes the form of narrow 
angular cones. 

•  When all emission is considered, it appears 
as two spots on the plasma density surface 
along the magnetic field line. 

•  Mode conversion happens at different layers 
in the plasma for different frequencies, so we 
may diagnose different radii  



Mode Converted Emission 
•  The brightness-temperature of the emission 

is the product of the brightness-temperature 
of the EBW at source and the mode 
conversion coefficient. 

​𝑇↓obs = ​𝑇↓EBE    ​𝜏↓𝑚𝑐 	
  



Ray tracing shows strong  
off-midplane Doppler broadening 

​
𝜔↓
c 	
  

11GHz	
  example	
  –	
  Only	
  rays	
  on	
  the	
  midplane	
  originate	
  at	
  the	
  cyclotron	
  harmonic	
  	
  

Off	
  midplane,	
  the	
  rays	
  originate	
  from	
  the	
  colder	
  outer	
  regions	
  

​
𝜔↓UH
R 	
  



Maximum penetration 
between harmonics 

​
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c 	
  

​
𝜔↓UH
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​
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15GHz	
  example	
  –	
  Maximum	
  penetra8on	
  of	
  off	
  midplane	
  rays	
  happens	
  between	
  harmonics	
  



Radiative temperature effect 
Performing	
  AMR	
  simula8ons	
  we	
  can	
  see	
  that,	
  for	
  low	
  frequencies,	
  the	
  wave	
  refrac8on	
  
dominates	
  the	
  observable	
  emission	
  profile.	
  

11GHz	
   11GHz	
  

X Cold	
  periphery	
  

Harmonic	
  emission	
  



Radiative temperature effect 
In	
  between	
  the	
  harmonics,	
  the	
  effect	
  is	
  less	
  pronounced,	
  but	
  s8ll	
  present.	
  	
  

15GHz	
   15GHz	
  

Core	
  emission	
  
transi8on	
  X



Forward model 11GHz 
Excellent	
  agreement	
  between	
  convolved	
  AMR	
  emission	
  and	
  observed	
  emission	
  



Forward model 15GHz 
Less	
  good	
  agreement	
  at	
  higher	
  frequencies.	
  	
  
“Pitch”	
  is	
  consistently	
  fla]er	
  than	
  predicted	
  



Forward model 16GHz 
Elonga8on	
  of	
  observed	
  upper	
  window,	
  due	
  to	
  emission	
  window	
  spli^ng	
  in	
  two	
  



Forward model 17GHz 
Right	
  hand	
  window	
  moves	
  up	
  off	
  the	
  midplane	
  signalling	
  2nd	
  harmonic	
  emission	
  
beginning	
  to	
  take	
  over.	
  Ho]er,	
  fundamental	
  emission	
  is	
  seen	
  only	
  off	
  midplane.	
  



Forward model 18GHz 
Con8nuing	
  to	
  higher	
  frequencies,	
  the	
  midplane	
  emission	
  shuts	
  down	
  en8rely	
  

as	
  the	
  2nd	
  harmonic	
  begins	
  to	
  overlap	
  with	
  the	
  UHR	
  



Density dependence of 
emission 

Scooped	
  lower	
  frequencies	
  
Peak	
  emission	
  moves	
  
to	
  higher	
  frequency	
  



Array on midplane  
ne = 1.6e19 m-1 

Clear	
  trend	
  of	
  decreasing	
  
apparent	
  pitch	
  with	
  
increasing	
  ne.	
  



Array on midplane  
ne = 2.4e19 m-1 

Clear	
  trend	
  of	
  decreasing	
  
apparent	
  pitch	
  with	
  
increasing	
  ne.	
  



Array on midplane  
ne = 2.8e19 m-1 

Clear	
  trend	
  of	
  decreasing	
  
apparent	
  pitch	
  with	
  
increasing	
  ne.	
  



Array on midplane  
ne = 3.1e19 m-1 

Clear	
  trend	
  of	
  decreasing	
  
apparent	
  pitch	
  with	
  
increasing	
  ne.	
  



Single antenna setups  



Normalised straight ahead and 
power in dB 

With holder No holder 
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Colour	
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Antenna comparisons 

Antenna 4 in array Single antenna 
Colour	
  range	
  =	
  -­‐15dB	
  –	
  >5	
  dB	
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3D array effects distort 
antenna beam patterns 

•  The	
  presence	
  of	
  other	
  antennas	
  
distorts	
  the	
  beam	
  pa]ern.	
  

•  The	
  antenna	
  cross	
  talk	
  is	
  too	
  low	
  to	
  
be	
  causing	
  the	
  issue.	
  

•  A	
  full	
  wave	
  model	
  of	
  the	
  array	
  is	
  
required	
  to	
  diagnose	
  and	
  correct	
  the	
  
problem.	
  

•  We	
  perform	
  modelling	
  using	
  a	
  
commercial	
  package	
  called	
  COMSOL.	
  

Interference	
  from	
  
radia8on	
  sca]ered	
  
within	
  the	
  array	
  



Array modelling 

Antenna	
  array	
  

Vacuum	
  window	
  



Full wave extrapolation to 
measurement domain 

Detailed	
  full	
  wave	
  
simula8on	
  of	
  the	
  array	
  
over	
  a	
  small	
  domain	
  

Using	
  the	
  
Schelkunoff	
  principle	
  
combined	
  with	
  
Huygens‘	
  principle,	
  
the	
  vector	
  poten8als	
  
are	
  extrapolated	
  to	
  
an	
  arbitrary	
  loca8on	
  

MAST	
  density	
  cut	
  off,	
  or	
  
array	
  measurement	
  
loca8on	
  



Future developments for 
SAMI 

•  Dual	
  polarisa8on	
  planar	
  
“sinuous”	
  antennas	
  

•  Very	
  stable	
  phase	
  centre	
  

•  Planar	
  PCB	
  antenna,	
  avoids	
  3D	
  
field	
  sca]ering	
  effects.	
  

•  Cavity	
  backed	
  to	
  control	
  
backwards	
  poin8ng	
  lobes	
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Active Probing on SAMI 

33	
  

6cm	
  

2cm	
  

2	
  Ac8ve	
  Probing	
  Antennas	
  

8	
  Receiving	
  Antennas	
  

•  SAMI	
  can	
  ac8vely	
  probe	
  the	
  plasma	
  
with	
  two	
  different	
  IF	
  frequencies	
  (10,12	
  
MHz)	
  simultaneously	
  

•  The	
  back	
  sca]ered	
  signals	
  are	
  then	
  
received	
  by	
  the	
  8	
  receiving	
  antennas	
  

•  This	
  can	
  be	
  done	
  for	
  16	
  different	
  
frequencies	
  10-­‐35GHz	
  



Reflectometry using SAMI 
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•  Use	
  a	
  very	
  small	
  part	
  of	
  the	
  IF	
  frequency	
  spectrum	
  for	
  
reflectometry	
  

•  This	
  is	
  how	
  it	
  is	
  possible	
  to	
  carry	
  out	
  passive	
  and	
  ac8ve	
  imaging	
  at	
  
the	
  same	
  8me	
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Figure 6. Left: a 2D Doppler shift map for 13 GHz integrated over 10 ms. The colour represents the centre of gravity of the
backscattered/reflected radiation spectrum, just as in figure 3. Red is positive, blue is negative. Here SAMI is positioned 20 cm above the
midplane so the shaded region represents the poloidal field coil obstruction. The plasma density cut-off is similar to that shown in figure 2.
Right: the same, but this time for 16 GHz; this corresponds to a deeper plasma layer. The rotation appears to have changed pitch.

The active probing part of the system also performs well.
Figure 6 shows two 2D Doppler shift maps. The first is at
13 GHz and the second is at 16 GHz representing reflection
from deeper within the plasma. The colour represents the
centre of gravity of the detected frequency spectrum for that
particular direction, Red is positive and blue is negative.
At this point we remind the reader of the point spread
function shown in figure 2. The real Doppler map is
convolved with this, which places a limit on the minimum
resolvable size of a structure. We can see that the observed
rotation is inclined in a direction perpendicular to that of
the magnetic field as shown by the black line. The map for
13 GHz appears to show a slightly different inclination to that
predicted. We observe this spatial structure in the Doppler
shift as the received Doppler shifted radiation is predominantly
composed of Bragg backscattered radiation from plasma
turbulent structures aligned along the magnetic field. Thus
the magnitude of the Doppler shift tells us about the projection
of the turbulent total velocity perpendicular to the magnetic
field [17].

If we now look at the evolution of the Doppler shift in time,
selecting the direction of maximal shift for both frequencies
we can see an acceleration from 20 ms onwards. The plasma
layer at 16 GHz can be see to produce a higher Doppler shift
than at 13 GHz illustrating a faster rotation of this plasma layer
(figure 7).

5. Conclusions

A synthetic aperture imaging array has been designed built
and deployed on MAST which is capable of passively
observing thermally emitted radiation and imaging Doppler
shifted backscattered radiation from an active probing source
simultaneously. We have provided the first images of the
predicted anisotropic emission from plasma devices where the
cyclotron harmonics are completely obscured by the plasma
density cut-off, a direct result of a double mode conversion

Figure 7. Examining the maximum Doppler shift as a function of
time for 13 and 16 GHz. 16 GHz is reflected from deeper within the
plasma. We can see that 16 GHz accelerated to a higher velocity
than 13 GHz.

process. Theoretical predictions for a plasma slab predict the
mode conversion to be aligned along magnetic field lines and
can be used to infer high resolution magnetic pitch profiles. We
have obtained good agreement with the theoretically predicted
angles of the EBE for low density L mode at 13 GHz, although
the relative brightness is not accurately predicted. A more
accurate treatment of the Bernstein wave radiative transfer in
the bulk plasma needs to be carried out.

We have also observed a dependence of the emission
spectrum to the average plasma density. Plasmas with
densities above 1.6 × 1019 m−3 have been shown to have
strongly suppressed spectra with the spectral peak moving to
higher frequencies.

We have also provided the first 2D maps of Doppler shift
from an active probing source, demonstrating the ability of
the diagnostic to measure Doppler shifted radiation which

5



Reflectometry using SAMI (cont’d) 
•  Having 2 active probing antennas and 8 receiving antennas means 

that we measure 16 different phases 
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Reflectometry fitting 
proceedure 

	
  
•  Using	
  the	
  differences	
  in	
  the	
  
phases	
  we	
  numerically	
  
minimize	
  a	
  func8on	
  un8l	
  we	
  
have	
  a	
  best	
  fit	
  

•  This	
  fi^ng	
  proceedure	
  has	
  
been	
  tested	
  on	
  synthe8c	
  
data	
  

•  Applying	
  this	
  fi^ng	
  
proceedure	
  to	
  SAMI	
  data	
  is	
  
ongoing	
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x	
  =	
  [R	
  −	
  b	
  +	
  (a	
  +	
  b	
  cos	
  θ)	
  cos(θ	
  +	
  δ	
  sin	
  θ)]	
  cos	
  φ	
  
y	
  =	
  [R	
  −	
  b	
  +	
  (a	
  +	
  b	
  cos	
  θ)	
  cos(θ	
  +	
  δ	
  sin	
  θ)]	
  sin	
  φ	
  	
  
z=z0	
  +κasinθ	
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L-mode 98ms into MAST shot 
#27246 
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•  The	
  black	
  do]ed	
  line	
  represents	
  the	
  
LCFS	
  as	
  calculated	
  by	
  EFIT	
  

•  The	
  plasma	
  density	
  data	
  is	
  generated	
  
by	
  Thomson	
  Sca]ering	
  along	
  the	
  mid-­‐
plane	
  coupled	
  to	
  flux	
  surfaces	
  
calculated	
  by	
  EFIT	
  	
  

	
  
•  The	
  red	
  and	
  blue	
  dots	
  represent	
  the	
  

emi^ng	
  and	
  receiving	
  antennas	
  
respec8vely.	
  

•  The	
  purple	
  surfaces	
  represent	
  contours	
  
where	
  the	
  plasma	
  frequency	
  is	
  equal	
  
to	
  one	
  of	
  the	
  SAMI	
  imaging	
  
frequencies.	
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H-mode 359ms into MAST shot 
#27246 
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•  We	
  see	
  that	
  in	
  H-­‐mode	
  all	
  of	
  the	
  

reflec8on	
  surfaces	
  are	
  bunched	
  up	
  
in	
  the	
  edge	
  region	
  

•  This	
  means	
  we	
  could	
  get	
  density	
  
measurements	
  with	
  a	
  spa8al	
  
resolu8on	
  of	
  ~3mm	
  in	
  the	
  
pedestal	
  during	
  H-­‐mode.	
  

•  The	
  accuracy	
  at	
  which	
  we	
  will	
  be	
  
able	
  to	
  make	
  these	
  measurements	
  
is	
  yet	
  to	
  be	
  determined.	
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Accuracy of fitting 

•  A Bernstein wave is an electrostatic wave that travels 
perpendicularly to the equilibrium magnetic field 

•  It’s propagation is sustained by the electron cyclotron 
motion 

Synthetic aperture microwave imaging with active 
probing for fusion plasma diagnostics 
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•  Thomson Scattering diagnostics give high resolution 
measurements of the edge pressure gradient. 
Measurements of the edge current density have proven 
to be more elusive 

•  B-X-O mode conversion results in directional emission 
allowing indirect measurement of field-line pitch. 

•  Edge current density can then be calculated using 
Amperes law 

•  The diagnostic will be used to further our understanding 
of the EBW mode conversion process 

•  This knowledge can be used to improve heating and 
current drive systems on spherical tokamaks 

•  In its active mode via Doppler Back Scattering (DBS) the 
diagnostic can be used to measure edge fluctuations 

1. Introduction 

5. Results from passive imaging 

 
 

•  SAMI images at 16 different frequencies switching between 
each frequency every 10ms with a switching time of 0.5µs. 

•  First ever image of EBW emission from tokamak plasma has 
been produced 

•  Images time averaged over 10ms to eliminate fluctuations 
•  Coordinates of mode conversion windows show excellent 

agreement with modeling (see Figure 4) 

•  Emission windows are more variable in intensity and shape 
than would be expected 

•  Variability in the emission window my be caused by density 
fluctuations in the mode conversion layer, electron 
temperature fluctuations in the core or the spatial location of 
where the EBWs are born 

•  The emission is in the plane defined by the field line 
and the direction of the density gradient 

2012 JINST 7 P10016

Figure 7. A photograph of the antenna array with 21 antipodal Vivaldi antennas.

developed [12] and was employed for our system. Several antenna arrays were designed using
this method to obtain best imaging of the mode conversion windows using only 8 antennas or 16
antennas divided into 2 sets of 8 with fast switching between them.

3.2 Calibration of the system

An absolute calibration of the 2D synthetic aperture imaging system would require large 2D ‘hot’
and ‘cold’ black body sources. However for the correct image shape reconstruction a relative
phase calibration is sufficient. We therefore performed thorough phase calibration using several
techniques, but did not carry out an absolute calibration of the system.

The calibration was done on the machine in-situ with all components in the operational posi-
tion except for the antennas. The antenna array was turned around and pointed to the outside of
the machine as shown in figure 8. All cables were kept plugged-in and care was taken to disturb
connectors as little as possible. The antenna array was surrounded by absorber sheets providing
viewing angles about ±20� horizontally and about ±10� vertically. A dual-polarized horn antenna
DP241-AC (Flann Microwave) was placed at 1.2 m from the array. The horn antenna can be moved
both vertically and horizontally providing a 2D scan of the image plane with the active point source.

First a frequency sweeping (Rohde & Schwarz) microwave generator covering the range from
9.5 to 18 GHz was used to feed the horn antenna for calibration of low frequency channels. The
antenna was moved in 2 cm steps providing detailed coverage of the viewing field. SAMI was
run in a frequency-switching mode receiving all frequencies from 10 to 18 GHz. During the time
instances when the frequency of the sweeping generator was passing the doubled frequency of
one of the LOs, a beating frequency occurred in IF signals in all channels. To obtain calibration
constants, only one calibration is necessary with the source located at known angular coordinates.
The remaining measurements within the array viewing field were used to estimate the accuracy of
the point source position reconstruction.

A similar procedure was conducted with the movable horn antenna fed by the APSG generat-
ing noise signals as described in section 3.1.4. In this configuration, only one side band is calibrated
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Figure 1: Antenna array with 21 antipodal Vivaldi antennas [1] 
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Figure 10. Simulated (a) and measured (b) EBW emission from the fundamental EC resonance at 15 GHz
in a low density L-mode plasma. Coordinates of mode conversion windows show excellent agreement. The
vertical alongation of the measured image is consistent with the array convolution.

Typically the plasma is significantly over dense in MAST — even during so-called low con-
finement mode (L-mode). In such a plasma the lower EC harmonics are obscured by cut-offs and
thermal emission is mainly attributed to the mode-converted EBWs. First experimental images
showed a presence of two distinctive bright spots located around [�20⇥,�20⇥] and [+20⇥,+5⇥] as
illustrated in figure 10b. These angular coordinates correspond approximately to locations of mode
conversion maxima for the B-X-O MC mechanism.

1D full-wave mode-coupling code complemented with 3D ray-tracing modeling [17] has been
conducted for the same plasma parameters for comparison. Results are shown in figure 10a. One
can see that the angular coordinates show excellent agreement with those experimentally observed.
The experimental image has a well-pronounced vertical elongation, which is consistent with the
shape of the antenna array used in this experiment. The other less obvious features of the image are
likely to be caused by reflections within the vacuum vessel. Thus two main maxima were identified
as mode converted EBW emission. To our knowledge this is the first ever experimentally obtained
2D image of the mode conversion windows in a fusion plasma.

5.2 Ex-vessel tests with active probing

SAMI has the capability of probing the plasma by monochromatic waves with further recording
of the back-scattered waves. To test this potential an ex-vessel experiment has been conducted. A
rotating assembly (see figure 11a) made of perforated aluminium forms several corner reflectors
which return the incident emission back in the plane of rotation. This assembly was placed at about
1 m from the antenna array and it was rotated slowly during image recording. The same assembly
of absorbers was used as for the ex-vessel calibration (see figure 8). One of the antennas within
the array was used to probe the object with the APSG signal with 10 MHz up-shift as described in
section 3.1.4.
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•  MAST Synthetic Aperture Microwave Imaging (SAMI) 
radiometer is an antenna array designed to image 
microwave emission from MAST plasmas 

•  The passive imaging mode has provided first ever images 
of Electron Bernstein Wave (EBW) emission in tokamaks 
These images aid in understanding tokamak pedestal 
behavior relating to the Edge Localised Mode (ELM) 

•  Active probing mode has provided first ever 2D density 
perturbation velocity maps of tokamak plasma turbulence 

•  We plan to use active probing mode to obtain high 
resolution measurements of density surfaces and image 
density perturbations 

 

Figure 2: Stability diagram in pressure-current parameter 
space 

 

Figure 3: An electrostatic longitudinal wave sustained by 
electron cyclotron motion 

Figure 4: EBW emission from the fundamental EC resonance 
at 15 GHz. Coordinates of mode conversion windows show 
excellent agreement. 

Figure 16: Simulated (a) and measured (b) shows EBW
emission from the fundamental EC resonance at 15GHz
in a low density L-mode plasma. Coordinates of mode
conversion windows show excellent agreement between
simulated and measured results. The vertical elonga-
tion of the measured image is as expected and is due to
the array convolution. The simulated results where ob-
tained using a 1D full-wave mode-coupling code com-
plemented with 3D ray-tracing. [41]

IF range and gives minimum disturbance to the imag-
ing bandwidth (± 125MHz). A non-coherent back-
scattered signal is received and the reflected coherent
fraction without Doppler shift is filtered out16. The an-
tenna phasing steers the viewing direction, as in passive
imaging mode, and generates a 2D image of Doppler
shifts for every frequency. Figure 17 shows velocity
maps reconstructed from back-scatttered signals during
L and H-mode plasmas.

Figure 17: Velocity maps of turbulence estimated from
Doppler shifts of backscattered signal at 10GHz. [41]

7.3 Using back scatted active probing sig-
nal to measure density profiles

This work is currently in the theoretical feasibility stage.
Studies have been made to determine whether the ac-
tive probing data acquired by SAMI could potentially
be used to calculate density profiles. These have been
conducted as follows.

16Coherent back scattered signal is hoped to be used to
measure density see Sections 7.3 and 8

It has been proposed that it should be possible to re-
construct the position of the plasma using SAMI data
by using the cross correlations for each of the antenna
pairs when only using the signal corresponding to the
reflected active probing beam. By taking the argument
of the complex cross correlations it is possible to extract
the phase difference of the reflected active probing beam
from one antenna to the other. The phase difference and
the frequency of the radiation is known, thus the path
length differences between each of the antenna pairs for
every combination (28 combinations) of antenna pairs
are known. To see whether a density surface could be re-
constructed using this data the following was conducted.
First, it was assumed that the plasma’s shape could be
described by the common parameterisation [26]

x = [R� b + (a + b cos ⇥) cos(⇥ + � sin ⇥)] cos ⇥
(62)

y = [R� b + (a + b cos ⇥) cos(⇥ + � sin ⇥)] sin ⇥
(63)

z = z0 + ⇤a sin ⇥ (64)

where R is the major radius of the tokamak, a is the mi-
nor radius, z0 is the position of the plasma midplane, b is
the indentation, ⇤ is ellipticity (often seen as elongation
= ellipticity -1), � is triangularity, ⇥ is poloidal angle and
⌅ is toroidal angle. A 3D parametric plot of the plasma
shape using equations 62, 63 and 64 is shown in Figure
18.

�1
0

1x �m⇥ �1

0

1

y �m⇥
�1

0

1

z �m⇥

Figure 18: A parametric plot of a plasma shape using
equations 62, 63 and 64. The values of the parameters
used to create the plot were R = 0.87, a = 0.59, z0 =
0.07, b = 0.08, ⇤ = 2.75 and � = 0.42. These values
where obtained by averaged EFIT data from MAST shot
number 28814 between 200 and 400µs. The high aspect
ratio torus shown is typical of MAST plasmas.

A model of the plasma was then built. Typical values

16

for each of these parameters were selected. The posi-
tions of the emitting and receiving antennas were also
entered into the model. In the model the shape of the
plasma and the positions of the antennas are known thus
the path differences could be calculated exactly.

Then using equations 62, 63, 64 and the positions
of the emitting and receiving antennas as a function for
the path differences in terms of R, a, z0, b,⇥ and � were
constructed. An analytic form for this function was not
obtainable, so a numerical function was used. Given
values of R, a, z0, b,⇥ and �, the position of the emit-
ting antenna and the position of two receiving antennas
it would return the path difference between the two re-
ceiving antennas. A cost function was then constructed.
The general path length between two antennas in terms
of R, a, z0, b,⇥ and � was taken away from the actual
path differences calculated from our model and squared.
This was done for each antenna pair and added together;
this constituted the cost function. This cost function
was then minimised with respect to R, a, z0, b,⇥ and
�. Returning a best fit with corresponding values of
R, a, z0, b,⇥ and �. In the future it is hoped that in-
stead of using path differences calculated from a model,
one can use path differences obtained by considering
the cross correlation data of the reflected active prob-
ing beam. It was found that a if a global minimum of
the cost function is found this would not give a useful
best fit. Instead an initial guess was used and then a lo-
cal minimum was found. As long as the initial guess was
within a certain distance (in R, a, z0, b,⇥, � space) to the
correct solution then the guess would converge on the
correct solution reasonably well. This was found to be
the case as long as the intial guesses of R, a, z0, b,⇥ and
� where within�10% of their correct values. Noise was
added to the model path differences to make this artifi-
cial data more realistic. Gaussian distributed noise was
added to each path difference. The standard deviation of
this noise could then be changed to mimic a certain per-
centage phase error. A poloidal cross section is shown
in Figure 19 where the actual shape of the plasma in the
model is shown as well as the initial guess and the fitted
shape of the plasma. Though the fitted shape is very dif-
ferent from the actual shape it is very accurate near the
points where the active probing beam has reflected off
the plasma (points shown in red).

How robust this fitting procedure was to noise was
also investigated. The results from this are shown in
Figure 21. These results where obtained for phase differ-
ences between 0 and 20 degrees phase error. For a par-
ticular value of phase error 10 fits were conducted. For
each of these fits the perpendicular distance between the
fitted plasma shape and the actual plasma shape at the
reflection points was measured. The mean average dis-
tance for each of these 10 distances was then calculated.
This would then constitute one point on Figure 21. This

0.0 1.0 1.5 2.0 2.5
x �m⇥

�2

�1

1

2
z �m⇥

Figure 19: A poloidal cross section showing the actual
shape of the plasma in the model (shown in red) the ini-
tial guess at a solution (shown in purple) and the shape
resulting from the fitting process (shown in green). The
emitting antenna (shown in green), receiving antennas
(shown in blue) and the points where the active prob-
ing beam reflects of the plasma (shown in red) are also
shown. For the initial guess the parameters R, a, z0, b,⇥
and � were set to 105% of their correct values. The path
length differences had 1 degree of phase noise applied.
There are eight receiving antennas and reflection points
though they are very close together and their separation
cannot be resolved on this diagram.

Figure 20: A zoom in on Figure 19. Only the Initial
guessed plasma shape, the actual shape, the fitted shape
and reflection points are visible. Though there is still a
descrpency between the fitted and actual shape the fitted
shape is a lot better than the initial guess.
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•  Theoretical feasibility studies have been conducted to estimate 
the accuracy of using the coherent reflected signal from the 
active probing antenna to construct density surfaces. 

•  Synthetic data was made assuming that the plasma had the 
shape of the common parameterisation [4] 

•  R is the major radius, a is the minor radius, b is the 
indentation, z0 is the location of the mid-plane, δ is the 
triangularity, κ is the ellipticity, θ is the poloidal angle and Φ is 
the toroidal angle.  

Figure 5: Parametric plot of the plasma. The values of the 
parameters used to create the plot where R = 0.87, a = 0.59, 
z0 = 0.07, b = 0.08, κ = 2.75 and δ = 0.42. These values where 
obtained by averaged EFIT data from MAST shot 28814 
between 200 and 400µs. 

•  Gaussian noise was then added to the synthetic data to 
simulate the noise we would expect from actual SAMI 
data. The density surfaces were then reconstructed 
using this synthetic data with Gaussian noise. The 
results from this are presented in Figure 6. 

Figure 6:  A poloidal cross section showing the actual 
shape of the plasma in the model (shown in red) the initial 
guess at ta solution (shown in purple) and the shape 
resulting form the fitting process (shown in green). The 
emitting antenna (shown in green), receiving antennas 
(shown in blue) and the points where the active probing 
beam reflects off the plasma (shown in red) are also 
shown. For the initial guess the parameters were set to 
105% of their correct values. The path length differences 
have 1 degree of phase noise applied.   

•  The accuracy of the fit was then investigated for 
different values of phase noise and antennas as is 
shown in Figure 7. 

Figure 7: Plot showing how fit error varies with phase 
error. The fit error corresponds to the perpendicular 
distance between the correct position of the plasma and 
the fitted position of the plasma. How the fit error varies 
for one antenna (shown in red) and two antennas (shown 
in blue) are displayed.   

Phase error (degrees) 

•  A	
  2nd	
  Ac8ve	
  probing	
  antenna	
  has	
  
already	
  been	
  added	
  to	
  SAMI	
  and	
  	
  
a	
  third	
  could	
  poten8ally	
  be	
  added	
  
in	
  the	
  future	
  

	
  
•  Very	
  accurate	
  pedestal	
  density	
  

measurements	
  could	
  poten8ally	
  
be	
  made	
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Doppler Reflectometry test 
setup 
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Doppler test setup results 
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•  Here	
  we	
  show	
  a	
  beam	
  formed	
  
image	
  of	
  the	
  rota8ng	
  mesh	
  at	
  
17GHz	
  8me	
  integrated	
  over	
  
200ms	
  

	
  
•  Red	
  and	
  blue	
  shiued	
  signals	
  are	
  

apparent	
  in	
  the	
  spa8al	
  
loca8ons	
  we	
  would	
  expect.	
  

•  The	
  amount	
  of	
  Doppler	
  shiu	
  
observed	
  is	
  ±250Hz	
  which	
  
corresponds	
  to	
  a	
  rota8on	
  rate	
  
of	
  3	
  rota8ons/sec	
  consistent	
  
with	
  the	
  rota8on	
  speed	
  used.	
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Figure 6. Left: a 2D Doppler shift map for 13 GHz integrated over 10 ms. The colour represents the centre of gravity of the
backscattered/reflected radiation spectrum, just as in figure 3. Red is positive, blue is negative. Here SAMI is positioned 20 cm above the
midplane so the shaded region represents the poloidal field coil obstruction. The plasma density cut-off is similar to that shown in figure 2.
Right: the same, but this time for 16 GHz; this corresponds to a deeper plasma layer. The rotation appears to have changed pitch.

The active probing part of the system also performs well.
Figure 6 shows two 2D Doppler shift maps. The first is at
13 GHz and the second is at 16 GHz representing reflection
from deeper within the plasma. The colour represents the
centre of gravity of the detected frequency spectrum for that
particular direction, Red is positive and blue is negative.
At this point we remind the reader of the point spread
function shown in figure 2. The real Doppler map is
convolved with this, which places a limit on the minimum
resolvable size of a structure. We can see that the observed
rotation is inclined in a direction perpendicular to that of
the magnetic field as shown by the black line. The map for
13 GHz appears to show a slightly different inclination to that
predicted. We observe this spatial structure in the Doppler
shift as the received Doppler shifted radiation is predominantly
composed of Bragg backscattered radiation from plasma
turbulent structures aligned along the magnetic field. Thus
the magnitude of the Doppler shift tells us about the projection
of the turbulent total velocity perpendicular to the magnetic
field [17].

If we now look at the evolution of the Doppler shift in time,
selecting the direction of maximal shift for both frequencies
we can see an acceleration from 20 ms onwards. The plasma
layer at 16 GHz can be see to produce a higher Doppler shift
than at 13 GHz illustrating a faster rotation of this plasma layer
(figure 7).

5. Conclusions

A synthetic aperture imaging array has been designed built
and deployed on MAST which is capable of passively
observing thermally emitted radiation and imaging Doppler
shifted backscattered radiation from an active probing source
simultaneously. We have provided the first images of the
predicted anisotropic emission from plasma devices where the
cyclotron harmonics are completely obscured by the plasma
density cut-off, a direct result of a double mode conversion

Figure 7. Examining the maximum Doppler shift as a function of
time for 13 and 16 GHz. 16 GHz is reflected from deeper within the
plasma. We can see that 16 GHz accelerated to a higher velocity
than 13 GHz.

process. Theoretical predictions for a plasma slab predict the
mode conversion to be aligned along magnetic field lines and
can be used to infer high resolution magnetic pitch profiles. We
have obtained good agreement with the theoretically predicted
angles of the EBE for low density L mode at 13 GHz, although
the relative brightness is not accurately predicted. A more
accurate treatment of the Bernstein wave radiative transfer in
the bulk plasma needs to be carried out.

We have also observed a dependence of the emission
spectrum to the average plasma density. Plasmas with
densities above 1.6 × 1019 m−3 have been shown to have
strongly suppressed spectra with the spectral peak moving to
higher frequencies.

We have also provided the first 2D maps of Doppler shift
from an active probing source, demonstrating the ability of
the diagnostic to measure Doppler shifted radiation which

5

•  Images	
  averaged	
  over	
  10ms	
  at	
  13	
  and	
  16GHz	
  respec8vely.	
  

•  The	
  spa8al	
  structure	
  in	
  the	
  Doppler	
  shiu	
  as	
  the	
  observed	
  radia8on	
  is	
  
predominantly	
  Bragg	
  backsca]ered	
  radia8on	
  from	
  plasma	
  turbulent	
  structures	
  
aligned	
  along	
  the	
  magne8c	
  field.	
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L-mode spontaneous rotation 
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Figure 6. Left: a 2D Doppler shift map for 13 GHz integrated over 10 ms. The colour represents the centre of gravity of the
backscattered/reflected radiation spectrum, just as in figure 3. Red is positive, blue is negative. Here SAMI is positioned 20 cm above the
midplane so the shaded region represents the poloidal field coil obstruction. The plasma density cut-off is similar to that shown in figure 2.
Right: the same, but this time for 16 GHz; this corresponds to a deeper plasma layer. The rotation appears to have changed pitch.

The active probing part of the system also performs well.
Figure 6 shows two 2D Doppler shift maps. The first is at
13 GHz and the second is at 16 GHz representing reflection
from deeper within the plasma. The colour represents the
centre of gravity of the detected frequency spectrum for that
particular direction, Red is positive and blue is negative.
At this point we remind the reader of the point spread
function shown in figure 2. The real Doppler map is
convolved with this, which places a limit on the minimum
resolvable size of a structure. We can see that the observed
rotation is inclined in a direction perpendicular to that of
the magnetic field as shown by the black line. The map for
13 GHz appears to show a slightly different inclination to that
predicted. We observe this spatial structure in the Doppler
shift as the received Doppler shifted radiation is predominantly
composed of Bragg backscattered radiation from plasma
turbulent structures aligned along the magnetic field. Thus
the magnitude of the Doppler shift tells us about the projection
of the turbulent total velocity perpendicular to the magnetic
field [17].

If we now look at the evolution of the Doppler shift in time,
selecting the direction of maximal shift for both frequencies
we can see an acceleration from 20 ms onwards. The plasma
layer at 16 GHz can be see to produce a higher Doppler shift
than at 13 GHz illustrating a faster rotation of this plasma layer
(figure 7).

5. Conclusions

A synthetic aperture imaging array has been designed built
and deployed on MAST which is capable of passively
observing thermally emitted radiation and imaging Doppler
shifted backscattered radiation from an active probing source
simultaneously. We have provided the first images of the
predicted anisotropic emission from plasma devices where the
cyclotron harmonics are completely obscured by the plasma
density cut-off, a direct result of a double mode conversion

Figure 7. Examining the maximum Doppler shift as a function of
time for 13 and 16 GHz. 16 GHz is reflected from deeper within the
plasma. We can see that 16 GHz accelerated to a higher velocity
than 13 GHz.

process. Theoretical predictions for a plasma slab predict the
mode conversion to be aligned along magnetic field lines and
can be used to infer high resolution magnetic pitch profiles. We
have obtained good agreement with the theoretically predicted
angles of the EBE for low density L mode at 13 GHz, although
the relative brightness is not accurately predicted. A more
accurate treatment of the Bernstein wave radiative transfer in
the bulk plasma needs to be carried out.

We have also observed a dependence of the emission
spectrum to the average plasma density. Plasmas with
densities above 1.6 × 1019 m−3 have been shown to have
strongly suppressed spectra with the spectral peak moving to
higher frequencies.

We have also provided the first 2D maps of Doppler shift
from an active probing source, demonstrating the ability of
the diagnostic to measure Doppler shifted radiation which

5

•  Doppler	
  shiu	
  as	
  a	
  
func8on	
  of	
  8me	
  for	
  13	
  
and	
  16	
  GHz.	
  	
  

•  16GHz	
  is	
  reflected	
  
from	
  a	
  deeper	
  layer	
  in	
  
the	
  plasma.	
  

•  The	
  16	
  GHz	
  layer	
  is	
  
accelerated	
  to	
  a	
  higher	
  
rota8on	
  velocity.	
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Coherent structures in Doppler 
Spectrum 
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Aims on NSTX-U using active 
probing 

•  Make high resolution density measurements in the edge 
region of NSTX-U plasma. Plasma ~70cm away on 
MAST, ~15cm away -NSTX-U relative phase difference 
larger. This will aid reflectometry. 

 
•  Obtain Doppler maps of NSTX-U plasma 
 
•  Resolve coherent MHD structures using the spectrum of 

Doppler back scattered signals 
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Outline 
•  Introduction and motivations – S. J. Freethy 

–  Introduction to SAMI 
–  Introduction to EBW emission 
–  Results from MAST  

•  Reflectometry and backscattering – D. Thomas 
–  Multiple reflectometers 
–  Backscattering and Doppler shifts 

•  Technical developments and upgrade – J. Brunner 
–  FPGAs 
–  The SAMI digitiser 
–  FPGA/GPU data “real-time” data processing 



Fast digitization for SAMI 
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•  SAMI	
  strongly	
  dependent	
  on	
  
synchronized	
  high	
  speed	
  data	
  
acquisi8on	
  across	
  mul8ple	
  
channels	
  

•  At	
  the	
  same	
  8me	
  variable	
  
configura8ons,	
  i.e.	
  ac8ve	
  
probing	
  &	
  passive	
  imaging	
  	
  

•  FPGAs	
  enable	
  high	
  speed	
  data	
  
acquisi8on	
  for	
  high	
  bandwidth	
  
whilst	
  allowing	
  reconfigura8on	
  	
  



FPGA basics – the fabric 
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FPGA basics – the CLB 
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FPGA basics – features 
l  In modern FPGAs the fabric has additional specialized 

blocks to enhance performance, i.e. 

•  Block-RAM elements(BRAM) 
•  Fast general purpose DSPs for multiplication etc. 
•  Fast transceiver pins for high speed data 

transmission 
•  Specialized delay blocks for timing 
•  Dedicated Clock generation blocks 
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FPGA integration in SAMI 
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•  FPGAs	
  select	
  frequencies	
  
from	
  Local	
  Oscillators	
  (set	
  
before	
  shot)	
  

	
  
•  FPGAs	
  provide	
  

upconversion	
  signal	
  for	
  
ac8ve	
  probing	
  

•  Currently	
  FPGAs	
  sample	
  at	
  
250MSPS	
  with	
  14bit	
  

•  4GB	
  of	
  raw	
  data	
  on	
  
500ms	
  MAST	
  shots	
  

•  running	
  Linux	
  on	
  the	
  FPGAs	
  
allows	
  us	
  to	
  change	
  the	
  
opera8on	
  mode	
  between	
  
shots	
  



FPGA clock synchronization 
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•  Clock	
  synchroniza8on	
  across	
  boards	
  is	
  
absolutely	
  crucial	
  for	
  SAMI	
  to	
  work	
  

•  Firmware	
  switches	
  between	
  an	
  external	
  
and	
  internal	
  clock	
  reference	
  

•  Iden8cal	
  firmware	
  on	
  both	
  boards	
  eases	
  
development	
  

•  Due	
  to	
  insufficiencies	
  in	
  reference	
  clocks	
  a	
  
board	
  currently	
  supplies	
  the	
  reference	
  	
  



FPGA setup on NSTX 

53	
  

•  Antenna	
  rack	
  with	
  mixers	
  
for	
  down	
  conversion	
  are	
  
placed	
  directly	
  on	
  the	
  rack	
  



FPGA setup on NSTX 
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•  Antenna	
  rack	
  with	
  mixers	
  
for	
  down	
  conversion	
  are	
  
placed	
  directly	
  on	
  the	
  rack	
  

•  Local	
  oscillators	
  have	
  to	
  
stay	
  close	
  to	
  the	
  mixers	
  

•  FPGAs	
  have	
  a	
  private	
  fibre	
  
op8c	
  100Mbit	
  network	
  with	
  
acquisi8on	
  PC	
  to	
  download	
  
data	
  and	
  upload	
  firmware	
  

•  The	
  FPGA	
  system	
  is	
  
controlled	
  via	
  a	
  webpage	
  
based	
  on	
  the	
  acquisi8on	
  PC	
  	
  



Moving SAMI forward:  
new challenges 
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•  Currently	
  SAMI	
  collects	
  4GB	
  of	
  data	
  per	
  500ms	
  shot,	
  which	
  barely	
  fits	
  onto	
  the	
  FPGAs	
  
without	
  the	
  capability	
  of	
  upgrading	
  the	
  memory	
  capacity	
  

•  Bypassing	
  all	
  security	
  measures	
  transfer	
  of	
  data	
  from	
  the	
  FPGAs	
  currently	
  takes	
  2-­‐3min,	
  
however	
  the	
  transmission	
  is	
  not	
  fully	
  reliable	
  

•  Processing	
  of	
  that	
  data	
  currently	
  takes	
  about	
  15-­‐20min:	
  more	
  than	
  the	
  avg.	
  8me	
  
between	
  MAST	
  shots	
  

•  Both	
  NSTX-­‐U	
  and	
  MAST-­‐U	
  plan	
  on	
  opera8ng	
  mul8ple	
  seconds	
  and	
  hence	
  will	
  require	
  
semi-­‐con8nuous	
  acquisi8on	
  and	
  thus	
  data	
  streaming	
  with	
  faster	
  processing	
  	
  

•  Limits	
  in	
  the	
  currently	
  employed	
  system	
  force	
  us	
  to	
  completely	
  redesign	
  data	
  transfer	
  
and	
  processing	
  



The future of SAMI 
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•  U8lizing	
  on	
  board	
  PCIe	
  
connectors	
  transfer	
  8me	
  
could	
  be	
  reduced	
  to	
  seconds	
  

•  Streaming	
  data	
  into	
  CPU	
  
host	
  RAM	
  directly	
  and	
  
processing	
  it	
  auer	
  each	
  shot	
  
would	
  significantly	
  increase	
  
SAMI	
  opera8on	
  limits	
  

•  Using	
  GPUs	
  to	
  process	
  data	
  
on	
  the	
  fly	
  would	
  reduce	
  
storage	
  requirements	
  



GPU based processing 
(work done by Joanne Chorley) 
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•  Serial	
  IDL	
  based	
  data	
  evalua8on	
  takes	
  longer	
  than	
  the	
  8me	
  between	
  shots	
  on	
  MAST	
  

•  Evalua8on	
  algorithm	
  using	
  beam	
  forming	
  is	
  highly	
  parallelizable	
  and	
  thus	
  fit	
  for	
  GPUs	
  

•  Main	
  problem	
  for	
  the	
  GPU	
  is	
  memory	
  and	
  transfer	
  8me	
  as	
  the	
  data	
  amount	
  doubles	
  on	
  
read	
  in	
  and	
  temporarily	
  grows	
  up	
  to	
  triple	
  the	
  size	
  during	
  processing	
  

	
  
•  Parallelizing	
  the	
  code	
  and	
  “outsourcing	
  it	
  to	
  a	
  GPU	
  brought	
  significant	
  speed	
  up	
  

	
  	
   Total	
  Algorithm	
  
Time[s]	
  

Reading	
  data	
  from	
  
Memory	
  [s]	
   Compute	
  Time(s)	
  

IDL 1038.378 128.32 * 910.058 * 

C (serial code) 464.55 88.160 * 376.39 * 

CUDA 
(NVIDIA K40) 17.4238 11.65 5.7748 



An FPGA-GPU tandem 
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•  To	
  achieve	
  maximum	
  data	
  
transmission	
  between	
  GPU	
  and	
  
FPGAs	
  direct	
  streaming	
  of	
  data	
  
between	
  the	
  devices	
  is	
  beneficial	
  

•  Trea8ng	
  FPGA	
  memory	
  as	
  an	
  
extension	
  to	
  the	
  GPU	
  memory	
  can	
  
bypass	
  the	
  CPU	
  host	
  and	
  u8lize	
  the	
  
maximum	
  speed	
  of	
  the	
  PCIe	
  bridge	
  

•  Saving	
  only	
  a	
  frac8on	
  of	
  the	
  RAW	
  
data	
  plus	
  the	
  processed	
  data	
  
should	
  decrease	
  the	
  amount	
  of	
  
data	
  by	
  a	
  factor	
  of	
  2000	
  


