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A B S T R A C T

The effect of turbulence in the position measurements of the DEMO Plasma position reflectometer is evaluated at 
the high field side equatorial plane location using REFMULF, a 2D finite-difference time-domain full-wave code 
for reflectometry simulations. Different levels of turbulence (1–10%) of a Kolmogorov-like k-spectrum are 
analysed statistically with random generated density fluctuations. The study shows that for turbulence ampli-
tudes in the range 1–7% most of the measurements are not affected significantly and the reflectometer can 
provide the position measurements within the DEMO requirements. For higher levels of turbulence, the mean 
error becomes negative and its absolute value and the standard deviation increases for values in the order of 0.5 
cm. One of the reasons for this behavior is the deviation of the effective cut-off position. In these cases, part of the 
measurements are out of the requirements, and a study must be done to understand if the reconstruction of the 
separatrix stills possible for the order of error of the failed measurements (1–2 cm). Other possibility is to apply a 
correction based on the mean position value as function of the turbulence amplitude to the position measure-
ments. This could be applied dynamically during the plasma pulse.

1. Introduction

Unlike the experimental machines, DEMO will only have the neces-
sary diagnostics to provide the plasma state with the necessary accuracy 
for machine protection and plasma control [1]. A fundamental mea-
surement for the control system is the position and shape of the last 
closed magnetic surface, initially measured with magnetic diagnostics in 
the current machines. One of the major issues of their implementation in 
DEMO is the large integration drifts that can occur during the long 
pulses due to the high levels of radiation, leading to a wrong plasma 
position estimation [1]. The first candidate to substitute the magnetic 
diagnostics in DEMO is Microwave reflectometry, fulfilling the needs/-
requirements to the operation [1,21]. This diagnostic is capable of 
measuring the electron density profile and its time evolution by 
sweeping the frequency of the probing beam in a very short time scale 
[15]. The density is directly linked to the magnetic flux surfaces and 
these measurements give access to the magnetic configuration, 
providing its local radial position. The use of O-mode reflectometry to 
measure the plasma position has been experimentally validated in 
real-time on ASDEX-Upgrade [20] and continues to be an active research 
topic. 

The DEMO plasma position reflectometer (DEMO PPR) is a system of 
multi-reflectometers distributed poloidaly along the wall that will pro-
vide the measurements of different separatrix positions used to recon-
struct its shape. The design and the optimization of the DEMO PPR is a 
complex task and requires the simulation of different poloidal views, 
emitting angles, antenna assemblies and plasma configurations. It must 
be optimized for the baseline operation scenario and must be stable 
under the deviations to its equilibrium that may occur during the ma-
chine operation. Many different phenomena as the plasma displace-
ments, turbulence and MHD activity occur during the pulses and can 
affect the reflectometry measurements. Up to now, the DEMO PPR is just 
a concept in development stage and many questions need to be inves-
tigated before reaching its final design. A recent study tested 100 
different positions around the wall using the 2015 baseline plasma [18]. 
The probing wave was aligned perpendicularly with the separatrix to 
minimize the effect of the plasma curvature. All the measurements with 
the exception of the divertor region higher curvature) are within the 
requirements for the plasma positioning system. 

One fundamental question of the PPR performance is its reliability 
due to the effect of the turbulence in the measurements. It is experi-
mentally know that density fluctuations influence the round-trip time 

mailto:ericardo@ipfn.tecnico.ulisboa.pt
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2021.112652
https://doi.org/10.1016/j.fusengdes.2021.112652
https://doi.org/10.1016/j.fusengdes.2021.112652
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2021.112652&domain=pdf


2

delay of the probing wave and deflect part of its energy, resulting in the 
wrong position measurement and, in some cases, signal lost [26]. One of 
the fundamental mechanisms that affects the phase of the probing wave 
is the Bragg scattering. This corresponds to the plasma-wave in-
teractions satisfying the Bragg rule, kf = − 2k(rB), where kf is the 
fluctuations wavenumber, k is the local wavenumber of the incident 
wave and rB is the Bragg position, where the condition is full-filled [5]. 
When a 1D model is assumed, this rule can be only satisfied in the range 
2kA < kf < 2k0, where kA is the Airy wavenumber kA = 0.63(k2

0L− 1
n )

1/3 

and Ln the density gradient scale length. A variety of mechanisms are 
described analytically in the literature, including expressions to the 
phase shift obtained with the Born approximation and the non-linear 
regime [7,17]. Higher absolute changes in the phase of the probing 
wave is generally caused by higher amplitude fluctuations. Their 
amplitude and structure play an important role in the way how the 
energy is scattered to different directions. 

Despite the advances in the reflectometry theory, the interaction 
between the electromagnetic field and the turbulent plasma is only 
partially described. The theoretical 1D and 2D models predict the 
behavior of some observed phenomena, typically for specific plasmas 
and beam shapes [13]. For this reason, the numerical simulations are 
essential to predict the reflectometry measurements encountered in 
realistic cases beyond the validity domain of the existing theories. With 
the 2D simulations, the reliability of the reflectometer can be estimated 
by the expected turbulence parameters. From the point of view of nu-
merical simulations, testing the effect of turbulence in the measurements 
involves making a statistical study of the measurement error and of the 
received power for different values of the turbulence parameters, such as 
the amplitude of the fluctuations [12]. In this work we analyse the effect 
of the turbulence amplitude in the position measurement performance at 
the DEMO HFS equatorial plane location using REFMULF, a 2D 
finite-difference time-domain (FDTD) code for reflectometry simula-
tions [22,23]. The plasma is described by the cold-plasma approxima-
tion and the surrounding metallic structure by a perfect conductor. The 
turbulence is modelated by a Kolmogorov-like k-spectrum [see Eq. (5)] 
and taking into account a ρS scaling compatible with the order of the 
expected DEMO parameters [11]. Four hundred different plasmas with 
random spectral phase configurations are simulated for each turbulence 
amplitude, giving a good compromise between the computational time 
and the statistic error. 

2. Modeling and simulation results

2.1. The position error 

For a monotonic density profile, the cut-off position can be directly 
calculated using the Abel inversion [10,15], 

rc(F) = r0 +
c

2π2

∫ F

0

dϕ
df

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
F2 − f 2

√ df (1)  

where rc is the cut-off position, ϕ is the phase change of the wave due to 
the propagation in the plasma and F is the probing frequency. For the O- 
mode, the cut-off density is 

nc(F) = α− 1F2 =
1

80.6164
F2 [

m− 3s2] (2)  

where α = 4π2(ε0me /e2). Knowing the phase derivative from 0 to F, or 
equivalently the round-trip time delay, the density profile [rc(F), nc(F)]
can be reconstructed. An initialization method is usually required due to 
the initial frequency is different from zero, where a shape for the phase 
derivative in the range 0 − Fi is assumed. In a real reflectometer the 
complex form of the plasma-wave interaction, the antenna setup ge-
ometry and the signal initialization affect the validity of the model, 
returning a different plasma position. The measurement error is defined 

as the deviation of the measured position to the real one, 

e(F) = rd(F) − rm(F), (3)  

where rd(F) is calculated with detected signals and rm(F) is the real 
position of the cutoff density at the emission line. In order to obtain a 
reliable measurement, the condition e(F) ∼ 0 must be satisfied. With the 
help of the simulations, this quantity can be evaluated with the analysis 
of the detected synthetic signals. The real position is directly obtained 
from the input plasma model, which is know a-priori. In DEMO, the 
maximum absolute error requirement is 1 cm. 

2.2. Plasma model and simulation parameters 

The density data from the EUROfusion official database of the 2017 
baseline scenario lacks information in the scrape-off layer (SOL). The 
density profile n(ρ) was extrapolated in this region by an exponential 
function with a decay length of 3 cm, compatible to the order of values 
that is observed in experimental tokamaks [2,3,25,30]. An hyperbolic 
tangent frame was applied at the end of the profile to ensure the density 
was zero at the wall. The pedestal was connected continuously to the 
scrape-off layer, as shown in Fig. 1. 

Due to the poor resolution of the normalized poloidal flux map ρ(R,
Z), the equilibrium density profile n0(R, Z) was calculated extrapolating 
the normalized poloidal flux to the grid points and using ne(ρ). A region 
of interest at the high field side of 1 m × 0.6 m was used in all the 
simulations of this study. The line of view is aligned perpendicularly to 
the separatrix, optimizing the detected power and the position error at 
the equatorial zone (the density profile is approximately slab in the 
antenna’s frame). The relativistic effects were neglected due to the ex-
pected low temperatures at the SOL [14]. The plasma is probed in three 
three different bandwidths, K′ : 18–29 GHz, Ka′ : 29–45 GHz and Q′ : 
45–54 GHz. They were defined to reduce the number of simulations and 
do not correspond to any specific designation system. Each band is 
simulated with 160,000 time steps to save computational time, corre-
sponding to sweeping times in the order of 0.1 µs. The initialization was 
done using the WKB phase derivative. There are uncertainties associated 
with the unobserved low density edge profile, which are not important 
for the purpose of this study [10,24,27]. 

2.3. The density fluctuations modeling 

The total plasma density is the sum of the equilibrium density term 
n0 with the fluctuations term dne, 

Fig. 1. The extrapolated density profile ne(ρ).  
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n(x, y) = n0(x, y) + dne(x, y) (4) 

The density fluctuations are locally described by a spectrum and an 
amplitude/level with respect to the equilibrium plasma. Due to the lack 
of information on the turbulence properties of DEMO plasmas, we define 
the fluctuations with an analytical model. We used a Kolmogorov-like 
spectrum [4,9], following [28]. The spectrum is described by 

S(k) = H(kknee − k) + H(k − kknee) × k3
kneek

− 3, (5)  

where H(k) is the Heaviside function and k is the density fluctuations 
wavenumber. This model assumes the electron drift waves as the pre-
dominant instability at the edge and uses the kknee ∼ 1/ρS according to 
its maximum growth rate [11]. ρS is the Larmor radius calculated with 
the sound speed. With the provided values of magnetic field at the 
separatrix position (7.2 T) and the considered values for the electron 
temperature (3–4 keV), kknee is approximately 8 cm− 1. The aim of this 
work is the study of the kind of behavior of the measurement error under 
the variations of the turbulence amplitude. The accuracy of the results 
can be improved using realistic density profiles from gyrokinetic simu-
lations, as done in Vicente and et al [29]. The fluctuations term is 
defined as 

dne(x, y) = n0(x, y)Frm(x, y)
dn(x, y)

RMS[dn(x, y)]
, (6)  

where dn(x, y) is the inverse Fourier transform of the spectrum ampli-
tude S(kx, ky) = S[kx]S[ky] with spectral phase ϕ(x,y), and Frm(x, y) is the 
frame function. This function localizes the turbulence and defines its 
amplitude. The turbulence is assumed to be homogeneous and isotropic 
in the poloidal plane. By defining a random spectrum phase profile ϕ(x,
y) a different fluctuation matrix dn(x, y) is generated with the Eq. (6).
The dn(x, y) matrix is normalized by its RMS (root mean square), so most
of the values are in the [1,1] range. Ten levels of turbulence were
defined, from 1% to 10% in steps of 1%. Five are shown in Fig. 2.

Each frame has a Gaussian shape in the form 

Frm(ρ) = B + Cexp
{

−
(ρ − 1)2

2D2

}

, (7)  

where Atrb = B + C is the maximum amplitude and D the standard de-
viation, taken as 0.02. The C parameter is adjusted in the SOL region and 
in the pedestal region to produce the required maximum value of 
amplitude. A hyperbolic tangent frame is applied at the wall position, 
similarly to the density profile. The turbulence level is low at the core 

and increases until the separatrix, where it can reach values above 10 % 
[6,16]. With this model, most of the fluctuations are localized around 
the separatrix position, contributing with a higher weight to the sepa-
ratrix error [31]. In the rest of this work, the maximum amplitude Atrb is 
also referred as level/amplitude of turbulence. 

2.4. The antenna setup and signal detection 

Fig. 3 shows the antenna setup emitting in vacuum by the excitation 
of the TE1 mode at 40 GHz. Only the positive part of the electric field Ez 
is represented in the antenna’s frame (propagation parallel to the x axis). 
The setup is composed by 6 different elements, a fundamental wave-
guide, a taper, an oversized waveguide, the antenna, the cavity and the 
wall. 

Thermomechanical studies concluded that a cavity of 10 cm × 10 cm 
with rounded corners and the proper cooling system can hold the ex-
pected order of wall temperatures. This simple model is used in the 
setup. An unidirectional source (UTS) is implemented to emit in the 
plasma direction and detect the reflected signal [22]. Around the FDTD 
grid there is a Perfectly Matched Layer (PML) that absorbs all the inci-
dent energy, so it does not return to the setup when reaches the border. 
Fig. 4 shows the electric field snapshot as result of probing one turbulent 
plasma sample with Atrb = 10% at 53 GHz. 

When the probing beam is reflected in the plasma, part of its energy 
enters in the antenna and part is reflected again to the plasma by the wall 
and the cavity. Part of the energy that is reflected by the wall and the 
cavity can then be reflected to the structure again, part of the energy 
disappears due to the PML (at top and bottom) and part of the energy 
enters in the antenna. As result of this complex plasma-setup interaction 
and the superposition with the emitting field, the existing electromag-
netic field exhibit a complex structure as observed in the electric field 
snapshot. In the context of the simulations, the propagation between the 
antenna and the detection system (taper and fundamental waveguide) is 
reduced to a 10 cm oversized waveguide. In the real systems the 
detection is made far away from the antenna. The electromagnetic field 
is then converted to the TE1 mode using a taper to a fundamental 
waveguide, where the signal is detected at the central position, 10 cm 
before the taper and before the UTS position where only the reflected 
wave exists. The reason why the detection is done at this distance is 
because at the beginning of the fundamental waveguide the field may 
not have a perfect TE1 form due to the propagation of other components 
of the electromagnetic field, later attenuated. Each simulated frequency 
band has therefore a different taper and fundamental waveguide. The 
fundamental mode is excited with a temporal dependence in the form 

Ssrc(t) = Asrccos[ω(t)t], (8)  

where ω(t) = Kf t. Kf = Δf/Δt is the sweeping rate that depends on the 
frequency band width Δf and on the total sweeping time, Δt. The plasma 

Fig. 2. Five of the ten simulated frames as function of the radial 
flux coordinate. 

Fig. 3. The antenna setup emitting at 40 GHz with an UTS source emitting uni- 
directionally a wave in free space. 
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is frozen and the stationary state is assumed to be achieved in each 
probing frequency. In these conditions, the detected signal is written in 
the form 

Sdet(t) = Adet(t)cos[ω(t)t+φ(t)] (9)  

All the information about the plasma that is possible to extract is in the 
φ(t) and Adet(t) terms. Mixing Ssrc(t) with Sdet(t), a signal with distinct 
low and high frequency components is obtained: 

Sm(t) =
Asrc

2
Adet(t){cos[φ(t)] + cos[2ω(t)t+φ(t)]} (10)  

By applying a low pass filter, the high frequency component of the signal 
is removed and the remaining term is proportional to cos[φ(t)]. This 
detection method is known as the homodyne detection. The most com-
mon technique to extract the phase derivative from the resulting signal 
is applying a sliding fast Fourier transform (SFFT) to obtain the beating 
frequency, which is proportional to the phase derivative. Alternatively, a 
third signal corresponding to Ssrc(t) or Sdet(t) with a π /2 phase shift can 
be introduced. With the resulting system of equations the phase and the 
detected amplitude are directly extracted. Defining the I(t) and Q(t)
signals as 

I(t) = Sdet(t)Sπ/2
src (t), (11)  

Q(t) = Sdet(t)Ssrc(t), (12)  

the phase and the detected amplitude are given by 

φ(t) = arctan
(

Q(t)
I(t)

)

, (13)  

Adet(t) = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
I2(t) + Q2(t)

√
. (14)  

This is known as the in-phase and quadrature (I/Q) detection scheme 
(heterodyne system). In the reflectometry simulations the sweeping time 
is usually much lower than in the experiments to reduce the necessary 
computational time. This results in a few phase derivative points per 
band. In this work, we used the I/Q method to calculate the phase de-
rivative that is used to calculate the plasma position. A 4th order low 
pass Butterworth filter is applied to the I/Q signals to remove the high 
frequency term and the spurious components (e.g. from the reflections in 
the wall). The components that affect the zone of characteristic fre-
quencies represent the intrinsic error of the measurement. 

3. The effect of plasma turbulence in the measurements

Four hundred random generated different plasmas were simulated
for each turbulence amplitude. The measurement error ei of every 
sample i was calculated using the I/Q method and the statistical quan-
tities were calculated [19]. The mean error E(F) and the standard de-
viation σE(F) of the error were calculated according to the expressions 

E(F) =
1
Ns

∑Ns

i=1
ei(F), (15)  

σE(F) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
Ns − 1

∑Ns

i=1
[ei(F) − E(F)]2

√

, (16)  

where Ns is the number of considered samples. 
The error reliability ER(F) and the rate of failure EF(F) of the mea-

surement are defined by 

ER(F) =
1
Ns

∑Ns

i=1
H[Δe(F) − ei]H[ei(F)+Δe], (17)  

EF(F) = [1 − ER(F)] × 100 (%), (18)  

where Δe is the error requirement amplitude (the error can be in the 
range [ − Δe,Δe]. Fig. 5 shows the mean error, the standard deviation 
and the error failure rate at the separatrix as function of the turbulence 
level. 

The respective error distribution for two different turbulence levels is 
shown on Fig. 6. The first observation is the expected increasing of 
σE(Fsep) with the turbulence level. Another observation is the increasing 
of the absolute error with the turbulence level. The appearance of failed 
measurements (out of the 1 cm error requirement) starts around Atrb =

5%, and for the maximum fluctuation level reaches 30%. For the initial 
levels, the distribution of the error values is centered at the reference 
error (equilibrium error) with a low standard deviation. As the turbu-
lence level increases, the distribution width increases but the average 
stills centered at the reference. For turbulence levels greater than 4 −

Fig. 4. Electric field snapshot at 53 GHz for Atrb = 10%. The thin black lines 
correspond to iso-density contours. 

Fig. 5. The mean error at the separatrix E(Fsep) as function of the turbu-
lence amplitude. 
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5%, the mean becomes negative (measured position closer to the an-
tenna/outward the plasma). 

Fig. 7 shows a sample of the phase derivative for a turbulence level of 
10%. The phase derivative profiles show oscillations of different am-
plitudes, depending on the frequency range. 

Even though the propagation in a turbulent plasma is a complex 
phenomena, a one dimensional simple model can explain the tendency 
to negative errors by the change of the effective cut-off position. First, 
lets consider a one dimensional density profile in the form 

n(x) = mx + Atrbcos
(
kf x+ϕ0

)
, (19)  

where the first term is a linear density profile with slope m and the 
second term is an oscillation with amplitude Atrb, wavelength kf and 
phase ϕ0. By selecting a probing frequency and consequently a cut-off 
density nc, the cut-off position is xc = nc/m if Atrb = 0 (equilibrium 
case). By increasing the oscillation amplitude, the new cut-off position x′

c 
resulting from the interception of the new profile with the same cut-off 
density line changes. For low amplitude, it can oscillate around xc, 
depending on kf and ϕ0. As we increase the amplitude of the oscillation, 
there is a limit where, for a given kf , whatever is the phase there is al-
ways a fringe before xc that corresponds to a density higher than the cut- 
off density. In a plasma with a realistic turbulence profile, this corre-
sponds to the situation in which a great part of the errors become 
negative as it is observed in the simulations. Since the time delay is 

decreased due to the reflection occurs before the expected position, 
there is a tendency on the phase derivative to be below the WKB curve, 
although in many frequencies it is above or centered. For a fixed fre-
quency, the phase derivative mean is negative. 

Using the density profiles from the simulations, we calculated the 
mean cut-off deviation (x′

c − xc) and the respective standard deviation as 
function of the frequency for different turbulence levels. The line of view 
centered at the antenna was used as reference. Fig. 8 shows the result. 

Similarly to the measurement error, the mean is approximately zero 
initially and becomes negative for higher turbulence levels. The stan-
dard deviation also increases as observed in the measurement error. 
Since the reflectometry measurements depend on the integral over the 
frequency range, although with a different weights, this effect is accu-
mulated and increases the final error value. Besides that, the real 
interaction is much more complex and depend on many other factors, 
such as the shape and dimension of the turbulent structures, the beam 
shape or the path before the cut-off. 

The effect of the failed measurements in the separatrix reconstruc-
tion must be studied to understand what is the range of turbulence that is 
acceptable naturally by the system and keeps its stability. This range of 
turbulence can be extended if a position correction in the form 

r′

(F) = r(F) − E(F,Atrb) (20)  

is applied. r′ (F) is the corrected position, r(F) is the obtained position 
and E(F,Atrb) is the mean error obtained with the simulations. This 
correction works if the standard deviation of the error is lower than the 
measurement requirement, σE(Fsep) < Δe, and if the respective number 
and order of failed measurements is accepted. In a real application, the 
level of turbulence can be also measured with reflectometry, and this 
could be adjusted dynamically [8]. 

4. Conclusion

One of the major issues of the DEMO plasma position reflectometer is
its reliability due to the plasma turbulence. In this work we studied the 
position measurements reliability of the DEMO PPR at the HFS using 
REFMULF, a 2D FDTD code for reflectometry simulations. The turbu-
lence was modulated by a Kolmogorov-like k-spectrum and by a frame 
function to localize the fluctuations at the separatrix zone as observed in 
the experiments. Ten different levels of turbulence were defined 
(1–10%) and for each one 400 plasmas with the same spectrum and 
random spectral phase were simulated to obtain the statistical properties 
of the system. Each signal was analyzed with the I/Q detection method 

Fig. 6. The error distribution for different turbulence levels.  

Fig. 7. Phase derivative for two samples with 10%, compared with the WKB 
theoretical phase derivative (blue). The dashed grey line is the separatrix fre-
quency (∼ 53.7 GHz). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 8. Mean and standard deviation of the cut-off deviation of the models that 
were used for simulation. 
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and the mean and the standard deviation of the error at the separatrix
frequency were calculated for all the plasmas.

The results show that the mean of the measurement error increases in 
absolute value and becomes negative for higher amplitude of fluctua-
tions. This tendency can be explained by the changes in the effective cut- 
off position when high level fluctuations occur. This behavior is ex-
pected to be dependent on the equilibrium profile and on the local form 
of the spectrum and amplitude of the turbulence. The standard deviation 
also increases with the turbulence levels, reaching values in the order of 
0.5 cm. At a level of approximately 10%, a considerable number of 
samples measure the plasma position with an error out of the required 
condition, ±1 cm. A study on the effect of errors in the order of 1–2 cm 
must be done in order to understand if the reconstruction of the sepa-
ratrix stills possible in these conditions. The range of turbulence 
accepted by the system can be extended if a correction based on the 
expected mean error is applied to the position measurements. A system 
based in reflectometry could measure the turbulence level and correct 
the position measurements dynamically during the discharge. 

The accuracy of the results can be improved including realistic 
profiles from gyrokinetic simulations or using 3D simulations. In order 
to prove the reliability of the entire PPR system, it is necessary to apply 
the same procedure to the other positions of the system (due to different 
plasma curvature, turbulence spectrum and level), which requires a 
huge amount of computation time on HPCs to be done. It is also 
important the study of how the Doppler effect due to the reflection in the 
propagating structures can affect the position measurements. 
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