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Abstract
To interpret the common symmetric peaks caused by the large-scale structure in the complex
S( f ) spectrum from the heterodyne Doppler reflectometry (DR) measurement in EAST, a 2D
circular-shaped O-mode full-wave model based on the finite-difference time-domain method is
built. The scattering characteristics and the influences on the DR signal from various scales are
investigated. When the structure is located around the cutoff layer, a moving radial or poloidal
large-scale structure kθ kθ,match (kθ,match is the theoretic wavenumber of Bragg scattering) could
both generate an oscillation phase term called ‘phase modulation’, and symmetrical peaks in the
complex S( f ) spectrum. It was found that the image-rejection ratio A−1/A+1 (A±1 represents the
amplitudes of±1 order modulation peaks) could be a feasible indicator for experiment
comparison. In the case when the structure is near the cutoff layer with the same arrangement as
the experiment for the edge DR channel, the curve of A−1/A+1 versus kθ can be divided into
three regions, weak asymmetrical range with kθ/k0 0.15 (k0 is the vacuum wavenumber),
harmonics range with 0.15 kθ/k0 0.4, and Bragg scattering range of 0.4 kθ/k0 0.7. In the
case when the structure is located away from the cutoff layer, the final complex S( f ) spectrum is
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the simple superimposing of modulation and Bragg scattering, and the modulation peaks have an
amplitude response nearly proportional to the local density fluctuation, called the ‘propagation-
route effect’. Under the H-mode experiment arrangement for the core DR, a critical fluctuation
amplitude Amp n Amp ne,Mod.@route e,Tur.@MSA( ) (/ ∼ 1.3–4.1 (Amp ne,Mod.@route( ) refers to the
pedestal large-scale structure amplitude and Amp(ne,Tur.@MSA) refers to turbulence amplitude at
the main scattering area) is needed for the structure in the pedestal to be observed by the core DR
measurement. The simulations are well consistent with the experimental results. These effects
need to be carefully considered during the DR signal analyses as the injecting beam passes
through the plasma region with large-scale structures.

Keywords: Doppler reflectometry, full-wave simulation, propagation-route effect

(Some figures may appear in colour only in the online journal)

1. Introduction

As a widely used microwave diagnostic, the heterodyne
Doppler reflectometry (DR) [1–6] has been applied in various
magnetic confinement fusion devices to provide the density
fluctuation (ne˜ ) and perpendicular velocity fluctuation (ũ̂ )
around the cutoff layer with high spatial and wavenumber
resolutions. The microwave beam for DR is launched at an
oblique angle to the cutoff layer in plasma, and the signal
received containing the information on the turbulence at the
turning point (slightly ahead of the theoretic cutoff layer) is
from the Bragg backscattering. For the Bragg condition, the
measured wavenumber of the backscattering signal is
k⊥=−2ki, where k⊥ is the perpendicular density fluctuation
wavenumber and ki is the incidence wavenumber at the
scattering location. From the oblique launching of the probing
beam to the cutoff layer, a Doppler shift from the poloidal
movement of Bragg scattering turbulence is obtained as
f k uD

1

2
=

p ^ ^. Moreover, with the assumption that the u⊥ is
dominated by the E× B velocity, the radial electric field Er

can be figured out as Er= u⊥B.
Besides the Bragg scattering components, the DR could

also receive information from unmatched large-scale
instabilities through modulating the cutoff layer, which is
featured by symmetric doublet on the complex S( f ) spectrum
and has been referred to as ‘phase modulation’ in previous
publications [1, 7–9]. Since the core W-band DR system [10]
was successfully installed for core turbulence measurement in
EAST in 2018, some pedestal large-scale fluctuations have
frequently been observed by the core measurements, includ-
ing the inter-ELM high-frequency (∼230 kHz) electro-
magnetic mode [11, 12] and the H-mode edge coherent mode
(ECM) [13–15]. A typical observation of the ECM by the
core measurement is shown in figure 1, which features sym-
metrical peaks (with high-order harmonics) around 0 at the
edge ρ= 0.98 measurement by the 8-channel X-mode
polarization V-band (50–75 GHz) Doppler reflectometry [5],
and only a −1 order modulation peak (not Doppler peak) in
the core ρ= 0.21 by the 5-channel X-mode polarization
W-band (75–110 GHz) Doppler reflectometry [10]. The ECM
is investigated driven at the pedestal region [14, 16, 17].
Based on the Bout++ simulation [18], the ECM is not likely
to propagate to ρ= 0.2. Considering that the microwave
scattering occurs at the whole microwave propagation route

[19, 20], which is always ignored, a reasonable interpretation
is that the ‘phase modulation’ occurs at the whole microwave
propagation route, and the ECM measurement in the core DR
channel is a result of the ‘phase modulation’ effect from the
pedestal region. Previously, da Silva [21], Happel [22], and
Wang [23] et al studied the velocity shear layer effect for DR
diagnosis, and explained the frequently observed double-peak
phenomenon in the complex S( f ) spectra with multi-radial
scattering layer contributions. The velocity shear layer effect
is essentially due to the finite radial scattering volume. Thus,
it could be conjectured that scattering components from the
beam propagation route away from the main scattering area
(MSA) could be also observed under some conditions, which
is important for understanding the reflectometry data from the
core plasmas.

In this paper, we focus on how the large-scale (non-
resonant) fluctuation away from the cutoff layer affects the
DR data under different experimental arrangements, which
has always been ignored by previous analytical theories [7,
24–29]. A two-dimensional circular-shaped full-wave model
with ordinary mode polarization based on the finite-difference
time-domain (FDTD) method [20, 30–33] and the heterodyne
method has been built, and it should be emphasized that the
linear/nonlinear scattering issue is beyond the scope of this
paper [28, 34–36] because a low-density fluctuation ampl-
itude was used to ensure the linear response of scattering
wave power to density fluctuation amplitude in the simula-
tion. Moreover, although some other effects, such as the
radial distribution/shape [7] of the perturbation, cutoff layer
curvature [27], multiple scattering [35], the launching/
receiving antenna arrangement, beam broadening, and so on,
could be simulated in our model, as they are recognized as
secondary factors on the scattering spectrum and would be
addressed elsewhere.

The simulation results clearly show how the scattering
from the beam propagation route contributes to the DR signal
received and would be helpful for experimental physicists to
understand turbulence. The remainder of this paper is orga-
nized as follows. The 2D full-wave model including the
parameters is presented in detail in section 2. In section 3.1, a
comparison between the large-scale ‘phase modulation’ and
Bragg scattering is presented, and the first study of the phase
modulation image-rejection ratio is carried out in section 3.2.
Essentially, the scattering from the propagation route and a
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modified model with a steep density pedestal similar to the
H-mode core turbulence measurement are studied in sections
3.3 and 3.4. Finally, a summary is given in section 4.

2. 2D full-wave code

To simulate the microwave propagation in tokamak plasma, a
rectangular three-dimensional coordinate system with the z
direction along the magnetic line, x along the major radius,
and y along the direction perpendicular to the magnetic line, is
established, and the microwave polarization is simplified as
O-mode. Under cold plasma conditions, the Maxwell
equations for the O-mode polarization microwave can be
simplified as
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Combined with the equation for the current density Jz,
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and the equations are closed, where n e mpe
2

e
2

0 ew e= ( ) is the
electron plasma frequency. The finite-difference time-domain

(FDTD) method [37] is used to solve the Maxwell equations,
and a 2D code containing the x and y directions is sufficient
for the lack of

z

¶
¶
.

The circular cross-section shape is applied with a minor
radius a= 45 cm and synthetic H-mode density profile
n 4.0 10 0.5 tanh 9.2 10 0.5 me0

19 3r= ´ ´ ´ - ´ + -( ( ) ) ,
where ρ= r/a is the normalized radius. Due to the strong
beam width broadening effect from the steep density pedestal
(different from the ECRH broadening [38] from the edge
turbulence), a microwave frequency of 50 GHz in O-mode
polarization is decided upon to locate the cutoff layer at the
density pedestal top. Notably, the beam broadening effect is
less for the X-mode polarization DR due to the joint of the
magnetic field and density in the microwave cutoff. Also, a
modified profile with the cutoff layer located deep inside the
pedestal has been applied to simulate contributions from the
steep H-mode density pedestal in section 3.4. The grid and
time step sizes are set as x y 0.3 mm

20
D = D = =l and

Δt=Δx/2c, respectively. The simulated area is divided into
1200(x) × 1500(y) (36 cm × 45 cm) grid points. Under the
circular cross-section shape, the microwave incident angle
can be easily adjusted through different antenna arrangement
in the y direction. Also, a monostatic setup (one antenna used
both for emission and reception) is applied centered at
y1= 550 (grid) with a full width of 3.6 cm (120 grids, the
same as the antenna used in the EAST experiment) to
decrease the receiving power from the reflected beam. To
simplify the model, the antenna plane is set as the isophase
surface with a Gaussian launching electric field amplitude
distribution E te siny y

launching
601

2 2 w= ´- - ( )( ) and Gaussian
receiving electric field amplitude response function
E E y50, ey y

y
z

y y
receiving 60

60 60
1

1 1
2 2= å ´= -

+ - -( ) ( ) in this model.

As the key of the full-wave code, typical turbulence density
fluctuation is performed as n A i j k i x, cosi j xed = å å +( ) [ ( )
k j y i j,y noisej+( ) ( )] [21, 32]. A new fluctuated function
combining the kx(i)x+ ky( j)y and kx(i)x− ky( j)y components is
applied in this model as shown in figure 2(a) and expressed as

n A i j k i x i j

k j y i j

, cos ,

cos , 3
i j

x

y

e noise

noise

ååd j

j

= +

´ +

( ) [ ( ) ( )]

[ ( ) ( )] ( )

in rectangular coordinate (x, y, z). In this work, a fixed turbu-
lence wavenumber amplitude spectrum is applied rather than a
random one [36, 39] produced by the turbulence code. A typical
simulation result is shown in figure 2(b), a maximum Ez
amplitude appears at near ρ∼ 0.885, and the position is
recognized as the main scattering area of the 50 GHz micro-
wave, which is actually determined by turning points of the
50GHz Gaussian beam, consistent with Pinzónʼs report [40].
Moreover, the fluctuation is set as radially localized with a
width of 0.02 normalized radius (∼0.9 cm, more simulations
show that only the peak amplitude changes during scanning the
radial width) for the following propagation-route effect invest-
igation, which is not too large to mix the scattering signals from
different radial locations. Notably, the O-mode DR is limited in
the core turbulence measurement due to the flat density profile
at the core and strong beam broadening from the density

Figure 1. The ECM simultaneously observed in edge and core
Doppler reflectometry in EAST.
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pedestal as simulated later in section 3.4. Considering the
purpose of fundamental scattering process investigation, the
elementary density fluctuation with kr= kθ= k is applied, and
the total density is given as

n n A kr t

k L V t t

e cos

cos 4
e e0 noise

noise

s
4

6 107 j
j

= + ´ +
´ + +q q

- r r-

´ [ ( )]
[ ( ) ( )] ( )

( )

in cylindrical coordinate (r, θ, j), where Lθ is the displacement
to the midplane y= 0 along the poloidal direction for each grid
point, ρs is the radial location of the default density fluctuation,
k= 550 m−1 is the Bragg scattering wavenumber calculated
from the wavenumber response analyses, Vθ= 0.1c (widely

used in full-wave simulation [20, 21] to reduce computation
time, and confirmed to be a secondary factor to the scattering
spectrum from 0.01c–0.3c and no influence on the effects
reported in this paper) is the poloidal rotation speed for the
default density fluctuation, and jnoise(t) is randomly generated
phase noise between 0 and 2π. It should be emphasized that
the phase noise amplitude has a strong influence on the
background level of complex S( f ) power spectrum, while it
has little influence on the amplitude of Bragg scattering and
phase modulation peaks. Thus, to avoid the weak phase
modulation concealed from the background noise, the phase
noise is removed from the large-scale phase modulation cases
(corresponding to the coherent modes) in sections 3.3 and 3.4.
As for the fluctuation amplitude A, to be close to the core
turbulence measurement, where the turbulence amplitude δn/
n< 1% – 2% in the linear response stage is widely accepted to
be weaker than the edge plasma [41], the fluctuation amplitude
is usually set to be < 0.05 in the linear scattering-power-to-
ne˜ -amplitude stage. Finally, a perfectly matched layer (PML)
[42] with a width of 12 grid points (equal to 3.6 mm) is applied
at the simulated area edge. Notably, the heterodyne method is
applied through a mixer calculation

⎧
⎨⎩

I f t A f t B

Q f t B f t A

cos 2 sin 2 ,

cos 2 sin 2 ,
50 0

0 0

p p
p p

= ´ + ´
= ´ - ´

( ) ( )
( ) ( ) ( )

where f0= 50 GHz is the launching frequency of the DR, A is
the received signal with a carried wave frequency f0, and
B= imag(hilbert(A)) is the imaginary part of the Hilbert
transform to the received signal A.

To check the validity of the code, a typical microwave
electric field Ez result under kr= kθ= 550 m−1, V= 0.1c,
peak-peak δne/ne= 0.044 is shown in figure 2(b), consistent
with the ray-tracing calculations in black (center beamline)
and blue (margin beamlines).

3. Numerical results

3.1. Phase modulation and Bragg scattering

Firstly, the so-called phase modulation phenomena [1, 7, 8, 12]
were investigated in detail. It is widely accepted that besides
the backscattering signal mainly from the scattering volume
around the cutoff layer, the cutoff layer modulation, such as a
large magnetic island from tearing instability, would produce
two peaks symmetrical to zero frequency [1, 8, 12] and
sometimes distinct amplitude asymmetry in the complex S( f )
spectrum. However, in spite of similar experimental results
through DR measurement on different devices being reported,
numerical investigation of phase modulation is much less.

For the large-scale structure, three different cases with
kθ= Vθ= 0 are set to simulate the radial propagation with
opposite directions and a local sinusoidal oscillation without
propagation, i.e., k V t k rcos r r r+[ ], k V t k rcos r r r- +[ ],
and k V t k rcos sin

2 r r r+p[ ( ) ], where kr= 550 m−1 and

f k V 2.63 GHzM
1

2 r r= =
p

. For comparison, the Bragg scat-
tering case has kθ= kr= 550m−1 calculated from the poloidal
wavenumber response analyses and f k VD

1

2
= =

p q q

Figure 2. The left panel illustrates the new density fluctuation
element combining the kxx+ kyy and kxx− kyy components and the
default density profile. The right panel illustrates the typical
microwave electric field distribution calculated with the 2D full-
wave code and the beam trajectories in black and blue lines from the
ray-tracing calculation.
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f2.63 GHz M= . The same frequency and fluctuation velocity
applied in the comparison is to avoid a difference in the
response from the different fluctuated frequencies, and no
significant difference in spectrum to the kθ∼ 10−50m−1 case
has been found in the poloidal wavenumber response analyses
presented later. The phase noise amplitude is decreased to 0.1
in all situations and the results are shown in figure 3.

With the same fluctuation intensity peak-peak δne/
ne= 0.44% in the linear response stage, the four fluctuation
spectra shown in figure 3(a) clearly show that the Bragg
scattering in black has only one Doppler peak at −2.63 GHz
with an image peak rejection beyond 40 dB. It should be
noted that although further decreasing the phase noise
amplitude could also manifest the image peak at
f=+2.6 GHz, the 40 dB difference is unchanged. While for

the other three cases without poloidal rotation, the symmetric
peaks are distinct, and the modulation peak amplitude is about
20 dB less than the Bragg scattering. Moreover, the spectra of
inward propagation, outward propagation, and local oscilla-
tion are nearly the same, with little asymmetry on the peak
amplitudes < 5 dB, further suggesting that these symmetric
peaks are caused by phase modulation. Especially high-order
harmonics have also been observed in the local oscillation
case under the same density fluctuation intensity.

The high-order harmonics shown in figure 1 and reported
in HL-2A [8] can be easily understood through the following
mathematical formula:

Je e , 6t

n
n

n ti sin iå b=b w w

=-¥

+¥

( ) ( )

where Jn(β) is the Bessel function. β could be regarded as the
intensity of phase modulation, and Jn(β) obviously deter-
mines the intensity of the n-order harmonics in the spectrum.
Normally, β is small and only n=±1 could be seen in the
real turbulence spectrum.

Experimentally, phase spectrum from the DR is also
widely used. The typical case is the geodesic acoustic mode
(GAM) measurement through DR [43–45], where the phase
oscillation is actually the poloidal velocity oscillation caused
by the radial electric field of the GAM. It should be men-
tioned that the poloidal speed Vθ is always constant here, and
all peaks that appear in the phase( f ) spectrum could be called
the ‘phase modulation’. For a coherent mode in the plasmas,
it is entirely possible to have both electric field fluctuations
and ‘phase modulation’ simultaneously.

The phase( f ) spectra are shown in figure 3(b) with a
noise amplitude of 0.1. For the Bragg scattering case, no
distinct peaks could be found in the phase( f ) spectrum (black
line), which is completely reasonable because the poloidal
rotation velocity Vθ is a fixed value (kθVθ/2π= 2.63 GHz).
For the other three cases without poloidal rotation, the peaks
at f= 2.63 GHz are all distinct and have similar amplitudes.
So, the above simulation suggested that radial mode move-
ment, no matter whether the mode is propagating radially or
just oscillating locally, could add a modulation item on the
DR phase, then generated the symmetric peaks in the complex
S( f ) spectrum, which could be categorized into the phase
modulation caused by radial mode structure.

In general, the main differences in the complex S( f )
spectrum between Bragg scattering and the modulation are
the amplitude response of ±1 order peaks, and the appear-
ance of high-order harmonics. Here in figure 3(a), due to the
noise setting and the strong image peak rejection beyond
40 dB, the image +1 order peak of Bragg scattering could not
be seen here (it would appear if the phase noise level is zero).

To further confirm the magnitude relationship between
the Bragg scattering peak and the symmetric modulation
peaks, the function between these peak amplitudes and the
density fluctuation intensity is plotted in figure 4. For sim-
plicity, only the Bragg scattering case and the outward pro-
pagation case are calculated. It can be found that the spectral
peaks all have similar linear responses A∝ δn/n (power

Figure 3. Comparison between the matched Bragg scattering (black)
and unmatched poloidal large-scale structure (radial outward
modulation (red), radial inward modulation (green), and local
sinusoidal oscillation modulation (blue)). (a) denotes the complex
S( f ) spectra, and (b) denotes the phase( f ) spectra.

5

Plasma Sci. Technol. 25 (2023) 115101 X Feng et al



n n 2dµ ( ) ) to the density fluctuation intensity at the low
fluctuation level. Considering that the large-scale coherent/
quasi-coherent density fluctuation would be always larger
than the small-scale density fluctuation, the actual difference
between the modulation peaks and the Bragg scattering peak
is smaller than 20 dB.

Further, how does it work on large-scale modulation
with kθ≠ 0? Is the phase modulation only produced by the
radial structure movement? Of course not. The density fluc-
tuations with different kθ from 10–800 m−1 but a fixed
poloidal rotation speed (Vθ= 0.1c), radial wavenumber
kr= 0, and peak-peak δne/ne= 0.044 with a radial structure

n r t k L V t t, , e cose1 noise

s
4

6 107q j= ´ + +q q
-

r r-

´( ) [ ( ) ( )]
( ) )

are used for the
test. Here the matched poloidal scale is still 550 m−1. It
should be mentioned that the diminishing kr has no significant
influence on the complex S( f ) spectrum, since no radial
velocity is applied here yielding no contribution from krVr.
The complex S( f ) spectra under kθ= 30, 100, and 250 m−1

are shown in figure 5(a). The symmetric harmonics under
kθ= 30 m−1 are similar to that shown in figure 3(a), and
the frequency of ±1 order is still determined by
f k V 0.14 GHz1

2
= =

p q q , while for the kθ= 100 and 250 m−1

cases, asymmetry of the harmonics occurs. Moreover, it could
be found that when kθ> 200 m−1, the +1 order is no longer
the strongest peak, as shown in figure 5(b). From the rela-
tionship between the peak intensities of +1, −1, −2 order and
kθ, three regions with different features separated by
kθ∼ 150 m−1 and kθ∼ 400−450 m−1 could be identified. It
could be found that in the first region kθ 150 m−1, the±1
order peaks are almost symmetric and comparable, yielding a
low image-rejection ratio A−1/A+1, while in the second
region 150 m−1 kθ 400 m−1 the −2 order harmonic is
larger than the±1 order. The final region is the so-called
Bragg scattering, which would generate the highest Doppler
peak in the complex S( f ) spectrum. Moreover, figure 5(b)

shows the peak amplitude at 1 order frequency in phase( f )
spectrum, and the peak actually disappears when Bragg
scattering dominates, similar to the black solid line in
figure 3(b).

Also, the phase( f ) spectra from kθ= 100–600 m−1 are
plotted in figure 6. The most interesting result is the distinct
high-order harmonics when kθ is small. These harmonics can
be easily understood through a simple calculation, assuming
that the complex S( f ) spectrum is a combination of two
Doppler peaks (n and k order harmonics) A Ae e n ti

1
i M= +j w

A e k t
2

i Mw , a phase modulation with a fundamental frequency
(n− k)ωM is produced together with its high-order harmonics,
and the strength of phase( f ) modulation peaks is reversely
proportional to the difference in amplitude between A1 and A2.
Combined with the −2, −1, and +1 order harmonics, all
harmonics in phase( f ) spectrum are produced. So, the har-
monics of the phase spectrum are essentially due to the
asymmetric peaks and harmonics on the complex S( f ) spec-
trum. However, it should be emphasized here that actually
phase spectrum in experimental measurement would be greatly
affected by the system noise level, and high-order harmonics

Figure 4. The function of phase modulation and Bragg scattering
peak amplitude versus the density fluctuation amplitude δne/ne for
both Bragg scattering (black) and radial outward modulation (red
and blue) shown in figure 3.

Figure 5. The poloidal wavenumber response analyses. Panel (a)
illustrates the complex S( f ) spectra for three typical cases, and (b)
illustrates the function of the complex S( f ) peak amplitude in black
and the phase( f ) peak amplitude in red versus the poloidal
wavenumber kθ.
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in the phase spectrum are not as common as the phase mod-
ulation phenomena in the complex S( f ) spectrum. The above
results suggest that poloidal density fluctuation with unmat-
ched scale could also cause phase modulation.

3.2. Image-rejection ratio

Considering that experimentally high-order harmonics on the
complex S( f ) spectrum are rarely observed, a feasible para-
meter to compare the experiments and simulations is the
image-rejection ratio of the±1 order peak (defined as A−1/
A+1 here), which remains unchanged in the linear δne/ne
response stage. Figure 7 shows the curve of A−1/A+1 versus
the poloidal wavenumber, and similar to figure 5, three
regions could be distinctly confirmed. In the weak image-
rejection range, k k1

3 matchq (kθ/k0 0.15) with A−1/
A+1� 10 dB and the image-rejection ratio is roughly pro-
portional to the poloidal wavenumber. It is worth noting that

for the kθ� 20 m−1 cases, the image-rejection ratio could be
negative, suggesting that the peak at the Doppler shift side
(A−1) is not always the larger one. Next is the harmonics
dominant region, with k k k1

3 match match< <q (0.15 kθ/
k0 0.4). In this region, the image-rejection ratio increased
rapidly with poloidal wavenumber. The last one is the Bragg
scattering dominant region. It should be emphasized that the
poloidal wavenumber thresholds to separate the three regions
varied much with the incident angle (∼25° in our simulation).

Based on these results, we could deduce that the ECM
observed by the edge reflectometry shown in figure 1 (sym-
metric peaks of±1 order) should be classified as a weak
image-rejection region with kθ 100 m−1, consistent with the
experimental values [16] of kθ∼ 40−80 m−1.

In summary, given the phase modulation phenomena
caused by large-scale structures around the cutoff layer, the
following conclusions could be deduced:

(1) Symmetric peaks in the complex S( f ) spectrum mean
that the DR phase signal has a modulation/oscillation
component.

(2) The modulation/oscillation component could be gener-
ated through the moving radial structure and/or from the
rotation of poloidal large-scale structure with unmatched
poloidal wavenumber kθ.

(3) The image-rejection ratio A−1/A+1 is an important
indicator, and qualitatively proportional to the poloidal
wavenumber.

3.3. Propagation-route effect

Next, we investigate the influence on the DR signal when a
large-scale structure such as ECM locates at the incident beam
propagation path. To match the experimental situation, den-
sity fluctuation with kθ= 100 m−1, kr= 0, V= 0.2c, peak-
peak δne/ne= 0.05, and a radial covering of 0.02 (0.9 cm)
normalized radius is applied.

Firstly, without the structures of other scales, the con-
tributions to the DR signal from only the large-scale structure
at different positions (ρM) were calculated. Figure 8 shows the
complex S( f ) spectra when ρM changed from ρM= 0.835 to
1.055 with the theoretical cutoff layer located at ρcutoff= 0.86.
In order to show the harmonic characteristics clearly, no
phase noise is applied here. It could be seen that when the
large-scale structure located at ρM= 0.885, the maximum
amplitudes and most pronounced asymmetries are reached for
the high-order harmonics. Since the high-order harmonics are
only significant in the nonlinear response stage (which is not
shown here), it could be deduced that the amplitude response
for the high-order harmonics is nonlinear here.

The tendency of how these harmonic amplitudes changed
with ρM is shown in figure 8(b). The position ρM= 0.885,
where most harmonics reach the maximum, is a little ahead of
the theoretical cutoff layer. The position ρ∼ 0.885 featured
the strongest Bragg scattering and is called the MSA here and
marked as a green vertical dashed line, similar to the results
reported in [40]. With ρM away from 0.885, high-order har-
monics decrease much faster than the fundamental±1 order

Figure 6. The phase( f ) spectra under poloidal wavenumber response
analysis.

Figure 7. The image-rejection ratio in the linear δne/ne response
stage versus the poloidal wavenumber.
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peaks. It could be found that the±1 order peaks are only
attenuated by about 20 dB at ρM= 1.015, which is already
6.5 cm away from the cutoff layer. These results suggest that
when a large-scale structure with a moderate amplitude is
located at the path of the injecting beam, the received DR
signal would contain an additional component dominated by
an oscillation phase, much similar to the phase modulation
phenomena mentioned formerly. The only difference is that
the effect would be attenuated depending on the distance
between the cutoff layer and the structure position.

Secondly, a combination of turbulence located at the
MSA (ρ= 0.885) and large-scale structure kθ= 100 m−1

at ρM= 0.965, V= 0.2c is applied. The turbulence is set as

δne/ne en
A

1
33

33

s
2

6 107=å =
-

r r-

´

( )

n Lcos 30 ´ ´ +q[ ( Vtur.t)+ jn,noise(t)]
with a flat wavenumber spectrum, and with phase noise
amplitude 2π, kr= 0, and Vtur.= 0.05c and/or 0.1c. The

complex S( f ) spectra are shown in figure 9. It can be seen that
the Doppler peak caused by the broadband turbulence becomes
dominant as the turbulence amplitude gradually increases, and
the total scattering signal is simply the linear superimposing
between the large-scale modulation spectrum (blue line in
figure 8(a)) and the Bragg scattering turbulence spectrum. The
final received signal through DR can be written as

A A A A Ae e e e e ,
7

t ti
D

i
M

i
D

i
M

i sinD M D M M= + = +j j j w b w d+

( )
( )

where A eD
i Dj is from the background turbulence located at the

MSA and ωD is the Doppler shift frequency, A eM
i Mj is from the

large-scale modulation located at the propagation route, and ωM

is the phase modulation frequency. Thus, once the modulation
peak amplitude exceeds the background turbulence spectrum,
the modulation peaks from the propagation route could be
visible. If the two parts are comparable in magnitude, it is
meaningless to directly calculate the phase j(t) from the mea-
surement signal Aeij through the traditional method. In this
case, the original signals need to be filtered first, although the
Bragg scattering part and the large-scale modulation part could
not be strictly separated sometimes. This propagation-route
effect would be a main obstacle in analyzing the DR signals
from the core plasma region, when large MHD is localized at
the beam path, and meanwhile, the turbulence rotation in the
core region is very small. Of course, if the two parts could be
separated mostly when the Doppler shift is large enough, more
physical information could be obtained.

Quantitatively, considering a background turbulence
wavenumber spectrum with a behavior similar to ALTAIR
experimental data where the amplitude of the fluctuation
wavenumber is assumed constant up to 500 m−1 and then
follows a k 3

q
- power law [21, 46], the RMSsingle–mode/

RMSsummed-Tur. (or called Ampsingle-mode/Ampsummed-Tur.) is

figured to be ∼0.084, where RMS nmean e
2= ( ˜ ) is the root

mean square operation. Thus, we could make a comparison
between turbulence amplitude and large-scale (narrow band-
width) fluctuation amplitude. Combined with a ∼26 dB
(∼13 dB or 20 times in amplitude A) power response differ-
ence between the large-scale modulation and Bragg scattering
(as shown in figure 5(b)) and the ∼10 dB (3.2 times in
amplitude) power attenuation between ρM= 0.885 and

Figure 8. Panel (a) illustrates the complex S( f ) spectra for several
typical radial locations, and panel (b) the function of various peak
intensity versus radial locations.

Figure 9. Complex S( f ) spectra of combining the large-scale
modulation kθ = 100 m−1 at ρM = 0.965 and background turbulence
located at the MSA ρ= 0.885. The shoulder peak (∼−2.5 GHz) of
the pink case is from the second harmonic of the kθ= 100 m−1

modulation peak.
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ρM= 0.965 shown in figure 8(b), a maximum critical
RMS n RMS ne,Mod. e,Tur.( ) ( ) = 0.084× 20× 3.2= 5.4 is
acquired, which is the threshold where the modulation peaks
could be seen in the complex S( f ) spectrum. We call this
effect the propagation-route effect, and is essentially the
phase response of the interferometer, which should be con-
sidered when analyzing the DR signals from the core plasmas.

3.4. Core measurement model

For the fusion device, turbulence and transport research in high
confinement mode (H-mode) with a steep density pedestal in
the edge regions has drawn more attention because the
H-mode is the baseline scenario for ITER operation [47]. Is
there any difference in the propagation-route effect mentioned
above? A modified model with density profile n 2.64e0 = ´[
tanh( (20 × (0.85− ρ))/2 + 0.5)− ρ + 1.38]× 1019 m−3 is
applied, with the cutoff layer at ρ= 0.56, cutoff layer density
gradient 1/Lne= 0.66 m−1, and pedestal at ρ∼ 0.9. Simulta-
neously, the antenna is arranged centered at y1= 300 (grid)
with an incident angle of ∼11.5°, consistent with the
experimental arrangement [10]. To better describe the local
radial distribution of the density fluctuation, a Gauss-like
radial fluctuation distribution is applied as ne1= δne/ne×

e W

s
2

2- r r-( )
× k L V tcos +q q[ ( ), where W= 0.0173 (∼0.78 cm) is

the e−1 half width.
Typical electric field Ez distribution of the incident beam

with kθ= 100 m−1, kr= 0, V= 0.1c, ρM= 0.625, and peak-
peak δne/ne= 0.04 is shown in figure 10, which is sig-
nificantly different from that in figure 2. Notably, in previous
analytical theory such measurement is called the nonlinear
multiple scattering effect, while it is called linear here from
the linear scattering-power-to-ne˜ -amplitude response simula-
tion results under a low δne/ne. The solid lines are the beam
trajectories, while the dotted lines represent beam trajectories
without plasmas. It can be seen from the trajectories that the
two blue lines above the center line are still in line with the
contour map, while the other two blue lines below the center
line show no full trajectories as approaching the cutoff layer.
Two black Xʼs are marked here because the ray-tracing
calculation is unavailable here. Actually, the whole Gauss-
beam distribution could be divided into two parts, the oblique
incident part undergoing a moderate incident angle, and the
near perpendicular incident part. Moreover, the Gauss beam
became significantly broadened at the density pedestal
ρ∼ 0.9, which makes the incident beam cover a much larger
radial range compared with the situation shown in figure 2(b).
Such beam distribution has two main effects on the following
propagation-route effect research. Firstly, the background
noise level increases a lot. Secondly, the coverage of the
MSA is also very broadened. Such a beam broadened effect
would disappear with the density gradient at the cutoff layer
gradually increasing, accompanied by the MSA close to the
pedestal case shown in figure 2(b).

The fluctuation wavenumber response analysis for dif-
ferent radial locations ρM is shown in figure 11 under kr= 0,
V= 0.1c, and δne/ne= 0.04. In all radial locations, the +1

order peak shows a similar response to the poloidal wave-
number, while the−1 order (Doppler side) peak shows a linear
decay to the wavenumber at ρM= 0.625 and a typical ampl-
itude response with wavenumber selection from ρM=
0.705–0.865. The matching wavenumbers for ρM= 0.705,
0.805, and 0.865 are 150, 300, and 440 m−1, respectively,
which increase with ρM moving outward. These matching
wavenumbers would be caused by the oblique incident part of
the beam mentioned above and could not be estimated from
ray-tracing calculation only on the center line. The ρM= 0.925
case is more interesting, the +1 order peak shows a flat
response to the wavenumber, suggesting that the phase mod-
ulation has much less scale sensitivity at this location.

Figure 10. Typical electric field of plasma core measurement case
with a steep pedestal at the plasma edge ρ∼ 0.9, and the incident
angle to the cutoff layer is nearly 11°.

Figure 11. Poloidal wavenumber response at different radial
locations for the core measurement case with kr = 0 and cutoff layer
at ρ= 0.56.
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How the amplitudes of±1 order modulation peaks
caused by kθ= 100 m−1 structure varies to the radial locations
is shown as dashed lines in figure 12, with the other para-
meters the same as those in figure 10. The result from the case
with the cutoff layer located at the plasma edge region is also
shown for comparison. The blue line represents the density
profile, while the red and black lines represent the amplitude
o±1 order peaks, respectively. For the core measurement
case, the peak amplitudes have a slowly decreasing response
in the region of ΔL 14 cm, and a quick decay in the ped-
estal region of ΔL> 14 cm, much different from the solid
lines (i.e. the situation shown in figure 8). Combined with the
pedestal measurement result and the core measurement result,
it can be deduced that the large-scale structure amplitude
response is roughly proportional to ne,propa. route

1 1.2µ -( )– under
a fixed δne/ne. Then, with the results shown in figure 11, the
most immediate consequence is that the±1 order peaks
caused by various large-scale structures could be observed by
the core DR, especially when Doppler scattering is not very
strong and the cutoff layer density gradient is small. Such
effects are called the ‘propagation-route effect’ in this paper,
which is considered negligible before.

At last, considering that in H-mode plasmas, various
coherent modes and instabilities would appear in the ped-
estal region due to a large pressure gradient, in the fol-
lowing simulation the large-scale structures are fixed at the
density pedestal top (ρM= 0.925). How the image-rejection
ratio A−1/A+1 varied with the poloidal wavenumbers is
shown in figure 13. As we said previously in figure 11,
no wavenumber selection appears, resulting in that no
Bragg scatting region is observed in figure 13. Although
the image-rejection ratio is still roughly proportional to the
wavenumber, the relationship is totally different from the
case (structures located around the cutoff layer with a 25°
incident angle) shown in figure 7. Generally speakingthe
weak image-rejection region became much narrower. Such
differences are mainly due to the beam distribution caused

by the small incident angle. So, for the ECM located at the
H-mode pedestal region with kθ= 40−80 m−1, the image-
rejection ratio would probably exceed 10 dB, well
explaining the different spectra shown in figure 1. Because
ECM is located at the pedestal region, the edge Doppler
reflectometry would get the spectrum with a small image-
rejection ratio, while the core Doppler reflectometry would
get the spectrum with a large image-rejection ratio
(figure 12 with kθ= 100 m−1).

Quantitatively, supposing that the power response differ-
ence between the Bragg scattering and large-scale modu-
lation is 20 dB, RMS n RMS ne,Mod.@route e,Tur.@MSA( ) ( )/ ∼ 1.3
(density of the ECM location is ∼2/3 of the MSA from the
experiment) is the minimum value at which the pedestal ECM
could be observed by the core DR channel, considering that the
peaks from Doppler shift and phase modulation are over-
lapping due to the low rotation in the core plasmas. If the
difference in the power response increases to 30 dB, the critical
RMS n RMS ne,Mod.@route e,Tur.@MSA( ) ( ) value would increase
to ∼4.1. The thresholds are much lower than the value of 5.4
estimated from figure 8, and could be used to estimate the
turbulence amplitude if the ECM amplitude could be measured
experimentally.

4. Summary

To interpret the symmetric peaks caused by the ECM
observed by the edge and core DR channels, a 2D O-mode
circular-shaped full-wave model based on the FDTD method
is built. The common phase modulation phenomena were
systematically investigated, and it is found that symmetric
peaks in complex S( f ) spectrum mean that the phase has an
oscillation term and the oscillation could be caused by the
radial or poloidal movement of density structure with

Figure 12. The large-scale kθ = 100 m−1
fluctuation amplitude

response versus the displacement to the cutoff layer for both pedestal
(in solid lines) and core measurement cases (in dashed lines)
with kr = 0.

Figure 13. The image-rejection ratio varying to the poloidal
wavenumber under core observation case with fluctuation located at
pedestal ρM = 0.925 (propagation route).
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unmatched large scales. For the phase modulation caused by
structures around the cutoff layer, the function between the
image-rejection ratio A−1/A+1 and the poloidal wavenumber
can be divided into three distinct regions, while the common
quasi-symmetric modulation peaks correspond to the first
stage, consistent with the edge DR measurement. If the
modulation peaks are not strictly symmetrical, harmonics
would probably appear in the phase( f ) spectrum.

If the structure location is a certain distance from the cutoff
layer, DR would respond to all density fluctuation located at the
incident path with a scattered signal amplitude nearly propor-
tional to the local density fluctuation. The final DR signals are
usually simply superimposed by Doppler backscattering from
the turbulence and phase modulation from the large-scale
structure for the case that core DR measurement is influenced by
edge coherent mode. The ‘propagation-route effect’ could well
explain the experimental observations, and a critical value of
RMS n RMS ne,Mod.@route e,Tur.@MSA( ) ( )/ ∼ 1.3–4.1 for pedestal
modulations visible in the core DR measurement channel is
figured out.

Although the different phenomena observed by the edge/
core DR channels have been well explained, the features of
phase modulation bring new challenges to DR signal analyses
for experimental analysis, especially for the core turbulence
measurement. Firstly, the large-scale structure causing the
modulation peaks is not always located at the cutoff layer, and
other diagnoses should be used to identify its position. Sec-
ondly, the phase modulation may produce one peak or even
harmonic peaks in phase( f ) spectrum, and unlike traditional
principles for DR, such peaks could not represent turbulent
velocity fluctuations or electric field fluctuations. The original
IQ signals need to be filtered to separate the contributions
from backscattering turbulence and large-scale structure.
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