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A new method Signal Based Mixing Analysis’, to extract the com-
ponents which are coherent to a certain reference signal from a noisy
signal, has been developed. The method is applied to homodyne mi-
crowave reflectometry to reconstruct the radial structure of a magne-
tohydrodynamic (MHD) mode in heliotron/torsatron Compact Helical
System (CHS) [K. Matsuoka et al. Plasma Phys. Control. Nuclear Fu-
sion Research 1988 Vol. 2, IAEA, Vienna 411 (1989)]. In CHS plasmas,
MHD {fluctuations ﬁleasured with magnetic probes show bursts, in which
the amplitude and frequency quasi-periodically vary. The signal based
mixing analysis uses a set of functions which have the same amplitude
and the harmonic frequency as those of the magnetic fluctuations. The

product (mixing) of the signal of reflectometer and the functions yields

1



the amplitude and phase of the coherent components. When the plasma
density gradually increases, the measuring position moves radially out-
ward. Thus, the radial structure of MHD modes can be obtained by
this method. The analysis indicates several peaks and nodes inside the
resonance surface of the MHD mode. In addition, the structure does not

propagate radially during a burst.

I. Introduction

The study of fluctuations is very important to understand plasmas. Since plas-
mas have many degrees of freedom and they are turbulent, phenomena in plasmas
have large variety. In addition, fluctuations can play important roles in anomalous
transport in plasmas. Although many kinds of diagnostics and method of analyses
have been developed, further development of those is required to understand fluc-
tuations. Radial structure of magnetohydrodynamic (MHD) modes is one of the
interesting topics in high temperature plasmas, and the structure is a key issue to
investigate the validity of MHD theories and to estimate the effect of MHD modes
on transport. In short pulse discharges, it is possible to measure the structure
of magnetic fluctuations by insertable probes. Excellent work has been done by D.
Brotherton-Ratcliffe et al., using the correlation matrix method [1]. By the method,
global and local fluctuations are resolved, so that radial structure of global MHD
modes was shown. In heliotron/torsatron Compact Helical System (CHS) [2], it is
difficult to insert probes due to its long discharge duration and its high temperature.
On the other hand, microwave reflectometers can measure deep inside the plasma.
The reflectometeric measurement is radially localized. However, special techniques

must be developed to investigate global modes, because the reflectometer appears



to be rather insensitive to global modes.

The magnetic fluctuations in CHS are measured by poloidal and toroidal probe
array sets just inside the vacuum vessel. Quasi-periodic bursts of the m/n = 2/1
mode, where m and n are poloidal and toroidal mode numbers, are observed in
low beta plasmas when a neutral beam is injected in co-direction. The magnetic
fluctuations are believed to be MHD modes, which causes displacement of magnetic
surfaces. Furthermore, MHD modes probably induce density perturbations, because
the pressure is a function of magnetic surfaces. In the present analysis, the standard
Fourier analysis is not appropriate to investigate the phase and correlation between
the magnetic fluctuations and other signals, because the frequency of the magnetic
Huctuations quasi-periodically change.

Microwave reflectometry [3] is based on the fact that microwaves in plasmas
are reflected at the cutoff layer, where the frequency of the launched microwave
coincides with the cutoff frequency of the plasma. The cutoff frequency for O-
mode waves is proportional to the square root of density. According to a simple
picture, density fluctuations cause movement of the cutoff layer, which behaves as
an oscillating mirror causing phase variation in the reflected wave. Therefore, the
components coherent to MHD fluctuations give information about the fluctuations
induced by the MHD modes at the cutoff layer. During a discharge, the density
gradually increases, and the cutoff layer moves radially outward. H the coherent
components are extracted, radial structures of MHD modes can be obtained.

Both the magnetic probes and the microwave reflectometer have quite different
sensitivities to perturbations. The magnetic probes are located well outside the
plasma. They are sensitive to global modes, and cannot reveal radial siructure. On

the other hand, microwave reflectometer is rather insensitive to global modes, but



sensitive to short wavelength modes at the cutoff layer. Standard correlation analysis
cannot reveal correlation between them. Fourier analysis is also ineffective because
of the quasi-periodic change in the frequency of the magnetic fluctuations {bursts).
In the present paper. the method "Signal Based Mixing Analysis’ is described. By
this method, the component that has a certain phase relation to the magnetic bursts
can be extracted from the reflectometer signal, even though the component is very
small.

This paper is organized in the following manner. In Sec. II., characteristics of
MHD signals measured by probes and those of the signal measured by a microwave
reflectometer are described. The results from the standard analyses are also pre-
sented. Sec. III. describes the principle of the signal based mixing analysis. In
Sec. IV., an MHD mode structure is reconstructed by the analysis, and noise level

is also estimated. Finally, Sec. V. is reserved for conclusions.

II. Characteristics of MHD and Reflectometer Signals

Magnetic fluctuations show quasi-periodic bursts in low beta plasmas ({(3) <
0.5%) when a neutral beam is injected in co-direction. The fluctuations are coherent
in both time and space domains. They have the mode structure of m/n = 2/1, and
the dominant power is in the range 10 — 100 kHz (Fig. 1{a)). The oscillation is
induced by the rotation of the mode in the ion diamagnetic direction. Figure 2(a)
shows the time evolution of the magnetic fluctuations in the frequency range of
10 — 100 kHz. During a single burst, the frequency calculated from zero-crossing
times shows the sawtooth modulation (Fig. 2(b)). The broad power spectrum (Fig.
1{a)) is due to the frequency modulation, rather than due to turbulent behavior.

A microwave reflectometer has been installed in the CHS device to measure




electron density fluctuations. It views a central chord of the horizontally elongated
plasma. A circular horn antenna and a circular window made of fused quartz are
used. It has three Gunn oscillators with the frequencies of 27, 33, 3% GHz. The
launched microwave frequency can be changed by a rotary switch shot by shot. The
system is operated in homodyne mode. In contrast to the magnetic fluctuations, the
reflectometer signal is turbulent (Fig. 2(c)), and the power spectrum is very broad
(Fig. 1(b)).

The Fourier analysis is useful when a certain (fixed} frequency component is
dominant, but in the present case, it is not useful as shown in the following. Figures
3(a), (b) show the coherence and phase between magnetic fluctuations which are
measured at two poloidally separated (82°) positions. The magnetic fluctuations
have high coherence along both poloidal and toroidal directions, and phase is well
defined. On the other hand, the coherence between the reflectometer signal and the
magnetic fluctuations is as low as the level of incoherent signals (Fig. 3(c)). The
expected value of the coherence between two random signals is 1/N, where N is
the number of the ensemble [4]. In the present analysis, N is 20, and the coherence
between reflectometer signal and magnetic fluctuations is almost the same level as
those between random signals. Therefore, the Fourier analysis shows no coherence
between both signals.

The cross-correlation is an appropriate representation of the relation between
two signals when one wave propagates with a constant velocity. In the present case,
however, it is not appropriate as shown in the following. Figure 4{a) shows the
normalized cross-correlation (cross-correlation function) between magnetic fluctu-
ations at two positions. The function exhibits peaks, amplitude of which is close

to unity around zero time lag. The peaks around 7 = +0.6 msec represent the



correlation between succeeding two bursts. The cross-correlation function between
the magnetic fluctuations and the reflectometer signal exhibits much smaller peaks.
A small peak with the height of 0.1 around 7 = 0 msec can be seen. This peak
probably represents the coherent components, but the height is almost the same as
those of the peaks at 7 # 0, which is probably noise. From these analyses, either the
correlation between the magnetic fuctuations and the reflectometer signal is small

or they are incoherent.

III. Signal Based Mixing Analysis

The basic idea for the extraction of components having a certain phase relation
to the reference signal is to use functions similar to the reference, while Fourier
analysis uses sinusoidal waves. This analysis is similar to the mixing process in
communication systems, in which low frequency messages are extracted from high
frequency transmission signals. Let fi be the frequency of a transmitted signal,
which includes carrier frequency fy and the low frequency information. The local
frequency of a receiver is adjusted to be fy. The process of mixing of two signals
with frequencies of f; and fi, yields signals with the lower frequency of |fo — fi| and
higher frequency of f, + f;. Applying a low pass filter we can exclude the higher
frequency component. Thus, the mixing process is quite useful in extracting the low
frequency information even though the carrier frequency fluctuates. Let yppr(t) be

the local (reference) signal,
yru(t) o sin (Qﬁfgt) : (1)

where fp is a fluctuating frequency. This is an FM signal. The time scale of the

frequency modulation is much longer than the period of the oscillation 1/ fo. Suppose



that the phase of the reflectometer signal (reflected wave) has the same frequency
as the local signal:

®(t) = By sin{2x foi -+ do) - (2)

Nonlinear response of a homodyne microwave reflectometer must be taken into ac-
count. A homodyne microwave reflectometer measures sin ®{t), where ®(%) is phase
of reflected wave. The compouent coherent to the reference (local) signal (Eq.(2))
can be written as sin{®g sin{27 fyt 4 ¢y )). We assume that the signal of reflectometer
11 consists of the coherent and incoherent components, and the icoherent compo-

nent has no correlation to the local signal. The signal y, is then written as
Y1(£) = Jincon(£) + sin(@o sin(27 fot + o)) - (3)

In general, double sin function can be expanded by harmonic waves, the coefficients

of which are represented by Bessel functions [5]. Thus, Eq. (3) can be written as

Y1(8) = Fimeonlt) + @y sin(27 fot + 61) + apsin(272f5t + o) + ...

+a3-sin(27rjf0t+q5j)-|—... (7=12,..)
= gincoh(t) + Z G; Sin(?ﬂjfot + é]) (4)
=1

In order to extract coberent components, harmonic mixing is used. The local

function is
yru(t; A, n) = sin(@enfot + Ad)  (n=1,2,...), (5)

where Ad is a parameter. When we mix y;(t) with fundamental signal yras(t; Ad,n =
1), the coefficient of the fundamental coherent component can be derived. The out-

put of mixing is written as

y1(t) @ yra(t; Ad,n = 1)



(z}z-mh(t) + i a;sin(27] fot + qzs,-)) x sin(27 fot + Ad)

=1

= ?jmcoh(t) Sin(2ﬁf0t + Affé’) o Sin(??’l’fgt + ¢1) Sin(?ﬂ'fgt + A¢)
taysin(272f5t + ¢} sin(27 fol + Ad) + ...
= fineon(t) sin{27 fot + Ad)

+~é~ i a; (Cos(Qw(j —1)fot + &, — Ad) — cos(2m(j + 1) fot + é, + Arj})) (6)

i=1
Applying a low pass filter, the fundamental component can be extracted. The cutoff
frequency is chosen to be lower than oscillating frequency fo- Then, the right hand

side of Eq. (6) is written as

~ . r ‘ 1 r !
[Frncon(t)sin(2nfot + A8)] _ +Zarcos(d, ~ Ag). (7)

Since the first term is incoherent to the local signal by the definition, it can be
eliminated. In the same manner, when we mix ;(¢) with tile harmonic signal
yra(t; Ag,n), the coeflicient of nth coherent component can be derived. The
extracted component includes phase (¢, — Ag) and amplitude (a,) information.
Changing the parameter A¢, the amplitude and the relative phase can be resolved
as described in Sec. IV..

In the above, an I'M local signal is used. When the reference signal shows
amplitude modulation in addition to frequency modulation, this feature is useful
for the improvement of sensitivity to coherent components. As show in Fig. 2(a),
during a burst, the amplitude of magnetic fluctuations changes. Using this feature,
the sensitivity to the components which have similar amplitude variation (burst) can
be improved. For this purpose, the local signal takes the form V() sin(2rnfot + A¢),

where Y(t) is a positive amplitude varying much slower than the oscillation fy. The



FM/AM modulated local function set is
yrarsam(t; Ap, 1) = Y () norm sin(27n fot + Ag) (n=1,2,..), (8)

where Y (¢),0rm 1s the normalized amplitude defined as

_ Y(z)
Y t norm — itr/2 ]
) 17 712 Y (s)ds

where 7 is the time scale much longer than the bursts. This method puts higher

(9)

weight on the time when the amplitude of the local signal is large. The amount of
improvement in sensitivity depends on the degree of modulation. The sensitivity
can be defined as the ratio of the amplitude of coherent components to the rms
amplitude of an objective signal. In the case of sinusoidal amplitude modulation
for both local and objective signals, 100% amplitude modulation case improves the

sensitivity by 50%, and 50% modulation case yields 13% improvements.

IV. Application

Firstly, radial structure of an MHD mode is presented by calculating the fun-
damental component (n = 1). Secondly, a method of estimating noise level is
described, and applied for the reconstructed MHD mode. Thirdly, higher harmonic
components (n # 1) are calculated to estimate the phase fluctuation amplitude of

the reflected wave.

A. Reconstruction of an MHD mode

The signal based mixing analysis has been applied to the signal of microwave
reflectometry to extract the component coherent to the magnetic fluctuations. Fig-

ure 5(a) illustrates the block diagram of the analysis. The objective signal y; and



the reference signal yo are input signals, and the phase delay A¢ and the harmonic
number n are given parameters of the analysis. In the present analysis, ¥ and y;
are chosen to be the magnetic fluctuation and the reflectometer signal, respectively.
The analysis has two types of outputs, which are coherent components. One uses an
FM signal and the other uses a normalized FM/AM signal as local signals. The FM
local signal ypps is created from zero-crossing times ¢, (f = 1,2,...) of the reference

signal. Sinusoidal waves are used for each time period as

t— i
BELE +A¢) (t,<t<tu),  (10)
ta1

yrm(t Ad,n) = £sin (’*n
where the sign is set to be the same as y5. The FM signal has constant amplitude of
unity (Fig. 6(b)). Note that it is easy to apply phase shift to the function {Eq. (10)).
The rms of yq yields the amplitude Y (¢). The time window for the calculation of rms
is set to be larger than the oscillation period. The product of Y'(¢) and ypus gives the
FM/AM local signal. In order to normalize the amplitude, the smoothed {with the
time window of 5.12 msec) amplitude is calculated by the moving average method.
The time window is chosen to be much longer than the period of bursts. Then,
the FM/AM reference is divided by the time smoothed amplitude to obtain the
normalized FM/AM local signal yrarsanr (Fig. 6(c)). After the mixing between the
reflectometer signal and the local signals, a low pass filter with the cutoff frequency
of 0.5 kHz is used to get coherent components. Hereafter, we call this output of the
mixing analysis FM mixing output or FM/AM mixing output. Changing the phase
delay parameter, we can 'obta,in the phase relation between the coherent component
and magnetic fluctuations and its amplitude. Quadrature phase calculation is used
to separate the mixing output into the amplitude and phase {Fig. 5(b}). This

method uses two mixing outputs with the phase delay parameter of A¢ = 0,90°.

In a discharge, the density gradually increases (Fig. 7(a)). The density profile
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is measured with an HCN laser interferometer [6] using five identical discharges.
The density profile is well represented by parabolic profiles. The present analysis
has been done for the other shot with slightly different level of plasma current.
Therefore, parabolic density profiles are assumed, and the central chord averaged
electron density is used to reconstruct density profiles. Using these profiles, the
position of the cutoff layer i1s calculated. The cutoff laver appears at ¢ = 47 msec,
and the layer moves outward gradually (Fig. 7(b}). Figures 7(c),(d) shows the FM
and FM/AM mixing outputs. They exhibit several peaks around ¢ = 70 msec, when
the normalized radius of the cutoff layer is around 0.5.

The amplitude of the reflectometer signal tends to increase as the cutoff layer
moves outward. This is because the distance between the antenna and the cutoff
layer changes, and the curvature of the layer changes. To correct the change in
reflected power, the FM/AM mixing output is normalized by the rms amplitude
of the reflectometer signal. The normalized FM/AM mixing output is around 0.1,
while the completely coherent signals yield the output of 0.5 (see Sec. IV.-B.). Thus,
the coherent component is much smaller than incoherent components. This fact is
consistent with the results of Fourier and cross-correlation analyses (Figs. 3(c),
4(b)), which show small or no correlation.

When the reference signal has amplitude modulation, FM/AM mixing can give
higher sensitivity to coherent components than FM mixing as described in Sec. II1..
In the present case, however, the amplitude modulation is about 40%, and the
sensitivity can be improved only by about 16%. Thus, the FM and FM/AM mixing
outputs show almost the same behavior, and the improvement is not significant
(Figs. 7(c),(d)).

Figure 8 shows the FM/AM mixing outputs of the reflectometer signal as a
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function of the normalized minor radius for several values of A¢. The data from
t = 50 msec to 120 msec is shown. Before ¢ = 50 msec, the cutoff layer rapidly
moves, and the mixing output is reduced due to the low pass filter of the final stage
of the mixing analysis. The data after ¢ = 120 msec is not shown because the mode
structure of the magnetic fluctuations begins to change from this time. The outputs
exhibit several clear peaks at p < 0.6, where p is the normalized minor radius.
As shown in Sec. IV.-B., these are well above the noise level. On the other hand,
structures at p > 0.6 are small and they have the same level as the noise. The radius
of the rational surface (¢/27 = 0.5), which is the resonance surface of m/n = 2/1
mode, is calculated from the 3-D MHD equilibrium code VMEC [7]. Since the
plasma current changes during the discharge, the radius varies between the dashed
lines in Fig. 8. The coherent components have several peaks inside the rational
surface. The wavelength of the mode is in the range 0.05¢ ~ 0.1a at 0.5 < p < 0.6.
A structure with a longer wavelength is seen inside the p = 0.5 radius. These
components (p < 0.6) do not radially propagate, and there are several nodes where
amplitude is zero. Dotted lines in Fig. 8 indicate some of these nodes. The mode
is believed to be pressure driven interchange modes [8], and the features derived by

the present method are consistent with the expectation from MHD theory.

B. Estimation of noise level

The performance of the signal based mixing analysis can be measured by sensitiv-
ities to coherent and incoherent components. An ideal method has high sensitivity
to coherent components and low (or zero) sensitivity to incoherent components. If
the analysis has finite seasitivity to incoherent component, the sensitivity deter-

mines the noise level of the analysis. In other words, noise of the present analysis
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arises from residual incoherent components. One of the means to estimate the ratio
of these sensitivities, is to compare the mixing outputs of completely coherent and
completely incoherent signals.

When we chose the same signal for both the reference and objective signals, the
objective signal is completely coherent to the reference signal. Obtaining completely
incoherent signals is relatively difficult. Since coherent components are defined as
the coraponents having a certain phase relation to the reference signal, completely
incoherent components have random phase relation to the reference signal. In addi-
tion, to make an accurate comparison between coherent and incoherent signals, the
other features such as power spectrum should be the same. One of the easy methods
to make an almost incoherent signal is using a time delayed signal. As shown in
Fig. 4(a), the correlation can be very small at finite time lag. Furthermore, the
power specira are almost same for the original and the delayed signals as far as the
amount of time delay is small. Using this method, the upper bound for the noise
level can be determined.

Magnetic fluctuation is used for the reference and objective signals. We chose
delay times 7Tgey as 0,0.3,0.8,1.0 msec. The signal with Ty, = 0 msec is the
completely coherent signal. The other delayed signals are almost incoherent signals.
Three signals with different 744, is analyzed to examine the statistical scatter of
the noise level. Note that the delay time 74, ~ +0.6 msec is avoided, because the
correlation at that time lag is high (Fig. 4(2)). Instead of mixing outputs, positive
definite amplitudes, which are obtained by the quadrature phase calculation (Fig.
5(b)}, are used to make the comparison. IFigure 9 shows the amplitudes as a function
of p. The amplitude for the completely coherent signal is 0.5. This value corresponds

to the coefficient 1/2 in the second term of Eq. (7). In this case, the value of ¢, in
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the equation is unity because of the normalization process in the FM/AM mixing
analysis. On the other hand, the almost incoherent signals yield much smaller am-
plitudes. The amplitude is not constant but varies with p. This variation is mainly
due to the statistical scatter of noise (residual incoherent components), because the
amplitudes with different delay times show different behavior. The averaged noise
show smaller variation (Fig. 9(a)), and it is almost constant as p increases. As a
result, the ratio of sensitivities to coherent and incoherent components is more than
about 10.

Now we estimate the noise (residual incoherent components) for the recon-
structed MHD mode. The noise is calculated in the same manner, using delay times
of Tgersy = 0.3,0.8,1.0 msec. The amplitude of FM/AM mixing output includes
amplitudes of coherent and residual incoherent components. Figure 18 shows the
amplitudes as a function of p. Assurming that the noise is constant and the variation
is due to statistical error, +1¢ range of the noise level is drawn. The structure at
p < 0.6 is well above the noise level. However, that at p > 0.6 is the same as the

noise level, and we cannot observe mode structure at this region.

C. Harmonic components

In the above two sections, the results of fundamental components are presented.
Here, the higher harmonic components (n # 1) are calculated. The harmonic com-
ponents can arise from the coherent components which deviate from the fundamental
sinusoidal component. Two cases are possible. One 1s that the reference signal itself
has deviation from the fundamental sinusoidal component which is used for the fun-
damental local signal. However, the magnetic fluctuations are well represented by

fundamental sinusoidal waves (Fig. 6(a)), and the higher harmonic components are
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more than an order of magnitude smaller than the fundamental component. The
other case is that the objective signal is a nonlinear function of the reference sig-
nal. The latter case occurs for homodyne microwave reflectometry, which responses
nonlinearly to the phase of reflected waves. Because the effect of nonlinear response
becomes significant when the amplitude of phase fluctuation (Eq. (2}) exceeds 27, a
comparison of the amplitude of harmonic components yields information about the
magnitude of phase fluctuation.

The magnitude can be estimated as the following, although homodyne systems
cannot distinguish phase variation and amplitude variation. When the phase vari-
ation becomes larger than about 27, the amplitude is limited and the signal shows
folding, which results in higher harmonic frequency components [9]. Thus, we can
estimate the magnitude of phase variation by comparing the amplitudes of har-
monic components. Figure 11 shows the amplitude of FM/AM mixing outputs for
harmonic numbers of n = 1, 2, 3 and 4. Dotted lines show the range of the noise
level calculated by the same method previously described. The amplitudes with
the harmonic number of n = 2, 3 and 4 are almost same as the noise levels, and
the possible amplitudes of coherent components are smaller than the fundamental
one at p < 0.6. Thus, we can conclude that the amplitude of phase fluctuation at
p < 0.6 is less than about 27. Due to the low S/N ratio, more accurate estimation

is impossible.

V. Conclusions

A new method *Signal Based Mixing Analysis’, to extract the components which
are coherent to a certain reference signal from a noisy signal, has been developed.

The method is applied to homodyne microwave reflectometry to extract the compo-
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nents coherent to m/n = 2/1 MHD fluctuations, and radial structure of the MHD
mode is reconstructed. The radial structure has several peaks and nodes inside the
resonance surface (p ~ 0.6). The wavelength at 0.5 < p < 0.6 is in the range
0.05a ~ 0.la. In addition, the structure does not radia.ﬂy propagate. No structure
has been observed outside the resonance surface. A comparison of higher harmonic
amplitudes indicates that the phase variation of the reflected wave is less than about
2.

While Fourier analysis uses sinusoidal waves as a set of functions, the signal
based mixing analysis uses functions which have the same amplitude and the har-
monic frequency as those of a reference signal. In other words, the method expands
an objective signal by a set of functions which are similar to the reference signal. In
this sense, the method is an extension of the wavelet analysis. The application to
the homodyne microwave reflectometer is successful, however, the obtained results
are rather qualitative. This is mainly due to the nonlinear response of the homo-
dyne reflectometer. In addition, the principle of microwave reflectometry is not fully

understood, and physical interpretation of the results must be carefully done.
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Figure 1. Power spectral density of magnetic fluctuations & (a), and that of the
reflectometer signal (b).

Figure 2. Time evolution of magretic fluctuations (a}, zero-crossing frequency (b)
and reflectometer signal (c}.

Figure 3. Coherence (a) and phase difference (b) between magnetic fluctuations
measured at two poloidal positions. And the coherence {¢) between magnetic
fluctuations and reflectometer signal.

Figure 4. Cross-correlation function between magnetic fluctuations measured at
two poloidal positions (a), and that between magnetic fluctuations and
reflectometer signal (b) as a function of lag.

Figure 5. Block diagram of the signal based mixing analysis (a), and that of
quadrature phase calculation (b).

Figure 6. The signal of a magnetic probe (a), and the FM (b) and normalized
FM/AM {(c) local signals created from the probe signal.

Figure 7. Temporal behaviors of the line averaged density (a), normalized radius of
the cutofl layer (b), FM mixing output (¢), and FM/AM mixing output (d).
Figure 8. FM/AM mixing output as a function of normalized radius p for various
phase delay. Solid lines are guide to show zero levels, and dashed lines show the
range where the rational surface (¢/27 = 0.5) exists, and dotted lines indicate the
position of three nodes.

Figure 9. Amplitudes of FM/AM mixing output for 7., = 0 (a), 0.3 (b), 0.8 (c),
1.0 msec {d) as a function of p. The average amplitude of 7415, = 0.3,0.8,1.0 msec
is also shown in Fig. (a).

Figure 10. Amplitudes of FM/AM mixing output (thick solid curve), which

includes coherent and residual incoherent {noise) components, and residual
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incoherent (noise) components (dotted curve). +1o range of the noise level (thin
solid lines) is also drawn.
Figure 11. Amplitude of FM/AM mixing output for harmonic numbers of n =1, 2,

3 and 4. Dotted lines show the 1o range of the noise level, and dashed lines show

the range of the rational surface.
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