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The accuracy of the density profile measurements with FMCW reflectometer is closely

dependent on how precisely the frequency is calibrated. To calibrate the microwave

frequency, a fixed frequency signal from a synthesizer is fed to the LO port of re-

ceiver. The IF signal of receiver is analyzed based on Morlet wavelet transform. The

frequency of the microwave arriving in the RF port of receiver can be obtained by

adding (or subtracting) the measured IF to (or from) the given LO frequency. By

repeating this process as increasing the synthesizer frequency in the step of 0.1 GHz,

the whole frequency time trace is calibrated. The measurements of IF show peculiar

signals other than the expected frequency component. These signals are identified

to be generated by the multiple harmonics of frequency multiplier. In this frequency

calibration, the frequency is measured at the position of the RF port. However the

frequency is not identical along the microwave propagation path because the fre-

quency is modulated and the microwave propagates at a finite speed. Therefore

frequency calibration has the correct meaning when the location of measurement is

specified. It is shown that the reflectometer measurements are for the frequencies in

the middle of the microwave propagation path. So the calibrated frequency should be

transformed to that in the middle of the propagation path. To get a precise density

profile, this effect of the frequency variation along the path should be considered.
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I. INTRODUCTION

Frequency modulated continuous wave (FMCW) reflectometer has been routinely used to

measure the plasma density profile in many magnetic fusion devices1–3. The accuracy of the

density profile measurement is closely related to how precisely the frequency is calibrated. In

FMCW reflectometer, a linear frequency modulated microwave is launched into two paths.

One is transmitted to the plasma and the microwave reflected from the plasma is fed to

the RF port of receiver and the other drives the LO port of receiver through a delay line.

The IF signal in the frequency range of several tens MHz is directly digitized to analyze

the instantaneous frequency by using digital signal processing such as short time Fourier

transform (STFT) or Morlet wavelet transform4. The reflectometer can be used to in-situ

calibrate the instantaneous frequency of the microwave just by driving the LO port at a

fixed frequency. A constant frequency signal from a synthesizer drives the LO port and the

frequency modulated microwave is transmitted directly to the RF port by placing a mirror

in front of the launcher. The IF is analyzed by using Morlet wavelet transform and the

microwave frequency is obtained by adding the measured IF to the given LO frequency. The

detailed algorithm is published in Ref 5. In this paper, the calibration result of KSTAR

reflectometer is presented. In this calibration, the frequency is measured at the position of

the RF port. Strictly speaking, the frequency is not identical along the beam path because

the frequency is modulated and the microwave propagates at a finite speed. The group delay

obtained by measuring the IF signal is characterized by both the frequencies at the RF and

LO ports. In the view point of the microwave path, they correspond to the starting and

ending points of the path. Therefore there is an ambiguity for which frequency along the

path the group delay represents. This issue is investigated analytically in Sec. IV.

II. HARDWARE

The circuit diagram of KSTAR reflectometer is shown in Fig. 1. The upper part is trans-

mitter and the lower part is receiver. The microwave in the frequency range of 8-13.5 GHz is

generated by a VCO and power divided to drive two frequency quadruplers which multiply

the frequency range into Q band. The Q band microwave in the receiver goes directly to

the LO port and the one in the transmitter goes to the RF port after being reflected from
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FIG. 1. KSTAR Q band reflectometer modified for frequency calibration. The frequency multiplier

in the receiver is driven by synthesizer instead of VCO.

the plasma. The circuit of reflectometer is modified to calibrate the launched microwave

frequency. A synthesizer feed a fixed frequency microwave to the frequency quadrupler in

the receiver. The IF signal is digitized by a digital oscilloscope (HDO4034, Teledyne Lecroy)

at a sampling rate of 2.5 GSamples/s. The stored signal is Morlet wavelet transformed to

identify the instantaneous frequency. By adding this frequency to (or subtracting from) the

fixed LO frequency, the frequency of the microwave arriving at the RF port is calibrated.

III. FREQUENCY CALIBATION IN TIME

A. Frequency Measurement based on Wavelet Transform

The frequency difference between the RF port and the LO port appears on the IF port.

fIF = fLO − fRF (1)

When the LO frequency is fixed and the RF frequency is linearly increasing, the IF frequency

decreases to zero near the point of fRF = fLO. Because only low frequency signals can be

detected by an oscilloscope which has a limited bandwidth of 350 MHz, a short period

bunch is observed in IF signal at the time when the RF frequency crosses over the given

LO frequency. The typical IF signal is shown in Fig. 2(a). The details near the cross point

is zoomed in Fig. 2(b). Wavelet transform is used to extract the instantaneous frequency

from the measurements. Scalogram and the analyzed frequency is depicted in Fig. 2(c). In

the left hand side of the V shaped frequency ridge, the RF frequency is lower than the LO

3

14th Intl. Reflectometry Workshop - IRW14 (Lausanne) 22-24 May 2019 O.107___________________________________________________________________________



FIG. 2. IF signal is measured as the synthesizer output is fixed on 10 GHz and the VCO output

frequency is swept from 8 GHz to 13.5 GHz in 20 µs. (a) IF signal measured with an oscilloscope

at the sampling rate of 2.5 GSamples/s for the synthesizer frequency of 10 GHz. (b) The detailed

behavior of IF signal as the VCO frequency crosses over the synthesizer frequency. (c) Scalogram

of IF measurements. The blue line is the measured frequency. (d) IF signal for the synthesizer

frequency of 12.3 GHz.

frequency

fRF = fLO − fIF . (2)

In the right hand side of the V shaped frequency ridge, the RF frequency is higher than the

LO frequency

fRF = fLO + fIF . (3)

The RF frequency time trace around the LO frequency is obtained by Eq. (2) and (3). By

repeating the measurement as increasing the synthesizer output frequency by a step of 0.1

GHz, the whole time trace of the reflectometer output frequency is obtained as shown in
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FIG. 3. (a) Frequency calibration. (b) The time derivative of the calibrated frequency.

Fig. 3(a). If the frequency modulation is linear, the time derivative of frequency should

be a constant. The time derivative of frequency is shown in Fig. 3(b). Sometimes several

bunches are observed in IF signal as shown in Fig. 2(d). In the following section, it is shown

that these peculiar signals are caused by the harmonics.

B. Frequency measurement of Harmonics

A frequency quadrupler utilizes the nonlinearity of amplifier to generate multiple har-

monics of the input frequency. By passing the harmonics into a band pass filter, only the

frequency component in Q band is selectively amplified to make the output of 4 times fre-

quency multiplier. However the 6th harmonics of 8-8.3 GHz, the 5th harmonics of 8-10 GHz

and the 3rd harmonics of 11-13.5 GHz belong to the Q band too. Therefore the frequency

multiplier might behavior differently for the input frequency range near the operating fre-

quency limit. It is observed that there exist both the 4th and 5th harmonics for the input

frequency lower than 9 GHz. Both the 3rd and the 4th harmonics exist for the input fre-

quency higher than 12.2 GHz. The first bunch in Fig. 2(d) is caused by the 6th harmonics

of the VCO output frequency in the RF port. There are also harmonics in the synthesizer

output. The second bunch in Fig. 2(d) is caused by the third harmonics of the synthesizer

output frequency in the LO port. Therefore two frequency ranges are measured simultane-

ously by applying a single synthesizer output in some frequency ranges. The red line in Fig.

3(a) is the frequency measured with the 5th harmonics. It exactly coincides with the black
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line measured with the 4th harmonics.

IV. FREQUENCY CALIBRATION IN SPACE

In the previous section, the frequency is measured at the position of the RF port. In

FMCW reflectometer, the frequency is not identical along the microwave propagation path

because the frequency is modulated and the microwave propagates at a finite speed. There-

fore frequency calibration has the correct meaning when the location of measurement is

specified. First the frequency propagation in waveguide is investigated in the following sec-

tion. The phase delay of waveguide is a function of frequency. Therefore the relative time

between two phase points corresponding to two different frequencies is not conserved after

passing the waveguide. This means that the frequency corresponding to the phase is changed

because the frequency is defined as the phase change during a given time. So the frequency

delay time is normally different from the phase delay time. This delay time is defined as

group delay time.

A. Waveguide

The refractive index of waveguide is given by

n =

√

1−
ω2
c

ω2
, (4)

where ωc is the cutoff frequency of the waveguide. Phase delay time τp of the waveguide

with the length of L is given by

τp =

∫ L
ndl

c
=

L

√

1− ω2
c

ω2

c
. (5)

When the frequency is swept, the phase is delayed by τp

φwg(t) = φ[t− τp(ω)]. (6)

However the frequency doesn’t follow the above simple equation. Each phase corresponding

to a frequency component arrives in a different time because the delay time is a function of

frequency. As the same as Doppler effect, the frequency is affected by the different transit
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time itself. The frequency is the time derivative of phase. So the frequency is obtained by

time differentiation of Eq. (6)

ωwg(t) =
∂φ

∂t
(t− τp)

[

1−
∂τp

∂t

]

(7)

Even though the frequency of VCO is linearly swept, the frequency linearity is distorted

after passing through a nonlinear medium due to the last term in Eq. (7). The group delay

τg is defined by

ω(t)− ωwg(t) = τg
∂ω

∂t
, (8)

where ω(t) is the frequency before entering the waveguide. If Eq. (5) and (7) are substituted

to Eq. (8)

τg
∂ω

∂t
= ω(t)− ω(t− τp) + ω(t− τp)

L

c

ω2
c

ω3

√

1− ω2
c

ω2

∂ω

∂t
. (9)

If ω(t) is a smooth function, ω(t) can be Taylor series expanded with ω(t− τp)

ω(t) = ω(t− τp) + τp
∂ω

∂t
(t− τp) +

1

2
τ 2p

∂2ω

∂t2
(t− τp) + ... (10)

In the case of linear frequency sweep,

ω(t)− ω(t− τp) = τp
∂ω

∂t
(t− τp). (11)

If Eq. (5) and (11) are substituted to Eq. (9)

τg
∂ω

∂t
(t− τp) =

∂ω(t− τp)

∂t

L

c

√

1−
ω2
c

ω2
+ ω(t− τp)

L

c

ω2
c

ω3

√

1− ω2
c

ω2

∂ω

∂t
(12)

=
∂ω(t− τp)

∂t

L

c

1
√

1− ω2
c

ω2

. (13)

Therefore the group delay of waveguide is given by

τg =
L

c

1
√

1− ω2
c

ω2

. (14)

The lower frequency component propagates more slowly when the frequency is modulated

linearly.
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FIG. 4. Block diagram of reflectometer.

B. Reflectometer

A typical block diagram of reflectometer is shown in Fig. 4. Reflectometer measures the

instantaneous frequency of the IF signal. The IF is determined by the frequency difference

between the RF and LO ports.

ωIF (t) = ω(t)− ωRF (t), (15)

where ω(t), ωRF (t), and ωIF (t) are the frequency in the LO, RF, and IF ports, respectively.

ωRF (t) is determined by ω(t) and the phase delay time as the same as Eq. (7)

ωIF (t) = ω(t)− ω(t− τp) + ω(t− τp)
∂τp

∂t
. (16)

In this case, the phase delay time τp is not known and it includes the delay time due to

the waveguide and the plasma. Since τp is an unkown quantity in this time, Eq. (16) is

expanded by using Taylor series of composite function

f(g(a+ x)) = f(g(a)) + xġ(a)ḟ(g(a)) +
1

2
x2{ġ(a)2f̈(g(a)) + g̈(a)ḟ(g(a))} (17)

+
1

6
x3{ġ(a)3

...
f (g(a)) + 3ġ(a)g̈(a)f̈(g(a)) +

...
g (a)ḟ(g(a))}+ ...

If the above relation is applied to relate ω(t− τp(t)) and ω(t)

ω(t) = ω(t− τp) + τp(1 + τ̇p)ω̇(t− τp) +
1

2
τ 2p {(1 + τ̇p)

2ω̈(t− τp) + τ̈pω̇(t− τp)} (18)

+
1

6
τ 3p {(1 + τ̇p)

3...ω (t− τp) + 3(1 + τ̇p)τ̈pω̈(t− τp) +
...
τ pω̇(t− τp)}+ ...
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Since τ̇p =
∂τp
ω
ω̇, the above equation is rearranged in the order of ω̇ as follows

ω(t) = ω(t− τp) + τpω̇(t− τp) (19)

+
1

2
τ 2p ω̈(t− τp) + τpτ̇pω̇(t− τp)

+
1

6
τ 3p
...
ω (t− τp) + τ 2p {τ̇pω̈(t− τp) +

1

2
τ̈pω̇(t− τp)}

+
1

2
τ 2p τ̇

2
p ω̈(t− τp) +

1

6
τ 3p {(3 + 3τ̇p + τ̇ 2p )τ̇p

...
ω (t− τp) + 3(1 + τ̇p)τ̈pω̈(t− τp) +

...
τ pω̇(t− τp)}+ ...

From Eq. (16) and (19), the general relation among the frequencies at RF, LO, and IF is

given by

ωIF (t) = ω(t− τp)τ̇p + τpω̇(t− τp) + τpτ̇pω̇(t− τp) +
1

2
τ 2p ω̈(t− τp) +O(3) (20)

≈
∂(ωτp)

∂t

∣

∣

∣

∣

t−τp

+
∂

∂t

{

∂ω

∂t

τ 2p

2

} ∣

∣

∣

∣

t−τp

≈
∂

∂t
τp

{

ω +
∂ω

∂t

τp

2

}
∣

∣

∣

∣

t−τp

Eq. (20) implies that the measured IF represents the frequency in the middle of the propa-

gation path.
d∆φ

dt

∣

∣

∣

∣

t

≈
∂(ωτp)

∂t

∣

∣

∣

∣

t−
τp

2

(21)

C. Spatial position for frequency calibration

Eq. (21) implies that the measurements of reflectometer, that is IF, is related with the

frequency at the middle of the microwave propagation path. If the waveguide configuration

in the transmitter and in the receiver is identical, the reflection position is always located

in the middle. In Sec. III, the frequency is calibrated at the end of the waveguide in

the transmitter. Therefore the measurements are for the frequencies slightly different from

the calibration. The calibrated frequency should be transformed to the frequency at the

reflection position. Otherwise there is an error in the reconstructed density profile due to

this frequency mismatch. This effect gives a minor correction in the KSTAR reflectometer

where the frequency sweep time is 20 µs and the round transit time of microwave is about 40

ns. It gives a profile reconstruction error less than 1 mm. Therefore the frequency variation

along the path can be neglected without significant errors for a moderate frequency sweep

rate. This condition is implicitly assumed in Bottollier’s profile reconstruction algorithm.6
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However as the frequency sweep rate or the path length increases, the frequency variation

along the path becomes significant. The profile measurement error would be 10 mm if the

frequency sweep rate of KSTAR reflectometer is increased by 10 times.
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