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Summary

The purpose of instrumental calibrations is to bring the raw telemetry data back to the physical values at the
input of the antennas. A distinction is made between pre-launch ground calibrations, which determine the
response of the receivers in different configurations, and in-flight or internal post-launch calibrations, which
are intended to test possible drifts in the instrumental responses. In this chapter, we describe the ground test
equipment as well as the white noise generator (generator of pseudo-random binary sequences). For the RAD1/2
receivers, we measure essentially the response in gain (AGC) and in frequency in various configurations. We
also measure the R ratio, useful for determining the characteristics of the sources. For the TNR instrument, we
measure the gain response (AGC value and frequency channel outputs) in different configurations. The
response curve of the AGC circuit is modeled by a law called "logarithmic law". We deduce by numerical
adjustment to this theoretical model four calibration parameters. The sequence of the internal calibration orders
of the experiment is given. The current state of the calibration analysis is presented.
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5. Conversion in Physical Quantities

5.1. General

5.1.1. Principle of calibrations

Throughout the mission, the WIND satellite transmits a stream of binary telemetry data to the ground. The use
of this data for scientific analysis requires the ability to trace the raw data to the physical quantities in the
ambient plasma at the antenna input.
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Fig. Principle of routine calibration processing
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To do this, the response characteristics of the on-board receivers!, subjected to various stresses (different input
signal levels, different reception frequencies, different temperatures, ...) are studied on the ground on the flight
model, before the launch. Such measurements are called ground calibrations. They constitute the reference
baseline of the instrumental responses before launch. In practice, these measurements result in the constitution
of a file of calibration coefficients?, used routinely for the physical size of the raw telemetry data.

These ground measurements are however insufficient. Indeed, the characteristics of the receivers are likely to
evolve during the mission because of the environment, the ageing of the electronic components, the ambient
temperature, possible impacts of cosmic particles, etc.... This is why the same type of measurements are also
carried out during the mission: these are the in-flight or "internal" calibrations. Calibration sequences are then
periodically applied to the receivers by means of a noise generator internal to the experiment. These sequences
are a condensation of the multiple ground calibration tests. The internal calibration measurements are also
transmitted to the telemetry. By comparison with the reference baseline of the calibration measurements made
on the ground, it is possible to detect a possible drift of the response of the receivers. The receiver calibration
coefficients file is then updated. These are not called into question if it turns out that only the internal noise
generator has changed. (AC) Let us specify that unlike other types of on-board experiments, the transfer
functions of the "wave" receivers evolve relatively little during the operational life of the satellites.

The quality of the calibration measurements, especially those carried out before launch, conditions the quality
of the experiment as a whole and the accuracy of the physical data obtained. They allow to estimate precisely
the signal level and to subtract the background noise from the data. The TNR instrument, which collects a low
intensity noise, is particularly sensitive to the accuracy of these calculations.

The programs for physical quantities developed by M. Reiner, C. Meetre and K. Goetz can be found in the
directory: WIND PHYSICAL.

5.1.2. Ground calibrations
The Noise Generator (GB or NG) is a standard noise source used for ground calibrations. It is a generator of
pseudo-random binary sequences, manufactured at DESPA. It provides a white noise in a certain frequency
range. In this case, 7 frequency bands can be selected: they are noted A, B, C, D, E, for the five frequency bands
of the TNR receiver, HF1 for the RADI1 receiver, and HF2 for the RAD2 receiver.
1) For RAD1 and RAD2 receivers, three types of tests are performed:

- Measurement, at a fixed frequency, of the amplitude (gain) at the output of the receiver for different values of
attenuation of the input signal.

- Measurement of the frequency response curve of each receiver, for a given value of the receiver's input
amplitude.

Different configurations are tested:

1 We also speak of transfer function of receivers. However, it should be noted that this designation corresponds, in signal
processing, to the Fourier transform of the impulse response of a system. Here, in addition to the frequency response, we also
measure the gain response due to the AGC circuit, the temperature response, etc. ....

2 Measurements are made at particular frequencies and AGC levels, so these instrumental responses are discrete functions.
Calibration coefficients must be applied to the raw telemetry values for a given frequency and AGC level, ...
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Mode | Entry on which is | Reading the output signal
applied the signal
Sep XorYandZ in S and Z channels
Sum XorYandZ in S/S' and Z channels
Sum Z only in S/S’ channel
Sep Z only in channel S: crosstalk measurement
Sep X or Y only in channel Z: crosstalk measurement’

- phase measurements.
2)The TNR receiver is calibrated as follows:

- Measurement, at a fixed frequency, of the amplitude (gain) at the output of the receiver for different values
of attenuation of the input signal.

- Measurement of the frequency response curve of each receiver, for a given value of the receiver's input
amplitude.

The particularity of the TNR receiver is that it gives both an AGC value and a digital spectrum at the output.
These two components of the output signal must therefore be calibrated.

3) The noise voltage of the GB without attenuation is also calibrated (" 0dB ").

Calibrations in "hybrid" mode and crosstalk measurement

“Hybrid" calibration consists, in SUM mode, in reading the output signal of channel S, after having applied a
signal to the input of channel Z only, or in reading the output signal of channel Z, after having applied a signal
to the input of channel X (or Y) only.

In theory, when we are in a SEP configuration, and a signal is applied to channel X (resp. Z), we should not

measure an output signal on channel Z (resp. S). In practice, however, we observe this phenomenon of electrical
interference between the two channels: this is the phenomenon known as crosstalk.

5.2. Ground calibration equipment

The GB stimulates one of the inputs of the Waves experiment through an electromechanical relay (R/B) and a
preamplifier. The chain of calibration equipment of the Waves experiment can be schematized as follows:

% Inverse case of the previous one.
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WIND SIMULATOR R/B EXPERIENCE WAVES
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Gl G2G3 Générateurs
externes

Fig. Synoptic diagram of the calibration equipment

In the "WIND simulator" you have the following possibilities:

« use the external generators* of frequency G1, G2 (G3 is used for Waves 2) or a new generator (see phase
tests).

* use the GB, for which we have 7 possible frequency bands, corresponding to the 7 following switches: A, B,

C, D, E for the 5 TNR bands, HF1 for RAD1, and HF2 for RAD2.

The "WIND Simulator" in the above diagram can be detailed as follows (based on a more general diagram by
G. NICOL):

4 G1, G2, G3 are identical in design.
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Fig. Front panel of the "WIND SIMULATOR" (simplified diagram)

The attenuation levels of the GB range from 0 to 126 dB. Be careful to distinguish between the attenuation
levels of the GB (0 to 126 dB, in 2 dB steps), and the 5 attenuation possibilities of the variable R/B attenuator.

Variable R/B attenuator

The diagram above shows that the GB can be connected to the electromechanical relays, either by passing
through the variable attenuator or by short-circuiting it (direct passage).

Chapter 5 — Conversion to Physical Quantities 183



impédance

" - infinie
A passage direct sans 50Q >
6dB x passage direct avec 50 Q
[ N
324B v V2 500
26dB
T T

50Q

attenuateur
attenuation . 32dB
vy — > ‘IE é J” V-32dB

Fig. Different attenuation possibilities

¢ On the top electronic diagram, there is no attenuation. The impedance being infinite, we find the
voltage V. On the bottom electronic diagram, the attenuation is 32 dB. On the middle electronic diagram, we
find a voltage of middle, we find a voltage of V/2, that is to say an attenuation of 6 dB:

(V]2
\ v

20 log ) =-0dB.

The attenuation is therefore:
- 0 dB. This corresponds to the DIR push-button (fig. ).

- 32 dB compared to the direct passage without (infinite 50 QQ impedance). This corresponds to the ATT
push-button (fig. ).

- 26 dB in relation to the direct pass with 50 Q: in the case of direct pass, we can close on 50 Q
which attenuates the signal by dB6. With an attenuation of dB26, the attenuation levels of the GB are
shifted from the range [0 dB, 126 dB] to the range [26 dB, 126 + 26 dB]. This corresponds to the
push button 50 Q (or ATT and 50 Q).

- There are also the following possibilities: dummy antenna 1, dummy antenna 2, (?) . This corresponds to
push buttons AF1 and AF2.

» In general, it is preferred to use the attenuator to obtain better noise protection. For the HF2 range, the

electrical energy per unit of frequency transmitted by the GB is lower because the energy is spread over a
wide range of frequencies; therefore, a stronger signal must be applied and no attenuation is used.

» Itis also possible to connect to ground or to activate (+ or - Ex) or (+ or - Ey), or (+ or - E,).

» The equipment can be controlled in "local" mode (i.e. manually, using the switches on the front panel of
the instrument) or in "remote" mode (by software).
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5.3. The different tests

A program written in script language, written by the University of Minnesota team, sends commands to the
ground test equipment. The calibration tests are numbered. We have the following? tests:

Test number Nature of the test
4 Internal calibration test
10 Frequency response of RADI1
11 Amplitude response of RAD1 (log law)
12 Response in ARD phasel
20 Frequency response of RAD2
21 Amplitude response of RAD2 (log law)
22 Response in ARD2 phase
30 Frequency response of TNR
31 Amplitude response of TNR (log law)
40 and following FFT calibrations
50 and following TDS calibrations

This numbering system is derived from the ULYSSES/URAP receiver calibrations.

Only one temperature, 20°, is considered. In principle, in flight, the temperature is very close to the nominal
temperature, itself very close to the ambient temperature. Several tests of temperature variation were carried out
on the identification model.

The document "Calibration Documentation" [SIT93] gives details of the operations actually carried out during
the tests 10,11, 20, 21, 30, 31.

For the tests 10, 11, 12, 20, 21, 22, please refer to the general diagram of the RAD1/2 receivers.

For ground calibrations, a dipole configuration is not possible because of the presence of baluns between the
antenna and the PA: the signal is applied either to the +Ex channel, connecting -Ex to ground, or to the -Ex
channel, connecting +Ex to ground, similarly for the Ey and E, channels.

5.4. Characteristics of the noise generator

The noise generator (GB) is internal to the "WIND generator". It is manufactured at DESPA [BOU79]. It is a
generator of pseudo-random binary sequences (stable pulses, constant amplitude), made from digital circuits
[MAX]. The amplitude of the binary sequences of the GB is 5V peak to peak and the maximum voltage of this
signal Vmax is half of the amplitude of the square wave signal, that is to say here 2.5 Volts.

5 The test numbers with tens of a digit greater than 3 are for Waves2
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Fig. Pseudo-random binary sequences

An internal clock clocked at a certain frequency controls the sequencing of this circuit. The principle diagram

of a pseudo-random binary sequence generator is as follows:

additionneur
modulo 2 '

Signal d'horloge

registre a décalage de k cellules

€r-2

€x-1

€k

€0
@— e | e e
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a2
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Fig. Schematic diagram of a pseudo-random noise generator

It is a shift register with serial input and parallel output which has as input a suitable combination of the contents
of each of the cells. The input circuit generating eo is an adder modulo 2, the quantities oy, oy, ..., 0k

are multiplier coefficients by O or 1.

It is shown that in the case of such a circuit, the power spectral density F(f) of the signal is approximately in the
form of a cardinal sine, with a first minimum for f= Fhorloge = 1/0 :
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F(f)=V

max

_ ( sinfd |
o )
with 1/0 : clock frequency of the digital circuit.

fréquence

fréquence d'horloge = yo

According to the energy properties of signals, formulated by Parseval's theorem, the energy contained in a
signal is identical to the energy contained in its spectrum. The latter is here the energy of a rectangular
signal between — 0/2 and 6/2. We deduce (calculation TBC):

2
Ji

, 2 9
400 sin .rge)' if Viox - 0 Viax
df = 1%

2
Energie= [V
S o

y

max

af ) 2 2-F
horloge

We check that we have the unit of Volts’/Hertz.

For the various calibrations, we need to know the "0 dB" of the GB, which corresponds to the noise voltage
without attenuation. The RMS voltage of noise without attenuation is written, if we extract the square root of
the result and divided by V2 to obtain effective volts:

1%

0° n—,
- Fhoﬂoge

We have then as unit Volts / \Hertz

We can measure V() using a spectrum analyzer and summing the contributions of the different lines.
For the different clock frequencies, we have (dBy is measured by reference to 1 uV/NHz):
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Frequencies band of GB | Clock frequency of GB | Vj (noise voltage) dBo=20log10(Vo)
without attenuation
A 78.125 kHz 4472 uVINHz -47 dB
B 156.25 kHz 3162 uVNHz -50 dB
C 312.5 kHz 2236 uV/NHz -53 dB
D 625 kHz 1581 uV/NHz -56 dB
E 1.25 MHz 1118 uVNHz -59 dB
HF1 5 MHz 559 uVNHz -65 dB
HF2 40 MHz 198 uV/NHz -74.1 dB

As one can see, the dBO values evolve from 3 dB to 3 dB, when one passes from one band to the other (bands
A to E). Indeed, the GB clock frequency being multiplied by 2 from one band to another, VO is divided by V2 ,
hence the evolution of 3dB in 3 dB.

The quantity Vo integrates all the energy of the signal distributed over all frequencies. However, the noise
spectrum of the GB is not flat (cardinal sine), it is necessary to consider the notion of noise power generated as
a function of frequency, which amounts to defining the function Vo(f) . This variation in frequency is explained
by the shape of the cardinal sine and by the electronics. However, measurements have shown that this variation
is small and the difference is only 0.6 dB from one end to the other.

We systematically position ourselves in the practically flat region of the frequency spectrum (region close to the
origin), as can be seen on the following diagram (example of the TNR A band):

Dans cette région qui correspond
ala bande A du TNR, le spectre a
une forme pratiquement plate.
'\
—— 0,6dB
fréquence
Jmax =16kHz Fuor loge = 78,125 kHz
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The clock frequency Forioge 1s indeed taken equal to about 5 times the maximum frequency fmax of the

band, that is:

E

horloge

fmax

| -

The calculation of the attenuation is then as follows [MAX]:

sin(

8)

T s

f,_ 6

-~

sin

That is: 10 log(0,875) = -0, 5799 = —0,6 dB

R T
\ ff.-::rlOgr / \

Fla'irloge' y

This value confirms the experimental measurements.

Recently found reference values are as follows:

Frequency band dBo dBo
(old values) | (new values)
A -46.36 -40.36
B -49.47 -43.47
C -52.62 -46.62
D -55.63 -49.63
E -58.64 -52.64

o] | - (o(3)/(3) -0

It can be seen that the values are very close to the values given in the previous table. It was necessary to subtract
6 dB recently to take into account ?... TBD

In fact, R. Manning notes that these values also depend on the downstream assembly of the GB.

The reference values for the RAD1 and RAD?2 receivers were numerically adjusted as a function of frequency.
We consider the following model:

where f'is the frequency. The polynomial coefficients obtained are the following:

We can compare these values to the values found theoretically for the HF1 and HF2 ranges. Plots TBW.

dB, (f) =a(0)+all) f+al2 )'_f‘l +a(3) -_f3

RADI RADI RADI RAD2 RAD2
E. Ey E, E, E,
a(0) -64.10 -63.93 -64.30 -73.87 -74.27
a(1) -8.798 103 4,53 103 2.624 103 -9.559 103 -8.958 103
a(2) 5.28 10° -5.802 10° -3.47010° -6.615 10° -5.786 10
a(3) -1.59 107 1.106 107 5.662 10°® -3.62310® -1.126 10
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5.5. Ground calibration tests

5-5-1 Frequency response of RAD1/2 receivers: tests 10 and 20

The test 10 (respectively 20) consists in tracing the frequency response of the receiver RADI (respectively
RAD?2) for a given level of attenuation. It is thus a question of tracing a spectrum, which has the following
appearance:

voltage of
A CAG
fixed
atternuation level
LLiiiitl LLLL gy ber of
0 255 frequency

Fig. Test 10 or 20

For this test, the GB is used (frequency range HF1 for the test 10 and HF2 for the test 20), at a fixed attenuation
level.

* Test 10

- The attenuation level of the GB is:

- 30 dB, for the case when connected to the Ex.

- 40 dB, in case of connection to the Ey or E, antenna.

The difference in the attenuation values is due to the fact that the PAs do not have the same gains, since the

longer Ex antenna is supposed to collect a stronger signal.

-18 configurations (antennas, SUM/SEP) for one attenuation level are used:
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Step | Selection of antennas | configuration
1 +Ex +E. SEP
2 —Ex +E, SEP
3 +Ey, | —E, SEP
4 -E, | -E, SEP
5 +Ex +E, SUM
6 —Ex +E, SUM
7 +Ex —E, SUM
8 —Ex —E, SUM
9 +E, | +E, SUM
10 -E, | +E, SUM
11 +Ey, | —E, SUM
12 -E, | —E. SUM
13 +Ex SUM
14 +E, SUM
15 —Ex SUM
16 —E. SUM
17 +E, SUM
18 -E, SUM

- The background noise is recorded at the end of the test 10 when the mode is SUM. To perform this

measurement, the GB is switched off.

A "hybrid Z" type calibration is also being considered (SUM mode necessarily, in this case).

e Test 20

-Direct pass: no attenuator for the R/B.

-We use 5 levels of GB attenuation: from 0 to 80 dB, in steps of 20 dB (the test 20 is much faster than the test

10).

-The following 10 configurations (antennas, SUM/SEP mode) are used:

Step | Antennas | Mode
1 +E, | +E,| SEP
2 —E,| -E,| SEP
3 +E, | +E,| SUM
4 —-E,| +E,| SUM
5 +E,| —E,| SUM
6 -E,| -E,| SuM
7 +E, SUM
8 +E, | SUM
9 B, SUM
10 —-E, | SUM
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These 10 steps are repeated for each of the 5 mitigation levels:

0 dB: stepl, step 2,........... step 10.
20 dB: stepl, step 2,........... step 10.
40 dB: stepl, step 2,........... step 10.
60 dB: stepl, step 2,........... step 10.
80 dB: stepl, step 2,........... step 10.

- The background noise (with GB off) is recorded at the end of the test.

5-5-2 Amplitude response of RAD1/2 receivers: tests 11 and 21

The test 11 (respectively 21) consists in plotting the amplitude response of the RAD1 (respectively RAD2)

receiver. The calibration curve obtained has the following appearance:

tension de CAG

4

zone de saturation

courbe idéale sans
bruit ni saturation

bruit du récepteur ou
parasites, bruit ambiant

> nombre de dB

d'attenuation

Fig. Test 11 or 21: response of the AGC circuit as a function of the input signal amplitude, at a given frequency

 These tests are all done in SEP® mode: the signal is applied to the Z and X channels (RAD1) and to the Z

and Y channels (RAD2).

*  We use the GB (frequency range HF1 for the test 11 and HF2 for the test 21), at a variable level of

attenuation of the GB from 0 to 126 dB, in steps of 2 dB.

» For each curve, we position ourselves on a single frequency: "freeze" mode. We repeat this operation for

16 different frequencies in the case of RAD1 and 17 different frequencies in the case of RAD2.

® This test is of no interest in SUM mode, because we want to obtain a curve like the one shown. We can therefore have only one

input signal.
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The 16 following frequencies are used for the test 11:

Index o 2] 4| 6] 8| 15| 21| 20| 43| 64| 81| 130] 180] 206 230 ] 255
Val

e 20| 28] 36| 44| 52| 80| 104| 136| 192| 276 | 344 | 540 | 740 | 844 | 940 | 1040
(in kHz)

As can be seen, we choose a higher number of low frequencies where we find a greater variation. We go until
to 1040 be in adequacy with range of frequencies RAD?2.

For the test 21, we use 17 equally spaced frequencies (there is no obvious variation to analyze):

Index| 0 16 32 48 64 80 96 112 128 144 160 176 192 | 208 | 224 | 240 | 255
Value
(in 1075 | 1875 | 2675 | 3475 | 4275 | 5075 | 5875 | 6675 | 7475 | 8075 | 9075 | 9875 | 10675| 11475 12275| 13075| 13825
kHz)

* The tests 10 (resp. 20) must coincide with the values obtained for the tests 11 (resp. 21), for the 20 or 30
dB steps as the case may be:

tension de CAG

_, testll

/—9—9—9—‘-9\

testl0

20dB ou 30 dB

selon le cas

255

'fre'quence

» We have 8 measurement points for each 2 dB step, that is to say 8 x s 0,358= 2,864 seconds per 2 dB

step.

Note: the presence of a saturation zone, absent for the ULYSSES/URAP experiment, is a new fact of the WIND
mission. However, for all the "log laws", the saturation zone has not been modeled. In the case of the Artemis
project, for example, arctangent functions are used to do so.

Within the framework of the tests 11 and 21, other experiments are also implemented:

* Crosstalk: The receiver is necessarily in SEP mode with a single input signal.

* Z-hybrid: The receiver is necessarily in SUM mode.

» Sine: We use external generators G1 and G2 for a better accuracy in saturation. This test is performed for

several frequencies.
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5.5.3. Measuring the R-ratio: tests 12 and 22

The determination of the parameters characterizing a radio source (direction and polarization) requires the

determination of the ratio ® (see [MANS80]), which appears in the equation giving the Ps output power of

the S track. We recall below how this ratio is introduced and how the parameters that constitute it are
measured’:

Antenne Ez

Chz == PA de gain récepteur D Pz

Gz .
) o detecteur
Y = jowCa; * quadratique

Vaz Vz

Ant i
T Cbx + PA dgxgaln —b@— récepteur |——[>}—#Ps
(ou Ey) ﬁ

Y = jwCag

Vax Vx

Fig. RAD1/2 receivers: input circuit

We consider below the case where we sum the inputs X + Z. The Y + Z is treated in the same way.

The gain of the system (PA + antenna) in channel S is written:
Ca,

*Ca, +Cb,

'
DL

:gx =\ 'Cx

x

Similarly, the system gain (PA + antenna) in channel Z is written:

~ = Ca, 5 A
8z =G, 7T —=0;-C,
- ~ Ca; +Cb; .

The sign ~ indicates a complex quantity.

C’c (resp. C’:) represents the "transfer function", between the terminals of the antenna Ex (resp. of the
antenna E;), and the terminals of the PA. We have:

' Ca_ ' Ca_
C, =—"2 C,=———"7"
X Ca, +L.b\, I Ca +Ch_

7 This chapter is extracted from an e-mail from R. Manning of 19/01/94.
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C, and C} are the antenna and base (or parasitic) capacitances respectively. This ratio is only different from 1
due to the existence of the capacitance Cj.

The output power of the channel S ( X + Z) is written:

S zZ z x| 7
The symbol <> denotes a time average.
We still have :
Pox < +=%V >:<V+§A-V_[>
£ z G z x
We also have the following relations:
{/\ = Cy {7“.7; t ~'7: =C; ~7‘7:
From this it follows:
Pqil <WVa_ + L LVa | >
- - C G .1

We also have the relationship between open circuit voltage and electric field, through the effective lengths:

f/a_,=1~5_-L: et ffax=fl_ Ly

- -~

X and % are the projections of the electric fields incident on the Ex and E, antennas respectively. L, and

L: are the effective electrical lengths of the antennas Ex and E,, which are approximately half the
corresponding physical lengths in the case of a dipole. So finally we have:

Thus, we see a ratio R which is written:
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G, G, and G.

are complex quantities that represent the voltage gain of the PA and the receivers to the summation point, for

the X, Y and Z channels. Therefore, to estimate the ratio R the antenna capacitances, their electrical length,

and the receiver gain ratio must be known accurately.

The naming convention is as follows:
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So:

(same for y/z)

Measurement of gain ratios

The RAD1/2 receivers include a summation circuit (see diagram, chapter 3), which is an amplifier circuit with
"inverting" input®. This circuit is such that if the same signal is applied to the inputs with the same sign, the
output signal is zero. In practice we detect a minimum. Let us consider for example the channels X and Z and

denote by X the complex signal (amplitude, phase) sent to the X channel, and <
the complex signal sent to the Z channel. When the output of the summation circuit is zero, the following
relationship is verified:

2

Y -G 43 C ~0

X

Gain complexe de la
voie Z avant le point
de sommation -

:-H-ciwt Voie Z -

> signal nul

'{'C_+— (_7 =0
X

=
f‘)t

Gain complexe de la
voie X avant le point
de sommation

Fig. Principle of the gain ratio measurement

Let

the input signal to channel Z, and
i =]t e

8 We remind that an ideal operational amplifier is characterized by an infinite voltage gain, an infinite input impedance, and an
output impedance zero. The relationship between the inputs and the output of this circuit is written:

V = A (V Vb) ou A

is the voltage gain:

Vb F—t/’/ T
! V0
1 1Va N

In the case of RAD1/2 receivers, the presence of an inverting input makes it possible to obtain a sum instead of a difference at the
output of the amplifier.
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the input signal to channel X, phase-shifted of @ by the experimenter (see above) with respect to the signal

<

Before summation, the input signal of channel X is
= -] ot ~ | - 6 ot
G |Ii t’zw e = |Lv _|'l1'|'¢’l 'L’Zw e
X X
and the input signal to channel Z:
H & . Ciwt

The condition of nullity after summation is written as follows:

G
X

H Cié -ciwt+¢ _ —|C7_'_|' H"’iwt

We have therefore by equalizing the modules:

o

~

X

L)?

X

The input amplitude ratio therefore provides the modulus of the gain ratio

6,6 e fe, /6 |)
X zZ y z

(ou

at the frequency considered.

Similarly, by equalizing the phase terms, we obtain the phase shift between the X and Z channels:

16 iwt+¢ it
€ * ==

e

So:

O0=m—¢

The test 12 (respectively 22) consists in tracing the phase response of the RADI (respectively RAD2) receiver.
To carry out this test, the RAD receivers are programmed in "freeze" mode (fixed frequency), and the responses
S and S' of the receiver are observed as a function of the relative inputs X (or Y) and Z, for a given frequency
at a time. The receivers are necessarily in SUM mode. We use a sinusoidal signal generator to generate the
phase (which varies over a range of 360°)°. This is given with precision by the instrument. A priori, the most
important variations observed are for the RAD?2 instrument.

First, a signal is applied to the positive inputs: +Ex (or +Ey) and +E,, then to the negative inputs -Ex (or -Ey) and
-E.. One of the two signals is kept constant while the other is varied in amplitude and phase, until a zero is
obtained (this operation is rather delicate). The amplitude ratio and the phase difference between the two
channels are noted and the results of the + and - inputs are averaged. The curves obtained have the following
appearance:

% For this purpose, a generator is available which provides the amplitude, frequency and especially the phase of the generated
signals with precision.
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intensité en sortie

du récepteur (CAG)
A Fréquence fixe
S (mode "freeze”)
Sl
Détection de )
minimums ' différence de phase AP
g % 50 # (variation de 2°en 2°)

Fig. S and S' signals as a function of the phase difference between the X and Z channels

According to the measured curve and its complexity, the amplitude and phase of the gain ratio were measured
for 16 to 28 different frequencies. A polynomial fit is performed using the MATLAB software. The best fits
were obtained with polynomials of degree 4 or 5. We consider the following model:

Amplitude or phase : co + cin + con’ + csn® + ean? + csn’

where n represents one of the 256 possible frequencies. The polynomial coefficients obtained are the following:

Amplitude
RADI RADI RAD2
EX-EZ E)Y-EZ % Ey'-EZ

2.7074453 101

6.7611007 10-% |

7.8678545 101

2.5636967

cs . 5.4737180 10-13

8.7685044 10-1

ST v

104 -3.4445817 1072

-2.319593 10-12
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Phase

RADI
E,E,

1.7022814 1072

-4.8895579 10-3

4.0415238 10°%

-2.6738340 10°°
8.2812792
-9.8347020 1

RAD2
Ey'Ez

-1.9514405 1073

1.1296770 107>

1.8118782 10%2
9.8976373 10-2

----------------------------------------------------------------------

These coefficients allow us to build tables with 256 entries for the amplitude and phase of each gain ratio for
each frequency channel. The values found for all 16 channels are given below:

Adjusted values of the amplitude of the gain ratio by polynomial adjustment

RADI
Ex-E;

i canal i
. fréquentiel |

0

a8
.
80

96

112

3.0985761e-01
3.1751890e—01
3.2408142e-01
3.2950112e-01

3.3378081le-01

3.4050998e—01
3.4119397e-01
3.4145429e-01
3.4157467e-01
37418856901
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16 | 2.8142394e-01 |
T3 291649028201 |
3.0118842e-01 ;

342685392201

7.8537634€-01
7.8418268e-01
7.8370658e-01
7.8396596e-01

O AR R 000 00000000000 0030000 000000000000 00000000 000 000 000 000 000 000 D 00 000 000 000 000 000 00 000000080000 000

3e-01

7.8808396e-01
7.8862127e-01
7.8876496e-01
7.8876362e-01
7.8917427€-01

"8.7850168e-01

"7.8903229e-01

"'7.8856316€-01
"7.8702712e-01

O EERR 000 00O HERRR 000 0B 0

"7.9075835e-01

RAD?
Ey-E.

8.86425466-01 |
8760465636201
9.1070641e-01
18737 e 01"
180375 601
ERS VRS b 0

9.0661437e-01

8.7372021e-01
8.835508Te 01"
CRELT TS T
8.4874121e-01

84068578601

8.2916564e-01
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Phase-adjusted values of the gain ratio by polynomial fitting

" camal |~ RADI
- fréquentiel | Ex-E;

TRADTTTTTTTTTTRADS T
E,-E, E,E,

181384852103
1782360252403
39§ 1.7553602e402 | 1.7042025e402 | 1.8271126€+02
ag | 1.7710200e+02 ;| 1.7068931e+02 | 1.8256643e+02

"1.7022365e402
"1.7024936e402

To 106907392402
16 1 1.7295519e+02

64 ¢ 1.7790725e+02 | 1.7101998e+02 ;| 1.8212311e+02
"'g0 ¢ 1.7817443e+02 | 1.7138494e+02 | 1.8154727e+02

g

240 .7773603e+0 . -

s s G 1.7778448e+02 | 1.7535791e+02  1.8257772€+02 |

The phase values are therefore within the following approximate ranges:

- RADI1 / Ex-Ez 169° to 178°.
-RADI1 / Ey-Ez 170° to 175°.
- RAD2 / Ey-Ez: 180° to 183°.

These values need to be confirmed by R. Manning.

The fitting curves are as follows: TBW.

It is also necessary to evaluate the ratio C's/C’, . This was measured as a function of frequency due to the stray
inductance measured in the antenna mechanisms (refer to the general presentation). This shows that the
amplitude of C = Cx/C’, or Cy/C’, doesn't really depend on the frequency. In the worst case, the phase

difference is -0.33 degrees for the highest RAD2 frequency. The values found are: Cx/C', =2.133 and
Cy/C, =1.328.
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When these values are calculated from the table in § 1-4/1-6, the values are close (TBD):

. Ca , Ca_
Cp == - ———121,689/(121.689+20)= 0.8588 C, = ——=21,886/(21.886+20)= 0,522
' Ca,+Ch, Yo c a +Cb
) Ca_ ' '
€= Ca_+Ch_

=25.30/(25,30+44) = 0,365

et (\ / ( =0.522/0,365 = 1.43

~

-

\
~
I
o
(o]
N
o
@
o
LO¥)
(o))
N
I
[B9]
¥
n

On the other hand, one must know the effective electrical lengths of the dipoles and the ratios L,/L- and L,/L..

As the electrical lengths are not known, we can, as a first approach, use the physical lengths, that is

antenna Ex: 50 m, antenna Ey: 7.5 m, antenna E;: 5.26 m.

Then we find: L/L. = 9.506 and L,/L. = 1.426.

The ratios of the gains being given in the tables on the previous page, we have finally for RADI:

L C', G , .
Ry.|- === 25|~ 9,506-2,133-(0,27 2 0,35) 5,52 7,1
= L: C._. G,
C, |G ,
|R]_|=£'-L-—].L- 21~1,426-1,328-(=0,785)=1,5
Y= I_: - |G, '

Important note: The values of the electrical lengths and the R-ratio determined on the ground are only
approximate. Indeed other factors influence (antenna in a plasma and not in vacuum, parasitic antenna
capacities between the satellite body and the antenna, etc...). It is then necessary to estimate them more
precisely in flight, by referring to known sources. An adjustment can be made from the observations to
deduce R. By proceeding in this way, S. Hoang obtained the value of 4.5 for the Ex antenna.

In the phase-shifted case (output S'), it is sufficient to measure the amplitude and phase of this ratio at a single
frequency because the summation is performed after the frequency change in the super-heterodyne receiver.

Thus, the phase difference, phase(S’) — phase(S), for each input frequency must always be the same, from

as

well as the ratio of the amplitudes of the gain ratios between the out-of-phase and the in-phase cases, which was

indeed verified.
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Moreover, only two values are needed for RAD1, which can acquire the signal from Ey or Ey, because in the
summation circuit it is not known whether the receiver is connected to the Ex or Ey antenna. The values found
for the amplitude correction term and the phase difference are:

"RADTT

RADITTTTTT

amplitudc(S',V amplitude(S)

“0.76°

phasc(S ) - phasc(S)

gL 40

To4.ge

5.5.4. TNR receiver response to white noise: digital spectrum (test 30)

Test 30 consists of plotting the frequency response of the TNR receiver. It is thus to trace a spectrum, which

has the following appearance:

intensité
~ —
012 15
(ou 31, selon

Numeéro de canal

le cas)

Fig. Test 30: calibration of TNR channels

* The GB is used, with a fixed attenuation level (40 dB for the Ex antenna, 50 dB for the Ey antenna, 50 dB
for the E, antenna), in the GB band A, B, C, D, E, depending on the operating mode of the TNR receiver.
No attenuation is applied to the R/B: the pass is direct.

*  We consider the two receivers TNRA and TNRB.

*  We consider 8 combinations of antennas (see table at the end of the §):

(+EX,+E}’)> (+EX9+EZ)3 (+Eyv+EX)9 (+Ey7+EZ)a

and the same with the - sign, that is: (-Ex,-Ey) , (-Ex,-E-) , (-Ey,-Ex) , (-Ey,-E,)

* Mode: 2 (1 x 32 points), 3 (1 x 32 points), 4 (2 x 16 points).

We remind that these modes are the following:

Mode Receiver Number of frequencies
by spectrum
2 TNRA 32
3 TNRB 32
4 TNRA+TNR 16
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The number of curves obtained is:

Mode 2: (1receiver) x (8 antenna combinations) x (5 bands) = 40 curves.
Mode 3: (1receiver) x (8 antenna combinations) x (5 bands) = 40 curves.

Mode 4: (2receivers) x (8 antenna combinations) x (5 bands) = 80 curves.

Let: (40 + 40 +80) = 160 curves and (40 + 40 +40) = 120 steps.

The scheduling is as follows:

Q
o
[¢]

Antennas

[
o=
o

+EEy

+ELE,

+EEx

+E,E,

+E,Ey

+ELE,

+EEx

+E,E,

+E,Ey

+ELE,

+EEx

###wawwl\)l\)l\)l\)z

+E,E,

el b g g giegiegigi e

Then the same sequence is executed for bands B (step 12 to 23), C (step 24 to 35), D (step 36 to 47), and E (step
48 to 59), making 5 x 12 = 60 steps. Then 60 other steps are executed with the same combinations of antennas,
but with the sign -, which is the expected total of 120 steps.
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Test 30: Spectral Response

205
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5-5-5. TNR receiver amplitude response: test 31

Test 31 consists of plotting the amplitude response of the TNR receiver. In the terminology of the previous
§, its purpose is to plot the curve giving dB.. from a value of AGC at the output of the digital receiver. The
calibration curve obtained has the following appearance:

AGC voltage

L1l

126 »
Number of
dB

Fig. Test 31

* The GB is used with a variable level of 0 to 126 dB in steps of 2 dB.

» Such a curve is edited per antenna, per receiver and per band, and the parameters A1, Az, A3, A4 of the
"log law" (see above) are determined by numerical adjustment, so in principle we have: 3 antennas x 2
receivers X 5 bands = 30 curves, but the TNRA is not connected to the E, antenna, so we only have 25

curves, so 25 quadruplets (Aj, Az, As, Ay).

The measurements of these 25 quintuplets, used by the WIND/Waves software library, are as follows
(except As):

TNRA TNRB
Al A As A Az A3
Band A 107,17 108,33 13,68 114,46 107,67 11,52
Band B 112,44 106,64 14,29 106,06 105,05 32,54
Antenna Ex Band C 115,87 106,76 10,22 107,02 103,49 44,77
Band D 117,05 106,58 10,24 103,88 100,91 63,12
Band E 115,74 110,60 6,55 97,29 97,02 82,34
Band A 117,253 114,46 Same
Band B 122,656 Same values | Same values 106,06 Same values values
Antenna Ey | Band C 125,291 as for the as for the 107,02 as for the ?Eefm
Band D 126,026 antenna Ex antenna Ex 103,88 antenna Ex antenna
Band E 124,242 97,29 Ex
Band A 115,777 Same
Band B 107,008 | Same values | v2lues
Antenna E, Band C Not applicable 108,054 | as for the ?;efor
Band D 104,713 antenna Ex antenna
Band E 98,103 Ex

Many values are identical: note that the coefficients A, and A3 do not depend on the antenna Ex or Ey or E.
Let us specify that these values are the result of a numerical adjustment which is delicate (see § 5-6). This
determination is therefore highly susceptible to change.
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5-5-6 Physical magnitude of a TNR digital spectrum

We present in this paragraph the method of deriving in physical quantities of the data collected in flight, at
the output of the digital receiver. These developments have for support the electronic messages of 11/10/93
and 2/1/95 of R. Manning [MAN95]. The data measured in flight at the output of the TNR instrument include
on the one hand a value of AGC (included between 0 and 255) as well as a numerical spectrum, noted Nes(i),
where i is the number of filter (0 to 15 or 0 to 31 according to the case).

* The parameters A1, A> , A3 , As of the calibration curve dB.. = f(GAC, A1, A2 , A3 , As) , are determined
on the ground before launch, by numerical adjustment, by means of a white noise generator (test 31 and
§5-6).

From the telemetered AGC value on the one hand, and from the previous curve on the other hand, we
determine the dB.. value.

tension de CAG
255 —
CAG \
mesuré \
0 l — » dB
dB 4 d'attenuation

*  The dBenree value of the signal in the plasma at the input of the receiver, integrated over the entire
current TNR band, is related to dB.:by the equation

-

. " entrée |

dBdff = dBV,; - dBcnfréc =10 1Oglo

Where dByo is the value in dB of the reference voltage V5, i.e. the unattenuated noise voltage, measured
independently during the calibrations (see § 5-4). This dByo depends only on the frequency band, and to a
much lesser extent, the in-band filter (this is due to the cardinal sine shape of the frequency response of the
noise generator).
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* We acquire on the ground before launching, the digital values of telemetry between 0 and 255 noted,
Neai(i), where i is one of the 16 or 32 channels: it is the test 30. Indeed, it is necessary to take into account
the way in which the power Ve , in input of the receiver, is distributed in the various digital filters.

N ( i) Spectre numérique
cal -
‘ Bruit -
quasi-blanc
\}-\ Partie L Partie 0 ’_ no de|
] ) analogique numerique ( 1-”3 1 canal
=, O
] > thrcc “
0 F 5 - , -
fmax fréquence Récepteur TNR CAG

Fig. The digital spectrum from the receiver in response to white noise is not flat

In principle, since we are dealing with a white noise generator at the input of the receiver, the output power
should be the same for all frequencies (flat spectrum), but this is not quite the case in practice. The values
collected in flight in each channel will have to be weighted by these quantities Nc/(i) which result from

several effects:

- The width of the digital filters depends on the number of the filter in the band.

- The gains of the analog parts (remember that there is an analog circuit per frequency band) vary

slightly with the frequency.

- The coefficients of the filters have been adjusted so that they can be contained as well as possible in

the ROMs to 8 bits (TBV).

réponse en fréquence
d'un filtre numérique TNR

intexsité

réponse en fréquence de
la partie analogique

>
f/ .fr."l'h

15

Fig. Frequency response of the analog part and the digital filters

From this point of view, in order to avoid the phenomena of saturation and background noise of the AGC
amplifiers, we consider an average value of the attenuation of the GB and we place ourselves in the linear'”

10 The exact position in the linear region is not very important: in principle, the AGC circuit provides an output signal whose RMS
value is constant whatever the level of the input signal, so the values in each channel will be the same whatever the attenuation.

Here we have taken 40 dB.
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region of the curve:

AGC voltage
255

saturation
quasi-linear region

- region where the

u background

> noise appears

dB of attenuation

The plots below-TBW obtained at the output of the digital circuit for a value of AGC equal to TBC, show
the effect of cut-off of the analog part for the extreme bands A and E and, in general, a growth of the values,
due to the logarithmic evolution of the width of the channels

» Let the digital spectrum (telemetry values between 0 and 255) measured in flight noted Nes(7). These
values must be weighted by the values N..(i) , where i is one of the 16 or 32 channels. Finally, we can
reconstruct the spectrum in the plasma VZeuee(i) using the following relation:

2 : Tmcs( )

Vcntrée(z)— PN (l) > (i) O<i<l5ou 0=i<31

V2 N (i) V2
I 1
N/ .
N 2
att cal att

or:

dBL’ntréc (1) =dBV0 -dBg4p+ dBnes(i)-d c’nl(i)

With, taking into account the digital compression of the telemetered values (see chapter on the TNR
instrument):

(i) - 2| El(")_3:|(

IP)l(’S
N_(i)- 3‘, E3(i)-3v|(s +My(i)) 0=i=15 ou0=i=31

8+ M(i)) 0=i=15o0u 0=i=31

E1(i) and M (i) are the exponent and mantissa parts of the signal measured in flight Nyes(7).

Ex(i) and Mh(i) are the exponent and mantissa parts of the reference signal Nea(i).

The two previous boxes gather the formulas used for the reconstruction of a TNR spectrum in physical
quantities. In summary, we have:
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Mesures en vol obtenues en

sortie du récepteur numérique

CAG mesuré en vol
(compris entre 0 et 255)

spectre numérique

Nmes (i )

mesuré en vol

"Loi log"
mesurée au sol
dB,,
mesuré au sol v ¢
dB 44

:

N (i)
cal
mesuré au sol

A4

By treed) = dBVO = dBy; + dBppes(i) - dB. i)

Fig. Physical unit derivation of TNR data

Form

Symbol

Signification

Value in dB associated

Vo

Noise voltage of the GB without
attenuation.

Value calculated theoretically or
measured by summing the lines of
the GB

, 2
dB Vo = 10log 00

Ventrée

Input voltage of the receiver,
integrated over the frequency
range, measured on the ground.

2
B oy trée = 1010810 Vo trée

Va 173

Attenuation voltage corresponding
to the AGC value read in the
telemetry.

’

V \
dBgtt = ABy, ~dBeytre=10 10810(‘/4’_

entrée)

Ventrée (l)

Synthetic signal returned as a
physical quantity at the input of
the receiver, for the digital filter i .

dB

entrée

(i) = dBVO —dB g + dBmcs(i) - dBcrzl(i)

Ncal(l)

Value (between 0 and 255)
measured on the ground, at the
output of the receiver, for the
filter i :

N_(i)- = (+ M)

cal

By definition, we pose:

@B o (i) = 2010g (N (1))

Nines (l)

Value (between 0 and 255)
obtained in flight, at the output of
the receiver, for the filter i .

By definition, we pose:

Exponent and mantissa of the
values of spectrum Nyes(7)

Eifi) . Mi(®) measured in flight. Values read in | Not applicable
the telemetry.
Exponent and mantissa of the
Eofi . values of spectrum Nea(i) .
2(1) , Ma(i) Not applicable

measured in flight. Values read in
the telemetry.
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On R. Manning's URAP directory or, on the “megasr” machine, in the directory level: /wind1/waves_1/tnr,
you can find the files giving dB..(i), for each of the 5 frequency bands and the 16 or 32 filters, in the form:

A B C D E

Channel 0
Channel 1
Channel 30
Channel 31
The files have the following names:
Mode | Antenna | Sub-receiver file name
Ex TNRA dbcal 2x.dat
2 Ey TNRA dbcal 2y.dat
3 Ex TNRB dbcal 3x.dat
3 Ey TNRB dbcal 3y.dat
3 Ez TNRB dbcal 3z.dat
Oor4 Ex TNRA dbcal 4ax.dat
Oor4 Ey TNRA dbcal 4ay.dat
1or4 Ex TNRB dbcal 4bx.dat
1 or4 Ey TNRB dbcal 4by.dat
1or4 Ez TNRB dbcal 4bz.dat

As an example, we present below the file dbcal 2x.dat:
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Channel Band A Band B Band C Band D Band E
0 6.4535123e+01 6.9950135e+01 7.0976828e+01 7.4038769%9e+01 7.6651949%e+01
1 6.6199062e+01 7.0228718e+01 7.1466251e+01 7.4462603e+01 7.6795952e+01
2 6.8027176e+01 7.0531365e+01 7.1923082e+01 7.4758612e+01 7.6938513e+01
3 6.9771208e+01 7.0857601e+01 7.2409424e+01 7.5084707e+01 7.7041052e+01
4 7.1464288e+01 7.1060682e+01 7.2929378e+01 7.5254583e+01 7.7065178e+01
5 7.2970732e+01 7.1384712e+01 7.3334223e+01 7.5537311e+01 7.7125060e+01
6 7.4199669%e+01 7.1791258e+01 7.3682811e+01 7.5750925e+01 7.7073320e+01
7 7.4862346e+01 7.2039073e+01 7.4093063e+01 7.5908710e+01 7.7010333e+01
3 7.5379209e+01 7.2207919e+01 7.4440404e+01 7.6042298e+01 7.6907195e+01
9 7.5545234e+01 7.2563873e+01 7.4766877e+01 7.6083809e+01 7.6772841e+01
10 7.5730476e+01 7.2833447e+01 7.5001683e+01 7.6176260e+01 7.6647087e+01
11 7.5492601e+01 7.3176729%9e+01 7.5150133e+01 7.6180761le+01 7.6493349e+01
12 7.5282820e+01 7.3431289e+01 7.5338362e+01 7.6091271e+01 7.6295639%9e+01
13 7.5175567e+01 7.3616488e+01 7.5561244e+01 7.6033567e+01 7.6127345e+01
14 7.5001130e+01 7.3881146e+01 7.5691112e+01 7.5863118e+01 7.5910597e+01
15 7.4842720e+01 7.4308861e+01 7.5818592e+01 7.5811770e+01 7.5710303e+01
16 7.4846576e+01 7.4397937e+01 7.5963727e+01 7.5670626e+01 7.5430311e+01
17 7.4753506e+01 7.4645482e+01 7.6092933e+01 7.5460397e+01 7.5178694e+01
18 7.4628310e+01 7.4829742e+01 7.6074734e+01 7.5245637e+01 7.4924485e+01
19 7.4698113e+01 7.5036346e+01 7.6141358e+01 7.5040423e+01 7.4646150e+01
20 7.4843478e+01 7.5234794e+01 7.6171403e+01 7.4847743e+01 7.4426764e+01
21 7.4905353e+01 7.5456587e+01 7.6197150e+01 7.4548353e+01 7.4111274e+01
2 7.5054098e+01 7.5739658e+01 7.6181415e+01 7.4354563e+01 7.3866147e+01
23 7.5059769%9e+01 7.5968763e+01 7.6104865e+01 7.4073032e+01 7.3639096e+01
24 7.5193029%e+01 7.6119807e+01 7.6023362e+01 7.3741573e+01 7.3363608e+01
25 7.5429200e+01 7.6293300e+01 7.6074018e+01 7.3543832e+01 7.3168231e+01
26 7.5476454e+01 7.6374248e+01 7.5972421e+01 7.3192705e+01 7.2903024e+01
27 7.5823265e+01 7.6561802e+01 7.5790805e+01 7.3020669%e+01 7.2617074e+01
28 7.5967901e+01 7.6519105e+01 7.5460304e+01 7.2545170e+01 7.2138473e+01

5.6. Digital adjustment of the amplitude response of the receivers

5.6.1. Modeling of the receivers response

The interest of modeling'! the response curve of the receivers is the following:

- on the one hand in the reduction of the number of parameters characterizing this curve: in this case the 4
parameters A1, Az, A3, A4, rather than 64 calibration curve points.

- on the other hand, if we know the physical meaning of the parameters, in the possibility of interpreting

the electronic origin of a possible evolution of the instrumental response, detected by the in-flight
calibrations.

The numerical adjustment concerns the tests 11, 21 and 31. It is a question of reporting the response in gain

11 This modeling is apparently not well understood in detail, which probably explains why it is not systematically implemented.
The calibrations of the Cluster/STAFF experiment, for example, use instead a look-up table with 256 inputs.
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(CAQG) of the device with CAG of the receivers RAD1, RAD2 and TNR. The gain response curve of the
receivers can be modeled mathematically as follows'?:

y = A logyo[(10' 49RO L10-4 1013 17, 4,

(D

A1, Az, Az, A4 are the calibration parameters. The AGC value is noted here as y. As a 8-bit telemetry is used,
this value is between 0 and 255. The power 1/4 comes from the fact that we have two AGC circuits in cascade:
with a single stage, we would have a power 1/2. The parameter Az has been introduced since the
Ulysses/URAP experiment. The presence of this parameter is due to the fact that there is a small difference
between the true y values and the values provided by the digitization chain. We also introduce the noise of
the A4 receiver.

Symbol Meaning Dependency on f Unit
dB of attenuation with respect to a Vo
reference voltage.

X Receiver input signal -

Output signal of the receiver

y (AGC voltage) - Telemetry unit (0 to 255)
Total gain PA + receiver for a given
Ay AGC value Yes dB
(null)
Az Slope of the log law No, depequ on the Telemetry unit (0 to 255)
receiver

As DC offset voltage at IF stage No Telemetry unit (0 to 255)
A4 Receiver noise'? + environmental noise Yes dB

The ideal receiver without noise is represented by a law deduced from the previous one, by making A4 tend
to infinity, that is:

12 At DESPA, this function is often referred to as "log law" for short.

13 This noise comes mainly from the PA. In the context of ground calibrations, the A, parameter depends, in addition to the
receiver noise, on the experimental ambient conditions (mounting noise).
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tension de CAG
255

0O [l "»»._,,”14 11l
024 X 1:6

nombre de dB
d'attenuation

The telemetry values are related to the volts: the voltages from 0 to 5 Volts are coded from 0 to 255 on the

ordinate, hence the 50 ratio between the Volts and the telemetry units.

5.6.2. Formulas of deriving physical quantities of the AGC

Inverting equation (2) from y to x , we obtain:

ly-43)/4,
x = Ay -40|log; 10 +1 (3)

This is the equation used routinely for the physical value of the TNR receiver data, see test 30.

The quantity x can then be converted into ¥ /NHz using the equation

l’o_‘)

X4B = 20 10810( V

where V) is the voltage corresponding to 0 dB of attenuation, which is also calibrated (see § 5-4 ).

Therefore, we have:

V=109 &)

Combining equations (3) and (4), we get:

'3-1og..;ilo‘:"'*"""3 .-

v(f)=10!

(5)

This is the formula used for the derivation in physical quantities of the data of the RAD2 receiver. For this

receiver, no 26 dB attenuation is applied (see § 5-2).
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For the RADI1 receiver, on the other hand, the 26 dB of fixed attenuation must be taken into account:

26 dB logio(att) so:  att=10%20

The final formula for the RAD1 receiver is therefore:

il’log.‘ | 10
o 10 ‘ >
V(f ) = 103q1o Vo(_f)

(v A )42 A
.1|__I
™70

The output units of the data can be chosen differently: Volts, Volts?, dB and ¥/ VHz (which induces positive or
negative values), n¥/ VHz (which induces positive values), ¥/ VHz (which induces negative values). For this
experiment, the last option was chosen.

5.7. Internal calibration (test 4)

5.7.1. General

The purpose of the internal calibrations is to test a possible evolution of the response of the on-board receivers,
in the various possible operating configurations of the instruments. These measurements are obviously less
complete than the measurements of calibrations on the ground. The experiment has an internal noise generator
for the needs of these calibrations. The pre-programmed sequence of "internal" or "in flight" calibration, also
called "CAL sequence", occurs during the mission in a cyclic way at regular intervals, or can be triggered by
remote command. The sequence of internal calibration orders is given below. By default, this sequence occurs
every 24 hours, the first one occurring 4 hours after the reset!'4. The start of an internal calibration sequence is
synchronized with an MF boundary (linked to the SCET), after the instrument cycles are completed. The
calibrations of the Waves-1 and Waves-2 experiments occur in parallel, with the 32 first steps common to both.
After the CAL sequence, the instruments begin new measurement cycles in the mode they were in before the
sequence began. During the internal calibrations, the scientific data are not available!>.

Various programs for processing internal calibration data have been written (R. Manning and C. Perche).
These internal CAL sequences have also been implemented on the ground for testing purposes.
At the level of the WIND/Waves software library, the presence of internal calibration measurements can be

tested by means of the item: CAL FLAG (0: standard case, 1: internal calibration mode).
Table. Succession of the 60 internal calibration steps

1 From now on, the time interval between two internal calibrations is 48 hours, the interval of 24 hours having been considered too
restrictive.

15 This is particularly visible on the dynamic spectra: a vertical white band is observed at this point.
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No T Selected GB GB Att. RADI1 SUM/SEP TNR TNR
calibration ype entries Clock Level antenna mode antennas mode
0 PA +X+Y+2Z S 7 X SUM X-Y 2
1 PA +X+Y+7Z S 7 X SEP X-Y 2
2 PA +X+Y+2Z S 7 Y SUM X-Y 3
3 PA +X+Y+2Z S 7 Y SEP X-Y 3
4 PA —X-Y+7Z S 7 X SUM X-Y 4
5 PA —X-Y+7 S 7 X SEP X-Y 4
6 PA —X-Y+7 S 7 Y SUM Y-7 4
7 PA —X-Y+2 S 7 Y SEP Y-7 4
8 PA +X+Y -7 S 7 X SUM Y-7 4
9 PA +X+Y-2 S 7 X SEP Y-7 4
10 PA +X+Y-2 S 7 Y SUM X-Y 4
11 PA +X+Y-2 S 7 Y SEP X-Y 4
12 PA -X-Y-7% S 7 X SUM X-Y 4
13 PA -X-Y-7% S 7 X SEP X-Y 4
14 PA -X-Y-7% S 7 Y SUM Y-X 4
15 PA -X-Y-2 S 7 Y SEP v-X 4
16 PA +X+Y+2Z F 7 X SUM X-Y 2
17 PA +X+Y+2 F 7 X SEP X-Y 2
18 PA +X+Y+7Z F 7 Y SUM X-Y 3
19 PA +X+Y+2Z F 7 Y SEP X-Y 3
20 PA —X-Y+7 F 7 X SUM X-Y 4
21 PA —X-Y+7Z F 7 X SEP X-Y 4
22 PA -X-Y+2 F 7 Y SUM Y-7 4
23 PA —X-Y+2 F 7 Y SEP Y-7 4
24 PA +X+Y-2 F 7 X SUM Y-7 4
25 PA +X+Y-2 F 7 X SEP Y-7 4
26 PA +X+Y-7 F 7 Y SUM X-Y 4
277 PA +X+Y-7 F 7 Y SEP X-Y 4
28 PA -X-Y-27 F 7 X SUM X-Y 4
29 PA -X-Y-7% F 7 X SEP X-Y 4
30 PA -X-Y-2 F 7 Y SUM Y-X 4
31 PA -X-Y-7% F 7 Y SEP Y-X 4
32 MF (mf) S 5 - SUM 2
33 MF (mf) S 5 - SUM 2
34 MF (mf) S 5 - SUM 3
35 MF (mf) S 5 - SUM 3
36 MF (mf) S 7 - SEP 4
37 MF (mf) S 6 - SEP 4
38 MF (mf) S 5 - SEP 4
39 MF (mf) S 4 - SEP 4
40 MF (mf) S 3 - SEP 4
41 MF (mf) S 2 - SEP 4
42 MF (mf) S 1 - SEP 4
43 MF (mf) S 0 - SEP not 4
44 MF (mf) F 5 - sum _ |?pplicable 2
(cal MF)
45 MF (mf) F 5 - SUM 2
46 MF (mf) F 5 - SUM 3
47 MF (mf) F 5 - SUM 3
48 MF (mf) F 7 - SEP 4
49 MF (mf) F 6 - SEP 4
50 MF (mf) F 5 - SEP 4
51 MF (mf) F 4 - SEP 4
52 MF (mf) F 3 - SEP 4
53 MF (mf) F 2 - SEP 4
54 MF (mf) F 1 SEP 4
55 MF (mf) F 0 - SEP 4
56 BG - - - X SUM 4
57 BG - - - X SEP 4
58 BG - - - Y SUM 4
59 BG - - - Y SEP 4

The experiment's internal noise generator provides 8 levels of attenuation relative to a reference voltage, spaced
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about'® 8 dB apart. These levels are coded from 0 to 7. The noise spectrum is white in a certain frequency

range:

Intensité

? rrequence

Fréquence de coupure:
77 MHz ou 220 kHz

Fig. Noise spectrum of the internal generator

This spectrum extends from continuous to the following cut-off frequencies:

- for the fast clock frequency!”: cut-off frequency F (Fast): 22 MHz.

- for the slow clock frequency: cut-off frequency S (Slow): 220 kHz.

For RAD and TNR receivers, the CAL sequence contains three main sections:

* CAL PA: calibration of the total response (PA + receiver). The purpose of this type of calibration is to
anticipate the case where one of the PAs would see its operation deteriorate. The calibration takes place at the
PA level, after the tracking stage. The X, Y and Z channels are isolated from the antennas by an R/B
(electromechanical relay). The signal is fed to the PAs corresponding to the monopoles +Ex or -Ex, or +Ey or -

Ey, etc..

antenne +Ex

N
/

bias

étage
suiveur

D—“;/

R/B

— % vers RAD2

C

CAL PA

—— vers RAD1/TNR
:P

—— vers FFT/TDS

vers DC

Injection du
signal

PA calibration in flight. Example of the +Ex antenna

16 For RAD2, the difference is not always 8 dB, but the values are known.

17 During the "fast" mode, it is rather the RAD1, RAD2 and TNR receivers in E band, that we study.
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Calibration is done in gain, frequency and phase: only one fixed and high level of attenuation (of value 7, see
table) is applied.

CAL MF (medium frequency or intermediate frequency): calibration of the receivers alone. The calibration
takes place directly at the input of the MF stages, at the output of the PAs, i.e. at the receivers. The PAs are
isolated from the MF stages by an electronic switch located in the baluns/separator. The calibration is done in
gain and phase: the 8 attenuation levels of the GB are successively applied to the input of the MF stages.

"Background": at the end of the CAL sequence, a "background" (BG) measurement is carried out: this involves

measuring the background noise in the absence of a signal. To do this, the internal noise generator is switched
off.

Duration

The duration of an internal calibration step is 20 mf in LBR or 40 mf in HBR, that is:

(20 mf) x (0.368 seconds per mf) = 7.36 seconds

During this time, we have: 7.36/1.472 =5 TNR spectra (ABCDE).
7.36/0.358 = 20 measurements RAD1: only 16 are used.
7,36/0.063 = 116 measurements RAD2: only 6 x 16 are used.

We note a synchronism with the measurements of the TNR instrument. We recall that the integration time of a
TNR spectrum is a multiple or sub-multiple of the duration of an mf. This is not the case for the RAD1/2

instruments.

The total duration of a calibration cycle is (LBR or HBR):

(60 internal calibration steps) x (20 mf) x (0.368 s per mf) = 60 x 7,36s =7 mn 22 s.

5.7.2. Configurations considered

The table in § 5-7-1 shows the sequence of 60 internal calibration steps (orders). The configurations
considered are the following:

- SUM/SEP for RAD1/2 receivers.

- Antenna combinations: (+Ez,+Ex),(+Ez,-Ex),(+Ez,+Ey),(+Ez,-Ey),(-Ez,-Ex),(-Ez,+Ex)

Measurements in SUM mode with different antenna combinations allow phase control of the PAs as well as
the receivers.

- TNR modes (see § 4-4) considered:
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Mode 2 TNRA 32 frequencies per spectrum
Mode 3 TNRB 32 frequencies per spectrum

16 frequencies per spectrum
Mode4 | TNRA +TNRB (16 frequencies of the TNRA, 16 frequencies of the TNRB)

The implementation of the different configurations can be checked from the table in § 5-7-1. The composition
of the columns in this table is as follows:

15t column Calibration on PA or MF

2" column 3 stimulated PAs among the 6 possible ones

3" column Noise generator, Fast or Slow.

4™ column Noise attenuation level (from 7 to 0)

5% column | Antenna seen by RADI

6™ column Summed mode (SUM) or not (SEP) (RADI1 and RAD2)
7" column Antennas seen by TNRA and TNRB respectively

8" column | How the TNR works

For example, at step n° 0:

- We use the three PAs: +Ex, +Ey, +Ez. Remember that there are six PAs for the +Ex monopoles
respectively,

- -Ex, +Ey, -Ey, +Ez, -Ez.
- The GB operates at a slow rate (S) and its attenuation level is maximum (7).

- For the RADI receiver, the Ex antenna is selected. Remember that the RAD1 receiver can be connected to
the Ex antenna or to the Ey antenna.

- RADI1/2 receivers are in SUM mode.
- The TNRA receiver (resp. TNRB) acquires the signal from the Ex input (resp. Ey).
- The TNR is in 2.

- N.B. The RAD2 receiver is always connected to the Ey antenna. This explains why there is no column for
this receiver in the table.

Frequencies used for RAD1/2 receivers

The frequencies used for the internal calibrations are equally distributed, with 8 frequencies for RADI1 and 16
frequencies for RAD2:
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RADI1

Frequency Frequency value
number (kHz)
0 20
32 148
64 276
96 404
128 532
160 660
192 788
224 916

Note: On ULYSSES/URAP, for example, there are 8 frequencies in CAL PA for in-flight calibration,

4 frequencies in CAL MF.

Chapter 5 — Conversion to Physical Quantities

RAD2
Number of | Value of the
frequency | frequency (MHz)
0 1,075
16 1,875
32 2,675
48 3,475
64 4,275
80 5,075
96 5,875
112 6,675
128 7,475
144 8,275
160 9,075
176 9,875
192 10,675
208 11,475
224 12,275
240 13,075
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Synchronization curve
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Example of experimental curves of internal calibration of the TBC instrument
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5.8. Evaluation of the calibration tests

Several problems were encountered during the analysis of the WIND/Waves data, in particular concerning the
TNR instrument. The TNR instrument is of new design. This has led to various problems, which were discussed
in the course of the calibrations. The WIND/Waves software library which provides the data of the experiment
in physical quantities, takes into account the evolutions in this field. We list below the problems identified and
the attempts made to circumscribe and solve them.

5.8.1. TNR calibrations

5.8.1.1. The observation of the problems

e ADSP Programming

A software error in the programming of the ADSP microprocessor distorted the results of the instrument
calibration tests during the refurbishment phase at the University of Minnesota. The power spectra were
accumulated in floating point registers using mantissa 16 bits: for a very high!® number of accumulations, the
last spectra were not counted ("underflow"). It is generally desirable to choose a long integration time to
minimize the random fluctuations of the signals (cf. § 4-7) and this is the approach that was adopted. However,
the error is all the more pronounced as the integration time is long, in particular for the E band, for which the
number of averages is the highest. For the embedded software, this problem has been corrected in the form of
a "patch" with an accumulation of spectra on 32 bits.

Two measurements were made in extremis, but one concerning the TNRA receiver was noisy (R. Manning
says that the TNRB receiver is therefore better calibrated than the TNRA receiver). Therefore, the number of
"log laws" collected for the TNR instrument is insufficient. An attempt is made to overcome this problem by
using in particular the results of internal calibrations.

NB. For reasons related to the instrumental design, the A-band of the TNRB receiver does not work very well.

e Limitation of the dvnamics

The A/D C digitizes the analog values into 8 bits'®, resulting in a digital dynamic range of 45 dB. A signal
that does not fit within this dynamic range is lost:

18 That is, in the worst case in E-band, mode 0 or 1, integration time 1,472 less, number of integrations = 1994.

191t would be desirable to have A/D C 16 or 32 bits, but for the high scanning speed required, such circuits are not yet available.
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Signal vu
| Signal réel A $db
.‘_\\ ':II.' I
I
— \_
Bande A Bande B

Bande C

Fig. Signal loss due to dynamic range limitation of the receiver

Note however that, except for instabilities, a TNR spectrum does not exceed 45 dB of dynamic range.

When the signal is such that the dynamic range is higher, there is clipping which generates spurious signals,
spreading the spectra and raising the edges. This can lead to a problem with the connection between frequency
bands. M.Maksimovic noted that a 1/2 dB error in the height spectrum can lead to a 40% error in the estimate

of the electron temperature of the plasma.

Spectre résultant

\_ ~ ~ étalement

des bords
Spectre non

déformé

Fig. Spreading of the spectrum by generation of spurious signals

o Fast signal detection

Spectral analysis is power averaging: the successive AGC values are averaged. When the signal fluctuates
rapidly, for example in the case of transient phenomena, the AGC circuit is not able to normalize the signal
quickly enough: the loop does not have time to respond, especially for any event lasting less than about 25 ms.

Amplificateur
logarithmique
B>
Détection
- quadratique
Con.,tantf de (puissance dans
temps | | 2 octaves)
1
¢ Comparateur
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The lowest frequency bands, especially the A-band which only samples the signal at 64 kHz, are the most
sensitive to this phenomenon.

e Measurement uncertainties (dB0, dBcal, ""log law' adjustment)

In addition to the dB..(i) values, the sources of error in the TNR instrument calibrations can come from
the uncertainty on the dByo value (reference voltage without attenuation) and the difficult adjustment of

the "log law" when the noise level is too high:

tension de CAG
courbe idéale sans
< bruit ni saturation

niveau plus ou moins élevé du
bruit (récepteur et ambiant)
Saturation

L1 A
024 L. T —Tmw—" nombrededB

d'attenuation

Fig. Noise level and saturation at the "log law" level

Noisy test equipment was used so that only curves that do not go low enough are available.

e Saturation of the GAC at 245

5.2.1.2. Actions in progress

e TNR telemetry mode

For the time being, the instrument has been switched to ABCDE mode, TNRA receiver. R. Manning thinks
that the dynamic spectra are better in TNRB (better behavior towards AKR). We can therefore try to switch to
TNRB receiver. Obviously, the A-band of TNRB does not work well: this receiver was designed to be more
sensitive, but it is not the case in practice. It would therefore be better to design the following combination:

Band A of the TNRA receiver
Bands B,C,D,E of the TNRB receiver.

For this, a new telemetry mode ("patch" of the DPU) must be considered: K. Goetz must write an assembler
code for this, which must be tested beforehand on the Identification Model.

e First calibration test

The calibration coefficients obtained do not allow the bands to be connected (especially for the November28
curve). By using the curves where no saturation is observed, we try to find a common zero. The superposition
obtained from the different curves is of good quality, with the same slope.

e Second calibration test (12 dB)
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The calculations below are TBC.

We remind the expression of the "log law":

y = A log)of[10'4- 05107 “) 4-1|+ As
If we carry the noise, represented by the parameter 44 , into the input signal:

(A-x)[40

y= A log;o[10° =11+ A;

When x —» —
y— A, log; [(1014 IR0 4, 4,
When x — — o, the "log law" is thus equivalent to a linear equation:
(/‘1 - .\')

y= Ay A

- 40

In particular, in x= 41, y = A43. Let (xo0, Vo), be the point where the log law intercepts the dB axis of attenuation.

ACAG

dB d'atténuation

“»—._‘_\ — ’
(=0, ¥0) % l (A1, A3)
<+—>

12 dB

Fig.

Assuming: A1 — xo = 12 dB, which is electronically justified, we have:

0= A log10[101140—1]+ Az, soit: A c-"210-3A:.

For a typical value of 42 of 100, we find 43 = 0,02 which is small: 43 would have no role compared to the
other sources of error.

This attempt to force A1 — xo to 12 dB was not successful.

e Third calibration test: Modeling of test equipment imperfections
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The test equipment introduces an additional phase:

bruit atténuation de PA
blanc 0al26dB

atténuation Récepteur
+ phase

Equipement de test

(GB)

Fig. Leakage current

To take into account this leakage circuit, a new modeling is proposed:
If we pose: u = (S + B)"*4 -1
with S for Signal and B for Noise,

The "log law" is rewritten as follows: y = 4> logiow) + 43

In the new model, S+ B becomes:

S+ B(l + sin’ 9) + 2cos B+/SB

So we have one more parameter in the numerical fit, i.e. 5 parameters. The fit works well in this case. The
oscillations are attenuated by a factor of about 5 (the standard deviations are clearly reduced). When we use
the coefficients obtained in this way, we see a fairly good agreement between bands A, B, C, D but not with
the E band.

e Fourth test: AGC level

By definition of an AGC circuit, the average power at the AC/N input must always be the same, regardless of
the input signal level. C. Perche found that sometimes the AGC circuit does not reach its equilibrium point.
This is not the case in E-band. He therefore suggests compensating for this effect.

dB,, 15, (i) = dBy, ~dByt-+ dBes (i)-dB.,(1)

5-8-2 RAD1/2 Calibrations
The RADI receiver is calibrated correctly. The RAD2 receiver is more problematic?’.

The background noise of the receivers has been measured and we give below the corresponding curves. We
observe in particular:

- For RADI1

20 The higher the frequencies, the more delicate the design of the electronic circuits becomes (e.g. generation of parasitic
capacities).
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* At low frequencies, the effect is due to photoelectron noise and to an internal problem due to the
instrumental design.

* The influence of high frequency galactic noise and the beginning of antenna resonance.
- For RAD2:

* A depression that can easily be interpreted as a resonance of the boom supporting the magnetometer. It is
indeed precisely the resonance frequency of the magnetometer. The boom, placed at 45° to the Waves antenna,
creates a symmetry defect, and it is reasonable to think that this has the effect of increasing the base capacity.
There is little effect on the E, antenna.

A first antenna resonance when it resonates with the base capacitance slightly after the 1/2 wave resonance
frequency (we have already gone from capacitive to inductive). The high frequency signal level, especially the
broadband noise centered at 12 MHz, is higher than expected. The background noise plot shows a "hump" at
this frequency. The expression for the antenna resonance frequency is written: /'3 = ¢//. That of the half-
resonance is written: f3» = 2¢/[, where [ is the antenna length. In general, we work in a region close to the
resonance. The resonance frequency for the RAD2 receiver, connected to the Ey antenna (I = 2 x 7.5m), is
therefore theoretically: f s = 20MHz.

In practice, we note that this resonance appears at 12 MHz, which poses a problem because the RAD2 receiver
has an operating range from 1,075 MHz to 13,825 MHz. This phenomenon was noted after launching. Note
that it would not be observed without the existence of basic capacity.

The basic capacitances (= parasitics) of the antennas have been measured on the ground. The following values
were obtained: Ex, Ey antenna: 20pF +/- 0.5 pF and E, antenna: 44 pF (with a slightly higher error bar).

It is possible that, due to the presence of the magnetometer boom, these values are higher. Desch (cf. internal
report) made an adjustment at the location of this resonance by varying Cy: he finds the value 33 pF instead.
M. Reiner and P. Kellog question the 33pF value, however, in view of the low frequency results. R. Manning
thinks that we should have the same effect on RAD1 and RAD?2.

In the ULYSSES/URAP experiment, the background subtraction provided a decent fit to the plasma line, which

is not the case before subtraction. For the determination of the electron temperature and solar wind speed from
the QTN analysis, subtraction of the best estimate of the background is an important operation.

The background noise can be determined using the results of internal calibrations done on the ground. It can
also be determined by results obtained in flight with the antennas not deployed.

The shape of the noise changes with the amplitude of the signal (the noise passes through the receiver and is
therefore influenced by its transfer function). With a good calibration, we could subtract this noise.
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The antenna impedance is the resultant of the reactance and the base and antenna capacities. The resultant

curve is shown in this figure.

Fig. Antenna resonance peak for the RAD?2 receiver.
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