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1 Introduction
The following note describes the activity performed and the results obtained in the frame of the AI_04-08 from the CCSDS 2005 Spring Meeting. The scope of this AI_04-08 is to analyse the effects and the eventual degradations:

1. due to the PN ranging for the on-board TC demodulation performances,
2. due to the PN ranging for the  TM demodulation performances,

3. due to the TC signal (up-link) for on-board PN ranging acquisition/tracking 
4. due to the TM signal (down-link) for the ground station ranging measurements. 
This report covers only the point under bullet #2. The approach implemented in the following is based on a Montecarlo simulation in SIMULINK. This resulted in a viable solution for the case of bullet 2 and the high data rate scenario. While in case of bullet 1 (low data rate as typical of TC signal) and for the impact on ranging performances (bullet 3 and 4) different tools and/or different approaches must be pursued. For this reason, in the past, other activities have been planned in order to cover all the above issues:

· EuroConcepts is running an ESA contract in order to cover most of the above points. EuroConcepts approach is based on TOPSIM simulation and semi-analytical method, the results (at present available) are provided in a separate paper (AD.7).  

· Alcatel Alenia Space Italia is developing the EM model of the BepiColombo Transponder, in the frame of this activity it has been planned to cover bullets 1 and 2 also from an experimental point of view. At present, the results are not available 
The simulation developed in the following makes reference to the current BepiColombo baseline requirement for down-link telemetry modulation and PN ranging chip rate (see AD.3). It is based on the proper selection of chip rate and TM data rate having the PN ranging clock frequency close to the null of the SP-L spectrum
 (see section 3 and 4 in the following). However also the alternative solution is investigated; this is characterised by the PN ranging clock frequency somewhere in the main-lobe of the SP-L spectrum (see section 5 and 6).
Note -- As background on the PN ranging sequences (in particular for their spectral characteristics and associated theoretical acquisition time), we can make reference to the applicable documents in the list above. The following PN ranging sequences have been considered (SQ for square-wave and S for sinusoidal) 
· JPL99: JPL99-SQ and JPL99-S 
· Tausworthe majority voting v2:
T2-SQ and T2-S   
· Tausworthe majority voting v4:
T4-SQ and T4-S 
· Tausworthe majority voting v2 Balanced:
BT2-SQ and BT2-S   

· Tausworthe majority voting v4 Balanced:
BT4-SQ and BT4-S 
· Stiffler majority voting v6 (unscrambled):
S6-SQ and S6-S 
· Stiffler majority voting v8 (unscrambled):
S8-SQ and S8-S 
· Stiffler majority voting v6 Scrambled:
SS6-SQ and SS6-S  
· Stiffler majority voting v8 Scrambled:
SS8-SQ and SS8-S  
2 Simulation description

2.1 Overall Block Diagram

Figure 2.1 shows the simulation set up. In the simulations, a perfect receiver is taken. This way, it can be assumed that the BER degradation simulated is completely caused by the interference of the PN ranging sequence. First of all, the correctness of the simulation has been checked: without applying a ranging sequence, it has been verified that the simulation returns results that are in good coherence with the theoretical (un-coded) BER values for polar signalling.
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Figure 2.1-1 – Simulation setup for BER simulations

With this set-up two different configurations can be simulated, they are indicated as Base-band Analysis and RF Analysis. 
The Base-band analysis is simply implemented removing the channel filtering (RF filter in figure 2.1-1) and the amplifier non linearity (TWTA block in the same figure). For more details regarding the filtering and non linearity please refer to AD.2 
2.2  No error correcting coding
As can be seen from the above figure, no error correcting coding has been included in the simulation. One reason for this is that, for example, the inclusion of a turbo-code as currently recommended by the CCSDS
 (and planned for BepiColombo) would put a substantial additional load on the SIMULINK simulation, which leads to impractical long simulation times. In order to keep the simulation time within reasonable limits, the use of faster simulation methods, for example program written in C/C++ would be required. 

Secondly, we are merely interested to estimate the BER degradation of the TM link caused by the different ranging sequences. To the telemetry receiver, the PN ranging signal represents an additional noise source next to the thermal noise. This means if we want to investigate the influence of the ranging signal on the BER, we have to operate at rather high Eb/No (much higher than when we would apply coding) where thermal noise is no longer the dominant noise factor. To show the BER degradation, the selected values for Eb/No are rather high with respect to the values used in practice when error-correcting coding is included. 

Finally we can say that by simulating at high Eb/No, the results provide a good upper bound to the degradation. In practice (and in general), the telemetry link will be heavily encoded and will have operating points in the 2-3 dB Eb/No region with negative Es/No ratios. In general (also confirmed by previous analysis on TM performances in presence of generic interference signals) the degradation due to the interference contribution, at such low Eb/No ratio, is lower than at higher Eb/No ratios: the noise effect becomes dominant.  It is expected this to occur also for the case under consideration.
2.3 Number of errors

The stopping criterion for the simulation varies: we take as a guideline that at least one full PN sequence should be simulated. For lower Eb/No, during this “one PN sequence” enough bit-errors occur to be statistically representative. However, for high Eb/No, more errors need to be generated to extract a valid result. In this case, the stopping criterion is a selected number of bit errors. For example at Eb/No = 8 dB, we target 100 bit errors. To keep the length of simulation within reasonable time, the number of errors is slightly decreased for larger Eb/No values: 75 errors for Eb/No = 9 dB.

2.4  Calculation of No

The Eb/No is considered as an input parameter to the simulation, next to the telemetry modulation index and the ranging modulation index. The noise to be added in the channel is calculated in order to give the right Eb/No at the input of the (perfect) receiver. The followed approach is described hereafter:

1. Based on the input parameters mTM and mRNG, calculate the power in the telemetry signal. In case of square-wave ranging this is:
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where Ptot is the total signal power. For sine-wave ranging this is:


[image: image3.wmf](

)

[

]

(

)

[

]

2

0

2

sin

RNG

TM

tot

TM

m

J

m

P

P

×

×

=


where J0(*) is the Bessel function of the first kind of order zero. 

2. Calculate the signal-to-noise spectral density Ptot/No by starting with:
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where Eb/No and Rb are input parameters and PTM/Ptot is calculated as above. We can now derive the signal-to-noise spectral density Ptot/No:
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3. Calculate the signal-to-noise ratio Ptot/N based on the signal-to-noise spectral density and the sampling frequency:
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This signal-to-noise ratio is set as the input parameter to the AWGN block in the simulation so that the desired Eb/No is present at the input of the perfect receiver.

In the simulation, the total signal power Ptot at the output of the Tx chain is normalised to 1 so that in principle this approach comes down to changing the value of the noise spectral density No to match the desired Eb/No.

We will present the BER simulation results in the next sections. To show the sensitivity of the TM BER versus the RFI issue, two values for the ranging modulation index have been taken: 0.5 and 0.7 rad-pk. The later represents the maximum value and as consequence the worst case in terms of degradation on the TM BER performances. Note that the telemetry modulation index is fixed to 1.25 rad-pk (i.e. the maximum value allowed according to the ECSS); this represents the current nominal value for BepiColombo mission. 

We will split-up the BER analysis in a baseband section (section 3) and a RF section (section 4). In the latter, the influence of SAW filtering and non-linear amplification is taken into account.

2.5 Square- and sine-wave ranging
As mentioned above, two different chip waveforms hRNG(t) have been considered in the analysis performed here:

1. The chip waveform hRNG(t) is a rectangular NRZ pulse of duration Tc: the resulting ranging signal is a polar square wave PN sequence (+/-1). In the following, we will refer to this case as square-wave ranging or shortened SQ.

2. For reasons of spectral efficiency, it can be advantageous to choose the chip waveform hRNG(t) to be a half-cycle sine of period 2Tc. In this case, the ranging signal has a more sinusoidal-like behaviour and hence the occupied bandwidth is expected to be smaller compared to the square-wave ranging. In the following, we will refer to this case as sine-wave ranging or shortened S.

The figure below shows the baseband ranging signal for both square and sine based on the same bit-sequence:
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The distribution of the power across the different components of the downlink signal (i.e. carrier, telemetry signal, PN ranging signal) changes when sine or square ranging is used. In case of square-wave ranging, the power in the telemetry and ranging signal are given by:
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On the other hand, if sine-wave ranging is employed, the power in the telemetry and ranging signal are given by:


[image: image9.wmf])

(

2

)

(

cos

)

(

)

(

sin

2

1

2

2

0

2

RNG

TM

tot

S

RNG

RNG

TM

tot

S

TM

m

J

m

P

P

m

J

m

P

P

×

×

×

=

×

×

=

-

-


Because J02(x) > cos2(x), for values of x = 0.5 and 0.7, the power in the TM signal is higher in case of sine wave ranging, however the ratio is close to one. Note that, since the simulations are performed at fixed Eb/N0, this will lead to a smaller N0 as well.

More important, since for mRNG = 0.5 and 0.7 the ratio
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This means that in case of sine wave ranging, there is only half of the power in the ranging signal with respect to square wave ranging.  Consequently, as a first indication, it is expected that the influence of the PN ranging on the telemetry in terms of BER will be smaller in case of sine-wave ranging.
Note that in the above discussions we refer to the overall ranging power contribution, in reality only the spectral components falling in the TLM main-lobe will affect the BER performances.   
2.6 Different RNG and TM Configurations and Simulation Parameters 

Different RNG and TM configurations have been considered and simulated:

1. Base-band analysis with the PN RNG clock in the SP-L null (para.3)

2. RF analysis with the PN RNG clock in the SP-L null (para.4)
3. Base-band analysis with the PN RNG clock in the SP-L main-lobe (para.5)

4. RF analysis with the PN RNG clock in the SP-L main-lobe (para.6)
Note that bullets 1 and 2 individuate the actual BepiColombo baseline (as indicated in section 1), however we want to check also the impact of having the PN RNG clock in the SP-L main-lobe as addressed I bullets 3 and 4. The simulation parameters used for the different RNG and TM configurations are reported in the following (se also AD.2).
1. Making reference to figure 2.1-1, for the Base-band analysis with the PN RNG clock approximately in the null of the SP-L spectrum, the simulation parameters are the following:
· Telemetry modulation PCM/SP-L/PM

· Telemetry bit rate Rb = 500 kbps (symbol rate Rs = 1 Msps)

· Telemetry modulation index mTM = 1.25

· Ranging modulation PCM/NRZ/PM

· PN chip-rate Rc = 1.9 Mcps (ranging clock = 950 kHz close to null of SP-L spectrum)

· Ranging modulation index mRNG = 0.5 and 0.7

As above highlighted, in this case, the RF filtering and the non-linear amplifier shown in the block diagram are not active. 

2. Making reference to figure 2.1-1, for the RF analysis with the PN RNG clock approximately in the null of the SP-L spectrum, the simulation parameters are the following:
· Telemetry modulation PCM/SP-L/PM

· Telemetry bit rate Rb = 500 kbps (symbol rte Rs = 1 Msps)

· Telemetry modulation index mTM = 1.25

· Ranging modulation PCM/NRZ/PM

· PN chip-rate Rc = 1.9 Mcps (ranging clock = 950 kHz close to null of SP-L spectrum)

· Ranging modulation index mRNG = 0.5 and 0.7

· SAW filter bandwidth = 7 MHz

· 35 Watt Ka-band TWTA IBO = 0 dB

3. Making reference to figure 2.1-1, for the Base-band analysis with the PN RNG clock in the main-lobe of the SP-L spectrum, the simulation parameters are the following:
· Telemetry modulation PCM/SP-L/PM

· Telemetry bit rate Rb = 1 Mbps (symbol rate Rs = 2 Msps)

· Telemetry modulation index mTM = 1.25

· Ranging modulation PCM/NRZ/PM

· PN chip-rate Rc = 1.9 Mcps (ranging clock = 950 kHz)

· Ranging modulation index mRNG = 0.5 and 0.7

As above highlighted, in this case, the RF filtering and the non-linear amplifier shown in the block diagram are not active. 

4. Making reference to figure 2.1-1, for the RF analysis with the PN RNG clock in the main-lobe of the SP-L spectrum, the simulation parameters are the following:
· Telemetry modulation PCM/SP-L/PM

· Telemetry bit rate Rb = 1 Mbps (symbol rate Rs = 2 Msps)

· Telemetry modulation index mTM = 1.25

· Ranging modulation PCM/NRZ/PM

· PN chip-rate Rc = 1.9 Mcps (ranging clock = 950 kHz)

· Ranging modulation index mRNG = 0.5 and 0.7

· SAW filter with 7 MHz bandwidth

· 35 W Ka-band TWTA at IBO = 0 dB

Regarding the points 3 and 4 above we have the following clarification. The power spectral density of the combined TM + PN RNG signal looks approximately as indicated in figure 2.5-1. The clock of the ranging is close to the middle of the main lobe. 
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Figure 2.5-1
More exactly, for a symbol rate of 2 Msps, the SP-L spectrum reaches a maximum at the frequency
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For a chip-rate Rc of 1.9 Mcps, the ranging clock has frequency:
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3 Baseband analysis with the PN RNG clock close to the Null of the SP-L spectrum
3.1 JPL 99 sequence

The next table shows the simulated BER performance of a PCM/SP-L/PM telemetry link with simultaneous PN ranging using the JPL99 sequence.
In the column “Theory ”, the theoretical BER for polar signalling is given i.e.
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The table below presents the simulated BER assuming respectively a ranging modulation index of 0.5 and 0.7. The comment column mentions the stopping criterion. 
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Table 3.1-A
The results are plotted in the two following figures from where it is easier to draw some conclusions:
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Figure 3.1-1
As can be seen, when using a ranging modulation index of 0.5 the BER degradation due to the interfering PN ranging signal is minimal (less than 0.2 dB). Also, there is almost no difference between the square and the sine sequences.
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Figure 3.1-2
Increasing the modulation index to a worst-case value of 0.7 obviously decreases the quality of the telemetry link. However, even in this worst-case, the degradation at 10-4 is only about 0.3 dB for the JPL99-SQ sequence and even less for the JPL99-S.

3.2 Tausworthe sequence

The next table shows the simulated BER performance of a PCM/SP-L/PM telemetry link with simultaneous PN ranging using the one of Tausworthe sequences.

In this table the labelling v2 or v4 denotes the number of votes that has been given to the range-clock component in the sequence, i.e. 2 or 4 respectively.
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Table 3.2-A
The results from the above table are plotted: 
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Figure 3.2-1
From these results, it is clear that:

· A stronger clock component (i.e. v4 in this case) results in a smaller TLM BER degradation. This is what was expected also analysing (see for instance SLS-RNG_04-09, CCSDS 2004 Fall Meeting) the spectral plots:  if a stronger clock is present the “floor” in the ranging signal spectrum is lower and the impact in terms of RFI on the ranging signal is smaller. 
· There is no clear difference between the balanced and the unbalanced sequences. 
· As expected from the explanation reported in para.2.5, the sine ranging performs marginally better then the square ranging. 

All in all, there are just two distinctive “losers”, i.e. weak clock sequences the T2-SQ and BT2-SQ with a degradation of about 0.4 dB at 10-4. There is only little difference between the other sequences and the degradation is approximately 0.2 dB or less, the best result being obtained with the T4-S and BT4-S sequence.

The high ranging modulation index plot gives the same picture, only here the degradations are higher. Important is to note however that even with mRNG = 0.7, it is still possible to find a ranging sequence, which gives almost negligible degradation, e.g. the T4-S and BT4-S sequences.
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Figure 3.2-2
3.3 Stiffler sequence

The next table shows the simulated BER performance of a PCM/SP-L/PM telemetry link with simultaneous PN ranging using the one of the Stiffler sequences. In this table the labelling v6 or v8 denotes the number of votes that has been given to the range-clock component in the sequence, i.e. 6 or 8 respectively. The results are plotted in figure 3.3-1.
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Table 3.3-A
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Figure 3.3-1
We immediately notice that:

· There is no big difference between the various variants of the Stiffler ranging scheme: in all cases the degradation is less than 0.3 dB at 10-4. 
· As usual there is a slight advantage for the sequences with a strong clock component and a sine chip waveform
· No clear difference is apparent between the scrambled and the unscrambled versions in terms of BER degradation.

Again, the high modulation index plot confirms the above conclusions. Here, the maximum degradation is obtained with the SS6-SQ sequence and mounts up to 0.5 dB at 10-4. Also in this case, we can find some sequences which hardly affect the performances of the telemetry link: using a SS8-S or a S8-S sequence the degradation is less than 0.2 dB.
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Figure 3.3-2

3.4 The quest for the error floor

To the telemetry receiver, the PN ranging signal represents an additional noise source next to the thermal noise (which is characterised by the thermal noise spectral density No). Since the ranging represents a noise source that cannot be resolved by increasing the Eb/No, it is expected that the presence of the ranging signal will dominate the generation of bit-errors and an error floor most likely will appear in the Eb/No vs. BER curves.

We believe that the error floor will appear in the curves, the question is only, which will be its value, the minimum BER we can achieve. For example, an error floor at  10-4 would be unacceptable; this means we can never achieve a better performance than 10-4 no matter how hard we try to increase the Eb/No. 

To look for the error floor, we assume worst-case conditions. This is: a weak clock component, a square chip waveform and a high ranging modulation index. Two sequences have been selected, the SS6-SQ and the BT2-SQ, to act as the ranging signal in simulations at high Eb/No. In this region, very few errors occur and the simulation has to run for a long time in order for a sufficient number of bit-errors being generated to be statically representative. Currently, simulations have been performed down to 2·10-6 and although the curves are clearly diverging from the theoretical BER curve, no floor has been detected so far. Therefore, we think it is safe to conclude that the floor will be below 10-6. The following figure shows it all. At 10 dB, 50 errors have been generated while at 11 dB, the simulation stopped after 30 errors occurred.
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Figure 3.4-1
3.5 Preliminary Conclusions based on Baseband BER Analysis
Comparing the above results regarding BER baseband performance, we conclude the following:
· For the PN ranging sequences under study here, we can say that all in all the telemetry BER degradation caused by the interference of PN ranging signal is far from dramatic. Most of the time, the degradation does not exceed 0.5 dB at 10-4 even with ranging modulation index 0.7. Consequently, the difference between the various ranging sequences in terms of their interference with the telemetry signal is rather small.

· Having a PN ranging signal with a strong clock component is beneficial for low BER degradation.
· A sine chip waveform usually leads to a slightly lower BER degradation when keeping the same peak modulation index and thus less power in the ranging signal (see explanation in section 2.5). 
· Balancing or scrambling does not lead to a big BER variation.

To conclude the comparison, we would like to include table 3.5-A from the Final Report of the ESA study developed by Prof. J. Massey (AD.6), in which some of the performances of these PN ranging sequences are compared. From this table, one can see that for the Tausworthe schemes the v2 sequences probably have a clock component that is too weak for accurate range measurements. The same can be said for the Stiffler v6 sequences. One the other hand, the T4 sequence have an acquisition time is only half that of the JPL99 sequence, without having to sacrifice in range-clock power. Next, neither scrambling nor balancing seems to affect the performances too much with respect to the unbalanced/unscrambled case. Since balancing/scrambling offers an improved tracking performance, it should be the preferred option.

In conclusion, we can make a preliminary shortlist of most suitable PN ranging candidates:

· BT4-SQ (Balanced Tausworthe majority voting v4 SQuare wave shaping) 
· BT4-S (Balanced Tausworthe majority voting v4 Sine wave shaping)
· SS8-SQ (Scrambled Stiffer majority voting v8 SQuare wave shaping)
· SS8-S (Scrambled Stiffer majority voting v8 Sine wave shaping)
Now, these 4 candidates are compared in terms of BER degradation they cause in the figures below (3.5-1 and 3.5-2). One can see that the degradation for each of these sequences is minimal: by extrapolating the curves we can see that this will be 0.2 dB or less down to 10-5 with mRNG = 0.5 and approximately 0.3 at 10-5 with mRNG = 0.7. 

Even if the sinusoidal case seems to perform better than the square wave case, the difference is rather small and it might just be due to the different distribution of the power across the signal components.

Finally, regarding the RFI contribution of the PN ranging on the TLM signal and noting that:
· the BT4 and SS8 sequence have almost the same strength of the clock component C1, (the same as JPL99 one),

· the normalised acquisition time of the BT4 is only half that of the JPL99 while that the SS8 is one quarter of the JPL 99,

· there is no major difference between these sequences BT4 and SS8 in terms of in BER degradation

we can conclude that the Stiffler sequence SS8  seems to be superior to the other sequences and (according to this preliminary analysis) it appears to be the best candidate for the actual BepiColombo baseline and for the future deep space missions.
However for the remaining RNG and TM configurations we consider the following reduced set of RNG sequences:
· JPL99-SQ and JPL99-S

· BT4-SQ and BT4-S

· SS8-SQ and SS8-S

The JPL99 sequence is included for reasons of comparison. 
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V=10 scrambled | 1,098,576 | 016948 T 36,6960 | 1,100.850,000

weighted Stiffler

1999 JPL 009470 | 0405 4B g A | 663,642,000

V=4 balanced 009470 | 0530 a8 g L7029 | 35L.087.000

weighted

Tausworthe

V=S scrambled | 1,048,576 | 037148 T 603 T30415,000

weighted Stiffler

=4 weighted 009470 | 0599 4B g 01959 | 305.877.00

Tausworthe

V=Gscrambled | 1098576 | 13948 7 85 29,955,000

weighted Stiffler

V=dscrambled | 1,048,576 | 38708 T A7 T0.251,000

weighted Stiffler

V=2 balanced 009470 | 4058 g 0636 20,197,000

weighted

Tausworthe

V=2 weighted 009470 | 41948 3 473 20,842,000

Tasworthe

V=2 scrambled | 1,098,576 | 90648 T 75 625,000

weighted Stiffler

Table 7.6: Acquisition performance comparison of ranging schemes grouped

by similar range-clock attentuations. The acquisition time in chips

calculated for a probability Pacy of successful acquisition of 0.999 at a chip

signal-to-noise ratio 2E¢ /Ny of ~33 dB.
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Figure 3.5-1
[image: image27.png]BER

1.0E02

1.0E03

1.0E04

1.0E05

BER TM+ PN RNG: Comparison of best sequences atm_tng = 0.7

F—

“e 55850
5588
——ET45Q
. BT4S
- Theoretical

EbNo





Figure 3.5-2
4 RF analysis with the PN RNG clock close to the Null of the SP-L spectrum 
In this section, we will look at the simulated BER results when the on-board transponder impairments (due to non-linearity and filtering, etc) are considered. In particular we refer to the SAW filtering and non-linear amplification (35W TWTA) as reported in AD.2 (paper related to the AI_04-10: “Propose figures for XPND linearity, gain flatness, 3 dB bandwidth and group delay variation for the selected PN Ranging scheme(s)”). The SAW filtering has been simulated by a 10th-order Butterworth band-pass filter with a bandwidth equal to 7 MHz (as proposed by Alcatel Alenia Space Italia for BepiColombo). The influence of the TWTA has been simulated by means of the AM/AM and AM/PM curves of a 35W Ka-band TWTA, which represents a worst-case with respect to the X-band SSPA
 .
As indicated in section 3.5, only the following sequences have been retained:

· JPL99-SQ and JPL99-S

· BT4-SQ and BT4-S

· SS8-SQ and SS8-S

The JPL99 sequence is included for reasons of comparison. 

The simulated BER results are plotted in the figures below. In the first figure, a ranging modulation index 0.5 is taken, while in the second one mRNG = 0.7 is used. From these figures, we can draw the following conclusions:

· The BER degradation is slightly bigger with respect to the baseband case but still within very reasonable limits. The differences in BER degradation caused by the ranging sequences are still small and considered negligible (see figures below).

· What is important to note is that there is no clear advantage for the sine-wave ranging sequences as was expected
: on the contrary, although the differences are small, square wave ranging sequences seem to cause less degradation. 

· The difference between the plots relevant to mRNG = 0.5 and mRNG = 0.7 are very small, which leads to believe that the PN ranging signal is not the dominant error causing source, but rather the RF transmit chain (i.e. SAW filter and Ka-TWTA) impairments.

From figures 4-1 and 4-2 we have BER degradation of the order of 0.5 dB at 10-4 for both modulation indices.    
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Figure 4-1
[image: image29.png]BER

1.0E02

1.0E03

1.0E04

1.0E05

BER TM+ PN RNG - m_rng = 0.7 (RF analysis)

Theoretical

—+—JPLI9-5Q
= JPLOS-S
. BT4SQ
——BT4S
—+—558-50
—— 5588

¥iti

EbNo





Figure 4-2
5 Base-band analysis with the PN RNG clock in the SP-L main-lobe
As indicated in section 3.5, only the following sequences have been considered:

· JPL99-SQ and JPL99-S

· BT4-SQ and BT4-S

· SS8-SQ and SS8-S

The JPL99 sequence is included for reasons of comparison. 

The tables and figures below give the results of BER simulation for case of simultaneous TM + PN ranging with the parameters as above specified (see para.2.5 bullet 3) and for different PN sequences considered. The ranging modulation indices are 0.5 and 0.7

[image: image30.png]JPL 99 sequence

BASEBAND ANALYSIS

Modulation index 0.5
Theor SQ S Comments
EbNo
s 24E03 | 35603 30603 one PH sequence
7 77E04 | 13803 11603 two PN sequences.
8 19604 | 48604 31604 200ermars
9 34605 | 1.0604 79608 100 erars
10 | 39e08 | 19805 10605 | 100 ermorsio sequences|
1" 26607 | 28608 9.4E-07 50 errorsi0 sequences
Modulation index 0.7
Theor SQ S Comments
EbNo
s 24E03 | 62E03 37603 one PH sequence
7 77604 | 24803 15603 two PN sequences.
8 19604 | 9.E04 51E-04 200ermars
9 34605 | 30604 11604 100 erars
10 | 39e06 | 83e05 19605 | 100 ermorsio sequences|
1 266-07 | 1.86-05 3.0E-06 50 errors#10 sequences





Table 5-A. JPL99 sequence
[image: image31.png]Tausworth sequence
BASEBAND ANALYSIS

Modulation index 0.5

Theor SQ S Comments
EbNo
vi vi
s 24E03 | 36E03 31E03 one PH sequence
7 77604 | 14803 11603 two PN sequences.
8 19604 | 44504 33604 200ermars
9 34605 | 1.0604 77608 100 erars
10 39608 | 22608 11605 | 100 ermorsio sequences|
1" 26607 | 30608 75607 50 errorsi0 sequences
Modulation index 0.7
Theor SQ S Comments
EbNo
vi vi
s 24E03 | 62E03 37603 one PH sequence
7 77604 | 24803 15603 two PN sequences.
8 19604 | 89804 49604 200ermars
9 34605 | 29604 12604 100 erars
10 39608 | 84605 25605 | 100 ermorsio sequences|
1 266-07 | 1.96-05 3BE-06 50 errors#10 sequences





Table 5-B. BT4 sequence
[image: image32.png]Stiffler sequence
BASEBAND ANALYSIS

Modulation index 0.5

Theor SQ S Comments
EbNo
V8 V8
6 24E03 | 36E03 31E03 one PH sequence
7 77604 | 14803 11603 two PN sequences.
8 19604 | 44504 32604 200ermars
9 34605 | 1.0604 77608 100 erars
10 39608 | 21608 11605 | 100 ermorsto sequences|
1" 26607 | 31E08 91607 50 errorsi0 sequences
Modulation index 0.7
Theor SQ S Comments
EbNo
V8 V8
6 24E03 | 62E03 37603 one PH sequence
7 77604 | 24803 15603 two PN sequences.
8 19604 | 9.0E-04 5.0E-04 200ermars
9 34605 | 31604 11604 100 erars
10 39608 | 83605 26605 | 100 ermorsio sequences|
1 266-07 | 1.86-05 3BE-06 50 errors#10 sequences





Table 5-C. SS8 sequence
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Figure 5-1
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Figure 5-2
As conclusion we can say that:

· putting the clock in the TLM main-lobe causes an additional BER degradation with respect to the baseband baseline case (clock close to the null of the SP-L spectrum)
· 0.7 dB (0.5 dB in addition to the baseline) for mRNG = 0.5 rad.pk  

· 1.5 dB (1 dB in addition to the baseline)  for mRNG = 0.7 rad.pk 

· Sinusoidal shaping provides better error rate performances with respect to the square-wave shaping for each ranging sequence
. 
6 RF analysis with the PN RNG clock in the SP-L main-lobe 
As indicated in section 3.5, only the following sequences have been considered:

· JPL99-SQ and JPL99-S

· BT4-SQ and BT4-S

· SS8-SQ and SS8-S

The JPL99 sequence is included for reasons of comparison. 

The tables and figures below give the results of BER simulation for case of simultaneous TM + PN ranging with the parameters as above specified (see para.2.5 bullet 3) and for different PN sequences considered. The ranging modulation indices are 0.5 and 0.7.
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RF ANALYSIS
Modulation index 0.5
Theor SQ S Comments
EbNo
s 24E03 | 62E03 51E03 one PH sequence
7 77E04 | 25603 22603 two PN sequences.
8 19604 | 85604 78604 200ermars
9 34605 | 26604 1.96-04 100 erars
10 | 39806 | 60E0S 43608 100 errars
1" 26607 | 1.0608 57E-08 S0errars
Modulation index 0.7
Theor SQ S Comments
EbNo
s 24E03 | BEEDD 64E03 one PH sequence
7 77E04 | 33803 30603 two PN sequences.
8 19604 | 14803 12603 200ermars
9 34605 | 66E04 37604 100 erars
10 | 39e08 | 16804 1.06-04 100 errars
1 266-07 | 4.96-05 2.0E-05 50 errors.





Table 6-A. JPL99 sequence
[image: image36.png]Tausworth sequence
RF ANALYSIS

Modulation index 0.5

Theor SQ S Comments
EbNo
vi vi
s 24E03 | 54E03 53603 one P sequences.
7 77E04 | 23803 22603 two PN sequences
8 19604 | 8.0E-04 TRE04 200ermars
9 34605 | 28604 25604 100 erars
10 39608 | 63605 50605 100 errars
1" 26607 | 11608 8.1E-08 S0errars
Modulation index 0.7
Theor SQ S Comments
EbNo
vi vi
s 24E03 | BEEDD B5E-03 one P sequences.
7 77E04 | 33603 29603 two PN sequences
8 19604 | 18603 13603 200ermars
9 34605 | 60604 35604 100 erars
10 39608 | 18604 11604 100 errars
1 266-07 | 4.5E-05 1.9E-05 50 errors.





Table 6-B. BT4 sequence
[image: image37.png]Stiffler sequence
RF ANALYSIS

Modulation index 0.5

Theor SQ S Comments
EbNo
V8 V8
6 24E03 | 62E03 53603 one PH sequence
7 77E04 | 23603 22603 two PN sequences.
8 19604 | 82604 TEE04 200ermars
9 34605 | 28604 26604 100 erars
10 39608 | B.0E0S 44E05 100 errars
1" 26607 | 11608 7.8E-08 S0errars
Modulation index 0.7
Theor SQ S Comments
EbNo
V8 V8
6 24E03 | B7E03 64E03 one PH sequence
7 77604 | 34803 30603 two PN sequences.
8 19604 | 18603 13603 200ermars
9 34605 | 6.4E-04 37604 100 erars
10 39608 | 1.8E-04 1.06-04 100 errars
1 266-07 | 4.36-05 1.9E-05 50 errors.





Table 6-C. SS8 sequence
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Figure 6-1
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Figure 6-2
As conclusion we can say that the BER degradations are bigger with respect to the RF baseline case with the ranging clock close to the null (see para.4), approximately we have:

· 1.5 dB loss (1 dB in addition to the baseline)  for mRNG = 0.5 rad.pk 

· 2 dB loss (1.5 dB in addition to the baseline) for mRNG = 0.7 rad.pk 
7 SUMMARY AND CONCLUSIONS

The PN sequences studied are:

· The JPL 99 sequence

· The Tausworth sequence and its variants

· The Stiffler sequences and its variants

The study is based on the current baseline architecture for the BepiColombo X/X/Ka DST. In this baseline architecture, the X-band and Ka-band transmitters have a similar design that is based on:

· Carrier modulation performed in the digital domain

· RF chain to convert the signal at the DAC output to up to the proper downlink frequency

In general, the trade-off for the PN ranging selection is based on the following criteria:

· PN ranging acquisition/tracking performances (regarding acquisition we consider the results from AD.5 and AD.6, J.Massey study)
· PN spectral properties

· Mutual interference between ranging and telemetry in the down-link and ranging and telecommand in the up-link.

In this document we have mainly considered for our trade-off the interference effects of the ranging signal on the telemetry BER. 

In the BER simulations, a perfect receiver is taken. This way, it can be assumed that the BER degradation simulated is completely caused by the interference of the PN ranging sequence. 
Note also that in the BER simulations performed here, no error correcting coding has been included and the Eb/No ratios lie in the region 6-9 dB; this allows to better estimate the ranging RFI contribution with reasonable simulation time (see para.2.1)
. In practice, the telemetry link will be heavily encoded and will have operating points in the 2-3 dB Eb/No region. In general (also confirmed by previous analysis on TM performances in presence of generic interference signals) the degradation due to the interference contribution, at such low Eb/No ratio, is lower than at higher Eb/No ratios: the noise effect becomes dominant. It is expected this to occur also for the case under consideration with interference due to the PN ranging signal. By simulating at high Eb/No, the results provide a good upper bound (worst case situation) to the actual degradation that can be expected in coded telemetry links operating at low Eb/No.

The BER analysis has been split up in four parts (see 4 bullets in para.2.6 as reference) and summarised in the 4 bullets hereafter. 

1. First, a baseband analysis considering the ranging clock in the SP-L null has been performed. This analysis is not including the elements from the RF transmit chain such as SAW filtering and power amplification, to focus on possible degradation caused by the PN ranging. We repeat the conclusions of the BER baseband analysis:
· For the PN ranging sequences under study here, we can say that all in all the telemetry BER degradation caused by the interference of PN ranging signal is far from dramatic. Most of the time, the degradation does not exceed 0.5 dB at 10-4 even with ranging modulation index 0.7. Consequently, the difference between the various ranging sequences in terms of their interference with the telemetry signal is rather small.

· Having a PN ranging signal with a strong clock component is beneficial for low BER degradation.

· A sine chip waveform usually leads to a slightly lower BER degradation when keeping the same peak modulation index (and thus less power in the ranging signal (see explanation in section 2.5). 

· Balancing or scrambling does not lead to a big BER variation.

Combining the results of the BER baseband analysis with the conclusions from the study from Prof. Jim Massey (refer to the list of the applicable documents), we have made a shortlist of most suitable PN ranging candidates: BT4-SQ, BT4-S, SS8-SQ, SS8-S. 
2. Together with the JPL99 sequence which has been included for reference, these sequences form the subject of the RF analysis, which takes into account the effects of a 7 MHz SAW filter (as currently used by Alenia for the BepiColombo DST) and a Ka-band TWTA (which represents a worst-case with respect to the X-band SSPA from the baseline architecture of the BepiColombo X/X/Ka DST). We repeat the conclusions from the BER RF analysis:
· The BER degradation is slightly bigger with respect to the baseband case but still within very reasonable limits. The differences in BER degradation caused by the ranging sequences are still small and considered negligible.
· What is important to note is that there is no clear advantage for the sine-wave ranging sequences as was expected
: on the contrary, although the differences are small, square wave ranging sequences seem to cause less degradation. 

· The difference between the plots relevant to mRNG = 0.5 and mRNG = 0.7 are very small, which leads to believe that the PN ranging signal is not the dominant error causing source, but rather the RF transmit chain (i.e. SAW filter and Ka-TWTA) impairments.

Finally, regarding the RFI contribution of the PN ranging on the TLM signal and noting that:
· the BT4 and SS8 sequence have almost the same strength of the clock component C1, (the same as JPL99 one),

· the normalised acquisition time of the BT4 is only half that of the JPL99 while that the SS8 is one quarter of the JPL 99,

· there is no major difference between these sequences BT4 and SS8 in terms of in BER degradation

we can conclude that the Stiffler sequence SS8  seems to be superior to the other sequences and (according to this preliminary analysis) it appears to be the best candidate for the actual BepiColombo baseline and for the  future deep space missions. In particular, for reasons of spectral efficiency, the sine wave variant SS8-S is the favourite solution.
3. Using again the short list of most suitable PN ranging candidates we have repeated the base-band analysis for the case of PN RNG clock in the SP-L main-lobe. This is not the actual baseline for BepiColombo. The presence of the RNG clock in the SP-L main-lobe generates additional losses in terms of BER with respect to the BepiColombo baseline (clock in the SP-L null). Of course these additional losses depend on the selected ranging modulation index. Comparing the results with the baseline base-band case we have:

· 0.7 dB loss (0.5 dB in addition to the baseline base-band case) for  mRNG = 0.5 rad.pk 

· 1.5 dB loss (1 dB in addition to the baseline base-band case) for  mRNG = 0.7 rad.pk 

4. The same case (PN RNG clock in the SP-L main-lobe) has been repeated including the on-board impairments (filtering and non-linearity). Comparing the results with the baseline RF case we have::
· 1.5 dB loss (1 dB in addition to the baseline RF case) for mRNG = 0.5 rad.pk 

· 2 dB loss (1.5 dB in addition to the baseline RF case) for mRNG = 0.7 rad.pk 
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From the above preliminary analysis (mainly based on the RFI contribution of the PN ranging on the TLM demodulation performances), as overall conclusion we can state that:

· The preferred PN sequences are the BT4 and the SS8
· For the current BepiColombo baseline, the contribution of the PN ranging in terms of additional loss on the BER appears to be negligible (masked by the RF impairments)      
· From a practical point of view, we must compare just the two RF cases: BepiColombo baseline versus PN RNG clock in the SP-L main-lobe. The result shows that we have better performances (order of magnitude 1 ÷ 1.5 dB) for the baseline approach.
Table 3.5-A











� This represents the current BepiColombo baseline (see AD.3). Note that the proper selection of chip rate and data rate reduces the RFI contributions both on TM and ranging side.  


� See CCSDS 101.0-B-6: Telemetry channel coding


� The baseline for the BepiColombo Radio Frequency Subsystem foresees the use of a TWTA for the Ka-band and of a SSPA for the X-band.


� Para.3.5 (conclusion of base-band analysis) concludes that the sine-wave ranging seems to perform better with respect to the square-wave.  Since the sine wave has a more linear behaviour with respect to the square wave,  this advantage is expected to be more outspoken when RF filtering and non-linear amplification are applied


� Applying the same modulation index for sine-wave and square-wave, it is clear that the interference contribution of the ranging signal for the square-wave case is bigger. Moreover when applying this on the main-lobe this effect is more evident when compared with the case of the range clock in the null.  


� Regarding the spectral properties of the selected PN sequences, we have the following considerations: 


A strong clock component (such as present in the JPL99, T4 and S8 sequences) causes a less interference in the telemetry (when the baseline approach with the RNG clock close to the spectral null of the SP-L TLM signal). This is mainly due to the low spectral “floor” of these sequences. Note that a strong clock component has also a beneficial influence on the standard deviation of the range measurement error.


The use of a sine chip waveform leads to a spectrum that suffers less from the spectral re-growth introduced in the RF transmit chain.


� At lower Eb/No the noise becomes the dominant effect.  


� Para.3.5 (conclusion of base-band analysis) concludes that the sine-wave ranging seems to perform better with respect to the square-wave.  Since the sine wave has a more linear behaviour with respect to the square wave,  this advantage is expected to be more outspoken when RF filtering and non-linear amplification are applied
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