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1 Introduction
This note describes the activities performed and the results obtained in the frame of the AI_06-03: “Complete the transparent channel analysis by including the TC channel with a low-pass transponder channel” from the CCSDS 2006 Spring Meeting.
2  Transparent ranging channel 
2.1 Current specification
In the current draft version of the CCSDS recommendation titled Pseudo-Noise ranging systems from June 2006, chapter 4 provides the recommendations for the transparent ranging channel. Among others, the transparent channel is currently specified as follows:

· In-band group delay variation (TBC) - For minimization of spectral distortion, the end-to-end in band group delay variation of the ranging channel shall be constant to within +/- 1/(30*
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· Gain flatness (TBC) - The end-to-end in band gain deviation from an ideally flat gain shall be constant to within +/- 0.5 dB (TBC) in the range from (
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· The  –3 dB frequencies shall be below (
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· The one-sided noise bandwidth shall be ( 2.5*
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 (TBC). 
The transparent ranging channel has been modelled by a signal filter which adheres to the specifications above. In particular, the single bandpass filter was designed to have cut-off frequencies at below (
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/4) and an in-band ripple of +/- 0.5 dB. Goal was to see how the correlation properties and eventually the acquisition times of the various ranging sequences under investigation are affected by this channel.

Assuming a chip-rate of 3 Mcps, the ranging clock frequency is 1.5 MHz which leads to -3dB cut-off frequencies:

· Fclock/4 = 375 kHz
· 7*Fclock/4 = 2625 kHz

For the transparent ranging channel, two options can be distinguished:

1. Low pass channel with TC echo suppression filter

2. Low pass channel

2.2 Transparent channel with TC echo suppression filter

The transfer function of a transparent channel with  TC echo filter is specified and shown below:
· Lower – 3 dB cut-off frequency ≈  350 kHz

· Upper -3dB cut-off frequency ≈ 3.2 Mhz

· In-band gain ripple 

= +/- 0.5 dB

· In-band phase ripple 

= +/- 5 deg

· In-band group delay 

= 1/Fchip = 0.33 μs

· In band group-delay ripple    = +/- (5π/180)*9/(4*Fchip)) = +/-65 ns

· Out-of-band gain ripple 
= +/- 1 dB

· Out-of-band phase ripple 
= +/- 10 deg

· Out-of-band group delay 
= 0.8/Fchip = 0.27 μs
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Figure 1: Magnitude and phase characteristic of transparent ranging channel with TC echo filter
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Figure 2: Zoom of magnitude and phase spectrum around pass band
2.3 Low pass transparent channel
The transfer function of a pure low-pass transparent channel is given by:

· Upper -3dB cut-off frequency ≈ 3.2 Mhz

· In-band gain ripple 

= +/- 0.5 dB

· In-band phase ripple 

= +/- 5 deg

· In-band group delay 

= 1/Fchip = 0.33 μs

· In band group-delay ripple    = +/- (5π/180)*9/(4*Fchip)) = +/-65 ns

· Out-of-band gain ripple 
= +/- 1 dB

· Out-of-band phase ripple 
= +/- 10 deg

· Out-of-band group delay 
= 0.8/Fchip = 0.27 μs
Apart from the cut-off at lower frequency, nothing has changed in terms of ripple.
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Figure 3 – Magnitude and phase spectrum of pure low pass transparent ranging channel
3 Input signal
The input signal is an uplink TC+RNG signal with the following characterises:

Telecommand

· Modulation: PCM/BPSK(sine)/PM

· Modulation index mTC: 1 rad.peak

· Bit-rate Rb: 4 kbps

· Subcarrier frequency: 16 kHz

Ranging:

· Modulation: PCM/NRZ/PM

· Chip-rate Fchip: 3Mchip/s (range clock 1.5 MHz)
· Chip-waveform: square

· Modulation index mRNG: 0.2 rad.peak

To generate the input spectrum, the length L binary (+/-1) sequence was expanded to length 4L by repeating each chip value 4 times. The values were then treated as samples of the ranging sequence over one period for a rectangular chip waveform. Equivalently, the sampling frequency is 4 times the chip rate Fchip. Applying the FFT algorithm to the sample sequence of length 4L, results in 4L samples of the frequency domain spectrum in the frequency range –fs/2 … fs/2 or -2*Fchip … 2*Fchip. Frequency resolution is fs/(4*L) which, for a chip rate of 3 Mchip/s (range clock 1.5 MHz), is about 1.5 Hz.

Figure below shows the spectrum for the balanced Tausworthe sequence with clock voting 4 (referred to as BT4) with a square chip-waveform plus the telecommand signal on a 16 kHz subcarrier.
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Figure 4 – Spectrum of uplink telecommand + ranging signal at input of ranging channel (PN sequence is BT4-SQ)
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Figure 5 – Zoom of uplink spectrum around telecommand subcarrier frequency
The spectrum of input signal is multiplied by the transfer function of the transparent ranging channel and subsequently converted to the time domain again by taking the IFFT.
4 Results of simulation

We assume that at the receiving ground station, the acquisition process is carried out by using a bank of correlators to perform all the correlations against the cyclic shifts in parallel (in practise this means a total of 76 correlators). In this full parallel case, the ranging sequence acquisition time simply equals the (longest) time to perform the correlation with the desired error probability (based on [AD.6]):
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where Pe is the error probability in the decision between the in-phase cyclic shift and one of its out-of-phase cyclic shifts, the in-phase percentage correlation ξ, the out-of-phase percentage correlation ψ and the ranging signal power-to-noise spectral density ration PRNG/N0. Note that the acquisition time is independent from the chip-rate, which makes the results below generally valid, irrespective of Fchip.

By correlating the filtered sequence obtained against the ideal PN sequence, we can obtain ξ and ψ and so calculate Tacq. The calculated acquisition times including on-board transparent ranging channel are plotted below (full-parallel case) versus the ranging signal to noise power spectral density ratio. Probability of successful acquisition is 99.9 %.

4.1 Transparent channel with TC echo filter

Taking as the on-board ranging channel the one specified in section 2.2, the on-ground acquisition times for the Tausworthe sequence, the BT2 and BT4 sequence (all square wave shaping) are shown below. The range of PRNG/N0 goes from 30 dBHz down to -10 dBHz. Note that due to the transparent turn-around approach, the PRNG/N0 that is available at the G/S is about 30 dB lower compared top the regenerative case. As such, a minimum value of -10 dBHz was considered as a worst case.
The relative increase in acquisition time is for all sequences more or less the same, in the order of 50 %. The table below gives the results for 0 dBHz
	Acquisition time at 0 dBHz 
	Ideal channel
	Transparent channel with TC echo filter 

	Taus-SQ
	7280 s (≈ 2h)
	11161s (≈ 3h06m)

	BT2-SQ
	232 s (≈ 3.9 min)
	342 s (≈5.7 min)

	BT4-SQ
	3852 s (≈ 1h04m)
	5675 s (≈1h35m)


Note that for a worst-case PRNG/N0 value of -10 dBHz, the acquisition times are even a factor 10 times higher, in which case only the BT2 has a practical acquisition time.
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Figure 6 – Full parallel acquisition time for Taus-SQ, BT4-SQ and BT2-SQ in case of transparent ranging with on-board TC suppression filter
4.2 Low pass transparent channel

Taking as the on-board ranging channel the one specified in section 2.3, the on-ground acquisition times for the acquisition times for the Tausworthe sequence, the BT2 and BT4 sequence (all square wave shaping) are shown below. The increase in acquisition time is for all sequences more or less the same but much smaller as above, in the order of 20 %. The table below gives the results for 0 dBHz.

	Acquisition time at 0 dBHz
	Ideal channel 
	Low pass transparent channel 

	Taus-SQ
	7280 s (≈ 2h)
	8712 s (≈ 2h25m)

	BT2-SQ
	232 s (≈ 3.9 min)
	280 s (≈ 4.6 min)

	BT4-SQ
	3852 s (≈ 1h04m)
	4654 s (≈ 1h18m)


Comparing the results with the one from above, a filtering of the low frequency component of the PN sequence clearly has a strong effect on the acquisition time. Keeping a pure low-pass transparent ranging channel and so not filtering the telecommand signal, significantly improves the acquisition time.

[image: image18.png]Ranging power-to-noise spectral density ratio versus acquistion time
Actuistion probability 9.9%
10

—=&—Taus - nonlinear channel
—-—+-Taus - ideal channel
—e—BT4 - nonlinear channel
———ET4 - ideal channel
—+—BT2 - nonlinear channel
———BT2- ideal channel

1! i i i I i i i i
-10 5 [ 5 10 15 El E3 E
Peno/My [0BH2]




Figure 7 - Full parallel acquisition time for Taus-SQ, BT4-SQ and BT2-SQ in case of low pass transparent ranging channel without TC echo suppression

Removing the telecommand uplink signal (so keeping a pure ranging signal for on-board turn-around filtering) hardly improves the acquisition time. The gain is a matter of a few seconds for BT4 and Taus, negligible compared to the absolute values.
	Acquisition time at 0 dBHz
	Ideal channel 
	Low pass transparent channel 

	Taus-SQ
	7280 s (≈ 2h)
	8710 s (≈ 2h25m)

	BT2-SQ
	232 s (≈ 3.9 min)
	280 s (≈ 4.6 min)

	BT4-SQ
	3852 s (≈ 1h04m)
	4642 s (≈ 1h17m)


This leads to the observation that for large values of Fchip, the TC echo signal has little effect on the acquisition of the PN ranging; the thermal noise is far more dominant. As a consequence, apart from reasons of power efficiency, there is little reason to implement a TC echo suppression filter in the on-board transparent ranging channel.

4.3 Wideband low pass transparent channel

Improving the acquisition times can be achieved by further widening the transparent channel. For example, a low pass channel with cut-off frequency around 1.5*Fchip (or 4.5 MHz for a chip-rate 3 Mchip/s), gives on-ground acquisition times which are only a fraction larger than the theoretical ones.

	Acquisition time at 0 dBHz
	Ideal channel 
	Wideband transparent channel

	Taus-SQ
	7280 s (≈ 2h)
	7751 s (≈2h09m)

	BT2-SQ
	232 s (≈ 3.9 min)
	249 s (≈ 4.2 min)

	BT4-SQ
	3852 s (≈ 1h04m)
	4127 s (≈ 1h05m)


[image: image19.png]Time [s]

10

10

10

10

10

10

Ranging power-to-noise spectral density ratio versus acquistion time
Actuistion probability 9.9%

—=&—Taus - nonlinear channel
—-—+-Taus - ideal channel
—e—BT4 - nonlinear channel
——ET4 - ideal channel
—+—BT2 - nonlinear channel
———BT2- ideal channel

-10

[ 5 10
Peno/My [0BH2]




4.4 Wideband transparent channel with cut-off at 50 kHz

Finally, some results are shown for the BT4-SQ only with a high-pass cut-off at 50 kHz and a low-pass cut-off at 1.2, 1.3 and 1.5 times the chip rate Fchip (taken 3 Mchip/s). Telecommand signal is as before
Table 4‑1: Full parallel acquisition times for BT4-SQ sequence at PRNG/N0 = 0 dBHz, with and without high pass cut-off at 50 kHz

	Lower cut-off
	Higher cut-off 
	Acquisition time
	Relative increase (wrt ideal channel)

	0
	1.2*Fchip
	4512 s
	17 %

	50
	1.2*Fchip
	4514 s
	17 %

	0
	1.3*Fchip
	4391 s
	14 %

	50
	1.3*Fchip
	4392 s
	14 %

	0
	1.5*Fchip
	4127 s
	7 %

	50
	1.5*Fchip
	4127 s
	7 %


With such a low cut-off frequency, there is negligible impact of filtering on-board the lower frequency components of the PN ranging signal. 
Note that in the table above, the chip-rate was set to a maximum value of 3 Mchip/s. and the first 50 kHz represent only a very small fraction of the total spectrum. When the chip-rate is reduced to 500 kbps with same cut-off at 50 kHz and 1.2*Fchip, obviously more power is cut (relatively) and acquisition time is again increased to 4730 s (23% increase with respect to ideal theoretical value).
5 Summary and conclusions
In this paper, the influence of the on-board transparent ranging channel on the acquisition time (at the Groundstation) of the Taus-SQ, BT2-SQ and BT4-SQ sequence were analysed. Two main distinct options were investigated.

1. Channel with a high pass TC echo rejection filter

2. Low pass channel

It was shown that:

· a pure low-pass channel offers better acquisition performances compared to a channel with a high pass filter to remove the TC. In case of a high pass filter with cut-off at around 350 kHz, calculated acquisition times for Fchip = 3Mchip/s were increased by about 50%. At very low PRNG/N0 (say below 0 dBHz), the effect is impractical long acquisition times.

· the presence of an uplink TC echo in the received ranging signal does not significantly lengthens the acquisition time, reducing the interest of implementing a TC echo filter to reduce the interference.
· to keep the on-ground PN sequence acquisition close to the theoretical value, a wideband channel is desired.

· for transparent ranging mode, it is clear that only the BT2 offers acceptable and practical acquisition times over full range of PRNG/N0. Especially at very low values, e.g. -10 dBHz, it is basically the only practical option.
As the acquisition time is directly proportional to the received PRNG/N0 - and especially in transparent ranging mode this can vary over a large range depending on the mission or even mission phase - it is not easy to specify a channel that fits all cases. However, it is clear that the specifications of the on-board ranging channel that were considered sufficient for a tone ranging systems cannot be directly copied to PN ranging systems: they lead to an increase of about 50 % in acquisition time at the ground, a loss considered too high to accept. The channel is considered too narrow.
As already concluded in paper SLS-RNG_07-02, all in all PN sequences are quite tolerant against in-band non-linearity’s but on the other hand they require a rather large bandwidth, order of 1.2–1.5*Fchip.  This is not for reasons of ranging accuracy (determined only by the clock) but for reasons of acquisition. As a consequence, it is proposed specify a rather wideband on-board ranging channel. The exact value is proposed to the WG as subject of discussion as it strongly dependant on the value of:
· chip-rate,

· PRNG/N0






� This is outside of the current specification which only allows +/- 1/(30*Fchip) = +/- 11 ns. This is considered tough in practical implementations, especially for large Fchip leading to small group delay ripples over large bandwidths (approx 3 MHz). 
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