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1 Introduction
This note describes the activities performed and the results obtained in the frame of the AI-05_17 from the CCSDS 2006 Spring Meeting, Ranging Working Group. 
Scope is to propose tolerable values for the non-linearities in the on-board regenerative channel. The draft white book specifies in section 3.3.4.1 for the on-board non-linearities for the regenerative channel:
· The phase deviation due to nonlinearity must not exceed TBD degrees over the frequency range of +/- 2*Fchip.  
· The transmit in-band gain deviation from an ideally flat gain shall be constant to within +/- TBD dB over +/- Fchip.   

It is desirable for the phase and gain to be constant across all frequencies; otherwise there is temporal smearing of the signal. However, since the range measurement is performed using the clock signal at frequency Fchip/2 (the other part of the spectrum is just for ambiguity resolution), the specifications do not need to be very stringent for reasons of range accuracy. Non-linearities could mainly have an impact on the acquisition time of the sequence due to loss of correlation. 

In this doc, the focus lies on the loss of correlation against the different probing sequences due to non-linearities in the on-board (regenerative) transmit channel and the consequent impact on the acquisition time.
The analysis to compute the increase in acquisition time due to non-linear Tx channel is largely performed in the frequency domain, and can be summarised as follows:

· Compute spectrum of regenerated ranging sequence X(f)

· Specify a Tx channel in terms of  gain and phase non-linearity and compute the transfer function H(f)

· Compute Y(f), the output spectrum and apply the inverse FFT to get a time domain sequence y(t)

· Perform correlation against the ideal ranging sequence to get in-phase and out-of-phase correlation values.

· Calculate the acquisition time
2 The input spectrum

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 2 Mchip/s (range clock 1 MHz), is about 1 Hz.
All spectra are normalised with respect to the chip rate Fchip, while the magnitude scale is logarithmic.

Figure below shows the spectrum for the basic Tausworthe sequence (referred to as Taus) with a square chip-waveform.
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3 analysed cases
The approach is to specify a few ‘non-linear Tx channel’-cases and to compute the increase in terms of acquisition time at the Groundstation assuming parallel processing. The goal is to find a reasonable specification for the in-band phase and amplitude ripple that causes negligible degradation. In this context ‘negligible degradation’ is taken to correspond to less than 10 % increase in acquisition time (for 99.9 % probability of successful acquisition). This corresponds to about a loss of about 0.5 dB, which is considered a good engineering value for acceptable degradation. (In absolute values, this is about 7 seconds for the basic Tausworthe sequence at 20 dBHz.).
The first specs for the Tx channel linearity are as follows (to distinguish between in-band and out-of band, the out-of-band ripples are taken to be 2 times the in-band ones)
3.1 CASE 1: reference channel
In-band

· Gain ripple = +/- 0.5 dB 

over +/- Fchip

· Phase ripple A = +/- 5 deg  

over +/- 1.3*Fchip

· Group delay = 1/Fchip 

over +/- 1.3*Fchip 
· In band group-delay ripple = +/- (5π/180)*9/(4*(1.3*Fchip))

· 100 ns-pp for 3 Mchip/s

· 302 ns-pp for 1 Mchip/s

Out-of-band
· Gain ripple = +/- 1 dB
· Phase ripple A = +/- 10 deg

· Group delay is = 0.5/Fchip

· Out-of-band band group-delay ripple = +/- (10π/180)*9/(4*(1.3*Fchip))

The figure below shows a detailed plot of the applied ripple:
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For simplicity, the phase ripple is given by a cosine function:
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with A the phase ripple amplitude (i.e. 5 deg in-band) and where α is a measure for the rate of change of the phase over the given frequency range. Then, the group delay ripple can be written as
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and so the amplitude of the group delay ripple is simply A* α. For the above case α is set to 9/(4*1.3*Fchip) and so the peak-to-peak group delay ripple in-band is approximately 302 ns-pp for Fchip = 1 Mcps and 100  ns-pp for Fchip= of 3 Mcps.
The overall filter characteristics are shown below. The -3 dB cut-off frequencies are around 1.5*Fchip, while at 2*Fchip, we have -7 dB
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The output spectrum is easily calculated by multiplying the input spectrum with the filtered characteristics. The output sequence is computed by applying the inverse FFT algorithm to the output spectrum. 

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 [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 output sequence obtained from the IFFT against the ideal PN sequence, we can obtain ξ and ψ and so calculate Tacq. The calculated acquisition times including on-board non-linearities are plotted below (full-parallel case) versus the ranging signal to noise power spectral density ratio. Probability of successful acquisition is 99.9 %.
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For the Tausworthe sequence, the increase in acquisition is a little bit more than 9%, resulting in about 7 sec at a low PRNG/N0 of 20 dBHz and less than 2 seconds at nominal PRNG/N0 value of 27 dBHz. For the BT4, the acquisition time is lengthened by 10%, i.e. just 4 seconds at 20 dBHz and less than 1 second at 27 dBHz. For the BT2, the relative increase of 10% results in a negligible increase in absolute time. 
3.2 CASE 2: Channel with increased ripple
To check how much margin we have on the specifications from CASE 1, a second channel is considered in which all the in-band ripple are twice as big as above (i.e. 2 dB peak to peak for the gain ripple  and 20 deg peak to peak for the phase).
In-band

· Gain ripple = +/- 1 dB 

over +/- Fchip

· Phase ripple = +/- 10 deg  

over  +/- 1.3*Fchip

· Group delay = 1/Fchip 

over +/- 1.3*Fchip 

· In band group-delay ripple = +/- (10π/180)*9/(4*(1.3*Fchip))

· 200 ns-pp for 3 Mchip/s

· 304 ns-pp for 1 Mchip/s

Out-of-band
· Gain ripple = +/- 2 dB

· Phase ripple = +/- 20 deg

· Group delay is = 0.5/Fchip

· Out-of-band band group-delay ripple = +/- (20π/180)*9/(4*(1.3*Fchip))

Due to the large gain ripples, the frequency behaviour shown in the figure below looks a bit ‘artificial’. The -3 dB cut-off frequencies again lie around 1.5*Fchip, while at 2*Fchip, we have an attenuation of -8 dB
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The plot below shows the computed acquisition times: as can be seen, not much change with respect to the previous case. In fact, the relative increase in acquisition time with respect to the ideal theoretical one is just over 10 % (for Taus, for the BT4 and BT2 this is about 11%), this is hardly more than for case 1 despite that the ripple in-band has been doubled. This leads to the observation that the PN sequences are quite tolerant against non-linearities and that there is little need for tight specifications on the transmit channel linearity in terms of gain and phase ripple.
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In the specifications from above, the group delay changes by 0.5/Fchip over the frequency range (i.e. 1/Fchip in the range +/- 1.3*Fchip, 0.5/Fchip outside). Reducing this group delay difference between in-band and out-of-band, we get the following:

Table 3‑1: Relative increase in acquisition time as a function of the difference in group delay in-band and out-of-band

	Difference between in-band and out-of-band group delay
	Relative increase in acquisition time


	0.5/Fchip
	10.6 %

	0.4/Fchip
	8.8 %

	0.3/Fchip
	7.6 %

	0.2/Fchip
	6.7 %

	0.1/Fchip

	6.0 %

	0
	5.6 %


The acquisition time is more susceptible to variation of the group delay over the frequency range than it is to gain and phase ripple in this band. If we want to neglect the contribution from the out-of-band characteristics, we can allow only a small deviation from phase linearity over a large frequency range, almost +/- 2*Fchip. 
3.3 CASE 3: Linear but narrow Tx channel
Whereas the specifications for the case 1 and case 2 are considered relaxed but are imposed over a wide bandwidth (i.e. +/- 1.3*Fchip for the phase ripple), in this section, the opposite is true: tight spec are imposed but over a narrow bandwidth (+/- Fchip for both gain and phase). The characteristics of the on-board transmit non-linear channel are described and shown below.

In-band (i.e. +/- Fchip)
· Gain ripple = +/- 0.25 dB


over +/- Fchip
· Phase ripple = +/- 2.5 deg


over +/- Fchip

· Group delay = 1/Fchip


over +/- Fchip
· In band group-delay ripple = +/- (2.5π/180)*9/(4*Fchip)
· 65 ns-pp for 3 Mchip/s

· 196 ns-pp for 1 Mchip/s

Out-of-band 

· Gain ripple = +/- 0.5 dB 

· Phase ripple = +/- 5 deg

· Group delay is = 0.5/Fchip

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

The figures below show the ripple and the overall magnitude and phase responses.
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The figure shows the -3dB cut-off frequencies at around 1.5*Fchip. 

The calculated acquisition times including on-board non-linearities are plotted below versus the ranging signal to noise power spectral density ratio. 

As can be seen, the time to acquire the full Taus sequence is increased by about 14 seconds at low PRNG/N0 (20 dBHz). For 27 dBHz, the increase in acquisition time does not exceed 2 seconds. For the BT4 sequence, the increase is about 7 sec at 20 dBHz and less than 2 second at 27 dBHz. For the BT2 sequence, the increase (in absolute time) is close to negligible (less than 0.5 sec even at 20 dBHz).
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What is important to note is that the degradation is bigger than for case 1 and case 2. This leads to the conclusion that bandwidth seems to be more important than linear in-band behaviour. Also, as the ‘gain bandwidth’ in this case does not differ from the case 1 (both +/- Fchip), the term bandwidth here should be regarded as the band over which the phase has a constant linear trend.

4 Summary and Conclusion

To summarise the results from above, we can say that for all PN sequences:
· For a given bandwidth, all PN sequences are quite tolerant against gain and phase ripple concerning their acquisition time
· It is preferred to have a large bandwidth over which a linear phase trend is maintained (or the group delay is constant).

In short, we can say that concerning the acquisition time of all PN sequences, bandwidth is more important than linearity. For example, Table 3-1 shows that the sequence acquisition time is quite susceptible to a difference in phase slope. To be able to neglect the out-of-band contribution, the frequency range over which the phase should follow a constant linear trend must be quite large, in the order of +/- 2*Fchip. 

One could therefore be tempted put a specification over the range +/- 2*Fchip. For a small chip-rate, say 500kchip/s and at PRNG/N0 = 20 dBHz or possible even lower, a specification over 2 MHz seems both feasible and useful. However, at chip-rate of 3 Mchip/s, a specification over +/-2*Fchip corresponds to a bandwidth of 12 MHz. This is very large and moreover difficult to justify in case of a good signal to noise ratio say 30 dBHz: the 10 % increase in acquisition time corresponds then to a negligible value in absolute time. 

From this simple observation, it is clear that a single specification to fit all scenarios is not easy. Alternatively, one could distinguish between low and high SNR or between chip-rates. This is proposed to the working group as a point for discussion.
A proposed specification for section 3.3.4.1 is:
[image: image14]
These values are considered to be practically feasible and to have negligible impact on the sequence acquisition time (order seconds over the PRNG/N0 range down to 20 dBHz for all sequences). 
ANNEX A: On-board acquisition times
In addition, the sequence on-board acquisition times assuming only 6 correlators can easily be calculated as well by multiplying the times with the length of the longest sequence, i.e. 23. This indicates that sequence acquisition time at the groundstation is shorter than on-board by a factor 23 for the same PRNG/N0.  This is in general compensated by the power unbalance between the uplink and downlink, a factor of 23 being equivalent to approximately 13 dB.

For example, for on-board Rx channel specifications (same as reference channel)

In-band

· Gain ripple = +/- 0.5 dB 

over +/- Fchip

· Phase ripple A = +/- 5 deg  

over +/- 1.3*Fchip

· Group delay = 1/Fchip 

over +/- 1.3*Fchip 

· In band group-delay ripple = +/- (5π/180)*9/(4*(1.3*Fchip))

· 100 ns-pp for 3 Mchip/s

· 302 ns-pp for 1 Mchip/s

Out-of-band
· Gain ripple = +/- 1 dB

· Phase ripple A = +/- 10 deg

· Group delay = 0.5/Fchip

· Out-of-band band group-delay ripple = +/- (10π/180)*9/(4*(1.3*Fchip))

the on-board acquisition times are plotted below. 
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The phase deviation due to nonlinearity must not exceed 10 degrees over the frequency range of +/- 1.3*Fchip.


The transmit in-band gain deviation from an ideally flat gain shall be constant to within +/- 1 dB over the frequency range of +/- Fchip.








� Note that for the worst-case Tausworthe sequence, 10% corresponds to about 7 seconds at 20 dBHz.


� A difference of 0.1/Fchip corresponds to 100 ns for Fchip = 1Mchip/s and 33 ns for 3 Mchip/s.
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