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I. Introduction

Action Item AI_06-01 was assigned during the last RF&Modulation WG meeting to simulate the RFI from the PN ranging codes to telemetry and telecommand.  In a previous paper RNG-06_06, the candidate PN ranging codes were evaluated based on code acquisition time, range measurement jitter (variance), and range ambiguity resolution.  In this paper, we compare the ranging codes based on RFI to telemetry/telecommand and implementation issues.
Seven pseudo-noise (PN) ranging codes have been considered for the CCSDS standard on regenerative PN Ranging [1].  They are the Tausworthe code (T1), the v=2 Tausworthe code (T2), the v=2 balanced Tausworthe code (T2B), the v=4 Tausworthe code (T4), the v=4 balanced Tausworthe code (T4B), the v=6 Scrambled Stiffler code (S6), and the v=8 Scrambled Stiffler code (S8).  
II. PN Ranging Code Interference to Telemetry/Telecommand
The proposed ranging codes were simulated using both sinewave and squarewave ranging, assuming a phase-modulated (PM) signal.  The telemetry signal is assumed to be BPSK phase modulated directly on the carrier with 72 deg modulation index.  The PN chip rate is chosen to be slightly large than twice the telemetry rate (chip rate is twice the clock frequency).  It is important to keep the PN clock frequency near the nulls of the telemetry spectrum otherwise significant degradation can occur.  The main simulation parameters are listed below:
· 900 kbps Telemetry

· 2 MHz PN chip rate

· 72 deg TLM mod index
· 17.5 deg and 35 deg RNG mod index (square), 49.9 deg RNG mod index (sine)

Squarewave Ranging
Figure 1 thru Figure 4 show the simulated BER using squarewave ranging with 35 deg RNG mod index.  The results show that T1 PN code has the least interference to telemetry, while T2/T2B has the most interference.  T4/T4B and S8 are all slightly worse than T1 in terms of interference, but better than T2/T2B.  S6 is worse than T4/T4B and S8, but still better than T2/T2B.

In the plots, the power allocated to the ranging signal and the carrier has been removed from the total power when computing Eb/No.  Thus Eb/No is calculated by the following equation:
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where 
(tlm is the telemetry mod index (radians)

(rng is the telemetry mod index (radians)


Pt is the total signal power


Rb is the bit rate


No is the noise power spectral density
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Figure 1.  Simulated BER using T1 PN Ranging Code (35 deg Squarewave RNG mod index)
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Figure 2.  Simulated BER using T2/T2B PN Ranging Codes (35 deg Squarewave RNG mod index)
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Figure 3.  Simulated BER using T4/T4B PN  Ranging Codes (35 deg Squarewave RNG mod index)

[image: image5.png]Theory, No PN Ranging

= S8 PN Code
—&— 56 PN Code

5 6 7
Eb/Mo, dB





Figure 4.  Simulated BER using S6/S8 PN  Ranging Codes (35 deg Squarewave RNG mod index)

The following four figures show the simulated BER using the candidate PN codes with 17.5 deg ranging mod index.  In almost all cases, the telemetry loss due to ranging is negligible although the T2/T2B code is again comparatively the worst (0.1 dB loss compared to ideal BER with no PN ranging).
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Figure 5.  Simulated BER using T1 PN Ranging Codes (17.5 deg Squarewave RNG mod index)
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Figure 6.  Simulated BER using T2/T2B PN Ranging Codes (17.5 deg Squarewave RNG mod index)
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Figure 7.  Simulated BER using T4/T4B PN Ranging Codes (17.5 deg Squarewave RNG mod index)
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Figure 8.  Simulated BER using S6/S8 PN Ranging Codes (17.5 deg Squarewave RNG mod index)
Sinewave Ranging
Figure 9 thru Figure 12 shows the simulated BER using the candidate PN codes with 49.9 deg ranging mod index.  This ranging modulation index was chosen so that the power in the ranging signal was equivalent to the ranging power with a 35 deg squarewave ranging mod index.  Assuming that the uplink ranging SNR is high, the Eb/No on the downlink with sinewave ranging is given by:
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where Jo(x) is the zeroth order Bessel function of the first kind.

The BER plots again show that T1 causes the least interference to telemetry, followed by T4/T4B, S8, S6, and T2/T2B.
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Figure 9.  Simulated BER using T1 PN Ranging Codes (49.9 deg Sinewave RNG mod index)
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Figure 10.  Simulated BER using T2/T2B PN Ranging Codes (49.9 deg Sinewave RNG mod index)
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Figure 11.  Simulated BER using T4/T4B PN Ranging Codes (49.9 deg Sinewave RNG mod index)
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Figure 12.  Simulated BER using S6/S8 PN Ranging Codes (49.9 deg Sinewave RNG mod index)

Summary of BER Results

Table 1 summarizes the BER simulations with the candidate PN ranging codes using both squarewave and sinewave ranging.  Several observations can be made:

1. With a low ranging mod index (≤ 17.5º), all codes have small or negligible losses due to interference from the ranging signal.  
2. At higher ranging mod index, T1 code performs the best while T2/T2B performs the worst.

3. The codes with the strongest ranging clock component perform the best (e.g., T1).  Intuitively, this makes sense since the positive and negative halves of the clock component cancel during integration over the bit period (true when the bit period is an even multiple of the PN chip period).

4. In terms of interference to telemetry, the power in the ranging signal matters much more than whether the ranging pulse shape in squarewave or sinewave.
Table 1.  Telemetry Degradation at 10-3 BER due to Self-Interference from PN Ranging signal
	Candidate PN Code
	17.5º Squarewave Ranging
	35º Squarewave Ranging
	49.9º Sinewave Ranging

	T1
	Negligible
	negligible
	negligible

	T2
	-0.1 dB
	-0.5 dB
	-0.45 dB

	T2B
	-0.1 dB
	-0.45 dB
	-0.45 dB

	T4
	Negligible
	-0.1 dB
	-0.1 dB

	T4B
	Negligible
	-0.1 dB
	-0.1 dB

	S6
	Negligible
	-0.25 dB
	-0.25 dB

	S8
	Negligible
	-0.1 dB
	-0.1 dB


III. Implementation Issues
In terms of implementation, codes from the same family (i.e., Tausworthe and Stiffler codes) have roughly the same complexity.  Since almost all the processing is performed digitally, complexity is mainly a concern onboard the spacecraft while ground processing complexity is not a constraining factor.  

Codes with longer acquisition times (e.g., T1) may require additional parallelization to decrease acquisition time, which adds to implementation complexity.  However, the T1 codes have been implemented in hardware before, both on the Space Transponding Modem (STM) and for the New Horizons mission.  Thus the implementation for the T1 code is not prohibitively complex.
The logic need to generate the scrambled Stiffler codes is slightly more complex than the Tausworthe codes; however the difference is small.  The processing needed for the Stiffler codes acquisition algorithm also seems to be slightly higher than for the Tausworthe codes.
In terms of hardware heritage, the Tausworthe code (T1) has been implemented both in Deep Space Network, and in the ESA breadboard and STM transponders.  The Stiffler codes have not been used operationally in any deep space mission.

IV. Ranking of Ranging Codes

In Table 2, we assign scores to each candidate code in four different categories: range measurement accuracy (jitter due to thermal noise), acquisition time, interference to TC/TM, and hardware implementation/heritage.  These scores are based on results from this paper, as well as previous JPL and ESA studies [1][2].  
Furthermore, the categories are weighted differently for two different applications, as discussed during the Spring 2006 RF&Modulation WG meeting.  Case 1 covers Mars/inner planetary missions requiring high accuracy ranging for radio science.  The mission characteristics for Case 1 are relatively high uplink and downlink ranging SNR’s, high ranging clock frequency, moderate range ambiguity resolution (shorter PN codes allowed), and shorter ranging integration times.  For Case 1 missions, range measurement accuracy and acquisition time are more important than interference to TC/TM and hardware implementation.  The overall score for Case 1 is computed using the following weighting:
Case 1 Overall Score = 1.0*Range Measurement Accuracy + 1.0*Acquisition Time + 0.5*Interference to TC/TM + 0.5*Hardware Implementation/Heritage

Note that the ranking scores and weightings are inherently subjective, but are needed to form a metric for comparing the performance of the candidate codes in different areas and their relative importance in different mission scenarios.  

Case 2 is for outer planetary missions characterized by moderate uplink ranging SNR and low downlink ranging SNR, large range ambiguity resolution (long PN codes), moderate ranging clock frequency, and long ranging integration times.  For Case 2 missions, interference to TC/TM and range measurement accuracy at low SNR take precedence, while acquisition time becomes less important due to long round-trip light times.  Our weighting for Case 2 is given by the following equation:
Case 2 Overall Score = 1.0*Range Measurement Accuracy + 0.5*Acquisition Time + 0.8*Interference to TC/TM + 0.5*Hardware Implementation/Heritage

Table 2.  Ranking of Candidate PN Codes (10 =best, 1=worst)

	Candidate PN Code
	Range Measure-ment Accuracy
	Acquisition Time
	Interference to TC/TM
	Hardware Implemen-tation/ Heritage
	Overall Score

(Case 1 weighting)
	Overall Score

(Case 2 weighting)

	T1
	10
	2
	10
	8
	21.0
	23.0

	T2
	2.5
	10
	4
	6
	17.5
	13.7

	T2B
	3
	10
	4
	6
	18.0
	14.2

	T4
	9
	5
	9
	6
	21.5
	21.7

	T4B
	9
	5
	9
	6
	21.5
	21.7

	S6
	5
	9
	6
	5
	19.5
	16.8

	S8
	9
	6
	9
	5
	22.0
	21.7


Using this method for ranking the PN codes, the best PN code for Case 1 missions is the scrambled Stiffler v=8 (S8).  The best PN code for Case 2 missions is the original Tausworthe code (T1).  
V. Conclusions

Based on the comparison of the seven candidate PN ranging codes based on four different categories, the S8 code had the highest score for Case 1 missions (Mars/inner planetary radio science) and the T1 code had the highest score for Case 2 missions (outer planetary and low ranging SNR missions).  However, given that it would be preferrable to have PN codes from the same family for both cases, we would recommend a combination of the T1 and T4B codes for the CCSDS recommendation on PN ranging.
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