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1 INTRODUCTION

1.1 PURPOSE

The purpose of this document is to provide a Recommendation for Space Data System Standards in the area of  high accuracy PN ranging systems.  

Several up-coming missions require more accurate spacecraft position determination compared to currently supported missions. In several cases, a possible solution to cope with these new requirements is the use of  regenerative PN ranging systems. Regenerative Ranging presents several advantages with respect to the classical Sequential Ranging, which is the approach at present used by CCSDS Agencies supporting deep space missions.  This novel technique requires the use of PN codes with important impacts for on-board transponder and Earth station design, differently from sequential systems for which transparent transponders are normally used. 

Even though the advantages of  regenerative ranging are mainly relevant to the low SNR case (for instance in deep space missions), the use of PN ranging with transparent on-board processing is also possible. This solution is very attractive in presence of good link margin (for instance in near Earth applications) or when accurate performances are not needed. A transponder based on transparent ranging channel present a reduced complexity with respect to the regenerative case.

1.2 SCOPE

This Recommendation defines the PN ranging systems to be used for high accuracy ranging.  The specification is driven by deep space missions but could be applied also to missions to Lagrangian points or even Earth orbiting missions.

1.3 APPLICABILITY

This Recommendation applies to the creation of Agency standards and to future data communications over space links between CCSDS Agencies in cross-support situations.  It applies also to internal Agency links where no cross-support is required.  It includes specification of the services and protocols for inter-Agency cross support.  It is neither a specification of, nor a design for, systems that may be implemented for existing or future missions.

The Recommendation specified in this document is to be invoked through the normal standards programs of each CCSDS Agency and is applicable to those missions for which cross support based on capabilities described in this Recommendation is anticipated.  Where mandatory capabilities are clearly indicated in sections of the Recommendation, they must be implemented when this document is used as a basis for cross support.  Where options are allowed or implied, implementation of these options is subject to specific bilateral cross support agreements between the Agencies involved.

1.4 RATIONALE

The CCSDS believes it is important to document the rationale underlying the recommendations chosen, so that future evaluations of proposed changes or improvements will not lose sight of previous decisions.  Concept and rationale behind the decisions that formed the basis for this recommendation will be documented in the CCSDS PN Ranging Systems Green Book, which is under development.

1.5 CONVENTIONS AND DEFINITIONS

1.5.1 DEFINITIONS

1.5.2 NOMENCLATURE

The following conventions apply throughout this Recommendation:

1.5.3 CONVENTIONS

In this document, the following convention is used 

1.6 REFERENCES

[1]
Radio Frequency and Modulation Systems—Part 1  Earth stations and spacecraft.  Recommendation for Space Data System Standards, CCSDS 401.0-B.  Blue Book.  Washington, D.C.: CCSDS, December 2003.

[2]
J. B. Berner, J. M. Layland, P. W. Kinman and J. R. Smith, “Regenerative Pseudo-Noise Ranging for Deep-Space Applications,” Telecommunications and Mission Operations (TMO) Progress Report 42-137, Jet Propulsion Laboratory, Pasadena, CA, May 15, 1999.

[3]
DSMS Telecommunications Link Design Handbook, 214 Pseudo-Noise and Regenerative Ranging, 810-005, Rev. E, March 31, 2004.

[4]
J. M. Wozencraft and I. M. Jacobs, Principles of Communication Engineering.  New York: Wiley, 1965. 

[5]
R. C. Titsworth [subsequent to publication of this paper, the author changed his surname to Tausworthe], “Optimal Ranging Codes,”  IEEE Trans. Space  Elec. & Telem., vol. SET-10, pp. 19-30, March 1964.

[6]
J. J. Stiffler, “Rapid Acquisition Sequences,” IEEE Trans. Info. Th., vol. IT-14, pp. 221-225, March 1968.

[7]
J. Ganz, A. P. Hiltgen, and J. L. Massey, Final Report ESTEC Contract No. 8579/89/NL/DG Definition of Codes for User Ranging via DRSS at Ka-Band, Institute for Signal- and Information Processing, ETH Zurich, March 1990.

[8]
J. Ganz, A. P. Hiltgen and J. L. Massey, “Fast Acquisition Sequences,” Proc. 6th Int. Symp. on Comm. Theory and Appl., Ambleside, England, 15-20 July 2001, pp. 471-476.

[9]
J. L. Massey, “Study on PN Ranging Codes for Future Missions,” Final Report, ESA/ESOC Contract No. 17954/03/D/CS(SC), November 2004.

2 overview

3 REQUIREMENTS 

3.1 Applicability

The PN ranging systems shall be capable of supporting the high accuracy navigation needs of future deep space missions.

3.2 Regenerative Case REQUIREMENTS

3.2.1 Signal structure 

3.2.1.1 PN Code Family

The selected code(s) is
: 

 Option 1 (1999 JPL)

The code is made up of six binary ((1) binary periodic “component sequences”, the first periods of which are as follows:

C1 =  +1 -1  (the range clock)

C2 =  +1 +1 +1 -1 -1 +1 -1

C3 =  +1 +1 +1 -1 -1 -1 +1 -1 +1 +1 -1

C4 =  +1 +1 +1 +1 -1 -1 -1 +1 -1 -1 +1 +1 -1 +1 -1

C5 =  +1 +1 +1 +1 -1 +1 -1 +1 -1 -1 -1 -1 +1 +1 -1 +1 +1 -1 -1

C6 =  +1 +1 +1 +1 +1 -1 +1 -1 +1 +1 -1 -1 +1 +1 -1 -1 +1 -1 +1 -1 -1 -1 –1

The component sequence C1 is the period-2 range clock.  

Component sequences C2, C3, C4, C5 and C6 are all PN sequences with relatively prime periods 7, 11, 15, 19 and 23, respectively.  The component sequences determine each chip of the ranging sequence in the manner that the ranging-sequence chip is a +1 if and only if C1 has a +1 at that position or if all five of the sequences C2, C3, C4, C5 and C6 have a +1 at that position, or both.  This manner of generating the ranging sequence is shown symbolically in block diagram form in Fig. 3-1.

The resulting ranging sequence C is periodic with length L = ((((( = 1,009,470 chips.
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where the combining logic is
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Figure 3‑1:  Ranging code generation (option 1)3 TC  \f G "-1
Oscillator Phase Noise"

Option 2 (Weighted-voting Tautsworthe, v=2)

The code is made up of the same six binary ((1) binary periodic “component sequences”, of options 1 with a different combination algorithm based on a giving v=2 votes to the clock component C1 as shown in Fig. 3-2.
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Figure 3‑2:  Ranging code generation (option 2 and 3)

The resulting ranging sequence C is periodic with length L = ((((( = 1,009,470 chips.

Option 3 (Weighted-voting Tautsworthe, v=4)

The code is made up of the same six binary ((1) binary periodic “component sequences”, of options 1 with a different combination algorithm based on a giving v=4 votes to the clock component C1 as shown in Fig. 3-2.

The resulting ranging sequence C is periodic with length L = ((((( = 1,009,470 chips.

Option 4 (Scrambled Weighted-voting Stiffler, v=6)

The code is given by:

[image: image6.png]20
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where v=6 is the vote given to the ranging clock component s1(t) and si(t) are the outputs of a 20-bit counter with increment d = (221 + 1)/3 = 699051 after bit-to-level conversion (bit 0 into level +1 and bit 1 into level -1) as shown in Fig. 3-3. 
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Figure 3‑3:  Ranging code generation (option 4 and 5)

The resulting ranging sequence C is periodic with length L = 220 = 1,048,576 chips.

Option 5 (Scrambled Weighted-voting Stiffler, v=8)

The code is generated as in option 4, the only difference being that v=8 votes are given to the ranging clock component s1(t) as shown in Fig. 3-3.

The resulting ranging sequence C is periodic with length L = 220 = 1,048,576 chips.

3.2.1.2 Up-link Signal Modulation

The up-link signal modulation is based on linear phase modulation
. The modulation index shall be selected in the range  0.1 to 1.4 radians peak.

3.2.1.3 Up-link Chip Rate

The ranging signal chip rate shall be frequency coherent with the up-link carrier as given by the following expression:
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where
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Fchip

is the chip rate in Mchip/s
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Table 3‑1:  Uplink chip rate

· NOTE1: The present configuration of the ESA ground station doesn’t allow to easily implement the above ratios between chip rate and carrier frequency. Applying the simplest H/W implementation, the selected value will be different with respect to the theoretical one, the offset shall be 
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(TBC). According to this approach the chip rate shall be coherent to the up-link carrier frequency (same reference oscillator) and very close to the values indicated in Table 3-1. 

· NOTE2: Due the on-board digital implementation it may be reasonable to select the actual chip rate (via proper command) using all the bits of the on-board NCO frequency control word. This could help avoiding possible conflict and interference issues between the other signal components (telecommand and telemetry). 

For interoperability reasons, the chip rates shall be limited to two values: the preferred value of approximately 2 Mchip/s obtained by plugging k=4 in table 3-1 equations and a lower value of approximately 1 Mchip/s obtained by selecting k=5  in table 3-1. 

3.2.1.4 In-flight Chip Rate selection

In case an in-flight selection of the chip rate is required by the mission profile, the selection of the proper chip rate shall be performed among the values indicated in section 3.2.1.3 and stored inside the transponder before launch. 

3.2.1.5 Down-link Signal Modulation

The downlink signal shall be Linear Phase
 modulated. The modulation index shall be in the range 0.1-0.7 radians peak.   

3.2.1.6 Down-link Chip Rate

The down-link chip rate shall be frequency coherent with the up-link chip rate. In case of transponder in coherent mode, the down-link chip rate shall be frequency coherent with the downlink carrier.

3.2.2 On-boArd processing

3.2.2.1 Processing Functions

a. The on-board transponder shall implement the following ranging functions: 

· carrier tracking and ranging signal demodulation; 

· chip rate selection via command (see section 3.2.1.4);

· chip rate acquisition and tracking
; 

· phase-code acquisition and tracking;

· coherent retransmission of regenerated code on the down-link signal.
b. The following two independent mode selections shall be accessible by telecommand:    

· Transponder coherent / non-coherent
;

· Ranging modulation on/off.     
3.2.2.2 Ranging Signal Acquisition Performances

c.  The on-board receiver shall acquire the PN code for the whole dynamic of input signal power (down to the minimum ranging power over noise spectral density, Pr/No), frequency shift (Df/F) and Doppler rate (R).  

These values depend on the selected mission
.  

NOTE The aided acquisition strategy (using the carrier frequency to estimate the chip rate value) allows keeping the ranging signal in the loop pull-in also in case of narrow code loop bandwidth. This is particular useful in case of low Pr/No.

d. Acquisition Time and Probability – The on-board receiver shall acquire the ranging code phase in a time (Tacq) less than TBD sec with a probability of acquisition greater that 99.9% and a probability of false acquisition less than 10-6.  The acquisition performances are related to the input signal power (Pr/No), frequency shift (Df/F), Doppler rate (R) and selected ranging code (code family and chip rate).   
3.2.2.3 Ranging Lock Status 

e. Two separate lock status (TBC) shall be provided as telemetry information to the on-board computer:

· the chip rate code tracking loop status (lock/unlock) (TBC);

· the code phase detection status  (detected/not-detected).

f. The code phase detection status (which gives the global result on the code acquisition/tracking algorithm) shall be used to activate the ranging turn-around function with the application of the regenerated ranging signal to the downlink modulator for transmission.

3.2.2.4  On-board Ranging Stability 

g. For the purpose of ranging measurement, the end-to-end ranging delay shall meet the following requirements.

· The average ranging delay (when averaged over a period of TBD sec shall be constant to within +/- 1/(30*
[image: image17.wmf]Fchip

)
 (TBC). 

· The rms value (as measured in TBD sec) shall be less than TBD nsec
.  

NOTE This specification applies for any values within the nominal range of carrier frequency (taking into account Doppler shift), input level, modulation index, power supply, temperature and lifetime.  

NOTE The chip rate tracking loop performances are crucial for the overall ranging accuracy. Two different tracking errors must be considered: the jitter and the steady state error.

-  The jitter is mainly due to the SNR in the loop and related to the up-link signal power (Pr/No) and the tracking loop bandwidth

-  The steady state error is mainly due to the input signal dynamic and the loop characteristics. Note that, for a first order loop, any frequency shift (Doppler) of the input chip rate will appear as a steady state error in the tracking loop. Besides this error is frequency shift dependent. This can be eliminated implementing a second order loop or using the aided acquisition /tracking approach (in case of carrier and code coherent signal)
.   

h. If specified by mission analysis, the capability of knowing the total on-board delay at any time to a mission-specific accuracy, by means of predicted Doppler and telemetered data of input level, power supply voltage, and temperature shall be implemented.  

NOTE Typical values of calibration accuracy are +/- 1/(500*
[image: image18.wmf]Fchip

)
 (TBC).

3.2.2.5 Down-link Modulation  

a. The regenerated ranging signal shall be applied to the down-link modulator for linear phase modulation.

b. Base-band shaping might be required (TBC) on the PN ranging signal. In this case the shaping filter shall have the following impulse response: 
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c. TX non-linearities 

· Phase non-linearity – The deviation from the phase non-linearity must not exceed TBD degrees over the frequency range of +/- 2*Fchip (TBC).  

· Gain flatness - The Tx in band gain deviation from an ideally flat gain shall be constant to within +/- TBD dB over +/- Fchip (TBC).  .   

d. Other specifications (TBD) 

3.2.3 Ground Station 

3.2.3.1 TX Processing Functions

The ground station transmitter shall implement the ranging function according to the following points: 

· Modulation of the up-link carrier with the PN code 

· Chip rate coherent with the carrier frequency

· Base-band shaping (TBC) on the PN sequence as in section 3.2.25   

NOTE Ranging shall be applied only after on-board carrier acquisition.

NOTE Ranging and telecommand functions can be performed at the same time.  

3.2.3.2 RX Processing Functions

The ground station receiver shall implement the ranging function according to the following points: 

· carrier tracking and ranging signal demodulation 

· chip rate acquisition and tracking
, 

· phase-code acquisition and tracking,

· comparison of TX and RX code epochs for ranging delay evaluation 

NOTE Ranging and telemetry functions can be performed at the same time.  

[  PLACE HOLDER ONLY 
3.2.4 TRANSPARENT RANGING


1.1 On-baord transparent processing

1.1.1 Processing Functions

e. The on-board transponder shall implement the following ranging functions 
:
· Carrier tracking and ranging signal demodulation 

· Video Ranging signal filtering and ALC control (to control the down-link modulation index)

· Down-link signal modulation.     
f. The following two independent mode selections shall be accessible by telecommand:    

· Transponder coherent / non-coherent 

· Ranging modulation on/off.     
g. These requirements shall be applied in all the operational modes as up-link TC on/off and down-link TM on/off. 

1.1.2 Ranging channel non lineraities 
    

h. 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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) in the range from (
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/4) to (7*
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/4).   

i. Gain flatness (TBC) - The end-to-end in band gain deviation from an ideally flat gain shall be constant to within +/- TBD
 dB in the range from (
[image: image23.wmf]Fclock

/2) to (3*
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/2).   

1.1.3   3-dB Bandwidth (TBC)

The  –3dB frequencies shall be below (
[image: image25.wmf]Fclock

/4) and above (7*
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/4) from the carrier.

1.1.4 One-side Noise bandwidth 

 The one-side noise bandwidth shall be ( 2.5*
[image: image27.wmf]Fclock

 (TBC).  

1.1.5 Ranging delay variation 

j. For the purpose of ranging measurement, the end-to-end ranging delay shall be constant to within +/- 1/(30*
[image: image28.wmf]Fchip

)
 (TBC). 

NOTE This specification applies for any values within the nominal range of carrier frequency (taking into account Doppler shift), input level, modulation index, power supply, temperature and lifetime.  

k. If specified by mission analysis, the capability of knowing the total on-board delay at any time to a mission-specific accuracy, by means of predicted Doppler and telemetered data of input level, power supply voltage, and temperature shall be implemented.  

NOTE Typical values of calibration accuracy are +/- 1/(500*
[image: image29.wmf]Fchip

)
 (TBC).

1.1.6 Down-link Modulation  

l. The video ranging signal after filtering and ALC control shall be applied to the down-link modulator for linear phase modulation

m. All the requirements from the present standard (based on sequential ranging) shall be kept, as modulation index selection range, modulator linearity, etc. 

  PLACE HOLDER ONLY ]

ANNEX A 

ANNEX TITLE
(This annex is part of the Recommendation)

Table A-1. Preliminary Specification for on-board PN Regenerative Ranging

	
	Parameter Value

	1- Forward Link (signal received on-bard)
	

	1.1-  Carrier frequency (Fr) 
	7.1 GHz and 34.0 GHz

	1.2 - Linear phase modulation: ranging signal modulation index
	0.1-1.4 rad. pk 

	1.3 - Onboard carrier (un-modulated) signal to noise spectral density 
	C/No > 26 dBHz (TBC)

	1.4 - Ranging signal to noise spectral density 
	Pr/No  = 10 dBHz and  30 dBHz

	1.5 - Chip Rate (
[image: image30.wmf]Fchip

) 
	1 - 2 Mcps 

	1.6 - Chip Rate: carrier and code coherent 
	
[image: image31.wmf]/
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	2- Transponder
	

	2.1 - Carrier regeneration, ranging signal regeneration and coherent turn-around (carrier and code coherently retransmitted) 
	

	2.2 – Baseband processing based on Digital Signal Processing for signal demodulation and modulation
	

	2.3 - Ranging signal acquisition: both aided and not-aided strategy shall be considered (*):

Aided 

Not Aided 

(*) Depending on transponder architecture and frequency plan 
	Knowledge of chip rate from carrier tracking

Knowledge of the chip with a frequency uncertainty of TBD ppm 

	2.4 - Ranging signal acquisition after reception of the proper command : RNG ON 
	

	2.5 - Ranging signal acquisition performances
	Tacq < TBD sec

Prob > TBD %

	2.6 - Transmitted Carrier frequency (Ft) 
	8.4 GHz and 32.0 GHz

	2.7 - Return Chip Rate: carrier and code coherent
	
[image: image32.wmf]/
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	2.8 - Down-link ranging signal modulation (linear phase modulation) 
	

	2.9 – Ranging signal modulation index
	0.1-0.7 rad pk

	3- Return Link (signal received at the ground station)
	

	3.1 - On-ground carrier (un-modulated) signal to noise spectral density 
	C/No > 21 dBHz 

	3.2 - On-ground ranging signal to noise spectral density 
	Pr/No > TBD dBHz

	3.3 - Ranging signal acquisition performances
	Tacq < TBD sec

Prob > TBD

	3.4 – Ranging performances versus integration time 
	TBD meter (rms)


Table A-2: Preliminary Specification for PN Ranging and on-board transparent channel

	3- Return Link (signal received at the ground station)
	

	3.1 - Carrier frequency (Ft) 
	8.4 GHz and 32.0 GHz

	3.2 - Return chip rate 
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 (coherent carrier and chip rate)
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	3.3 - Linear phase: effective modulation index
	As per link budget

	3.4 - On-ground carrier (un-modulated) signal to noise spectral density 
	C/No > 21 dBHz 

	3.5 - On-ground ranging signal to noise spectral density 
	Pr/No > -10 dBHz  or lower

	3.6 - Ranging signal acquisition performances
	Tacq < TBD sec

Prob > TBD %

	3.7 - Ranging performances versus integration time 
	TBD meter (rms)


� This code is such that a strong clock component is present therey simplifying the on-board processing for clock signal acquisition and tracking.


� The use of residual carrier minimises the impact on the current design (both for on-board and ground stations) and on operation procedures. Besides it is the best approach in case of low SNR (for deep space mission). 


� The use of residual carrier minimises the impact on the current design (both for on-board and ground stations) and on operation procedures. Besides it is the best approach in case of low SNR (as for deep space mission). 


� Coherent carrier and code up-link signal allows the use of on-board code aided acquisition/tracking loop; this is particular useful in case of low SNR


� In case of carrier coherent turn around approach, the signal received at ground station is carrier and code coherent as well (as the up-link); this can be used at the ground station for code aided acquisition/tracking loop in particular in case of low SNR. 


� As first cut we can assume the following two operative ranges (TBC):


Pr/No < 30 dBHz, Df/F(30 ppm, R<0.01 ppm/sec.


Pr/No > 30 dBHz, Df/F = +/-30 ( +/-60 ppm, R<0.1 ppm/sec.





�  +/-33 nsec for � EMBED Equation.3  ���=1 Mcps


� It depends on the uplink signal power (Pr/No).  


� Note that Doppler rate is in general negligible. 


�  +/-1 nsec for � EMBED Equation.3  ���=2 Mcps


� Coherent carrier and code down-link signal allows the use of on-ground code aided acquisition/tracking loop; this is particular useful in case of low SNR


� Commonality with the present specification relevant to sequential ranging should be considered. In this way the same transponder could be used for both transparent approaches: PN and sequential.   


� The same function performed by the transparent channel in case of sequential ranging approach. 


� In case of carrier coherent turn around approach, the signal received at ground station is carrier and code coherent as well (as the up-link); this can be used at the ground station for code aided acquisition/tracking loop in particular in case of low SNR. 


� Requirements needed for the minimization of spectral distortion. 


� +/- 0.5 dB for the ECSS ranging standard (see ECSS-E-50-02)


�  +/-33 nsec for � EMBED Equation.3  ���=1 Mcps


�  +/-1 nsec for � EMBED Equation.3  ���=2 Mcps





[image: image35.wmf]Fchip



[image: image36.wmf]Fchip

[image: image37.wmf]Fchip

[image: image38.wmf]Fchip

_1170764888.unknown

_1170765141.unknown

_1170765158.unknown

_1170765171.unknown

_1170765155.unknown

_1170765001.unknown

_1170765018.unknown

_1170764932.unknown

_1145793038.unknown

_1168441930.unknown

_1170163088.unknown

_1170165129.unknown

_1170165145.unknown

_1170165106.unknown

_1168442045.unknown

_1168442057.unknown

_1168441489.unknown

_1139668460.unknown

_1139670542.unknown

