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		2.4.17A	MODULATION METHODS FOR HIGH SYMBOL RATE TRANSMISSIONS, SPACE RESEARCH, SPACE-TO-EARTH, CATEGORY A

The CCSDS,

considering

(a)	that efficient use of RF spectrum resources is imperative with the increasing congestion of the frequency bands;

[bookmark: _Ref517081299][bookmark: _Ref517081490][bookmark: _Ref517081493](b)	that the SFCG has approved a Recommendation,[footnoteRef:1] specifying a spectrum mask for Space Research Category-A Space-to-Earth links operating in certain bands;,[footnoteRef:2] and a Recommendation[footnoteRef:3] limiting the maximum bandwidth in the 8450–8500 MHz band to 10 MHz per mission; [1: NOTES:

 See SFCG Recommendation 21-2R24 or latest version.]  [2:  Category A bands are: 2200-2290 MHz and 8450-8500 MHz.]  [3:  See SFCG Recommendation 5-1R5 or latest version.] 


[bookmark: _Ref517081495][bookmark: _Ref517081398][bookmark: _Ref517270517](c)	that suppressed carrier modulation techniques, such as GMSK[footnoteRef:4] and, baseband filtered OQPSK,[footnoteRef:5] and filtered SRRC–8PSK[footnoteRef:6] modulations, can meet the SFCG Recommended1 spectrum mask for symbol rates in excess of 2 Ms/s; [4:  Gaussian Minimum Shift Keying (BTS = 0.25), with pre-coding as in figure 2.4.17A-1 (see CCSDS 413.0-G-3).  B refers to the one-sided 3-dB bandwidth of the filter.]  [5:  Filtered (Square Root Raised Cosine  = 0.5) Offset QPSK; Butterworth 6 poles, BTS = 0.5; agencies may also utilize filtered OQPSK modulation with other types of bandpass filters provided that the equivalent baseband BTS is not greater than 0.5 and they ensure compliance with SFCG Recommendation 21-2R2 (or latest version) and interoperability with the cross-supporting networks. B refers to the one-sided 3-dB bandwidth of the filter.]  [6:  Square Root Raised Cosine filter with α = 0.35  (see Annex 1).] 


(d)	that since GMSK modulation is inherently differential in nature,  the use of GMSK with precoding is necessary to optimize bit error rate performance; 

(e)	that GMSK4 and baseband filtered OQPSK5 modulation types can be demodulated using a conventional OQPSK receiver, but with differing end-to-end losses;

(f)	that GMSK4 and baseband filtered OQPSK5 modulations have only a small performance degradation as compared with ideal unfiltered suppressed carrier systems, and that the  performance degradation of filtered SRRC-8PSK6 can be compensated by missions requiring higher symbol rates;

(g)	that some space agencies currently have no plans to modify their existing OQPSK ground  station receivers to optimize reception of GMSK4 and baseband filtered OQPSK5 signals, so that these two modulation techniques will incur greater losses than unfiltered OQPSK;5

(h)	that  GMSK and baseband filtered OQPSK modulations have immunity to interference (wideband and narrow band) comparable to unfiltered BPSK when demodulated with an OQPSK receiver matched to an unfiltered OQPSK waveform; the interference immunity of these modulations when demodulated with matched filter receivers is equivalent to or better than BPSK;

(i)	that a phase imbalance of less than 5 degrees and an amplitude imbalance of less than 0.5 dB should result in acceptable performance degradations;

2.4.17A	MODULATION METHODS FOR HIGH SYMBOL RATE TRANSMISSIONS, SPACE RESEARCH, SPACE-TO-EARTH, CATEGORY A (Continued)

noting

that the constellation bit mapping for SRRC-8PSK is different for coding in accordance with in CCSDS 131.0-B-3, CCSDS 131.2-B-1 and CCSDS 131.3-B-1;

that the sensitive deep space allocation (Category B) at 8400–8450 MHz has to be protected from Category A emission in the adjacent 8450–8500 MHz band;


[bookmark: _Ref517081606]recommends[footnoteRef:7] [7:  Space agencies requiring cross-support should consider the performance degradation of the filtered OQPSK and GMSK modulation techniques when received with unmatched demodulators at existing ground stations (see performance data in CCSDS 413.0-G-3); the  ordering of modulation types does not imply a preference.] 


(1) that, to comply with the SFCG Recommendation1,3 and to ensure an ability to obtain cross-support in certain Space Research service bands2 GMSK4 or baseband filtered OQPSK5 be used for space-to-Earth transmissions when the telemetry data symbol rates exceed 2 Ms/s.

(2) that, to comply with the SFCG Recommendations,1,3 SRRC-8PSK6 be used for space-to-Earth transmissions when the data symbol rates exceed approximately 10 Ms/s in the 8450–8500 MHz band;

(3) that the modulator’s phase imbalance shall not exceed 5 degrees, and the amplitude imbalance shall not exceed 0.5 dB between the constellation points;

(4) that Category A missions in the 8450–8500 MHz band consider using a post-HPA filter to protect adjacent Category B missions.



[image: ]
[bookmark: F_GMSK_Precoder][bookmark: s2x4x17Af01]Figure 2.4.17A‑1	:  GMSK Precoder
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ANNEX 1

8PSK Modulation Definition

(Normative)

A1.1	GENERAL
The modulation formats here specified shall follow the template provided in table 2.4.17A-1.

[bookmark: s2x4x17At01]Table 2.4.17A-1: Modulation Definition

	Item
	8PSK

	Number of constellation concentric circumferences
	1

	Number of uniformly spaced points per circumference
	N1=8

	Ratio of outer circle to inner circle radius
	N.A.

	Radii relation for unit average symbol level (average symbol energy =1)
	N.A.

	Bit-to-symbol mapping
	Bits 3i (MSB), 3i+1, and 3i+2 (LSB) determine the ith  8PSK symbol.

	Constellation proper
	(See figures 2.4.17A-4 and 2.4.17A-5.)




A1.2	SRRC Channel Filtering



[bookmark: _Ref517083472][bookmark: _Ref517083474]The transfer function of the SRRC filter shall be:[footnoteRef:8],[footnoteRef:9]



where  is the Nyquist frequency and  is the roll-off factor.	The specified value for the roll-off factor is α = 0.35. [8:  SRRC filtering can be practically implemented with baseband filters able to fulfill SFCG Recommendation 21-2R4 (see CCSDS 413.0-G-3).]  [9:  This formulation yields an impulse-response function with dimensions of Hz (or 1/s). Sometimes in literature the transfer function is shown with a multiplication factor  in front. ] 
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ANNEX 1 (Continued)
A1.3	PHASE NOISE

The phase noise for all the oscillators of the communication chain shall be limited according to the mask given in figure 2.4.17A-2 for channel symbol rates above 1 Ms/s.  

[image: ]
[bookmark: s2x4x17Af02]Figure 2.4.17A-2:  Phase Noise Mask Recommendation

A1.4	BIT MAPPING TO CONSTELLATION

The following convention is used to identify each bit in an N-bit field.  The first bit in the field to be transmitted (i.e., the most left justified when drawing a figure) is defined to be ‘Bit 0’,  the following bit is defined to be ‘Bit 1’, and so on up to ‘Bit N−1’.  When the field is used to express a binary value (such as a counter), the Most Significant Bit (MSB) shall be the first transmitted bit of the field, i.e., ‘Bit 0’ (see figure 2.4.17A-3).

[image: ]
[bookmark: _Ref511144219][bookmark: s2x4x17Af03]Figure 2.4.17A-3:  Bit Numbering Convention
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ANNEX 1 (Continued)

For instance, bits 3i, 3i+1, 3i+2 of the modulator input determine the ith 8PSK symbol, where i = 0, 1, 2,…, (N/3)−1, and N is the block size to be transmitted.

Modulations with coding in accordance with CCSDS 131.2-B-1 shall employ a conventional Gray-coded constellation with absolute mapping (no differential coding) as in figure 2.4.17A-4 and with associated bit numbering convention as in figure 2.4.17A-3.

Modulations with coding in accordance with CCSDS 131.0-B-3 and 131.3-B-1 shall employ a conventional Gray-coded constellation with absolute mapping (no differential coding) as in figure 2.4.17A-5  and with associated bit numbering convention as in figure 2.4.17A-3.



[bookmark: _Ref511144208][bookmark: s2x4x17Af04]Figure 2.4.17A-4:  8PSK Symbol Mapping into Constellation (CCSDS 131.2-B-1)




[bookmark: _Ref511144178][bookmark: s2x4x17Af05]Figure 2.4.17A-5:  8PSK Symbol Mapping into Constellation (CCSDS 131.0-B-2 and 131.3-B-1)
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ANNEX 1 (Continued)

A1.5	Coding options

[bookmark: _Ref517083690][bookmark: _Ref517083693]Any coding option[footnoteRef:10],[footnoteRef:11]  among the following subsets shall be used: [10:  CCSDS 131.0-B-3, CCSDS 131.2-B-1, and CCSDS 131.3-B-1 include many coding options to be used in conjunction with VCM or ACM for the Earth Exploration-Satellite Service. For the Space Research Service applications covered by this recommendation, only the few options recommended here are deemed necessary.]  [11:  The given list is not in order of preference.] 


CCSDS 131.0-B-23 LDPC 2/3, LDPC 4/5, LDPC 223/255
CCSDS 131.2-B-1 ACM9, ACM10, ACM11, ACM12
CCSDS 131.3-B-1 MODCOD13, MODCOD14,  MODCOD15, MODCOD16, MODCOD17

Such choice allows transmitting information bit rates in the 710–15 11 Mbs/s range without post-HPA filtering and in the 14–21 Mb/s range with post-HPA filtering while fitting into a 10-MHz channel3, [footnoteRef:12] as specified for the 8450–8500 MHz allocation.  [12:  See Annex 2 for examples of maximum symbol rate and information rate calculations.] 


In case the information bit data rate does not need to be higher than 10 7 MsMb/s but SRRC-8PSK is preferred, any coding options10,11 among the following subset may also be used:

CCSDS 131.0-B-2 3 LDPC 1/2
CCSDS 131.2-B-1 ACM7,  ACM8
CCSDS 131.3-B-1 MODCOD12  
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ANNEX 2

8PSK Occupied Bandwidth Calculations

(Informative)
The interest of using 8PSK modulation is in transmitting the highest possible data rate while fitting into a 10-MHz channel as specified for the 8450-8500 MHz allocation by SFCG. Examples of computation of the ITU occupied (99% power) bandwidth for the SRRC-8PSK (α = 0.35) modulations in this recommendation are given[footnoteRef:13] in Table 2.4.17-1 and Table 2.4.17-2.  [13:  These values are derived from “SCCC – Summary of Definition and Performance”, CCSDS 130.11-G-1 currently under development.
] 


In case coding rates are used, in compliance with section A1.5, that are different from the examples in Table 2.4.17-1 and Table 2.4.17-2, a simple scaling factor (given by the ratio of the two coding rates) can be used to approximate the resulting maximum information bit rate in 10 MHz. The maximum rates in 10 MHz given in the tables are rounded to the nearest decimal digits for simplicity. The computation of maximum information bit rate in 10 MHz does not take into account the overhead of frame marker and frame descriptor (approximately 0.24% ).

	
Coding rate

	

wrt channel symbol rate
	Occupied bandwidth

wrt symbol rate at modulator input
	

wrt information bit rate

	
Maximum symbol rate in 
10 MHz
	
Maximum information bit rate in 10 MHz

	0.464
	2.55 * Rchs
	0.85 * Rs
	1.85 * Rb
	11.7 Ms/s
	5.4 Mb/s

	0.543
	2.55 * Rchs
	0.85 * Rs
	1.58 * Rb
	11.7 Ms/s
	6.3 Mb/s

	0.612
	2.55 * Rchs
	0.85 * Rs
	1.39 * Rb
	11.7 Ms/s
	7.1 Mb/s

	0.701
	2.44 * Rchs
	0.81 * Rs
	1.16 * Rb
	12.3 Ms/s
	8.6 Mb/s

	0.790
	2.44 * Rchs
	0.81 * Rs
	1.02 * Rb
	12.3 Ms/s
	9.7 Mb/s

	0.879
	2.44 * Rchs
	0.81 * Rs
	0.92 * Rb
	12.3 Ms/s
	10.8 Mb/s


[bookmark: _Ref516065879]
[bookmark: _Ref516479406]Table 2.4.17-1: 8PSK Occupied Bandwidth Examples (without post-HPA filter)


The examples of  Table 2.4.17-2 assume that a post-HPA filter is used with following characteristics[footnoteRef:14]: [14:  See “SCCC – Summary of Definition and Performance”, CCSDS 130.11-G-1 currently under development.
] 


5th order elliptic filter
Passband = 1.5 * Rchs
Stopband = 1.25*Passband
Ripple in Passband < 0.1 dB


	
Coding rate

	

wrt channel symbol rate
	Occupied bandwidth

wrt symbol rate at modulator input
	

wrt information bit rate

	
Maximum symbol rate in 
10 MHz
	
Maximum information bit rate in 10 MHz

	0.464
	1.29 * Rchs
	0.43 * Rs
	0.93 * Rb
	23.2 Ms/s
	10.7 Mb/s

	0.543
	1.29 * Rchs
	0.43 * Rs
	0.79 * Rb
	23.2 Ms/s
	12.6 Mb/s

	0.612
	1.29 * Rchs
	0.43 * Rs
	0.70 * Rb
	23.2 Ms/s
	14.2 Mb/s

	0.701
	1.27 * Rchs
	0.42 * Rs
	0.60 * Rb
	23.6 Ms/s
	16.5 Mb/s

	0.790
	1.27 * Rchs
	0.42 * Rs
	0.53 * Rb
	23.6 Ms/s
	18.7 Mb/s

	0.879
	1.27 * Rchs
	0.42 * Rs
	0.48 * Rb
	23.6 Ms/s
	20.8 Mb/s


[bookmark: _Ref516067652]
[bookmark: _Ref516479416]Table 2.4.17-2: 8PSK Occupied Bandwidth Examples (with post-HPA filter)

The examples of Table 2.4.17-1 and Table 2.4.17-2 do not consider pre-distortion of the signal. Whereas constellation pre-distortion does not basically change the occupied bandwidth for 8PSK modulation, a signal-level pre-distortion, which is implementation specific, typically reduces the spectral regrowth of the first sidelobes. Therefore, the numbers in the above tables can be considered worst case values. 

Editor’s Note: need to have tables and footnotes numbering continued from previous section.
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Input NRZ bit stream ak z-1 dk (-1)k to GMSK modulator
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