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Abstract—The National Aeronautics and Space Administration (NASA) has recently established  the Tracking and Data Relay Satellite System (TDRSS) K-band Upgrade Project (TKUP), a project intended to enhance the TDRSS Ku-band and Ka-band Single Access Return 225 MHz (Ku/KaSAR-225) data service by adding the capability to process bandwidth efficient signal design and to replace the White Sand Complex (WSC) KSAR high data rate ground equipment and high rate switches which are nearing obsolescence.  As a precursor to this project, a modulation and coding study was performed to identify signal structures which maximized the data rate through the Ku/KaSAR-225 channel, minimized the required customer EIRP and ensured acceptable hardware complexity on the customer platform.  This paper
,2 presents the results and conclusions of the TKUP modulation and coding study
1. Introduction

Figure 1 provides an overview of the TDRSS Ku/KaSAR-225 service.  The service currently supports uncoded Binary Phase Shift Keying (BPSK) up to 150 Mb/sec, rate ½ convolutional coded BPSK up to 75 Mb/sec, uncoded Quadrature PSK (QPSK) or Offset QPSK (OQPSK) up to 300 Mb/sec and rate ½ convolutional coded QPSK or OQPSK up to 150 Mb/sec.  The findings of the TKUP modulation and coding study identified that the TDRSS Ku/KaSAR-225 channel should be able to support data rates up to 420 Mb/sec using QPSK or OQPSK with rate 0.875 Turbo Product Coding (TPC) or Low Density Parity Check Coding (LDPCC), data rates up to 650 Mb/sec using 8-ary PSK (8PSK) with rate 0.875 TPC or LDPC coding and data rates up to 800 Mb/sec using 16-ary Quadrature Amplitude Modulation (16QAM) with rate 0.875 TPC or LDPC coding.
Calling upon many of the findings of the TDRSS Ka-band Data Service (KaDS) modulation and coding study [1], a refined signal structure trade-space was considered for the TKUP modulation and coding study.  The modulation techniques considered included BPSK, OQPSK, 8PSK, 16QAM and 64QAM.  A qualitative look at Gaussian Minimum Shift Keying (GMSK) and (12,4) Amplitude PSK (APSK) is also given.
The coding techniques considered included rate ½ convolutional coding, (128,120)2 TPC coding and NASA/GSFC (8176,7154) LDPC coding.  A qualitative look at (256,239)2 TPC coding and DVB-S2 LDPC coding is provided as well as a discussion on the effects of an outer code on TPC and LDPCC.

An assessment of TKUP hardware readiness/
availability is provided.  The Bit Error Rate (BER) range of interest in this study was 10-5 to 10-9 (with 10-9 being the lowest BER required to be supported by the TKUP service).
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Figure 1 – TDRSS Ku/KaSAR-225 Service Overview

2. approach
The TKUP modulation and coding study was performed using simulation methods.  Figure 2 provides a top-level overview of the end-to-end link simulation model.
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Figure 2 – TDRSS Ku/KaSAR-225 End-to-End Link Simulation Model Overview

The customer transmitter distortion levels assumed for this study are summarized in Table 1.  The customer transmitter power amplifier nonlinear distortions assumed for this study are as shown in Figures 3 and 4.  Customer transmitter bit-shaping is assumed to be a post-modulator 3rd order Butterworth bandpass filter of 3 dB bandwidth 300 MHz.  The customer platform is assumed to be in a Low Earth Orbit (LEO).

The TDRS spacecraft linear and nonlinear distortions used for this study are based upon conservative 1st Generation and 2nd Generation TDRS measurement data.  Figures 5 - 8 provide plots of the TDRS channel magnitude response, channel phase nonlinearity, Power Amplifier (PA) power out versus power in and phase change versus power in used in this study.  The phase noise performance of the TDRS spacecraft is based upon TDRS Flight-8 (F8) component measurement data.  The TDRS is assumed to be operating in Autotrack antenna pointing mode.
The ground terminal distortions assumed for this study are based upon hardware performance specifications and are as described in Table 2.

The data detection method assumed for this study was a 3rd order Butterworth lowpass filter tuned to the data rate followed by a sample-and-hold.  A Butterworth detection filter was chosen so as to match the bit-shaping on the transmitter and to yield what could be termed generic results.  It should be noted, however, that severe bandlimiting occurs through the TDRS channel for most of the data rates considered in this study and, therefore, a detection filter tuned more to the TDRS channel would be a superior choice. 
Table 1 – Assumed Customer Transmitter Distortions

	Parameter
	Value

	Symbol Asymmetry
	3%

	Symbol Jitter
	0.1%

	I/Q Symbol Skew
	3%

	Symbol Rise Time
	5%

	Gain Imbalance
	0.25 dB

	Phase Imbalance
	3(

	Gain Flatness
	(0.3 dB over (80 MHz

	Gain Slope
	0.1 dB/MHz over (80 MHz

	Phase Nonlinearity
	(3( over (80 MHz

	AM/AM
	See Figure 3

	AM/PM
	See Figure 4

	Frequency
Stability
(peak)
	(3 x 10-9 for a 1 second average time

(0.3 ppm for a 48 hour observation time

	Phase
Noise
	1 Hz – 10 Hz:  50.0( rms
10 Hz – 100 Hz:  10.0( rms
100 Hz – 1 kHz:  2.0( rms
1 kHz – 400 MHz:  2.0( rms

	Spurious
Outputs
	-30 dBc

	Spurious PM
	2( rms

	Incidental AM
	5%

	Channel Bandwidth
	300 MHz





[image: image3.emf]-30

-25

-20

-15

-10

-5

0

5

-20 -15 -10 -5 0 5 10

Normalized Input Power (dB)

Normalized Output Power (dB)

Assumed Performance

Measured Performance of an Actual 20

GHz 120 W TWTA - For Comparison

1 dB OBO Operating Point

AM/AM = 0.47 dB/dB

Linear Operating Point

AM/AM = 1.0 dB/dB


Figure 3 – Assumed Customer Transmitter Pout vs Pin
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Figure 4 – Assumed Customer Transmitter (change vs Pin
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Figure 5 – TDRS Spacecraft Ku/KaSAR-225 Channel Magnitude Response
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Figure 6 – TDRS Spacecraft Ku/KaSAR-225 Phase (Nonlinearity) Response
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Figure 7 – TDRS Spacecraft Pout vs Pin Measurement Data
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Figure 8 – TDRS Spacecraft (change vs Pin Measurement Data
Table 2 – Assumed Ground Terminal Distortions

	Parameter
	Value

	Gain Flatness
	(0.3 dB over (80 MHz

	Gain Slope
	0.1 dB/MHz over (80 MHz

	Phase Nonlinearity
	(3( over (80 MHz

	Phase
Noise
	1 Hz – 10 Hz:  1.4( rms
10 Hz – 100 Hz:  1.4( rms
100 Hz – 1 kHz:  3.9( rms
1 kHz – 400 MHz:  1.0( rms

	Channel Bandwidth
	240 MHz


A 2.2 kHz carrier tracking loop bandwidth and a 0.2% channel baud rate symbol synchronizer loop bandwidth were assumed.  A multi-tap adaptive baseband equalizer was assumed.  A receiver loss of 1.5 dB was assumed for this study (applicable to an uncoded, unequalized signal).  This receiver loss was implemented in the simulation model using gain flatness and phase nonlinearity distortions.

This analysis assumed ideal code frame synchronization.  The effects of code frame synchronization errors are not included in this study.  For the block codes considered in this study, methods exist which ensure loss of code frame synchronization is rare.
3. results
Before presenting the results, it is important to provide the theoretical performance of various modulation and coding combinations over a simple AWGN channel.  Table 3 provides a summary of the theoretical required Eb/No to achieve 10-5 BER performance over a simple AWGN channel for most of the modulation and coding combinations considered in this study.

It is also necessary to discuss the BER performance of TPC  versus LDPCC.  In general, a random LDPC code will outperform a TPC code for code rates less than about 0.875, assuming an equal block size.  At code rates equal to or greater than 0.875, the codes can perform equivalently.  If the LDPC code is a structured code, it is likely that the TPC code will outperform the LDPC code, again for a code rate equal to or greater than 0.875 and an equal blocksize.

In this study, a necessarily equivalent comparison between TPC and LDPCC was not performed.  While equivalent code rates were considered, the TPC blocksize was 16 kbits, meanwhile, the LDPC blocksize was 8 kbits.  Additionally, the NASA/GSFC (8176,7156) LDPC code is a structured code.  Of course, an LDPC code generally needs to be structured to enable implementation of the encoder in hardware at reasonable data rates.

Table 3 – Theoretical Required Eb/No over a Simple AWGN Channel for Various Modulation/Coding Pairs

	Modulation
	Coding
	Required Eb/No at 10-5 BER(1)

	BPSK/QPSK/
OQPSK
	None
	9.6 dB

	
	Rate ½ Convolutional Code, K=7
	4.2 dB

	
	(128,120)2 TPC
Rate = 0.879
Block size = 16 kbits
	3.85 dB

	
	(256,239)2 TPC
Rate = 0.872
Block size = 65 kbits
	( 3.75 dB

	
	(8176,7156) LDPCC
Rate = 0.875
Block size = 8 kbits
	4.35 dB

	8PSK
	None
	13.2 dB

	
	(128,120)2 TPC
	6.8 dB

	
	(256,239)2 TPC
	~6.7 dB

	
	(8176,7156) LDPCC
	7.3 dB

	16QAM
	None
	13.5 dB

	
	(128,120)2 TPC
	7.4 dB

	
	(8176,7156) LDPCC
	7.85 dB

	Notes:

1.  Five decoding iterations for TPC & LDPC with 7-bit quantization.


This study had to consider only codes which had a viable chance of being implemented in hardware within the time constraints of the TKUP project.  Since the (128,120)2 and (256,239)2 TPC encoder and decoder have already been implemented in hardware at the data rates required by the TKUP project, those codes were considered in the study.  Additionally, the NASA/GSFC (8176,7156) LDPC encoder and decoder are currently being implemented in hardware (the encoder in space-qualified hardware) at data rates in excess of the data rates required by the TKUP project, therefore, those codes were also considered.
Figure 9 provides a plot of the Eb/No required to achieve 10-5 BER performance over the TDRSS Ku/KaSAR-225 channel for the modulation and coding pairs considered in this study.  It must be emphasized that these results were collected using simulation methods and are based upon the assumptions and hardware distortion levels described in Section 2 of this paper.
It can be seen from Figure 9 that data rates up to 420 Mb/sec can be supported through the TDRSS Ku/KaSAR-225 channel using OQPSK with TPC or LDPC coding.  Note that the TDRSS Ku/KaSAR-225 service currently only supports data rates up to 300 Mb/sec with the current equipment and signal structures.  A substantial increase in maximum supported data rate is possible using strong, high rate forward error correction coding.
Also from Figure 9, it can be seen that data rates up to 650 Mb/sec can be supported through the TDRSS Ku/KaSAR-225 channel using 8PSK with TPC or LDPC coding.  Assuming 16QAM with TPC or LDPC coding and a customer PA linear operating point, a data rate up to 800 Mb/sec can be supported.  The 64QAM modulation technique could not support any data rate with 10-5 BER performance due to the moderate nonlinearity through the TDRS spacecraft.

Figure 10 provides a plot of the corresponding end-to-end link implementation loss for 10-5 BER service through the TDRSS Ku/KaSAR-225 channel for the modulation and coding pairs considered in this study.  These values were computed by subtracting the theoretical required Eb/No values given in Table 3 from the required Eb/No values shown in Figure 9.  Note the rapid increase in implementation loss as the data rate approaches the limits of the channel.
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Figure 9 – Required Eb/No to Achieve 10-5 BER Performance through the TDRSS Ku/KaSAR-225 Channel
(As Found Via Simulation)
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Figure 10 – Implementation Loss at 10-5 BER for Service through the TDRSS Ku/KaSAR-225 Channel
(As Found Via Simulation)

Figure 11 provides a plot of the estimated required customer EIRP to achieve 10-5 BER over the TDRSS Ku/KaSAR-225 channel for the modulation and coding pairs considered in this study.  Figure 12 provides a plot of the estimated customer PA size necessary to achieve 10-5 BER over the TDRSS Ku/KaSAR-225 channel.

TDRSS KuSAR-225 channel assuming a 1.2 m circular reflector customer antenna.  Tables 4 and 5 provide examples of the link budgets used to calculate the required customer EIRP and potential customer PA size values for Ku-band service and Ka-band service.
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Figure 11 – Estimated Customer EIRP Required for 10-5 BER Service through the TDRSS Ku/KaSAR-225 Channel
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Figure 12 – Estimated Customer PA Size Required for 10-5 BER Service through the TDRSS KuSAR-225 Channel Assuming a 1.2 m Customer Antenna
Table 4 – Example Link Budgets Used to Compute Required Customer EIRP and PA Size for KuSAR Service

[image: image13.emf]Budget Parameter

(128,120)^2 

TPC

(8176, 

7156) 

LDPC

(128,120)^2 

TPC

(8176, 

7156) 

LDPC

Notes

1 Transmit RF Power, Watts 29.14 36.51 82.72 88.94 Range from 0 to 100

2 Transmit RF Power, dBW 14.64 15.62 19.18 19.49

10*log (RF Power)

3 PA Output Backoff, dB 1.00 1.00 4.00 4.00

4 Frequency, GHz 15.00 15.00 15.00 15.00

15.0034 GHz

5 Wavelength, m 0.0200 0.0200 0.0200 0.0200

6 Antenna Efficiency 0.60 0.60 0.60 0.60

Assumed value

7 Antenna Diameter, m 1.20 1.20 1.20 1.20

Arbitrarily chosen

8 Transmit Antenna Gain, dBi 43.29 43.29 43.29 43.29

9 Transmit Passive Loss, dB 1.50 1.50 1.50 1.50 Estimate; Expect loss at Ku to be lower than at Ka

10

Transmit EIRP,  dBW 55.43 56.41 56.97 57.28

11 Slant Range, km 45,148.00 45,148.00 45,148.00 45,148.00

Maximum expected range

12 Path loss, dB 209.07 209.07 209.07 209.07 Freq. = 15.0034 GHz, Range = 45148.0 km

13 Polarization loss, dB 0.10 0.10 0.10 0.10 Engineering Estimate

14 Pointing loss, dB 0.09 0.09 0.09 0.09

1.2 m antenna with 0.1 deg peak antenna pointing error

15 Atmospheric loss, dB 0.00 0.00 0.00 0.00 Assume = 0 for Space-to-Space link

16 Rain attenuation, dB 0.00 0.00 0.00 0.00 Assume = 0 for Space-to-Space link

17 Power received, dBWi -153.82 -152.84 -152.29 -151.98

18 Relay satellite G/T, dB/K 24.40 24.40 24.40 24.40 TDRS Autotrack Spec Value

19 Boltzmann's constant, dBW/Hz-K -228.60 -228.60 -228.60 -228.60 10log (Boltzmann's Constant)

20 SSL C/No (total), dB-Hz 99.18 100.16 100.71 101.02

21 Bandwidth, dB-Hz 83.52 83.52 83.52 83.52 10log (225 MHz)

22 SSL C/N (minimum), dB 15.66 16.63 17.19 17.50

23 TDRS EIRP, dBW 50.80 50.80 50.80 50.80 TDRS F1-F7 Dedicated Downlink Spec Value

24 Frequency, GHz 13.53 13.53 13.53 13.53 Ku-band Pol 1

25 Slant Range, km 40,390.00 40,390.00 40,390.00 40,390.00

26 Path loss, dB 207.20 207.20 207.20 207.20 Freq. = 13.5284 GHz, Range = 40390.0 km

27 Pointing loss, dB 0.00 0.00 0.00 0.00 TDRS H,I,J TPID, SE-BC-01

28 Polarization loss, dB 0.04 0.04 0.04 0.04 TDRS H,I,J TPID, SE-BC-01

29 Atmospheric loss, dB 1.40 1.40 1.40 1.40 TDRS H,I,J TPID, SE-BC-01

30 Rain attenuation, dB 2.00 2.00 2.00 2.00 99% availability at WSC for all but the lowest incl angles

31 Power received at WSC, dBWi -159.8 -159.8 -159.8 -159.8

32 WSC G/T, dB/K  40.30 40.30 40.30 40.30 From SY-011

33 Cross polarization degradation, dB 0.37 0.37 0.37 0.37

TDRS HIJ TPID Value for No Colocation*

34 Boltzmann's constant, dBW/Hz-K -228.60 -228.60 -228.60 -228.60 10log(Boltzmann's Constant)

35 SGL C/No, dB-Hz 108.69 108.69 108.69 108.69

36 Bandwidth, dB-Hz 83.52 83.52 83.52 83.52 10log (225 MHz)

37 SGL C/N at WSC, dB 25.17 25.17 25.17 25.17

38 Total C/N at WSC, dB 15.20 16.07 16.55 16.82

39 Bandwidth, dB-Hz 83.52 83.52 83.52 83.52 10log (225 MHz)

40 C/No at WSC, dB-Hz 98.72 99.59 100.07 100.34

41 Bit Rate, Mbps 548.00 548.00 548.00 548.00

42 Bit rate, dB-b/sec 87.39 87.39 87.39 87.39 10*log (Data Rate)

43 Net Eb/No, dB 11.33 12.20 12.68 12.95

44 Required Eb/No, dB 9.33 10.20 10.68 10.95

WSC Spec or via simulation (includes implem loss)

45 System Margin, dB 2.00 2.00 2.00 2.00

46 Desired Link Margin, dB 2.00 2.00 2.00 2.00 2 dB margin in and above the 99% availability

47 Excess Margin, dB 0.00 0.00 0.00 0.00

* Lower values should result for colocated scenarios assuming modest spacecraft separation

8PSK 16QAM


Table 5 – Example Link Budgets Used to Compute Required Customer EIRP and PA Size for KaSAR Service

[image: image14.wmf]Budget Parameter

(128,120)^2 

TPC

(8176, 7156) 

LDPC

(128,120)^2 

TPC

(8176, 7156) 

LDPC

Notes

1

Transmit RF Power, Watts

23.06

28.71

64.75

69.41

Range from 0 to 100

2

Transmit RF Power, dBW

13.63

14.58

18.11

18.41

10*log (RF Power)

3

PA Output Backoff, dB

1.00

1.00

4.00

4.00

4

Frequency, GHz

26.25

26.25

26.25

26.25

26.25 GHz

5

Wavelength, m

0.0114

0.0114

0.0114

0.0114

6

Antenna Efficiency

0.60

0.60

0.60

0.60

Assumed value

7

Antenna Diameter, m

1.20

1.20

1.20

1.20

Arbitrarily chosen

8

Transmit Antenna Gain, dBi

48.15

48.15

48.15

48.15

9

Transmit Passive Loss, dB

2.50

2.50

2.50

2.50

Estimate; Expect loss at Ka to be higher than at Ku

10

Transmit EIRP,  dBW

58.28

59.23

59.76

60.06

11

Slant Range, km

45,148.00

45,148.00

45,148.00

45,148.00

Maximum expected range

12

Path loss, dB

213.93

213.93

213.93

213.93

Freq. = 26.25 GHz, Range = 45148.0 km

13

Polarization loss, dB

0.10

0.10

0.10

0.10

Engineering Estimate

14

Pointing loss, dB

0.29

0.29

0.29

0.29

1.2 m antenna with 0.1 deg peak antenna pointing error

15

Atmospheric loss, dB

0.00

0.00

0.00

0.00

Assume = 0 for Space-to-Space link

16

Rain attenuation, dB

0.00

0.00

0.00

0.00

Assume = 0 for Space-to-Space link

17

Power received, dBWi

-156.04

-155.09

-154.55

-154.25

18

Relay satellite G/T, dB/K

26.50

26.50

26.50

26.50

TDRS Autotrack Spec Value

19

Boltzmann's constant, dBW/Hz-K

-228.60

-228.60

-228.60

-228.60

10log (Boltzmann's Constant)

20

SSL C/No (total), dB-Hz

99.06

100.01

100.55

100.85

21

Bandwidth, dB-Hz

83.52

83.52

83.52

83.52

10log (225 MHz)

22

SSL C/N (minimum), dB

15.54

16.49

17.02

17.33

23

TDRS EIRP, dBW

52.00

52.00

52.00

52.00

TDRS HIJ Spec Value - Normal Mode

24

Frequency, GHz

13.53

13.53

13.53

13.53

Ku-band Pol 1

25

Slant Range, km

40,390.00

40,390.00

40,390.00

40,390.00

26

Path loss, dB

207.20

207.20

207.20

207.20

Freq. = 13.5284 GHz, Range = 40390.0 km

27

Pointing loss, dB

0.00

0.00

0.00

0.00

TDRS H,I,J TPID, SE-BC-01

28

Polarization loss, dB

0.04

0.04

0.04

0.04

TDRS H,I,J TPID, SE-BC-01

29

Atmospheric loss, dB

1.40

1.40

1.40

1.40

TDRS H,I,J TPID, SE-BC-01

30

Rain attenuation, dB

2.00

2.00

2.00

2.00

99% availability at WSC for all but the lowest incl angles

31

Power received at WSC, dBWi

-158.6

-158.6

-158.6

-158.6

32

WSC G/T, dB/K 

40.30

40.30

40.30

40.30

From SY-011

33

Cross polarization degradation, dB

0.37

0.37

0.37

0.37

TDRS HIJ TPID Value for No Colocation*

34

Boltzmann's constant, dBW/Hz-K

-228.60

-228.60

-228.60

-228.60

10log(Boltzmann's Constant)

35

SGL C/No, dB-Hz

109.89

109.89

109.89

109.89

36

Bandwidth, dB-Hz

83.52

83.52

83.52

83.52

10log (225 MHz)

37

SGL C/N at WSC, dB

26.37

26.37

26.37

26.37

38

Total C/N at WSC, dB

15.20

16.07

16.55

16.82

39

Bandwidth, dB-Hz

83.52

83.52

83.52

83.52

10log (225 MHz)

40

C/No at WSC, dB-Hz

98.72

99.59

100.07

100.34

41

Bit Rate, Mbps

548.00

548.00

548.00

548.00

42

Bit rate, dB-b/sec

87.39

87.39

87.39

87.39

10*log (Data Rate)

43

Net Eb/No, dB

11.33

12.20

12.68

12.95

44

Required Eb/No, dB

9.33

10.20

10.68

10.95

WSC Spec or via simulation (includes implem loss)

45

System Margin, dB

2.00

2.00

2.00

2.00

46

Desired Link Margin, dB

2.00

2.00

2.00

2.00

2 dB margin in and above the 99% availability

47

Excess Margin, dB

0.00

0.00

0.00

0.00

*

Lower values should result for colocated scenarios assuming modest spacecraft separation

8PSK

16QAM


It can be seen from Figures 11 and 12 that signal structures exist which enable data rates up to at least 600 Mb/sec to be supported through the TDRSS Ku/KaSAR-225 channel with customer hardware which has reasonable size and power requirements.
So far the results have concentrated on the 10-5 BER performance level.  Since a common criticism of TPC codes, and to a lesser extent LDPC codes, is that they exhibit high BER floors, it is necessary to examine the BER performance of these codes below 10-5. 
Figure 13 provides BER performance curves over the 10-4 to 10-7 range for a selection of signal structures and data rates over the TDRSS Ku/KaSAR-225 channel.  It can be seen from the plot that no obvious BER flaring occurs in this BER range.  Unfortunately, BER levels below 10-7 could not be evaluated due to excessive simulation run-time with all of the hardware distortions on.  Simple AWGN channel simulations were, however, performed for the (128,120)2 TPC code down to 10-9 BER which indicated no significant BER flaring.  BER flaring is expected to be even less of a problem for the (8176,7156) LDPC code and the (256,239)2 TPC code.  Based upon this (128,120)2 TPC simple AWGN channel BER performance and considering that helical interleaving likely will be supported by the TKUP equipment, it is expected that BER flaring will not be a


problem when all distortions of the TDRSS Ku/KaSAR-225 channel are considered. 
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Figure 13 – TDRSS Ku/KaSAR-225 Service BER Performance Assuming Various Signal Structures and Data Rates
(As Found Via Simulation) 

It is worth noting that a subsequent (128,120)2 TPC bit error statistics study [2] was performed to identify whether an outer code could be used to mitigate any potential BER flaring.  This study determined that the TPC decoder output bit error statistics  for decoder output BERs of 10-5 to 10-9, and assuming a simple AWGN channel, should not overwhelm the error correcting capabilities of standard outer codes, such as the (255, 223) Reed-Solomon code.   In general, the average number of bit errors in a decoded data frame which includes bit errors is less than the maximum number of byte errors which can be corrected by a (255,223) RS code, meanwhile, there are several RS codeframes per (128,120)2 TPC data frame.  This finding is important because it means BERs better than 10-9 can be assured for the services implemented under the TKUP project with the use of an outer code.
While it was shown via simulation that the TDRSS Ku/KaSAR-225 channel can support data rates well in excess of the currently supported maximum data rate of 300 Mb/sec and BERs superior to the 10-5 currently supported, is hardware available or can be built, space-qualified and ground-based, which supports these data rates and performance requirements?  As part of this study, a hardware readiness study was performed to determine whether hardware is available or could be built to support the data rates considered for the TKUP project.  Table 6 provides a summary of the status of hardware readiness which supports the data rates considered for the TKUP project.
While the DVB-S2 coding techniques were not explicitly evaluated in this study, a discussion on their expected BER performance and hardware readiness can be provided.  In general, DVB-S2 equipment is built to support data rates up to about 150 Mb/sec with 8PSK modulation.  To build DVB-S2 compatible hardware capable of operating at the data rates considered by the TKUP project, key sacrifices may need to be made, such as, reducing the number of decoding iterations or reducing the number of decoder quantization levels.  Since the NASA (8176,7156) LDPC code, the (128,120)2 TPC and the (256,239)2 TPC converge very rapidly to their peak BER performance with reasonably few decoding iterations and few decoder quantization bits, it is expected that the DVB-S2 rate 7/8 LDPC code will not outperform these codes and may likely underperform them.  An additional concern is the feasibility of developing a space-qualified DVB-S2 LDPC encoder at the data rates considered by the TKUP project.
Table 6 – Potential Customer and TKUP Hardware Readiness/Availability

[image: image16.emf]Hardware Description   Hardware  Availability (1)  Constraints/Comments   OQPSK        320 Mb/sec     TDRSS already has customers on - orbit that use a  300 Ms/sec space - qualified QPSK transmitter   8PSK        800 Mb/sec    Trans - mitter  16QAM      2.4 Gb/sec     Referenced hardware built with space - qualifiable  parts   ( 128 , 120 ) 2   TPC   (256,239) 2   TPC      720  Mb/sec   ( assumes  8PSK  modulation)     While referenced hardware is not built of even  space - qualifiable parts , the TPC encoder is of t he  same complexity as an RS encoder, meanwhile,  there are very high data rate space - qualified RS  encoders available   Customer  Equipment   ( Space - Qualified )  Encoder  (8176,7156)  LDPC      1 Gb/sec ( available  December 2004)     NASA/GSFC Code 567 currently developing a  space - qualified  1 Gb/sec encoder  to be  available  Dec 2004   OQPSK      1.2 Gb/sec    8PSK      1.8 Gb/sec    Receiver  16QAM        2.0 Gb/sec    ( 128 , 120 ) 2   TPC   (256,239) 2   TPC      7 20 Mb/sec  ( assumes 8PSK  modulation)     Decoder is not a stacking of lower data rate  deco ders but, rather, a single stream decoder   TKUP  Equipment   (Ground - Based)  Decoder  (8176,7156)  LDPC      70 Mb/sec (current,  NASA/GSFC Code  567)      1 Gb /s ec (expected,  2005 )     With current funding, NASA/GSFC Code 567  expects to develop a 1 Gb/sec decoder by  2005      With additional funding, Code 567  can modify  design to support a 1.4 Gb/sec data rate    Notes:   1.   Unless otherwise noted, Hardware Availability is defined here  simply  as hardware which has been built  and is  operational.  Hardware availability does not necessarily mean the hardware is avai lable commercially or even that  it was built for a TDRSS application.  Any modifications required for use in a TDRSS application are assumed  feasible, e.g., it is assumed feasible to modify the transmitters to operate at the NASA Ku -  or Ka - band space - to - sp ace link and the receivers to operate at the NASA Ku - band space - to - ground link.    


4. Conclusions
The TDRSS Ku/KaSAR-225 MHz channel can support data rates up to 800 Mb/sec using strong forward error correction coding and up to 16-ary modulation techniques.  Based upon the simulation results, TPC- or LDPC-coded OQPSK performs better than all of the other signal structures considered in this study for data rates from about 75 Mb/sec to 410 Mb/sec.  TPC- or LDPC-coded 8PSK performs better than all of the other signal structures considered in this study for data rates from 410 Mb/sec to about 625 Mb/sec.  TPC-or LDPC-coded 16QAM performs better than all of the other signal structures considered in this study for data rates from about 625 Mb/sec to 800 Mb/sec.  Customer EIRP requirements can be minimized across data rate by requiring the TKU equipment to support multiple modulation techniques.
While hardware exists, is currently being built or can be built which supports these data rates,  consideration of reasonable customer hardware power, antenna size, cost and complexity for a LEO spacecraft drove the TKUP to select TPC- or LDPC-coded OQPSK and TPC- or LDPC-coded 8 PSK as the baseline signal structures.  A demonstration is planned to validate the simulation results, prove technology readiness and determine the maximum data rate supportable by the Ku/KaSAR-225 channel.
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