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Abstract
NASA has recently upgraded its Tracking and Data Relay Satellite System (TDRSS) to support Ka-band forward and return service.  This upgrade effort involved the launch of three 2nd generation TDRS spacecraft (TDRS H, I and J) equipped with two 50 MHz-wide Ka-band forward service channels, two 225-MHz-wide Ka-band return service channels, and one 650 MHz-wide Ka-band return service channel.  The TDRSS ground segment was correspondingly upgraded to support the new Ka-band services through the implementation of a 1.2 GHz intermediate frequency (IF) service.  NASA has recently initiated an effort to provide a full baseband data service for the 650 MHz-wide Ka-band return channel.  As part of this effort, NASA performed a comprehensive analysis to determine which modulation and coding schemes would perform best with the TDRSS 650 MHz Ka-band channel and which should ultimately be supported by the data service.  Performance metrics considered included power efficiency, spectral efficiency, cost, complexity and hardware availability.  This paper presents the results of this analysis.

1.  Introduction
Figure 1 provides an overview of the TDRSS Ka-band 650 MHz return service concept.

Figure 1.  TDRSS Ka-Band 650 MHz Return Service Concept
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Since the TDRSS Ka-band 650 MHz return service is a new service which still must be fully specified, NASA initiated a modulation and coding study in early 2003 to arrive at a signal structure which most effectively achieved the goals of the new service.  The top-level goals and requirements of the service as well as the constraints of the service are summarized below:

(
The service should support data rates up to at least 1.2 Gb/sec and preferably up to 1.5 Gb/sec.

(
The service should support a BER performance level of 10-5 and preferably as low as 10-9 or 10-10.

(
The TDRS Space-to-Ground Link (SGL) transmission should meet the emission mask included in the TDRS HIJ national filing.

(
The Customer-to-TDRS link (Space-to-Space Link, SSL) should be spectrally efficient.  While there is no emission mask for the Ka-band SSL, NASA will encourage customers to utilize spectrally efficient transmissions.

(
The above requirements should be met with a required C/No at the receiver which is (106.74 dB-Hz.  While the system has been demonstrated to achieve C/No values at the ground terminal which are >106.74 dB-Hz, conservative link analysis indicates the TDRS SGL downlink may limit C/No values >106.74 dB-Hz under some circumstances.

(
The TDRSS Ka-band 650 MHz return service ground hardware should offload complexity from the customer hardware, i.e., the customer transmitter hardware should require as little complexity as possible at the expense of making the TDRSS ground hardware more complex.

(
The functions required of the TDRSS Ka-band 650 MHz return service ground hardware should be realizable within the timeframe required to ensure service availability by the end of 2007.

The modulation schemes considered in the Ka-band 650 MHz return service modulation and coding study included Offset QPSK (OQPSK), Shaped Offset QPSK (SOQPSK), Gaussian Minimum Shift Keying (GMSK), 8-ary PSK (8PSK), 8PSK with Trellis-Coded Modulation (8PSK/TCM), 16-ary Quadrature Amplitude Modulation (16QAM), and 16-ary PSK (16PSK).

The coding schemes considered in the study included Turbo Product Codes (TPC), Low Density Parity Check Codes (LDPCC), Reed-Solomon (R-S) codes, Convolutional Codes (CC) and no coding.  Turbo Convolutional Codes (TCC) were not considered in this study because TCC decoders likely cannot be implemented at the data rates required for this service and TCC BER floors can be higher than what is required for this service.

The bit-shaping schemes considered in the study included post-modulator filtering using a Butterworth filter with 3-dB bandwidths of 650 MHz, 700 MHz and 800 MHz (not applicable to SOQPSK and GMSK which have their own shaping included in the modulation).  More elaborate bit-shaping methods were not pursued because it is not clear whether these methods could be implemented at the data rates required for this service.  In general, the results presented in this paper are based upon the 800 MHz bandwidth filter scenario which did yield the best BER performance of the three bandwidths considered.

The impact of baseband equalization was also examined in the study.  Since the actual service will likely have a baseband equalizer, the results presented in this paper include the effects of baseband equalization.  A discussion on the effects of baseband equalization is provided in the Results section.

The hardware distortion scenario considered in this study is as follows:

(
Customer transmitter distortions equal to proposed maximum allowable levels for Ka-band 650 MHz return service.

(
TDRS distortions based upon TDRS-H Spacecraft Thermal Vacuum (SCTV) measurement data.

(
Ground terminal distortions based upon measurement data and specification values.

2.  Approach

The TDRSS Ka-band 650 MHz return service modulation and coding study was performed using simulation methods.  Figure 2 provides a top-level overview of the end-to-end simulation model.
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Figure 2.  TDRSS Ka-Band 650 MHz Return Service 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.

The TDRS spacecraft distortions used for this study are based upon TDRS-H SCTV measurement data and are summarized in Figures 5 - 8.  The phase noise performance of the TDRS spacecraft is based upon TDRS H component measurement data.

The ground terminal distortions assumed for this study are based upon hardware measurement data and hardware specifications.  Figures 9 and 10 provide the magnitude and phase of one of the ground terminal Ka-band 650 MHz channels.  Other ground terminal distortions included in the study were AM/AM = 0.95 dB/dB, AM/PM = 1.0(/dB and phase noise per the TDRS-H KaSAR Phase Noise report written by Hughes.

The receiver used for this study was assumed to have a receiver loss of 2.5 dB when no coding and no baseband equalization were used.  This receiver loss was implemented in the simulation model using gain flatness and phase nonlinearity distortions.

This analysis conservatively assumed a receiver carrier tracking loop bandwidth of 2.1 kHz.  It is expected the actual Ka-band data service hardware will support carrier tracking loop bandwidths well in excess of 2.1 kHz.

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.

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.

	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

	2(

	Gain Flatness

	(0.3 dB over (230 MHz


	Gain Slope

	0.1 dB/MHz


	Phase Nonlinearity

	(3( over (230 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( rms
10 Hz – 100 Hz:  13.6( rms
100 Hz – 1 kHz:  3.6( rms
1 kHz – 400 MHz:  2.0( rms


	Spurious
Outputs

	-30 dBc


	Untracked Spurious PM

	2( rms


	Incidental AM

	5%


	3-dB Bandwidth

	650, 700 and 800 MHz



	Table 1.  Assumed Customer Transmitter Distortions
	[image: image3.wmf]G/T:  

³

40.3 dB/K

Channel BW:  

³

650 MHz

G/T:  

³

40.3 dB/K

Channel BW:  

³

650 MHz

G/T:  

³

26.5 dB/K

Channel BW:  

³

650 MHz

SGL EIRP:  

³

54 dBW

G/T:  

³

26.5 dB/K

Channel BW:  

³

650 MHz

SGL EIRP:  

³

54 dBW

TDRS H, I, J

Low Earth Orbit

Customer Spacecraft

Space Network

Ground Terminal

White Sands, New Mexico

Ka

-

Band SSL

Ku

-

Band SGL

TDRS HIJ

·

On

-

orbit test data indicates the following:

-

TDRS H, I and J Ka

-

band wideband channel 3 dB bandwidths are in excess of the 650 M

Hz minimum

bandwidth specification (measured to be 666.4 MHz, 679.2 M

Hz and 696.0 MHz, respectively 

–

measured at a KaSAR center frequency of 26370 MHz).  TDRS

-

H Ka

-

band wideband channel noise

bandwidth approximately 711 MHz at a KaSAR center frequency

of 26370 MHz.

-

TDRS H, I and J KaSAR G/T amounts are in excess of the 26.5 dB/

K specification (TDRS

-

H G/T

measured to be 27.8 dB/K at 26370 MHz)

-

TDRS H, I and J spacecraft are capable of exceeding the KaSAR S

GL downlink EIRP specifications of

52 dBW and 54 dBW (TDRS

-

H downlink EIRP measured to be 56.1 dBW)

Ground Terminal

-

Test data indicates the ground terminal KaSAR wideband channel 

is in excess of the 650 MHz minimum 

bandwidth specification (e.g., SGLT4 measurement data indicates 

a bandwidth of about 745 MHz)

TDRS HIJ

·

On

-

orbit test data indicates the following:

-

TDRS H, I and J Ka

-

band wideband channel 3 dB bandwidths are in excess of the 650 M

Hz minimum

bandwidth specification (measured to be 666.4 MHz, 679.2 M

Hz and 696.0 MHz, respectively 

–

measured at a KaSAR center frequency of 26370 MHz).  TDRS

-

H Ka

-

band wideband channel noise

bandwidth approximately 711 MHz at a KaSAR center frequency

of 26370 MHz.

-

TDRS H, I and J KaSAR G/T amounts are in excess of the 26.5 dB/

K specification (TDRS

-

H G/T

measured to be 27.8 dB/K at 26370 MHz)

-

TDRS H, I and J spacecraft are capable of exceeding the KaSAR S

GL downlink EIRP specifications of

52 dBW and 54 dBW (TDRS

-

H downlink EIRP measured to be 56.1 dBW)

Ground Terminal

-

Test data indicates the ground terminal KaSAR wideband channel 

is in excess of the 650 MHz minimum 

bandwidth specification (e.g., SGLT4 measurement data indicates 

a bandwidth of about 745 MHz)

 Figure 5.  TDRS-H Ka-Band 650 MHz Channel Magnitude Response SCTV Measurement Data
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Figure 6.  TDRS-H Ka-Band 650 MHz Channel Phase Nonlinearity SCTV Measurement Data (Scaled)

	[image: image5.wmf] 

-30

-25

-20

-15

-10

-5

0

5

-20

-15

-10

-5

0

5

10

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 7.  TDRS-H Pout vs Pin SCTV Measurement Data

	Figure 4.  Assumed Customer Transmitter (change vs Pin [image: image7.wmf] 

-10

0

10

20

30

40

50

60

70

80

-20

-15

-10

-5

0

5

10

Power In, dBm

Phase Change, degrees

Operating Point

for 52 dBW SGL

downlink EIRP

Assumed 

Operating Point 

for 54 dBW SGL 


	[image: image8.wmf] 

-20

-15

-10

-5

0

5

-600

-400

-200

0

200

400

600

Relative Frequency, MHz

Magnitude Response, dB

 Figure 8.  TDRS-H (change vs Pin SCTV Measurement Data
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Figure 9.  Ground Terminal Ka-Band 650 MHz Service Channel Magnitude Response Measurement Data (SGLT4)
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Figure 10.  Ground Terminal Ka-Band 650 MHz Service Channel Phase Response Measurement Data (SGLT4)


This analysis assumed the inner code is part of the physical layer and the outer code is part of the data link layer.  For the scenarios considered in this study which only use an inner code, it is expected that an actual implementation will use a very low overhead, small frame size (perhaps 2 kbits) error detection outer code for the purposes of identifying unreliable data blocks (i.e., data blocks which contain bit errors).  Historically, NASA science missions have discarded data which was identified to potentially contain bit errors.

This analysis assumed a customer transmitter in Low-Earth Orbit (LEO), i.e., SSL atmospheric effects were not considered.  It is expected, however, that this analysis is indicative of the performance a ground or air-based customer would experience.

This analysis collected ten bit errors at or near the 10-5 region of the BER curve under test.

3.  Results

Before presenting the results, it is important to provide the theoretical performance of certain modulation and coding combinations over a simple AWGN channel.  Table 2 provides a summary of the theoretical required Eb/No to achieve 10-5 BER performance over a simple AWGN channel for many of the modulation and coding combinations considered in this study.

Note that the smaller blocksize LDPCC code underperforms similar rate, but bigger blocked TPC codes.  This is due to BER performance for LDPCC and TPC being modestly related to block size.  Given equivalent sized TPC and LDPCC codes, performance would be expected to be similar at these high code rates.

The 8k LDPCC code was selected for analysis because significant advances in hardware development have been made with this code by NASA/GSFC.  Additionally, LDPCC codes have lower BER floors than similarly sized TPC codes.

It should be noted that LDPCC and TPC decoders are expected to be able to be implemented at the data rates required for this service.  Currently a 155 Mb/sec TPC decoder chip is available and it is expected that a 562 Mb/sec TPC decoder FPGA core will be available by November 2002 and a 300 Mb/sec TPC decoder chip will be available by the end of 2003.  Depending on the amount of channelization used by the service, the decoder speed required for the Ka-band 650 MHz return service should be less than 600 Mb/sec.  

A NASA/GSFC development effort expects to yield an (8176,7156) LDPCC decoder capable of supporting the data rates required of this service within the timeframe allocated for implementing the service.

Table 3 provides a summary of some of the results collected during the study.  Note that while most of the 10-9 BER results could not be collected due to simulation runtime, it is expected that the required Eb/No to achieve 10-9 BER will not be much greater than that required to achieve 10-5 BER if TPC or LDPCC coding is used due to the steepness of the BER curves.  It should be noted, however, that the (128,120)2 TPC code could begin flaring at about 10-8 BER.

	Modulation

	Coding

	Required Eb/No at 10-5 BER


	OQPSK

	None

	9.6 dB


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

	3.95 dB


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

	( 3.75 dB


		(256,247)2 TPC
Rate = 0.931
Block size = 65 kbits

	4.65 dB


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

	4.35 dB


	GMSK

	None

	11.0 dB


	SOQPSK

	None

	11.0 dB


	8PSK

	None

	13.1 dB


		(128,120)2 TPC

	6.7 dB


		(8176,7156) LDPCC

	7.0 dB


	8PSK/TCM

	Monodimensional,
2 b/s/Hz, 4-state

	7.2 dB


		Monodimensional,
2 b/s/Hz, 8-state

	6.8 dB


		4-Dimensional,
2.5 b/s/Hz

	7.9 dB


	16QAM

	None

	13.5 dB


		(128,120)2 TPC

	7.55 dB


	16PSK

	None

	17.8 dB


	16PSK/TCM

	Monodimensional,
3 b/s/Hz, 8-state

	9.1 dB


		Monodimensional,
3 b/s/Hz, 16-state

	8.7 dB


	Note: 5 decoding iterations for TPC & LDPC, 4-bit quant



	Table 2.  Summary of Theoretical Required Eb/No for Simple AWGN Channel
	Based upon the simulation results in Table 3, OQPSK should be able to support data rates up to 1.2 Gb/sec through the TDRSS Ka-Band 650 MHz return service channel if strong coding (TPC or LDPCC) and baseband equalization are used.  8PSK should be able to support data rates up to at least 1.5 Gb/sec through the TDRSS Ka-Band 650 MHz return service channel if strong coding (TPC or LDPCC) and baseband equalization are used.  Note that 8PSK outperforms 16QAM up to data rates of at least 1.5 Gb/sec.

The constant envelope modulation schemes SOQPSK and GMSK outperformed OQPSK with Butterworth filter bit-shaping.  This is logical because SOQPSK and GMSK employ much more complex bit-shaping and are ideal for highly nonlinear (recall customer transmitter PA assumed very nonlinear), highly bandlimited channels.

The impact of baseband equalization was observed to vary depending on the modulation, coding, equalization, and distortion scenario, however, it generally improved performance by about 1 dB for OQPSK, 2 dB for 8PSK and >> 2 dB for



16QAM.  Baseband equalization offered minimal improvement to the performance of the constant-envelope modulation schemes SOQPSK and GMSK.

Using some of the results from Table 3, it is possible to estimate the required customer spacecraft EIRP amounts for various potential service configurations.  These estimates are summarized in Table 4.  Note that these results include an overall 2 dB link margin, include the power-limiting effects of the TDRS SGL downlink, and are for 10-5 BER.

4.  Conclusions

Based upon the results of the study, signal structures were recommended to optimize the performance of the Ka-band 650 MHz return service and to ensure hardware could be built within the timeframe available by the project schedule.  A small selection of these recommendations are summarized below.

The service should support OQPSK and 8PSK modulation schemes.  OQPSK performed very well up to 1.2 Gb/sec (assuming strong coding and baseband equalization) and it is a low-complexity modulation scheme which is already used by many TDRSS customers.  8PSK outperformed 16QAM and performs very well up to data rates of at least 1.5 Gb/sec.  Additionally, OQPSK and 8PSK are more resilient to potential hardware noncompliances than 16QAM or other higher order modulations.  SOQPSK and GMSK, which did perform well in the study, are not recommended because of the inability to build SOQPSK and GMSK space-qualified modulators at the data rates considered for this service.

The service should support, at a minimum, either (256,239)2 TPC with BCH constituent codes or (8176,7156) LDPCC coding.  While the (256,239)2 TPC was not explicitly simulated it is expected to outperform the (128,120)2 TPC examined in this study and has a BER floor well below 10-10 (unlike the (128,120)2 TPC code).  Additionally, a TPC decoder, as is the case with the (8176,7156) LDPCC decoder, is expected to be available in hardware at the rates required for this service.

Table 3.  Simulation Results - Required Eb/No to Achieve Desired BER for Various TDRSS Ka-Band 650 MHz Return Service Scenarios(1, 2, 3, 4)

	Data Rate
	Signal Structure
	Tx Operating Point
	Required Eb/No

	
	Modulation
	Outer Code
	Inner Code
	
	@10-5
	@10-9

	800 Mb/sec
	OQPSK
	None
	None
	1 dB OBO
	16.6 dB
	Not Evaluated(5)

	
	
	None
	Rate 1/2 CC
	1 dB OBO
	Not Feasible(6)
	Not Feasible(6)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	7.1 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	7.6 dB
	Not Evaluated(5)

	
	8PSK
	None
	None
	1 dB OBO
	19.2 dB
	Not Evaluated(5)

	
	
	None
	Rate 1/2 CC
	1 dB OBO
	12.0 dB
	Not Evaluated(5)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	9.0 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	9.4 dB
	Not Evaluated(5)

	1 Gb/sec
	OQPSK
	None
	None
	1 dB OBO
	> 20 dB
	> 20 dB

	
	
	None
	Rate 1/2 CC
	1 dB OBO
	Not Feasible(6)
	Not Feasible(6)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	7.4 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	7.8 dB
	Not Evaluated(5)

	
	8PSK
	None
	None
	1 dB OBO
	> 20 dB
	> 20 dB

	
	
	None
	Rate 1/2 CC
	1 dB OBO
	14.8 dB
	Not Evaluated(5)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	9.0 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	9.4 dB
	Not Evaluated(5)

	1.2 Gb/sec
	OQPSK
	None
	None
	1 dB OBO
	> 20 dB
	> 20 dB

	
	
	None
	Rate 1/2 CC
	1 dB OBO
	Not Feasible(6)
	Not Feasible(6)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	8.9 dB
	Not Evaluated(5)

	
	
	None
	(256,247)2 TPC
	1 dB OBO
	9.6 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	9.8 dB
	Not Evaluated(5)

	
	
	R-S (208,192)
	(256,247)2 TPC
	1 dB OBO
	11.8 dB(7, 8)
	12.1(8)

	
	SOQPSK-B
	None
	(256,247)2 TPC
	1 dB OBO
	8.1 dB
	Not Evaluated(5)

	
	GMSK
(BTb = 0.25)
	None
	(256,247)2 TPC
	1 dB OBO
	8.1 dB
	Not Evaluated(5)

	
	8PSK
	None
	None
	Linear
	17.4 dB
	Not Evaluated(5)

	
	
	None
	(128,120)2 TPC
	Linear
	8.5 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	Linear
	9.1 dB
	Not Evaluated(5)

	
	
	None
	(16,11)x(32,26) TPC on mod symbol LSB(9)
	Linear
	17.1 dB
	Not Evaluated(5)

	
	
	R-S (208,192)
	(128,120)2 TPC
	Linear
	7.5 dB(8)
	7.8 dB(8)

	
	
	R-S (208,192)
	(16,11)x(32,26) TPC on mod symbol LSB(9)
	Linear
	13.2 dB(8)
	14.0 dB(8)

	
	
	None
	None
	1 dB OBO
	> 20 dB
	> 20 dB

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	9.5 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	10.4 dB
	Not Evaluated(5)

	
	
	None
	(16,11)x(32,26) TPC on mod symbol LSB(9)
	1 dB OBO
	> 20 dB
	> 20 dB

	
	
	R-S (208,192)
	(128,120)2 TPC
	1 dB OBO
	8.5 dB(8)
	8.8 dB(8)

	
	
	R-S (208,192)
	(16,11)x(32,26) TPC on mod symbol LSB(9)
	1 dB OBO
	16.0 dB(8)
	17.2 dB(8)

	
	8PSK/TCM
	None
	Monodimensional,
2 b/s/Hz, 4-state
	1 dB OBO
	11.2 dB
	Not Evaluated(5)

	
	
	None
	Monodimensional,
2 b/s/Hz, 8-state
	1 dB OBO
	10.6 dB
	Not Evaluated(5)

	
	
	None
	4-Dimensional,
2.5 b/s/Hz, 4-state
	1 dB OBO
	10.6 dB(10)
	Not Evaluated(5)

	
	16QAM
	None
	(128,120)2 TPC
	Linear
	11.0 dB
	Not Evaluated(5)

	
	
	R-S (208,192)
	(128,120)2 TPC
	Linear
	10.4 dB(8)
	10.8 dB(8)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	Not Feasible(11)
	Not Feasible(11)

	
	
	R-S (208,192)
	(128,120)2 TPC
	1 dB OBO
	Not Feasible(8,11)
	Not Feasible(11)

	
	16PSK
	None
	(128,120)2 TPC
	Linear
	15.5 dB
	Not Evaluated(5)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	> 20 dB
	> 20 dB

	
	
	R-S (208,192)
	(128,120)2 TPC
	1 dB OBO
	> 20 dB(8)
	> 20 dB(8)

	1.5 Gb/sec
	OQPSK
	None
	(128,120)2 TPC
	Linear
	Not Feasible(6)
	Not Feasible(6)

	
	8PSK
	None
	(128,120)2 TPC
	Linear
	9.0 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	Linear
	9.6 dB
	Not Evaluated(5)

	
	
	R-S (208,192)
	(16,11)x(32,26) TPC on mod symbol LSB(9)
	Linear
	14.4 dB(8)
	15.3 dB(8)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	10.1 dB
	Not Evaluated(5)

	
	
	None
	(8176,7156) LDPCC
	1 dB OBO
	11.1 dB
	Not Evaluated(5)

	
	
	R-S (208,192)
	(16,11)x(32,26) TPC on mod symbol LSB(9)
	1 dB OBO
	> 20 dB(8)
	> 20 dB(8)

	
	16QAM
	None
	(128,120)2 TPC
	Linear
	11.1 dB
	Not Evaluated(5)

	
	
	None
	(128,120)2 TPC
	1 dB OBO
	Not Feasible(11)
	Not Feasible(11)

	Notes:

1.
All results based upon a configuration which includes a baseband equalizer.

2.
With the exception of GMSK and SOQPSK, all results based upon a configuration which includes an 800 MHz wide Butterworth post-modulator bit-shaping filter.

3.
Results include no margin (although values conservatively read off plots).  99% confidence interval about (0.25 dB.

4.
TPC and LDPCC results based upon five decoding iterations and clip levels which are judiciously set based upon the total signal power and a rough estimate of the Eb/No.

5.
Due to simulation run-time, this scenario could not be evaluated.  It should be noted, however, that the TPC and LDPCC BER curves are very steep and there should be little additional Eb/No required to achieve 10-9.  The (128,120)2 TPC code does, however, begin to flare at 10-8 in a simple AWGN channel.  The (256,247)2 TPC, (256,239)2 TPC and (8176,7156) LDPCC are not expected to begin flaring until well below 10-9.

6.
Channel theoretically cannot support this symbol rate.  This was corroborated via simulation.

7.
Outer code widens the mainlobe to a point that performance is actually worse with outer code.

8.
Value obtained by simulating appropriate symbol rate, decoding inner code and mapping outer code SER to BER.

9.
This coding scenario requires that every fifth data bit is rate ½ TPC coded and these encoded symbols are placed on the LSB of two successive 8PSK modulation symbols.

10.
Outperforms monodimensional 8PSK/TCM in this instance due to narrower mainlobe, i.e., less bandlimiting.

11.
Customer transmitter AM/AM precludes 10-5 BER from being achieved regardless of Eb/No.


Table 4.  Minimum Required Spacecraft EIRP to Achieve 10-5 BER Performance for TDRSS Wideband Ka-Band Service(1, 2)
	Data Rate
	OQPSK
	8PSK

	
	Uncoded
	(128,120) x (128, 120) TPC
	(8176,7156)
LDPCC
	Uncoded
	(128,120) x (128, 120) TPC
	(8176,7156)
LDPCC

	800 Mb/sec
	70.4 dBW
	55.8 dBW
	56.3 dBW
	Not feasible(4)
	57.8 dBW
	58.3 dBW

	1.0 Gb/sec
	Not feasible(4)
	57.2 dBW
	57.5 dBW
	Not feasible(4)
	59.0 dBW
	59.4 dBW

	1.2 Gb/sec
	Not feasible(4)
	59.8 dBW
	60.9 dBW
	Not feasible(4)
	60.5 dBW
	61.7 dBW

	1.5 Gb/sec
	Not feasible(3)
	Not feasible(3)
	Not feasible(3)
	Not feasible(4)
	62.7 dBW
	64.2 dBW

	Notes:

1.
Values based upon required Eb/No values presented in Table 3.  Results include an overall link margin of 2 dB.

2.
This table simply provides prospective required EIRP values and should not be interpreted as being indicative of the service configurations which will ultimately be available with this service.

3.
Channel cannot support this data/symbol rate.

4.
Cannot achieve 10-5 BER performance due to the power limitation of the TDRS SGL downlink.








