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EASTERN RANGE TITAN IV/CENTAUR-TDRSS
OPERATIONAL COMPATIBILITY TESTING

Chris Bocchino
William Hamilton

ABSTRACT

The future of range operations in the area of expendable launch vehicle (ELV) support is
unquestionably headed in the direction of space-based rather than land- or air-based assets
for such functions as metric tracking or telemetry data collection. To this end, an effort
was recently completed by the Air Force’s Eastern Range (ER) to certify NASA’s
Tracking and Data Relay Satellite System (TDRSS) as a viable and operational asset to be
used for telemetry coverage during future Titan IV/Centaur launches. The test plan
developed to demonstrate this capability consisted of three parts: 1) a bit error rate test; 2)
a bit-by-bit compare of data recorded via conventional means vice the TDRSS network
while the vehicle was radiating in a fixed position from the pad; and 3) an in-flight
demonstration to ensure positive radio frequency (RF) link and usable data during critical
periods of telemetry collection. The subsequent approval by the Air Force of this approach
allows future launch vehicle contractors a relatively inexpensive and reliable means of
telemetry data collection even when launch trajectories are out of sight of land-based
assets or when land- or aircraft-based assets are not available for support.
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INTRODUCTION

Traditional Eastern Range telemetry coverage has been provided by a network of ground
stations stretching from Florida to the mid-Atlantic, as well as several ground- and
air-based off-range assets. Advanced Range Instrumentation Aircraft (ARIA) are staged to
provide telemetry data collection when vehicle trajectories carry the target out of sight of
land-based telemetry antennas. Due to the rising cost of ARIA support and maintenance, in
addition to concerns as to limited availability due to weather conditions, staging bases,
restricted air space, and limited bandwidth for real-time data relay, several ELV customers
professed the desire to find a less expensive and less restrictive data collection source
while maintaining their current launch trajectories. In early 1994 a series of informal tests



were initiated by the 45th Range Squadron (45 RANS), the 5th Space Launch Squadron
(5 SLS), NASA, and Martin Marietta (now Lockheed Martin), at the ER’s Cape Canaveral
Air Station (CCAS), to test the electrical compatibility between Titan IV/Centaur upper
stage telemetry and NASA’s TDRS system. The results  indicated that utilization of
TDRSS for the reception and retransmission of vehicle S-band signal, subsequent
decoding by the ground receiving station at White Sands, NM, transmission of the data
through the associated NASA communication network, and reception by the customer at
the ER was feasible and achievable. In October 1994 the ER technical contractor,
Computer Sciences Raytheon (CSR), began to develop a formal operational test plan
which would ensure that data received at the ER would meet all program requirements for
bit error quality, and that tracking functions provided by TDRSS would be adequate
enough to ensure reception of data during desired periods. Note that these periods were
well after Range Safety requirements had been fulfilled, so no Eastern Range tracking
accuracy requirements applied to this situation. The test plan was approved by the Air
Force/CSR/Range customer community in December 1994 and formal tests began shortly
thereafter.

OPERATIONAL TEST PLAN

The formal Titan IV/Centaur-TDRSS compatibility test plan consisted of three individual
tests: 1) a bit error rate test performed to examine potential degradation in signal-to-noise
ratio due to the complex data path associated with the TDRSS network; 2) a bit-for-bit and
word-for-word compare between Centaur data received via direct RF at Tel-4, the ER
primary telemetry station, and data received over Tel-4 circuits via the TDRSS network;
and 3) an in-flight test to demonstrate TDRSS tracking ability and link margin closure
during critical data collection periods of the flight. The ER customer was specifically
interested in TDRSS performance during second Centaur engine burn, as this was an event
which had traditionally been supported by multiple ARIA. 

The implementation of the resultant test plan was performed by operations personnel on
the ER, White Sands Ground Terminal (WSGT), and Goddard Space Flight Center
(GSFC). For the purposes of this reading, only the real-time and post-test evaluations by
ER personnel are included, although it needs to be stressed that all members of the diverse
test and evaluation group contributed to the final ER readiness recommendation. Data
analysis was performed by representatives from CSR Operations Control and CSR
Evaluation and Analysis groups but all findings were discussed within the larger Titan
IV/Centaur-TDRSS working group and a consensus reached before any final conclusions
were drawn.



PROGRAM REQUIREMENTS

Titan IV/Centaur telemetry characteristics and requirements for the generation of ER data
items for post-mission evaluations are provided in the Program Requirements Document
(PRD). Titan IV/Centaur telemetry consists of a 128 kbps data stream which PCM/PM
modulates a 2272.5 MHz carrier. The data is convolutionally-encoded for forward error
correction and encrypted. The resultant  data stream is 256 kilosymbols per second 
transmitted via RF in an NRZ-M format. Telemetry station data requirements  include the
recording of Centaur data from second Main Engine Start (MES-2) minus 650 seconds
through second Main Engine Cutoff (MECO-2) plus 80 seconds, with the period between
MES-2 minus 80 seconds through MECO-2 plus 35 seconds considered “mandatory.” 
The data accuracy required for these recordings is a bit error rate (BER) of no greater than
10 , i.e., one bit error for every one million bits received [1].-6

TEST #1 - BIT ERROR RATE (BER) TEST

The purpose of the bit error rate test was twofold. First, potential degradation of signal-to-
noise ratio due to the increased path loss associated with the initial S-band transmission
from the vehicle to the receiving TDRS antenna and implementation losses at the receiving
ground station at White Sands needed to be characterized in order to verify that no
modifications to the Centaur transmitter were necessary. Secondly, it was of interest to
know if BER performance for TDRSS data would approach theoretical curves for 1/2
convolutional encoding. Both checks would ensure the reception of data on the ER which
met the criteria documented by the ER customer in the PRD. A Decom System Inc (DSI)
Model 7192 Link Analyzer at Tel-4 was used to generate a 128 kbps 2047 Bit Error Rate
(BER) data pattern. This data was convolutionally encoded at Tel-4 with an Aydin Model
335 Bit Synchronizer and then flowed to the Merritt Island Launch Area (MILA) complex
where it was modulated onto a 2272.5 MHz carrier and uplinked to a TDRSS satellite.
The data was subsequently downlinked to White Sands Ground Terminal (WSGT) and
transmitted via the NASA Communications (NASCOM) system back to MILA and Tel-4.
Data received at Tel-4 were monitored for bit errors using the link analyzer. The uplink
power was varied and corresponding BER, C/No (carrier-to-noise density ratio in IF
bandwidth), and Eb/No (energy per bit-to-noise density ratio in IF bandwidth) were
recorded.

The Effective Isotropic Radiated Power (EIRP) of a transmitting antenna is given by:

EIRP(dB) = P - P + G (1)t  l  t  

where P is the transmitter power, P is the cabling loss between the transmitter and thet     l 

antenna, and G is the gain of the transmitting antenna (all quantities in dB) [2]. The EIRPt 



measurement made at MILA during this test could therefore be modeled as the Centaur
transmit power at those times in the flight when the effective Centaur antenna gain as
viewed by TDRSS was 0 dB. From customer documentation, it was noted that nominal
transmitter output power was 13 W and RF losses between the transmitter and the Centaur
antennas were 2.9 dB [1]. Converting the transmitter power output to dBm (decibels
referenced to one milliwatt) and applying Eqn. 1, it was determined that nominal Centaur
EIRP was 38.2 dBm. The desired outcome of the test, then, was to observe “threshold”
(i.e., a BER 10 ) reached at a reported EIRP equal to or less than this value. This would-6

indicate that existing Centaur power output would be sufficient to ensure a transmission
which met or exceeded data requirements.

The theoretical required Eb/No for a BER of 10 using k=7, rate 1/2 convolutional-6 

encoding and Viterbi soft-decision decoding is approximately 5.0 dB [3]. The BER
performance for such encoding is shown in Figures I-II. Any “shifting” of the curve to the
right of the theoretical could be interpreted as “unexplained” losses in the RF link. Note
that this would include WSGT implementation losses, which were not well understood at
the time. 

The first attempt to run Test #1 occurred in late December 1994, but the results were
considered invalid due to the presence of RF interference near the carrier frequency. This
interference had been noted before during the initial compatibility testing and had degraded
the link by as much as 2.25 dB when combining left-hand and right-hand circularly
polarized signals.

The first valid Test #1 runs were made on 23 January 1995. The data recorded at this test
session is presented in Table I. The “error rate” is easily calculated using the formula:

BER = E / 128000 T (2)

where T is the duration of the recording interval in seconds and E is the number of bit
errors received. Prior to the onset of testing it was decided that a minimum of three
minutes of test at each power level would be required to provide a high confidence level in
the data. The rationale was to examine at least 10 bits to verify the desired BER of 10 ;k+1        -k

at a rate of 128 kbps, it would therefore take approximately 78 seconds to analyze 10 bits.7 

Statistically, this would provide a confidence level of 90%. Further, it was noted that
increasing the observation time an additional 102 seconds would increase confidence by an
additional 5%; test team members were therefore assured that observed BERs would be
within 5% of actual BERs [4].





TABLE I.
POWER LEVEL VS. BER TEST, 1/23/95

DURATION GMT TIME GMT TIME POWER LEVEL C/No Eb/No Errors at BER at
 (MIN.) FROM TO  (dBm) (dB-Hz) (dB) Tel-4 Tel-4

4:00 1925 1929 65 0 -
4:00 1931 1935 60 0 -
4:00 1937 1941 55 0 -
4:00 1942 1946 50 0 -
4:00 1950 1954 45 64.13 11.5 8 2.6E-71

4:00 1954 1958 45 64.13 11.5 0 -
4:00 2003 2007 40 3 9.8E-81

4:00 2007 2011 40 1 3.3E-81

4:00 2038 2042 40 59.15 7.0 0 -
- 2050 35 54.24 Overflow
4:00 2054 2058 39 6.3 8 2.6E-7
5:00 2101 2106 38 57.50 282 7.3E-6
4:00 2112 2116 37 56.26 4.1 6826 2.2E-4
3:00 2120 2123 36 55.91 3.7 47470 1.5E-3
1:00 2124 2125 36 55.91 3.7 19700 2.6E-32

1:00 2133:02 2134:02 38 57.41 5.1 130 1.7E-52

1:00 2134:02 2135:02 38 56.64 5.1 584 7.6E-52

- 2142 39 58.10
5:00 2146 2151 38 57.30 5.2 660 1.7E-5

 - WSGT did not report any received bit errors1

 - BER questionable as time duration examined under 3 min. 2

The Test #1 scenario was repeated on 3 April 1995 and 4 May 1995. Due to the brevity of
these sessions as compared to the first session, the generated data are not included in this
report. The BER curve resulting from the 3 April test session was nearly identical to that
from the 23 January test session; thus, Figure I essentially depicts the data from both test
sessions. The 4 May test data are interesting in  that a BER of 10 was reached at an EIRP-6 

nearly 2 dBm lower than during the other two test sessions. The BER curve for this third
session is shown in Figure II. BER vs. Eb/No data reveal that threshold values were
reached on the 23 January and 3 April tests at an EIRP between 38-39 dBm. On the 4 May
test this was improved to approximately 37 dBm. Figures I and II depict bit error rates vs.
corresponding Eb/No values; the improvement in bit error probability can be clearly
discerned. 

The threshold values recorded during Test #1 sessions were very close to the critical 38.2
dBm nominal Centaur EIRP value. In addition, adjustments were made by the ER
customer after Test #1 to several link parameters which further narrowed the margin. The
User agreed to relax Centaur recording requirements to a BER of 10 , and increased its-5

estimate of nominal transmitter output to 15.5 W, but this 1.3 dB improvement in the link
analysis was offset by a new estimation of 5.2 dB for passive transmitter losses. The net
1.0 dB loss in the RF link meant that at best (4 May results) the threshold EIRP and the



real Centaur values were nearly identical. The test team was encouraged by the fact that
TDRSS BER vs. Eb/No values were within 1 dB of theoretical predictions during the 23
January and 3 April sessions and were comparable to tenths of a dB (typical for soft-
quantized Viterbi decoding [5]) during the 4 May test session.

TEST #2 - CENTAUR DATA COMPARE

The bit-for-bit data compare test would allow the Range to observe actual data threshold
limitations on the Centaur-TDRSS link. The configuration for Test #2 was very similar to
that of Test #1. The major difference was that 128 kbps data were provided by a live
launch vehicle rather than simulated. The Centaur upper stage for the Titan IV/Centaur
K23 mission was radiating for a Terminal Countdown Demonstration (TCD), which is an
ER checkout operation used to emulate an actual launch configuration. Tel-4 received data
directly from RF via a TAA-3C (33-foot) parabolic telemetry antenna and this was
recorded on digital tape. RF was also received by the TDRSS S-band Single Access (SSA)
antenna and transmitted via the TDRSS/WSGT/NASA network to Tel-4. This data stream
was likewise recorded. Due to the time delay difference in transmission time (1.008
seconds), the Universal Time Code (UTC) recorded on tape could not be used to time-
correlate the data. Therefore the Mission Elapsed Time (MET) or Inertial Navigation Unit
(INU) Time, a measurement embedded within the Centaur telemetry and incremented at a
.02 second rate, was used to synchronize the data streams post-test. Data were then
compared bit by bit and the differences were accumulated and printed.

Test #2 was run on 3 April 1995, but varying signal strengths at WSGT did not permit the
reception of valid data until nearly two and one-half hours into the testing period. An initial
concern had been the integrity of the Centaur-TDRSS link during this test, as pre-mission
estimates had shown that due to the particular orientation of the launch vehicle on the pad
the transmitting antenna gain as viewed by the TDRSS-East satellite would be on the order
of -2.5 dB. The corresponding link analysis (see Table II) had indicated a final Eb/No of -
2.9 dB. As a result, the inability to successfully receive valid data on the ER was not
entirely unexpected. At 1803 Z, WSGT attained receiver lock on the downlinked data and
this data were passed successfully to the ER. Seventeen minutes of data were successfully
recorded from both data streams. Strip charts at Tel-4 were run in real-time to record
decommutator status (in sync or out of sync) on the incoming data to identify periods when
it was expected that data would be invalid. Post-test data analysis showed that only one
such occurrence was indicated on the strip charts; however, corruption of data in the form
of 8-word (128-bit errors) was noted in the hard compares at four instances during other
times in the run.



TABLE II.
TEST #2 PRE-TEST RF LINK ANALYSIS

PARAMETER VALUE SOURCE______

1. CENTAUR TRANSMITTED POWER (dBm) 41.9 Provided by User

2. CENTAUR PASSIVE LOSSES (dB) 5.2 Provided by User

3. CENTAUR T-ZERO ANTENNA GAIN (dB) -2.5 PFACES run on 
trajectory tape

4. CENTAUR EIRP (dBm) 34.2 (1)-(2)+(3)

5. SPACE LOSS (dB) 191.2 Assuming target 
TDRS-East

6. TDRS G/T (dB/K) 8.9 Provided by Goddard 1

Space Flight Center

7. BOLTZMANN’S  CONSTANT (dBm/Hz-K) -198.6 Constant

8. C/No, TDRSS AND GROUND  (dB-Hz) 50.5 (4)-(5)+(6)-(7)2

9. BIT RATE (BPS) 128000 Centaur 
characteristics 

10. BIT RATE (dB-BPS) 51.07 10 Log (9)

11. Eb/No AVAILABLE (dB) -0.57 (8)-(10)

12. IMPLEMENTATION LOSS (dB) 2.3 Provided by Goddard 
Space Flight Center

13. NET Eb/No (dB) -2.87 (11)-(12)

- Receiving antenna figure of merit1

- Assumption: TDRSS and ground C/No values are equivalent since the TDRSS-ground link is2

insignificant when parallel added to the vehicle-TDRSS link.

The test was re-run on 4 May and this time the data source was a playback of Centaur data
at Tel-4. This allowed MILA to manipulate the EIRP as was done in Test #1. 10 minutes
of mission tape data were transmitted to TDRSS at power levels of 38.5 dBm and 37.5
dBm followed by a 12-minute run of data transmitted at 36.5 dBm. Post-test printouts of
the data compare show no unexpected errors at 38.5 dBm; however, the other runs showed



a combination of 1-bit, 1-word, and 8-word errors. It was later determined that the 8-word
errors were due to a combination of marginal signal levels and inherent design factors of
the associated decryption equipment, and were not due to link degradation. The actual
number of bits in error during these intervals could not be determined since any bit error
resulted in resetting of the decryption device, in turn creating a block of errors.

TEST #3 - IN-FLIGHT TDRSS TESTING

The first target of opportunity for an actual in-flight test of the TDRSS S-band antennas
was the launch of the Titan IV/Centaur K23 vehicle on 14 May 1995. Antenna switching
algorithms on the Centaur vehicle had been modified to point the active Centaur telemetry
antenna toward TDRSS (zenith) rather than ground stations (nadir) during a period
between major mark events. Prior to the mission, ER representatives modeled predictions
of TDRSS support using the PFACES (Pre-Flight Automatic Calculation of Signal
Strength) program. This is a link analysis tool certified for production of pre-launch
Estimated Coverage Plans (ECPs). The basic RF link equation which is the cornerstone of
the ACES software is:

dBmr = dBmt + Gr + Gm + 37.9 - 20 log f - 20 log D (3)

where

dBmr = power in dBm received at the supporting ground station;
dBmt = transmitter power less passive losses (in dBm)
Gr = gain of the receiving antenna (dB)
Gm = instantaneous gain of the missile (dB)
37.9 - 20 log f - 20 log D = dB form of the free space loss equation, where f is the carrier
frequency in MHz and D is the slant range distance from the vehicle to the receiving
antenna in feet.

The dynamic elements in the above equation, given the pre-mission nominal trajectory and
the Centaur transmitting antenna pattern, are the instantaneous antenna gain and the slant
range. The former is determined by mapping the aspect angles of the Centaur relative to
the target TDRS against the Centaur antenna pattern. The latter is determined by the
position of the target TDRS relative to the vehicle trajectory. The resultant signal strengths
are those received at the TDRS SSA antenna. To carry this analysis further, the ACES
data were imported into a Microsoft Excel spreadsheet and subjected to further
manipulation to arrive at a final estimate of the available Eb/No. The periods of quality
data could thus be predicted prior to the actual flight.



During the K23 countdown, it was noted that approximately one hour prior to launch, ER
lock on the incoming Centaur data via TDRSS was lost. WSGT reported that received
signals had degraded and Eb/No values were now below a usable level. Interestingly,
reception of TDRSS data was recovered at T-Zero as soon as the vehicle began to clear
the launch area. These varying signal strengths had been observed during Test #2 as well.
From recordings made at Tel-4, it was determined that the TDRS-4 (East) satellite
successfully covered approximately 9700 seconds of the first 23000 seconds of the
mission. Actual periods of quality data exceeded ACES predictions by several dB
throughout the mission. Most disappointing was the fact that no valid telemetry data were
received at the ER during the optimized period (MECO-2 + 80 seconds through Indian
Ocean Station acquisition). 

It was determined post-mission that this latter problem was the result of limited receiver
bandwidths at the Secondary TDRSS Ground Terminal (STGT), which was the supporting
station for the launch. The downlink frequency from TDRS to the ground terminal is
affected by the frequency stability of the signal received by TDRS from the vehicle. The
received frequency variation was initially limited to 700 Hz for acquisition of signal. The
frequency offsets observed during K23 were much greater in magnitude than this.
Subsequent firmware modifications allowed the ground receiver to acquire signal with a
variation up to 20 kHz; this new capability was formally tested on 13 June 1995 by
flowing data through the TDRS system, purposely offsetting the frequency, and  observing
the ability of the STGT receiver to maintain signal reception.

The next target of opportunity for testing was the K19 Titan IV/Centaur launch which took
place on 10 July 1995. For this launch, both TDRS-4 (East) and TDRS-5 (West) satellites
were configured to supply telemetry data to the ER. During this operation, the Centaur
antennas were not optimized for TDRSS pointing as they had been during K23. Despite
this, data collection from both satellites was very favorable, with TDRS-5 able to
successfully support Centaur second burn. In all, nearly 4700 seconds of data of
intermittent quality or better were re-transmitted to the  ER during the first 7150 seconds
of the mission. Prior to T-Zero, degradation in signal strength and Eb/No was again noted
at White Sands, and again the signals recovered shortly after launch. 

After K19, the ER recommended formal closure to the operational testing; it was felt that
nominal  performance during the mission proved that second burn coverage by TDRSS
was feasible with proper pre-mission planning even without optimized pointing to the
satellites. During both flights, actual performance agreed with or slightly exceeded pre-
flight estimates. It was felt that with predictions modeling actual performance so closely
that it would now be valid to commit TDRSS as an operational Range asset during future
operations.



CONCLUSIONS

In the opinion of ER personnel, all tests were completed successfully and indicated that
TDRSS was a viable asset to receive Centaur telemetry data during future Titan
IV/Centaur launches. Test #1 indicated that the existing transmitter/antenna system on the
Centaur could be utilized without enhancements, and that the performance of TDRSS and
its associated communications links was nominal and approached theoretical performance.
Test #2 supported the data threshold values determined during Test #1 and proved that no
unusual degradation of the telemetry data was occurring prior to reception on the  ER. Test
#3, specifically the K19 flight, was the operational demonstration of TDRSS abilities to
track the vehicle in-flight and proved that RF link closure could be obtained during the
Centaur second burn period.

A common element throughout all the tests was that during static pad testing (Test #2 and
pre-launch during K19 and K23), the link appeared to be time-varying and the signal
strengths and Eb/No values recorded at White Sands would periodically degrade and then
return to usable levels. ER personnel were concerned with this phenomenon as it indicated
that an element in the RF link was somewhat unpredictable. Several theories were
advanced for this phenomenon, including atmospheric scintillation or variations in the
receiving SSA antenna figure of merit (gain over temperature), both of which could be
dependent on the time of day. Aerospace Corporation presented a hypothesis which
correlated periods of decreased signal strength with the diurnal movements of the satellites
in their orbital slots; due to their slightly eccentric and slightly inclined orbits, the TDRSS
satellites perform a “figure-eight” type motion in reference to a point on the  Earth’s
surface. It was possible that multipath interference due to reflections around the launch
area would degrade received signals at the satellite and this degradation would vary
depending on the location of the satellite in its “figure-eight.” This hypothesis is worthy of
consideration as it succeeds in explaining why the degradation was  only noted when the
vehicle was on the ground. Please refer to Reference 6 for the mathematics behind this
theory.

As a result of the operational testing, a Memorandum of Agreement (MOA) was issued
between the 45th Space Wing and NASA, providing for TDRSS support during future
Titan IV/Centaur pre-mission testing and actual launches. The first operational mission
with TDRSS as the prime telemetry source during second burn was the K16 launch in
April 1996, and coverage from the TDRS-East and TDRS-Spare satellites was flawless. In
addition, the Atlas/Centaur community has adopted TDRSS-compatible technology to
replace ARIA telemetry coverage during future missions, and plans to utilize TDRSS
support during launch operations beginning in mid-1996. Future plans include
characterizing TDRSS timing delays to allow the use of the system for ELV Range Safety 



functions. TDRSS support represents a significant cost savings over other assets and the
testing described herein in essence “paved the way” to the realization of those benefits by
ELV contractors.
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