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ABSTRACT

Engineering requirements and design characteristics of the coherent throughput relay
system which supports East Coast pre-launch checkout of NASA’s Space Shuttle and its
Payloads are presented. The Relay system is required to provide communications through
NASA’s Tracking and Data Relay Satellite System for the Shuttle and Payload-Users
while they are encapsulated in the launch preparation facilities at the John F. Kennedy
Space Center and the Eastern Test Range, Florida.

The Relay system is required to be transparent to its users’ data at all rates up to three
MB/s at S-band and 300 MB/s at Ku-band. Noise and group-delay distortion are major
contributors to wide band RF signal degradation. These were major factors in the Relay
system design.

Antenna design, pointing angle and location were constrained by the need to maximize
end-to-end RF signal isolation at both S-band and KU-band, simultaneous forward and
return frequencies. System characteristics and link analysis are also presented. In addition,
a similar Data Relay located at Vandenberg Air Force Base is briefly described.

KEYWORDS:  Data Relay System, Shuttle Payload Testing, Pre-launch Testing, MIL
Relay, TDRS, TDRSS

INTRODUCTION

In the late 1970’s, the Goddard Space Flight Center (GSFC), Network Engineering
Division began preparing for a ground support payload test and check-out system to verify
the operational readiness of Shuttle payloads. The system would provide forward and
return links from a payload in a check-out facility to the Tracking Data Relay Satellite 



(TDRS), and provide data flow at a signal level equivalent to that in actual payload orbit
operating direct to TDRS.

A single facility was desired to control and schedule transmissions of pre-launch tests for
the payload community and user via the TDRS. The Data Relay System at the Merritt
Island Tracking Station (MIL) is a result of the requirements imposed by GSFC to serve
the payload community, the geography of launch complex at the Kennedy Space Center
(KSC), and the need to operate with numerous payload preparation facilities (PPF) at KSC
and the Eastern Test Range (ETR).

Payloads to be launched by the Shuttle are processed at numerous facilities at the KSC.
Among these are the Orbiter Processing Facility (OPF), Vertical Processing Facility
(VPF), Hanger’s “S”, “AE”, and “AM” at Cape Canaveral Air Force Station
(CCAFS)/ETR, and the Payload Change-out Rooms (PCR) at the launch complex 39
(LC-39). See Figure 1.

Goddard elected to design and install a single relay facility for communications from any
of the above locations to the TDRS satellite. This relay would be located at MIL-STDN,
an existing tracking station managed by Goddard, with the trained personnel required to
perform the necessary operations. This approach would utilize a steerable antenna, the
“User” antenna, that could be directed to roof-mounted antennas at each test facility. The
User antenna would be connected by amplifiers and an 800-foot transmission line and
waveguide system to a similar antenna (the “TDRS” antenna) which provides pointing to
the TDRS East satellite. The relay station complex would be required to transmit and
receive simultaneously at both S-band and K-band.

Such a relay, being essentially a “bent pipe” (i.e., no frequency translations) would be
subject to self-interference, or RF feed back. The long transmission lines would produce
group delay distortion and the components and gain levels must be selected to meet the
link requirements without introducing feedback, saturation or excessive noise.

In early 1985, a similar relay was installed at Vandenberg Air Force Base (VAFB) to
support Shuttle launches from the “SLC-6” launch complex at the Western Test Range
(WTR). The system design changes to meet the VAFB unique requirements are briefly
described to acquaint the reader with the total pre-launch payload capability provided by
NASA.

RELAY DESCRIPTION AND DESIGN OVERVIEW

Data transmissions with the Space Shuttle Orbiter (SSO) at LC-39 via TDRS to the
Johnson Space Center (JSC) in Houston, Texas, required for pre-launch checkout



operations of the Space Shuttle and its payload, are made possible by using the Relay
System located at the Merritt Island Tracking Station, Florida, designated “MIL/TDRS”.
The functional equipment diagram of the MIL/TDRS Relay System is illustrated in
Figure 2. The VAFB/TDRS system is functionally identical. Figures 3a and 3b illustrate
the end-to-end system for Shuttle launches at both the KSC and VAFB.

S-band and Ku-band signals from TDRS are received at the three-meter TDRS antenna
and routed through the Relay system to the three-meter user antenna for relay to the
Shuttle or TDRS user. These are forward link signals at 2025 - 2120 MHz and 13.750 -
13.8000 GHz. From the Shuttle at LC-39, or from the PPF, the return link signals are
relayed through the three-meter User antenna, the relay system, the three-meter TDRS
antenna, to the TDRS East Satellite. The return link frequencies are 2200 - 2300 MHz and
14.750 - 15.250 GHz. The relay at the VAFB will operate through the TDRS West
Satellite.

The User antenna at the MIL/TDRS Relay is located on a 140-foot tower to provide line-
of-sight communications and stable RF links to all KSC facilities. The User antenna
transmission line system was chosen for minimum loss to eliminate the necessity of
locating low noise amplifiers (LNA’s) at the top of this tower. The Ku-band system
utilizes over-moded waveguide, and elliptical waveguide was selected for the S-band
system to meet this requirement. The transmission line runs between the User and TDRs
antennas incorporate the same waveguide concepts. This run, totaling nearly 1000 feet,
introduced group delay distortion, particularly at Ku-band, which required a waveguide
equalizer, as shown in Figure 2. Locations for LNA’s, intermediate amplifiers, and
TWTA’s were selected to meet dynamic range requirements and to minimize loss,
especially between the antennas and the LNA’s to preserve the available signal-to-noise
ratio (S/N). The relay gain is selected to meet TDRS constraints, isolation constraints and
system constraints, and can only be changed operationally to compensate for small
changes in link parameters. Gain is adjustable by remotely-controlled attenuators.

Both three-meter antenna systems employ dichroic, or frequency selective surfaces (FSS),
as subreflectors. This simplifies the operation of the Relay system by permitting the system
to receive and transmit both S-band and Ku-band links simultaneously.

LINK REQUIREMENTS AND DESIGN CONSTRAINTS

The forward link signal levels from TDRS to be relayed to a payload facility are fixed by
the TDRS EIRP specifications in the TDRS User’s Guide (1).

The return signals from the PPF’s must be amplified, at an adequate signal-to-noise ratio,
to be re-transmitted to the TDRS within system constraints. Since the relay is limited by



input noise and gain/isolation criteria, some restrictions and requirements must be met by
the KSC payload facilities to properly interface with the Relay.

The return link levels to the TDRS are also pre-determined by the TDRS user constraints
and its on-board transponder threshold specifications. Thus, the relay gain must be
selected to be compatible with the end-to-end system, yet adequate to interface with the
payload facilities which in general contain only passive components (e.g., roof-top
antennas and long transmission lines). In addition, the relay design must incorporate
adequate antenna gain to meet G/T requirements for high data rates, without introducting
distortion that would increase the payload or TDRS bit-error-rate (BER). That is, the relay
must not degrade the forward or return link signals and should approach an ideally
“transparent” system.

A link analysis was performed to determine the required antenna G/T and system gain to
obtain an adequate S/N ratio with respect to link data-rates and bandwidths. The link
analysis is based on the requirements at TDRSS, specified in ICD2-0D004, (2), and is
presented in detail in STDN No. 203.6, “Functional and Performance Requirements”, (3).
The specified forward link gains at S-band and Ku-band are 103 dB and 120 dB,
respectively, and the return link gains are 94 dB and 92 dB respectively. The following
gain/loss analysis was performed to determine the required number of amplifiers and
allowable losses to achieve the gain and S/N requirements. The gain/loss study also
located the active components for best dynamic range to avoid saturation.

GAIN/LOSS ANALYSIS

The goal in designing the Relay is to achieve transparent performance at all User data
rates. This is achieved by preserving the signal-to-noise ratio at each input of the system.
The obvious approach is to increase the input signal. This can be accomplished to a limited
extent in the return links by specifying higher EIRP’s for all the KSC users and PPF’s for
the User antenna interface. Increasing S/N by using a larger antenna is limited by
economics and engineering constraints such as pointing accuracy. Raising the signal level
by increasing system gain will not help, since the noise level is raised an equal amount. A
gain/loss budget analysis was performed to preserve S/N and to maximize dynamic range
with the three-meter antennas selected as an optimum compromise between G/T
requirements and ease of pointing and tracking. This analysis is based on well established
system noise temperature (Ts) equations for amplifiers in cascade (4).

Assume a relay system having a gain G, a system noise temperature Ts, and bandwidth B,
the output noise power is given by Equation (1), Figure 4. Since G and B are specified,
and K is a constant, the noise power and associated S/N is simply a function of Ts. Thus,
to maximize S/N, Ts must be minimized. As shown in Figure 4, the input noise power Ta’



is a function of antenna temperature, Ta, and line loss, L. Thus, the maximum available
S/N at the LNA input depends on loss, L, as shown in Figure 5. All other passive
components and transmission lines are represented by their related losses L1, L2 and L3.
With L chosen as small as possible, Tr must be minimized by choosing L1, L2 and L3 that
are physically practical in terms of line lengths, or as fixed attenuators for controlling gain
and/or saturation, but whose values do not degrade the overall system temperature, and
thus S/N.

With solid state components chosen as follows:

LNA A A A TWTA1 2 3

Gain, G(dB) 35 35 35 35 40/55
Noise Figure, F(dB) 3 6 6 6 35

and using Equation (5), a range of values for L1, L2 and L3 can be found that if not
exceeded, will preserve the overall system temperature, Ts, established by Ta, L, and the
LNA selected. For example, a value of 5 dB is found for L1 as shown in Figure 6 that can
be tolerated between the LNA and amplifier A1. Using this technique, all maximum loss
values were determined as follows:

L1 < 5 dB, L2 < 35 dB and L2 + L3 < 50 dB

With these limits established, amplifiers were located to accommodate the transmission
line losses in the 800-foot run, interconnecting cables, fixed pads, and variable attenuators
required.

Referring again to Figure 5, it is apparent that the LNA must be located as close to the
antenna as possible with a low-loss transmission line. Reliability and accessibility of the
LNA when located at the antenna must be weighed against the cost of sophisticated low-
loss transmission lines. In the case of the User antenna located on a 140-foot tower, Ku-
band over-moded waveguide and S-band elliptical waveguide was selected to preserve the
S/N, and to avoid locating the LNA’s on the tower, improving reliability and ease of
maintenance.

DYNAMIC RANGE

A dynamic range study was performed to utilize the above gain/loss budget to determine if
saturation can occur over the range of input levels expected from various payload facilities
(PPF) and the Shuttle Orbiter, and to locate components for best dynamic range. A typical
dynamic range chart is shown in Figure 7. This figure represents a typical link and
illustrates the location of large losses to avoid degrading the S/N, gain, and dynamic range.



GROUP DELAY DISTORTION

The phase delay versus frequency of a long length of waveguide is bandwidth-dependent
and is also a function of the length of waveguide. The long waveguide runs between the
User and TDRS antenna terminals therefore exhibited inherent group delay distortion
which results in modulation envelope distortion. Upon demodulation, degradations of the
energy-per-bit to noise ratio (Eb/No) degrades the bit-error-rate (BER).

A joint study by NASA and the Johns Hopkins University Applied Physics Laboratory
(APL) evaluated the extent of group delay distortion and associated Eb/No degradation as
a function of data rate and RF bandwidth (5). The results of the study indicated that a Ku-
band return link signal with a 500 MHz bandwidth would experience severe dispersive
distortion. This is especially true for quadri-phase modulated (QPSK) signals (6).

In order to correct this group delay, it was necessary to use a group delay equalizer in the
Ku-band return link. Design theory for the Ku-band equalizer is not within the scope of
this paper; however, an equalizer was designed and fabricated by NEICO Corporation of
Needham, Massachusetts which compensates for group delay in both the 800-foot
horizontal run and the 140-foot vertical run on the User antenna tower.

Subsequent high data rate testing has demonstrated that the equalizer performs to
specifications. A typical bit error rate (BER) curve is shown in Figure 8.

ISOLATION AND ANTENNA SITING

Since each link of the relay was required to receive and transmit at the same frequency, a
major concern in the concept and initial design of the TDRS Relay was RF isolation
between the receiving and transmitting antennas. A criteria was established of 30 dB
isolation between the desired received signal, PS, and the coupled signal, PI, from the
corresponding transmitting three-meter antenna (see Figure 9). It was determined that
three-meter-diameter antennas designed and located to provide a minimum of 100 dB
antenna-pattern isolation would be required to assure the link performance. Among the
considerations in antenna siting was the use of earth berms, fences, RF shelters (absorber
lined structures) and ultra-low side lobe antennas. By computer-aided models of antenna
look-angles, and scale model testing, it was determined that the isolation requirement
could be met by the careful location of the two antennas, and by utilizing standard
antennas with an appropriate shroud. The computer model generated contours of constant
isolation versus antenna angular location and separation as shown in Figure 10. Scale
model test data (later updated with full-scale pattern measurements) provided the pattern
levels and associated isolation levels for each location selected for the TDRS antenna
relative to the USER antenna at any payload facility look angle.



As stated, a margin of 30 dB was required as a minimum ratio of signal-to-interference,
PS/PI,

where:

PS/PI = [P  + S  - G  - G  - A];dB (6)A  L  T  R

and:
A = Relay Gain, dB, previously established

G  G = Antenna gains, dB, measuredT’ R

S = Space loss between antennas, dB, calculatedL

P = Pattern isolation from full scale pattern measurementsA

Following a review of the proposed relay and considering the wet-land impact, the over-
moded waveguide run, and the isolation predictions above, a directly South position was
selected. The relay separation was extended to 800-feet to minimize the wet-land impact,
etc., and to obtain a slightly greater signal-to-noise interference ratio for Hanger “S”
support. The final location and site lay-out is shown in Figure 11.

The isolation was measured by injecting a signal at the normal operating level, at any
convenient level below saturation, and monitoring at the same point the received level
from the opposing antenna. The look position of the User antenna was varied to simulate
the isolation at the various payload locations.

The measured values shown in Table I are “worst case” isolation levels. The interfering
signals were observed to fluctuate from the worst case levels to the noise floor of the relay.
Variations with frequency of 5 dB or greater were also observed within each link.

RTVS SYSTEM

The operational readiness of the MIL Relay (as well as the VAFB Relay) can be
determined daily in a manner of minutes using a computer-controlled relay test and
verification system (RTVS). This system developed by the Applied Research Laboratory
(APL) for GSFC, incorporates a test inject system to sweep all links of the Relay and test
for gain, gain flatness, phase dispersion and associated Eb/No degradation (7). The latter
test generates a simulated pulse-code waveform at the specified bit-rate and derives from
the test inject data an Eb/No degradation associated with group delay, and displays the
pulse distortion. At 100 Mpbs, the K-band return link loss due to pulse distortion was
measured at 1.07 dB. All other links or bit-rates tests indicated losses less than 1 dB. This
system also performs a turn-around test using a local collimation tower and a
translater/transponder to simulate a user facility. Thus, the Relay can be fully tested end-



to-end (except for the TDRS terminal antenna) for operational readiness on a daily basis or
for diagnostic analysis of system failures.

RFI CONCERNS

In addition to the normal interference between two systems operating at the same
frequencies, as between the Relay and the nine-meter STDN Tracking system, the Relay
was observed to produce RFI from noise radiation. The Relay continuously reradiates
input noise at a relatively high level. The S-band return link noise was observed to produce
RFI in the STDN tracking receivers at MIL.

Tests were performed to determine relay antenna pointing angles, and gain levels that
could not be allowed while the nine-meter antennas were being used. Although User
antenna pointing angles and relay gain levels were found that produced RFI, these values
are not within the normal operational range. However, since the nine-meter up-link
transmit power is coupled to the three-meter antenna at all angles, the two systems cannot
operate simultaneously and Relay functions require scheduling to avoid RFI. Since the
Relay is not required during the launch phase, scheduling is not a problem.

MEASURED PERFORMANCE

Selected test data is shown in Tables I and II. The gain was established by the variable
attenuators at the specified test inject levels. The gains and S/N measurements were
confirmed by the RTVS system. The derived BER’s, etc. are shown in Table II.

VAFB RELAY

The geography at VAFB required basic changes in the Relay design. A survey of possible
sites resulted in a compromise between desired location for maximum antenna-to-antenna
pattern isolation and utilization of natural “terrain” isolation. Pattern-wise, a north-to-south
location was desired, but was not available within the constraints of existing structures and
the look positions required for the three-meter antennas. Isolation was thus obtained by
natural terrain masking. In addition, the rough terrain essentially eliminated the over-
moded waveguide selection and S-band elliptical waveguides would prove too expensive
and difficult to install. This required an innovative gain/loss analysis to locate the added
transmission losses of the 800-foot runs to maximize dynamic range.

The Relay system at VAFB has been completely installed and tested, but interface testing
with payload facilities has been delayed until 1987. Extensive testing remains, but the
Relay proper has met all design and system performance criteria to date.



CONCLUSIONS

The design goals and techniques were presented, as well as selected performance
measurements. Relay gains of over 100 dB were required and achieved within the
established antenna-to-antenna isolation requirements. The system data rates were
achieved by preserving the input S/N ratio, and compensating for group-delay distortion.

A microwave “bent pipe” relay was designed, installed, and tested at MIL and VAFB that
met the goals and requirements of GSFC/NASA in providing a payload test and check-out
facility to insure the payload user community that a payload is operational prior to launch
on the Space Shuttle.
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 Table I: Measured Data

LINK MHz dBm S/N, dB dB
DATA BW LNA INPUT GAIN PS/PI/dB(1)

S-BAND FWD 95 -84 6 101 30/46
S-BAND RTN 100 -80 10 96 36/50
K-BAND FWD 50 -80 10 120 36/55
K-BAND RTN 500 -60 14 94 61/77

(2)

(1) RANGE OF VALUES MIN/MAX VERSUS USER ANTENNA LOOK ANGLES 
AS SHOWN IN FIGURE 1

(2) PREDICTED (TEST DATA NOT AVAILABLE)

Table II: Derived Performance From S/N Test Data

LINK Kbps MODULATION dB dB (BER)
DATA RATE CARRIER C/No Eb/No BIT ERROR RATE

S-BAND FWD 72 PSK 85.8 37.2 < 10
S-BAND RTN 192 PSK 90.0 37.2 < 10
K-BAND FWD 216 PSK 87.0 33.7 < 10
K-BAND RTN 100 QPSK 101.0 21.0 < 10

-7

-7

-7

-7



FIGURE 1: LOOK ANGLE RANGE REQUIREMENT
FOR THE MIL RELAY



FIGURE 2: FUNCTIONAL BLOCK DIAGRAM OF THE
RELAY SYSTEM AT KSC, FL



FIGURE 3A. SHUTTLE AT KENNEDY SPACE CENTER, FL

FIGURE 3B. SHUTTLE AT VANDENBERG AIR FORCE BASE,CA



FIGURE 4: A SIMPLIFIED BLOCK DIAGRAM
OF A TYPICAL RELAY LINK



FIGURE 5: TEMPERATURE T' vs. CABLE LOSS, LA



FIGURE 6: TEMPERATURE T  vs. LOSS L  WITH L =L =ODBR   1  2 3



FIGURE 7: S-BAND FORWARD DYNAMIC
RANGE PROFILE



FIGURE 8: MEASURED BIT ERROR
PROBABILITY, K-BAND RETURN, AT 100 Mbps







FIGURE 11: MIL RELAY SITE LAYOUT


