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ABSTRACT

There has been much interest recently in the possibility of using the NASA Tracking
and Data Relay Satellite System (TDRSS) instead of proprietary ground stations in
supporting small space payload communications. These payloads operate on fairly
low power and do not use the sophisticated tracking equipment standard on more
complex user spacecraft. This paper is part of a feasibility study for such use of
TDRSS, and focuses on the effect of the method of providing the Grade-2 data link
layer services specified in Consultative Committee for Space Data Systems (CCSDS)
Advanced Orbiting Systems (AOS) recommendations upon a hypothetical spacecraft
using a MIL-STD-1553B polled data bus as the backbone of its onboard LAN. In
particular, one case in which the 1553B bus controller, assumed to be some Intel
80X86 microprocessor, provides all CCSDS services will be contrasted with another
where these services are split between the bus controller and a device which interfaces
between the spacecraft LAN and the TDRSS Return Service spacelink. The
comparison will be made for a 15 orbit/day scenario using a small helical antenna with
a comparatively wide beamwidth. The main performance criteria considered here are
end-to-end data throughput and expected delays, along with required buffer sizes for
the LAN. Also, it may be noted that the data rate of the TDRSS return link and the
size of the sliding window used for flow and error control will have a large impact on
the required values for the chosen criteria, and so choices for these parameters
significantly affect the outcome of any system service comparison. The two LAN
types will be modeled and analyzed using NETWORK II.5. This simulator allows
tracking of the number of packets read into LAN memories and sent down from the
payload to ground via TDRSS, as well as accurately modeling the delays involved
with data processing and transmission over the link.
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INTRODUCTION

In recent years, small satellite communications have generally been supported with
the use of proprietary ground stations. Using TDRSS for this role has been considered
unrealistic for three major reasons: (1) it was thought that TDRSS could not provide
small spacecraft with enough access time to avoid overflow with the small data
buffers onboard these payloads, (2) the space loss was considered too large to use any
antenna but large dishes which (3) used highly complex tracking not normally
included onboard these satellites. However, some good reasons for TDRSS support
have been advanced by Horan [l], where it is shown that access time with TDRSS can
actually be greater than that available with traditional ground-based support. Also, as
long as data rates over the link stay within a range supported by TDRSS for low-
power users the space loss remains low enough for packet transfer to take place with
acceptable error performance [2]. Of course, the high cost of building ground stations
has prompted an examination of alternatives to this approach such as TDRSS-based
satellite relay.

The application of CCSDS recommendations for AOS data links represents another
area of interest to many in the satellite communications field. Here, the study will
focus on three link layer services. Data that has not been already formatted according
to CCSDS specifications may be placed in a CCSDS Version 1 Packet through the
Encapsulation Service. The resulting packets are known as Encapsulation Protocol
Data Units (EPDUs). These EPDUs are in turn concatenated by the CCSDS
Multiplexing Service into Multiplexing Protocol Data Units (MPDUs). Finally, a
number of MPDUs may be placed in a Virtual Channel Access Protocol Data Unit
(VCA_PDU) by the Virtual Channel Access Service [3]. The purpose of this section is
simply to list which CCSDS services are involved in the space data system simulation.
The reader is referred to the relevant CCSDS Blue Books for detailed description of
the protocols.

As mentioned above, the spacecraft LAN is organized as a MIL-STD-1553B data bus.
One terminal on this bus, called the bus controller, initiates all data transfers in the
system. All other terminals on the bus are known as remote terminals and simply
respond to all commands from the bus controller. Information transfers in a
MIL-STD-1553B system occur through three different 16-bit words: command, data,
and status. The bus controller uses command words to obtain data from a remote
terminal or send data to it, as well as checking a terminal for any conditions requiring



the controller to take special action. Remote terminals supply the bus controller with
the necessary information for system control through status words, and any terminal
on the bus may send data words, which alone carry actual payload data. Strings of up
to 32 data words may be sent between the bus controller and a remote terminal
without acknowledgement from the controller. The maximum data rate on a
MIL-STD-1553B bus is 1 Mbps, and the standard also specifies time gaps between
messages and minimum response periods [4]. In addition to this bus, the payload
communications system also has an interface with the TDRSS return and forward
links. The study assumes TDRSS Return Service data rates like those for low-power
spacecraft in [5]. Also, any processors in the model are assumed to run at a frequency
of 25 MHZ, or a clock cycle of 40 ns [6].

Finally, the NETWORK II.5 network simulator should briefly be described. This
software package models both throughput and delay for data systems without the need
for the user to program in any kind of special simulation language. The system
modeling occurs on two levels. First, NETWORK II.5 uses three types of hardware
devices: processing elements, storage devices, and transfer devices. Processing
elements correspond to microprocessors, interrupt controllers, or any other system
control device. Storage devices are memories, and transfer devices include any means
to get data from one point to another, including wireless links such as space paths. In
addition to this hardware model, the simulator also models software instructions
performed by processing elements. These instructions are normally combined into
groups, called modules, which are designed to perform basic system tasks. There are
four types of instruction which NETWORK II.5 recognizes. Read and Write
instructions transfer data to and from storage devices. Processing occurs within a
processing element itself and often consists of operations such as generating code or
receiving and decoding an incoming message. Message instructions allow one
processor to send commands, status information, or actual data to another processor,
and semaphore instructions manipulate system semaphores, which are used for
network control. Driving all this are the system statistics such as those for data
generation and the polling of other terminals in a network for data [7].

DATA SYSTEM ANALYSIS

The space data systems being simulated are similar to the one sketched in Fig. 1
below. In this scenario, a remote terminal writes a constant 100 bytes of sensor data to
its local memory every second. Also, every second the bus controller polls the remote
terminal for data. Upon receiving an acknowledgement status word from the remote
terminal, the bus controller requests data from the terminal's memory. The controller
writes the data it receives into one of two buffers (A or B) within a solid-state
recording device. Depending on the case under consideration, the bus controller either





writes a series of MIL-STD-1553 words, a sequence of EPDUs, or a series of
completed CVCDUs into the buffers. The bus controller, remote terminal, and
spacelink interface are all modeled as processing elements in NETWORK II.5, and
the solid-state recorder and local memory are considered storage devices by the
simulator. Of course, the TDRSS links and the MIL-STD-1553B bus are the transfer
devices in the network, along with the processor backplanes.

In the simulation, once every few orbital passes (on average about once every 14,000
sec for 15 orbit/day case), the ground terminal will initiate a data transfer to it from
the interface unit onboard the satellite. The interface in turn requests a buffer toggling
from the bus controller if there is no longer any data left in the current buffer;
otherwise, the interface must transmit all the packets that could not be sent down to
the ground station during the previous orbital pass before requesting the controller to
switch buffers. Packet transmission proceeds over the TDRSS return link until either
all packets are successfully transmitted or the data transmission window closes again,
leaving some packets still in the current buffer.

Here four quantities should be found: (1) the minimum buffer size to prevent
overflow, (2) the relationship between the sliding window size used for flow/error
control and the minimum data rate feasible for the data system, given that the
buffering queues need to maintain some sort of stable equilibrium over the 24-hour
simulation cycle (i.e., queues must avoid saturation), (3) the minimum data rate
needed to transmit all packets in a buffer during an orbital pass, given a particular
window size, and (4) the minimum data rate required for releasing all data from a
given buffer during a transmission window regardless of window size (i.e., using an
infinite window size). The standard size of 10,200 bits for a Grade-2 Coded Virtual
Channel Data Unit (CVCDU) will be used. If the standard CVCDU header contains
48 bits (64 when MPDU header is combined with it), and the R/S code block is 1280
bits long [8], then we have the number of EPDUs which fit into a CVCDU as

N = (10,200 - 1280 - 64) / 880 = 10.06 units, (1)

which will be truncated to 10; the 880 bits for an EPDU includes header and time-tag.

Since N must be an integer, there will be fill bits included in the EPDU:

X = 10,200 - 880(10) - 1280 - 64 = 56 bits per CVCDU. (2)

An EPDU is generated about once a second, so every 10 seconds the NETWORK II.5
simulation should add another packet to either of buffers A or B in the solid-state
recorder shown in Fig. 1. Noting this, the expected maximum buffer size in packets



can be found as the longest period of the 24-hour cycle being simulated during which
data is being written into a single buffer, divided by 10. Multiplying this result by
10,200 gives the maximum buffer size in bits.

Table 1 below shows, for the case of 15 orbits/day , the approximate open and close
times for return data transmission periods or 'windows' measured in seconds. The
values shown were derived from Horan's findings on small spacecraft access of
TDRSS for mission support [9].

Table 1: Transmission window over 24-hour period for 15 orbits/day

Window Open (sec) Close (sec)

1 3920 4436

2 32780 33236

3 41650 41703

4 47120 47578

5 75980 76436

6 84850 84960

So if Buffer A is having data written into it at the beginning of simulation, we may
expect 392 packets in A at the beginning of the first data transmission window, then
2,886 packets to be written into Buffer B before the next window opens after 32,780
seconds of simulation time. This elapsed time,

T(max) = 32,780 - 3,920 = 28,860 (sec), (3)

represents the longest time between window openings during the whole 24-hour
simulation period. Therefore, the answer to the above question about the minimum
required buffer size for the case where completed CVCDUs are entered into the
solid-state recorder buffers is then

B(min) = T(max)*(10,200) / 10 = 29,437,200 bits, (4)



for 10 EPDUs and 10,200 bits per CVCDU. For the other case, where the
space-to-ground link interface provides Virtual Channel Access service, a constant
880 bits are written into the data buffers every second, giving

B(min) = T(max)*880 = 25,936,800 bits for the same T(max). (5)

Neglecting transient conditions in this network such as the end of transmissions and
buffer changes, we may look at a typical transfer of data down the TDRSS return link.
The total time passing between transfers of packet sequences from the satellite LAN
to Earth depends in part on the slant distance between the user spacecraft and a TDRS.
It also depends on the data rate and, not coincidentally, the length of the sequence
itself (sliding window size).

The delays associated with processing the incoming or outgoing packet streams at the
80X86 processing elements can be found by noting that about 4 CPU clock cycles are
needed to input 16 bits from memory into the accumulator and 10 cycles to place a
byte of data onto the backplane, so in 24 CPU cycles two bytes can be processed and
read prior to transmission [10]. If a sliding window size of W = 7 is used for return
service transmission, we have for processing delay over all seven packets
approximately

D(proc) = (10,232*W/16)*24 = 107,500 CPU clock cycles = 4.3 msec. (6)

This value is not large at all compared to 250 msec for propagation delay on both the
return and forward TDRSS service links, nor is it very significant next to the time
needed to actually transmit these packets, using 80 Kbps as a base spacelink data rate:

T(xmit) = 71,624 / 80,000 = 0.8953 sec. (7)

Because of this fact, a simplified form of the packet delay equation can be used here,
namely

T(pkts) = 0.5 + P/R (sec), (8)

where P = 10,232*W is the number of bits in W packets. The constant in the above
equation is simply the propagation delay over both the return and forward links if a
slant distance for both links of 37,500 km is assumed. Now, the overall data
transmission window for the entire 24-hour simulation period is about 2,050 sec from
Table 1, and from the fact that packets are completed every 10 sec it is clear that 8,640



packets will be generated over the whole day if we assume that completed CVCDUs
are being read from the solid-state recorder. This means that

T(reqd) = 2,050 / 8,640 = 0.237 sec/pkt (required rate = 4.22 pkts/sec) (9)

is the required time to transmit a packet in order to transmit all packets received
during a given 24-hour period. The inverse of this quantity can be used to find out if
the data rate in bits/s for a particular window size matches that required to maintain
buffer queue equilibrium, thus showing an inverse relationship between window size
and the minimum data rate to prevent buffer overflow.

Finally, there is the case where there is no sliding window at all (i.e., all packets in a
buffer are transmitted during each open data transfer window to the ground station). In
this event, one has to look at Table 1 above and see that between windows 1 and 2 a
maximum of 2,886 packets are generated. All these packets must be sent down to
Earth via TDRSS over the time available in the 2nd data transfer window, which is
about 455 seconds long. Therefore, the required data rate here would be

R = 2,886*(10,232) / 455 = 64.9 Kbps. (10)

Again, this is a benchmark which can be compared against a certain data rate used in a
system with a sliding window size W to see if that system's data rate is high enough to
compensate for the loss of link utilization associated with finite windows.

RESEARCH FINDINGS

The actual test simulation for the scenarios described above consist of two
NETWORK II.5 models. Both have four processing elements, two storage devices,
and five transfer devices as shown in Fig. 1. The model for the case where the bus
controller provides all CCSDS services itself used 47 modules and 21 statistical
distribution functions. The model splitting the CCSDS service allocation between the
controller and the space-to-ground link interface used 44 modules and 23 statistical
distribution functions. In both models, the MIL-STD-1553B bus ran data at 1 Mbps,
which was also the data rate of the remote terminal backplane. The bus controller and
interface shared a backplane (since in real life these two processing systems would be
housed on a single 80X86 chip with a data rate of 100 Mbps. The TDRSS Return
Service space link used a data rate of 80 Kbps, while the interface also had a sliding
window of W = 7 in both cases.

Because the buffer queueing is truly deterministic it was easy to verify that the
maximum buffer sizes for these two cases matched the analytical expectations from



above. As for minimum data rates, there is enough uncertainty in module execution, as
opposed to scheduling, in NETWORK II.5 that the listed equations really represent a
lower bound on these rates instead of an exact estimate. This is because those extra
delays contained in WAIT FOR and other delaying preconditions found in the
NETWORK II.5 models often have modules waiting for several seconds to execute;
generally modules actually begin execution a significant time period after the point
when they could theoretically begin. An example of this would be a rnodule that was
scheduled to begin execution at 100 sec into the simulation, but which had to wait
until a semaphore count cycled through a whole range of values. How long the module
must wait in this case to actually begin execution would depend on what point in the
cycle the module got originally scheduled. This kind of system behavior causes the
simulation data rate to go higher than what is perhaps warranted in the analysis to
compensate for the loss of efficiency in the LAN. Also, the equations listed above are
somewhat simplified cases where the processing periods were much shorter than those
for propagation and packet transmission delays, though the processing element
contribution to overall system delay appears slight indeed.

With this in mind, the figures for effective packet transmission rate would be expected
to fall somewhat below that for the theoretical analysis, thus reflecting a slightly lower
utilization of the link for the data transfer window when all delays and delaying
module preconditions are included. For W = 7 and data rate R = 8 Kbps,

T(pkts) = 0.5 + (71,624 / 80,000) = 1.395 sec / 7 pkts xmit, (11)

yielding an effective data rate of approximately 5 packets/sec. In fact, from an actual
NETWORK II.5 simulation for the bus controller providing all CCSDS services, at
the start of window 2 buffer B had 2886 packets; at the end of the transfer window
about 455 sec later, we would have expected buffer B to have transmitted about 2275
packets to ground, but the actual simulation shows that only 2170 packets left buffer B
during this window. Another example of the uncertainty in module execution having
its effect upon system performance would be found in theoretical calculations of the
minimum data rate to prevent buffer overflow if a window size of 3 instead of 7 is
used. Analysis shows that

T(pkts) = 0.5 + (30,696 / R) = 0.237*W (sec), (12)

an equation which, since window size W is known, can be solved for an R(min) of
about 145 Kbps, which is within the range of data rates supported by TDRSS for
space payloads with an effective isotropic radiated power (EIRP) of at least 15 dBW.
However, actual simulations performed with W = 3 show that due to the added and
overlooked delays noted above, the actual data rate required here to avoid buffer



queue saturation is about 160 Kbps, a little too high for TDRSS support with a slant
distance over 37,000 km, making that small a sliding window an infeasible choice for
our hypothetical system [11].

CONCLUSIONS

The most import conclusion from all these tests with NETWORK II.5 is one that
agrees with theoretical expectations: although having the interface perform all
requisite CCSDS services certainly slows the system down at the very point of packet
transmission, the processing delays typically are one or two orders of magnitude
smaller than those for signal propagation through space and transmission delays due to
a necessarily low data rate, one that will allow low-power craft to be supported by
TDRSS. Hence, the effect of the data processing at the high-speed microprocessors
being modeled in this study can often be neglected. Of far more importance is the
effect of spacelink data rates and the size of any sliding window used as part of an
ARQ scheme. This latter point is especially relevant for discriminating users of
CCSDS services, the ones who would like Grade-1 services implemented. Since there
is little research going on now in the CCSDS Space Link ARQ Procedure (SLAP),
these users may be providing their own additions to the Reed-Solomon checks for
some time to come.
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