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Abstract

The microprocessor-based on-board telecommand system for ISRO spacecraft in general and Streiched
Rohini Satellite Series in particular is described in this paper. The system design and implementation efforts are
highlighted.
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1. Introduction

In the spacecraft data communication system, the telecommand (TC) function involves
the transmission of command (CMD) information from the ground to the spacecraft.
CMD is needed to control the spacecraft functions and direct it to take specified actions,
with specified parameters at a definite time. A TC system should reliably work in all
circumstances, to achieve successfully the spacecraft mission objectives. The on-board
TC system for the Aryabhatal, first Indian satellite, was simple with limited CMD
capabilities, but as the Indian space programme has evolved during the last decade, the
on-board TC system® has become complex with sophisticated CMD capabilities for

Stretched Rohini Satellite Series (SROSS) spacecraft.

2. Design objectives

The SROSS on-board TC system design objectives are:

(i) The uplink CMD performance should be error free. To meet this requirement, a
coding scheme is employed.

(i) The system should be highly reliable and single-point failure should not be
catastrophic.

(ili) The weight and power consumption requirement of the system should be kept as

minimum as possible.
"First presented at the Platinum Jubilee Conference on Systems and Signal Processing held at the Indian nstitete
of Science, Bangalore, India, during December 11-13, 1986. i
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(iv) The on-board TC system should be flexible and be able to meet and control the

~ CMD management requirement of the SROSS, ie., the time-tag command (T
CMD) operation, CMD sequence exccution, and auto on-board command genera-
tion (OBCG).

(v} The system should be standardized. for quick repetitive use by different SROSS
MISSIONS.

3. System implementation details

SROSS is a complex satellite’, having highly demanding CMD capabilities along with
severe constraints on weight, volume and power consumption for the system design. The
system is designed and implemented taking the following into consideration:
(i) usc of the in-orbit CMD system performance experiences of Aryabhata, Bhaskara,
APPLE and Rohini satellites.

(i

use of highly reliabie, space-qualificd, and flight-proven, low-power consumption
devices and components.

(i) use of fight-proven redundant hardware decoder unit for real-time upliok
commanding.

(iv) use of microprocessor-bused sub-system to mect the sophisticated CMD
capabilities.

(v

use of a highly optimized design of the printed circuit board, and double-side
component-mounting technigque is employed to keep the weight of the system to a
minimum.

3.1 Command formar and structure

The hierarchy of the CMD, in order, is bit, byte, word, frame and message.

3.1.1 The command word

The length of the CMD word is 32 bits. It comprises three parts, i.e., address and mode
bytes, and two bytes of information. Address is assigned to select a particular decoder
unit in a specitic satellite for CMD execution. Multiple satellites (max. no. 32), cach with
multiple decoder (max. no. 4), can be commanded. The mode is assigned for a variety of
CMD information transfer to the spacecraft. For SROSS, three modes of CMD
information are used: 1. real-time CMD execution mode, 2. time-tag CMD store mode.
and 3. TC-(unction CMD mode.

The 16-bit length CMD information on board the spacecraft is used in various ways.
depending on the mode assignment.
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3.0.2 The command frame

The 32-bit CMD word is encoded into 56-bit long code word by adding 24 parity check
bits by the use of a coding technique. The 56-bit code sequence is called a ‘command
frame”.

3.1.3 The command message

A single CMD transmission to the spacecraft consists of four of the above defined CMD
frames with a blank space of 10 bits in between frames. This is called the ‘command
message’.

At ground. this PCM CMD message modulates two sub-carriers. The base band PCM/
FSK CMD signal frequency modulates a 70-KHz sub-carrier, which in turn phase modu-
lates the main carrier in S-band transmission scheme. With VHF scheme, PCM/FSK
CMD signal amplitude modulates the main carrier.

3.2 Uplink telecommand specifications
The command word format and the command structure are given in fig. 1.
3.3 Command code selection

The spacecraft telecommanding requires a) very high probability for correct CMD
execution, b) low probability for CMD rejection, and ¢) very very low probability for
spurious CMD execution.

To achieve these objectives, the CMD word is encoded before transmitting to the
spacecraft. The coding is used to combat the transmission error introduced by the
channel. The on-board decoder function is to decode the CMD correctly at its output by
employing a suitable decoding strategy.

Basically, the CMD is in bursts, and requires a smali number of binary bits to be trans-
mitted. Block coding is most suitable for the spacecraft commanding. The BCH binary
linear cyclic block code is selected for its good hamming distance, for a given information
and block length. The BCH code® selected is 63, 39, 9 and is suitably shortened to 56, 32,
9 to accommodate the 32-bit CMD word. The shortening of the code also helps to
combat the problem associated with the cyclic shift property of the linear block code.

The gencrator matrix polynomial equation derived is
G(X) = X+ X P+ X2 X0+ X+ X7+ X P X X ey
FXPEXOEXT X XX L

The encoding at ground encoder and decoding on board the spacceraft by decoder is
implemented using parity check polynomial equation in the form
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Command word format

| ADDRESS . MODE s INFORMATION ,
Bl
11213]e 5|6 |718]91t0]1i12|13[14{15|16[17]18]19{ 20l 21122 123f24 25 26 2329303H
T I rrs LLA_E_J —F
MODE !
DECODER ADDRESS f |
SATELLITE ADDRESS
ALWAYS BINARY DIGIT 'ONE'
MODE ADDRESS
INFORMATION MSB ——————
INFORMATION LSB
{b) Command structure
ANANANN % 5.55 KHz TONE BIT 'ONE
5m_Sec
\‘ //\ N 3125 KHz TONE BIT ZERO'
10m Sec
1-32 BITS ] 33 - 56 BIS
H
COMMAND FRAME, 560m Sec
10 BIT BLANK PERIOD
i ]
56 BITS 10 56 BITS 1 S6 BITS 56 BITS 10
| FRAME FRAME FRAME FRAME
o COMMAND MESSAGE, 26L0m Sec

Fig. 1. The command word and command structure.
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HX) = X+ X X000 XM X2 04 X4 ¥ 4 X7 4 x4 %
FXR XN L XY Xy X T yle g xS 1yt
FXHEXE XX X X 1

It is necessary to measure or estimate the CMD decoder output error rate. The result
of measurement or estimation will depend not only on the parameters of the code but
also on the error statistics of the channel {channel model) and on the decoding method.
The actual decoder implementation or algorithm is important, because this determines
the multiplication or propagation effects, which in turn determine the exact CMD output
error rate. Thus, the calculation of CMD output error rate is in general a complex proce-
dure and often, simulation is used to determine the CMD error rate performance.

For the decoder implementation, two strategies can be employed:

(i) Error detection in CMD, which requires more than one frame of CMD to be trans-
mitted as CMD message.
(it) Error detection and correction, which although requires only one CMD frame, calls
for complicated on-board correction procedure.
The first strategy is chosen for on-board decading, with four CMD frames making one
CMD message. This scheme is simple and easy to implement. Assuming a binary symmetric

channel (BSC) with channel-error probability rate Pe = 1077, with chosen coding para-
meters and decoding strategy, the CMD performance figures® can be estimated.

1. Probability of CMD rejection
(nPe)¥ = 9.8%x 10"

2. Probability of spurious CMD
N[w(d)Pe'] = 1.8x107*

g
er
n—-d

Z nci

i=d

where w(d) = 2x~-1),

Pe=10"% n=>56,d=9, N=4and K =32

3.4 On-board CMD system capabilities

3.4.1 Real-time CMD execution

- i diate-
The uplink CMDs sent from the ground are executed by the spacecraft sub-system imme:
ly. ijOrity of them are real-time commands. For SROSS, 160 ON/OFF pulse commands

and 15-data (each data is 16-bit long) commands are used.
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3.4.2 Time-tag CMD operation

When the uplink CMD execution is to be delayed by a fixed time, the CMD is stored in
the TC memory. The time delay information is uplinked as a second CMD, reception of
which loads the TT CMD with a definite time delay, at the appropriate place in the TT
CMD buffer, awaiting execution. The set time delay Is continuously compared with a
running reference on-board time (OBT) and the TT CMD is executed when the time
matures. All CMD which arc executable in real-time can be executed as TT CMD. A
maximum of 16 TT CMDs can be stored at a time. The minimum and the maximum time
delays that can be specified for any CMD arc 4 seconds and 72 hours, respectively.

34.3 TC funcion CMD

These commands are used for internal functions in TC system: for example, to define
time-delay value for TT CMD operation. Other commands in this group are related to
enable/disable the software-based timer commands, software modules telemonitoring
the TC memory contents, etc.

34.4 On-board command management

Pre-programmed CMD sequences can be executed with certain defined CMD execution.
Mission-defined commands get exccuted with the actuation of certain events on board
the spacecraft i.e., spacecraft power on and the separation of launch vehicle and the
spacecraft, automatic on-board command generation for switching ON/OFF the thermal
heaters, for temperature control of certain critical sub-systems of the spacecraft.

34.5 PCM telemetry data acquisition

On-board time data and data relevant to thermal heaters are continuously acquired into
the TC system from the telemetry system to operate the TT CMDs and for on-board
CMD generation.

3.5 System description
The on-board TC system configuration block diagram for SROSS is shown in fig. 2.

35.1 Front-end demodulator

The front end receives the PCM/FSK CMD signal from the TC receiver. Two matched-
band pass filter (BPF) chains follow the buffer (fig. 3). In cach chain, the BPF is a 4-pole
(roll off 24 dB/octave), and has 400 Hz BW, a compromise between in-band noise
rgduclion and signal fidelity. The filter is realised” using operational ampiifiers. The
fitter output is followed by a diode to remove the negative half-cycles of the sub-carricr
and also to ensure that around 500 mV base noise is cut-off. The signal is amplified with
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~t———d—————  MAIN CHANNEL P

1
; DATA COMMANDS —
SBAND i FRONT END [ | MIEROPROCESSOR ON/OFF_COMMANDS
RECEIVER i BASED p
i —
‘} TH SIGNALS SUB-SYSTEH DE CODING ON/OFF PULSES
i MATRIX >
i AND ]
E COMMAND OK/OFF LEVELS
i DISTRIBUTION -
1 CONVENTIONAL
[
. HARDWARE ON/OFF_COMMANDS
rF ‘ FRONT END [~ > ATA COMHAN
T COMMANDS
RECEIVER ! SUB-SYSTEM
Jf
|
b REDUNDANT CHANNEL —————=

Fig. 2. SROSS TC system block diagram.

a gain, such that a minimum of 2-volt peak-to-peak signal from the TC receiver reaches
the CMD threshold. The analog signal is converted to digital wave form. Digital integrate
and dump is realised using counters. From both the chains the signal is ORed to have bit
envelope detection. For each bit the integrate and dump counts are input to the CMD
processing unit and also the redundant hardware decoder unit.

The TC receiver output specifications are:

CMD signal swing : 2 to 5 volts peak-to-peak
SNR : 0 dB at receiver O/P, BW=15 KHz
Max. baseline noise : 500 mV peak-to-peak.

FILTER

SLICER, DIGITAL
AMP. CONVERSION

[=> 'ONE’ SUBCARRIER
TOUNT

[—> BIT DEMOD
SIGNALS

J\ COUNTER [=5>> 'ZERO’ SUBTARRIER
COUNT

TC RECEIVER

BUFFER

SLICER, DIGITAL
AMP. CONVERSION

FiG. 3. TC system front-end block diagram.
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3.5.2 Command processing urit

At the heart of the system is an RCA 1802, an 8-bit microprocessor-based CMD pro-
cessing unit (fig. 4)". The following functions are carricd out using the software.

When the TC front end receives the CMD signal from the TC receiver, the CMD acquisi-
tion process starts; on every UMD data bit recetved, bit decision and bit storage are pet-
formed. After the CMD frame reception, CMD data verification and validation -are
done, to check the correctness of the CMD frame received. If the frame is not correct, it
is rejected and processing starts for the next incoming frame; if correct, the frame is

INT
CLock |, MICROPROCESSOR
coﬁnNTgoL [ (COP 1802)
TF 1
TIMER/ v
COUNTER [T~ @
X “ 18 L S PROGRAM
o (ROM)
vl v
=
o0
INTERRUPT
SNAP PRIORITY 9
SN el = T G — w
K ey | | | €€
LOGIC P -
ol X oata
{ z i (RAM)
= |
S T
A TO DECODING
INPUT Cgué\”' MATRIX
uB- v
TC RECEWVER | FRONT END CABRIERS "’_] 9 OUTRPUT :v’
N
L [ L
INPUT .
FROM TM
:ﬁ PCM DATA
ACQ

Fi6. 4. Microprocessor sub-system block diagram.
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2] SYNDROME

REGISTER,
PARITY CHECK
| BIT_GENERATION

OATA L
DATA, .

INPUT FROM | CLOCK, | REser
FRONT END | BIT SAMPLE

uNT FRAME RESET,| CLOCK _} ! |
T Messace | c
RESET, |_BIT SAMPLE | ‘=] VERIFICATION ! i Egﬂ.’r';;,f’
SIGNALS " COUNTER o i i
GENERATION | _RESET ‘
r—J |
| - L
DATA COMMAND

o

INFORMATION

DATA, (LOCK
& PARITY CHEC)

LOGIC STEERING

ADORESS &
MODE CHECK

ON/OFF ON/OFF CONTROL

TATA COMMANDS
AUTOMATIC CONTROL LOGIC,
PARALLEL TO
SERIAL CONVERSION
OGIC

PULSE
"™ GENERATION

[

COMMAND
COUNTER

FiG. 5. Hardware decoder sub-system block diagram.

accepted and the remaining incoming frames are ignored. Spacecraft and decoder addresses
in the CMD word are verified. Depending on the mode setting in the CMD word, the
CMD information is used. In the real-time mode the CMD is executed by the spacecraft
sub-system; in TT CMD mode the CMD is stored in the TC memory for execution at a
later time, and under the TC function mode the assigned TC operation is performed.

All the other CMD functions listed in section 3.4 are executed by the software as and
when required.

3.5.3 Redundant hardware decoder

To provide complete redundancy to real-time commands, flight-proven hardware
version of the decoder is incorporated, which caters to commanding the spacecraft
through VHF backup uplink chain. A separate front-end demodulator feeds the de-
coder. The command output is directly given to the command distribution unit (fig. 5).

3.5.4 Command distribution unit

Uplink command can actively be received and processed by the CMD processing unit and
hardware decoder, but the CMD is routed through this unit for execution and distri-

bution to the spacecraft sub-systems.

3.6 System software

The TC system software comprises different functional modules. Each module is stric-
tured in such a way that a definite set of them can perform a desired CMD function
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!
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i
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CONTENT FOR MONITORING
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EE)?ECEURUUE; s l CHECK TYPE OF COMMAND I
¥
i
REAL TIME

ON/OFF OR DATA
CMD EXECUTION

OPERATION ‘J
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STORE TIME TAQ
CMD IN BUFFER

l TAG VALUE

TC SYSTEM
COMMANGS

PERFORM
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UPDATE THE

-

f

FRAME

Fi5. 6. TC software flow chart.

COUNTER

_(fig.. 6). The functions are carried out as and when required. The uplink CMD processing
1s given the highest priority. To start with, the main programme does the system and
mission command initialisation, then goes into a continuous loop of PCM telemetry data
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acquisition and analysis for time tag and on-board CMD generation uniil interrupted by
the uplink CMD signal.

4. System performance results

The flight-worthy system is housed in a single package of dimension 165 x 280 x 150 mm®.
The system circuitry/multiplication sign is accommodated on six densely packed PCBs.
The total weight of the system is 2.8 kg. The dc power consumption is around 400 mW.

The various on-board TC system performance parameters are monitored through
analog and digital channels, allotted to the telemetry of the spacecraft. All the important

Table I

St Signal  Noise S+N SNR No. of CMD No. of No. of Bit-error Eb/No

No. (r.m.s.} (r.m.s.) (r.m.s.) db frames CMD bits i rate (dB)

BW=15 KHz transmitted frames  error  (Pe)
accepted

. 0488V 0596V 0767V —1.74 2000 1983 47 42x107% +17.0L
(1,12,000 bits) .

2. 0490V 0500V 0.700 v -0.18 2000 1998 02 179X +18.57
{1,12,000 bits)

3. 0485V 0397V 0.630 Vv +1.74 2000 2000 00 — +20.49
{1,12.,000 bits)

4. 0826V 1190V 1445V =317 2000 1865 138 1.23x107%  +15.58
(1,12,000 bits)

5. 0828V 1197V 1470V =320 2000 911 91 §.13x10°% +15.55
(1,12.000 bits)

6. 0828V 09% V 1.288 V 1.61 2000 1998 02 1L79x10 ° +17.14
(1,12.000 bits)

7. 0833V 099%V 1280V —~1.69 2000 1996 04 357xI077 +17.06
(1,12,000 bits)

8. L2455V 1195V 1.708 V. +0.36 2000 1811 200 1.79%107% +19.11
(1,12,000 bits}

9. LIV 099%V 1.503V  +1.00 2000 1997 03 2.68x10°° +19.78
(1,12,000 bits)

10. 1.241V 0998 V 1.573 V. +1.80 2000 1996 04 357x107% +20.64
{1,12,000 bits)

Ii. 1.241V 0895V 1538V +2.84 2000 1999 0t 8.93x107¢ +21.59
(1,12.000 bits)

Bit-crror rate Pe :_~1 ¢ £ for non-coherent FSK

2 2No

Eb/No = 10 Log 10[- 2 log, (2 Pe)} dB{Theory)

isc BW .
EBiNo = SINX 151(1139711 =§/N+18.75 dB {Experimental)
Bit rate
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parameters are monitored on dedicated channels for continuous performance evaluation
of the system.

The system is thoroughly tested for long-duration operation. The system performance
is evaluated and verified for the intended application, specially to check the reliability of
the system, in simulated space environment. The system is subjected to various environ-
mental qualification tests ie., vibration, shock, hot and cold, long-duration thermo-
vacuum lests, etc., according to the procedure and standards laid down by the quality
assurance. In all test conditions, the system performed quite satisfactorily.

For error-free CMD performance estimation, a long-duration bit-error measurement
programme is run on the actual system, by introducing a simulated-noise signal along
with PCM/FSK CMD signal. Except for a few CMD frame rejections actual spurious CMD
execution was never observed. A sample of bit-error measurement is tabulated in Table L
Based on the in-orbit experience of the APPLE satellite on-board TC system CMD per-
formance (with similar BCH coding scheme i.e., 31, 16, 7 BCH code), where more than
one lakh commands were executed and no single spurious CMD execution or rejection
was observed, it is assumed that the system performance will be satisfactory during the
in-orbit application.
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