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Abstract

The U.S. Air Force is currently in the process of developing a revision to MIL-STD-
1553 that will provide additional digital communication bandwidth beyond MIL-STD-
1553B’s 1 Megahit per second (Mbps) rate. The proposed revision to MIL-STD-1553
(referred to as MIL-STD-1553C) is targeting 200 Mbps as a baseline data rate. This
paper explores the feasibility of the U.S. Air Force's proposed revision to MIL-STD-
1553 based on studies conducted by Data Device Corporation (DDC). A combination
of empirical and theoretical methods is used to determine if a MIL-STD-1553B
network contains sufficient capacity to support the proposed 200 Mbps data rate. The
results of DDC's andysis is that for some MIL-STD-1553 buses there is sufficient
bandwidth to implement a broadband system in which legacy 1 Mbps 1553B
waveforms could coexist with new 200 Mbps waveforms, thus providing an
incremental high speed communication channel to existing MIL-STD-1553 buses.

Keywords: MIL-STD-1553, avionics, military, data bus, high speed, broadband,
capacity

Introduction

MIL-STD-1553 is arobust serial data bus that has served as the primary command and
control data network on board military aircraft for the last three decades. MIL-STD-
1553's characteristics of high reliability, high availability, fault tolerance, and highly
interoperable have made it the data bus of choice for avionics systems. MIL-STD-1553
is still well suited for a large number of avionics applications, however, there are
emerging requirements for high speed communication beyond MIL-STD-1553's 1
Mbps rate.

Traditiona avionics system have been implemented based on what is referred to as a
federated architecture which consists of a series of independent subsystems which are
interconnected with a fairly low speed command and control network (i.e. MIL-STD-
1553). Information is processed with each subsystem and the results of the processed
data are shared with other subsystems on an as needed basis. In general the amount of
data passed between subsystems had been relatively low.

The advent of network enabled warfare and the increased desire to fuse sensor data
from multiple sources (including off board data from other platforms or UAVS) is
increasing the demand for high speed communication between subsystems on aircraft.
Satisfying this demand for higher bandwidth communication on existing aircraft
requires that either new cabling is installed or higher data rates are run over existing
cabling. The implementation of new high speed interfaces becomes an economic
tradeoff between the costs of adding additional cabling and associated electronics
versus the cost of updating the existing electronics to increase the data rates on the
existing MIL-STD-1553 buses. The US Air Force has estimated that it would cost
approximately one million dollars to rewire a fighter aircraft to supplement or replace
the MIL-STD-1553 cablinga.

The U.S. Air Forceis currently engaged in the development of arevision to MIL-STD-
1553 (from Rev B to Rev C) for the purpose of adding a new high bandwidth
waveform that will provide 200 Mbps (or higher) bandwidth on existing 1553 buses,
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such that it will not interfere with legacy 1553 communication. This paper presents the
results of testing conducted by DDC that support the feasibility of the U.S. Air Force's
goal of expanding the bandwidth of MIL-STD-1553.

MIL-STD-1553 Infrastructure

MIL-STD-1553 Network

MIL-STD-1553 specifies a multi-drop linear time division multiplexed data bus (refer
to Figure 1)2. The topology of a MIL-STD-1553 bus consists of a main transmission
line that is terminated at both ends with a resistive load equal to the characteristic
impedance (defined to be in the range of 70 to 85 ohms). Each terminal contains a
transformer for the purpose of providing galvanic isolation. A terminal may be
connected to the main bus using either a direct or transformer coupled connection.
Direct coupled connections require that the terminal include a pair of fault isolation
resistors in series with the isolation transformer. Transformer coupled connections
utilize a bus coupler which contains an impedance matching transformer in addition to
a pair of isolation resistors. The vast mgority of 1553 implementations utilize
transformer coupling. MIL-STD-1553B Notice 2 states “for Army and Air Force
systems, only transformer coupled stub connections shall be used”s.
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Figure 1. Transmit data path from a transmitting to a receiving 1553 terminal

The signal path of interest is from a transmitting terminal to a receiving terminal. A
transmitted waveform first travels down the stub cable to the first bus coupler, then
passes through the bus coupler to the main bus. The signal then travels down the bus
passing through several bus couplers until it reaches the receiving coupler The signa
finally passes through the receive coupler and up the stub cable to the receiving
terminal (refer to Figure 1). It has been shown in previous papers that the loss through
the coupling transformers can be extremely high for signals beyond the MIL-STD-
1553 passband..
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MIL-STD-1553 Waveform Characteristics

MIL-STD-1553 utilizes Manchester 1l biphase encoding which, theoretically, can be
implemented as a phase modulated 1 MHz signal. The theoretical bandwidth
requirement for a 1 Mbps 1553 waveform is 2 MHz. A practical implementation of a
MIL-STD-1553 transmitter will consist of higher frequency harmonics of the
fundamental 1 MHz signal. The higher frequency harmonics of a MIL-STD-1553
waveform will dictate the time domain shape of the pul ses.

Figure 2 illustrates the time and frequency domain content of a 1 Mbps Manchester
encoded waveform for various cutoff frequencies. The first pair of plots in Figure 2
show the time domain waveform for a Manchester waveform that is band limited to 2
MHz, and thus contains only the fundamental modulation frequency. The remaining
pairs of plotsin Figure 2 show the time domain waveform of the Manchester waveform
with higher cutoff frequencies (i.e. more harmonic content).
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Figure 2. Frequency and time domain of Manchester encoded waveforms

As the cutoff frequency of the 1553 transmitter is increased, the time domain plot
changes from a sinusoidal waveform to a trapezoidal waveform. MIL-STD-1553 does
not specificaly define the harmonic content requirement of a transmitted waveform
other than to define the rise and fall time to be in the range of 100 to 300 nanoseconds.
It can be seen from Figure 2 that there is a relationship between harmonic content in
the frequency domain with rise and fall time in the time domain. MIL-STD-1553's
minimum rise time (100 ns) will produce a waveform similar to the last plot in Figure
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2, which contains significant harmonic content above the passband of the modulated
signal. The range of rise and fall time was most likely selected to facilitate smpler
transmitter designs while still meeting the intended performance requirements given
the transmission line characteristics of the bus. The implication for a broadband system
is that legacy MIL-STD-1553 waveforms may contain significant high frequency
content.

Measurements

The key parameter required to calculate the capacity of a network is the signal to noise
ratio (SNR). An analytical prediction of SNR requires a model that quantifies signal
and noise levels independently. Figure 3 illustrates a basic communication model for
additive noise that shows the relationship between the transmitted signal (Sr), the
received signal (Sr), and noise (N)s. The model assumes that a received signal consists
of a transmitted signal that is distorted based on the response of the channel through
which it travels. Noise is then added to the received signal and presented to the
receiver.

. St Channel Sr ) .
Transmitter ——» —— 4+ ——» Receiver
Response \__/

Noise

Figure 3. General communication additive noise model

DDC conducted a series of measurements on MIL-STD-1553 networks to characterize
each of the elements in the SNR model. EMI tests were conducted to determine the
maximum transmit signal level that could be produced by a transmitter and remain
compliant to the radiated emissions levels in MIL-STD-461. Insertion loss
measurements were conducted to characterize the distortion introduced by a typica
1553 network. Finally noise measurements were conducted to characterize the various
noise sources which are present in a 1553 system.

Transmit Signal Level

A MIL-STD-1553 network was built for test and measurements purposes (refer to
Figure 4 ). This networked was tested to RE-102, radiated emission electric field 10
kHz to 18 GHz, defined in MIL-STD-461. The test network is believed to be
representative of aworst case 1553 network consisting of a 300 foot bus with 32 stubs.
The couplers were mounted on a copper ground plane (refer to Figure 5).
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Figure 5. 1553 network on copper ground plate

The 1553 test network was placed in the EMI chamber and covered with grounded foil.
Various lengths of cable from different portions of the network (both stub sections and
bus sections) were placed on a wooden rack with the specified spacing from the ground
plane and the measurement antennae. An arbitrary waveform generator was used to
create a number of transmit waveforms with various transmit spectrums. The frequency
response of one of the transmit waveforms is shown in Figure 6. The electric field
emissions for one of the tests conducted is shown in Figure 7.
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Figure 7. Emissions on various lengths of cable

The results of the emissions tests were used to formulate a transfer function (as a
function of frequency) for predicting the radiated electric field strength as a function of
the power density of the transmitted waveform on the bus. It is assumed that the
emission level will scale linearly with the transmitted waveform power level. This
transfer function was then used to calculate the maximum the maximum transmit signal
level based on aradiated field strength that is less than the limits defined in MIL-STD-
461. This calculated signal level represents the transmitted signal level (Sr) in Figure 3.

Received Signal Level

A network analyzer was used to measure the insertion loss of several channels within
various MIL-STD-1553 buses. The network analyzer applies atest signal to one end of
the channel and measures the response at the other end. The network analyzer sweeps
the test signal over a frequency range to generate the response curves. Figure 8
illustrates the magnitude of the channel response as a function of frequency for DDC's
“half test bus’ and a “real bus’ on a production aircraft. The half test bus consists of
half (i.e. 16 terminals instead of 32 terminals) of the network defined in Figure 4. This
half test busis believed to be representative of atypical 1553 bus.
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The results of the insertion loss measurements were used to formulate a transfer
function for the channels. These transfer functions were then applied to the transmitted

signal (Sr) calculated in section 3.1 to calculate the received signal level (Sr) for each
channel.

Transfer Funciton for various 1553 loops
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Figure 8. Insertion loss for various channels

Noise Level

A MIL-STD-1553 network contains numerous sources of noise including thermal
noise, EMI susceptibility from wideband and narrow band sources, and impulse noise.
In addition to these classic noise sources, the legacy MIL-STD- 1553 waveforms will
be presented to the broadband system as an additional noise source. The results of
various noise measurements have shown that the power level of the MIL-STD-1553
harmonics is higher than the other sources of noise and as such MIL-STD-1553 will be
treated as the dominant noise source for the purpose of the capacity estimates.

Spectrum analyzer measurements were made on one of DDC's MIL-STD-1553
transmitters to quantify the relative signal power of the high frequency harmonicsin a

legacy MIL-STD-1553 waveform. Figure 9 and Figure 10 illustrate the spectral content
of the 1553 waveform with a constant data pattern.
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1 Mbps 1553 Transmitter with Constant Data
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Figure 9. Spectrum of 1 Mbps 1553 waveform with constant data (0 to 150 MHz scale)

1 Mbps 1553 Transmitter with Constant Data
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Figure 10. Spectrum of 1 Mbps 1553 waveform with constant data (0 to 10 MHz scale)

Figure 11 and Figure 12 illustrate the spectral content of a 1553 waveform with random
data. Comparing the two 1553 transmit waveforms reveals that the spectrum of the
1553 waveform with constant data contains very narrow spikes with a relatively high
peak while the spectrum of the waveform with random data produces a more normal
distribution within each harmonic and results in a lower peak spectra power.
Comparing Figure 10 and Figure 12 shows that the peak at 9 MHz is approximately 10
dB higher for a constant data pattern than the peak for arandom data pattern. MILSTD-
1553 does not make use of a scrambler and as such there will be a mixture of constant
data and some random data based on the nature of the data content.
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1 Mbps 1553 Transmitter with random 32 word message
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Figure 11. Spectrum of 1 Mbps 1553 waveform with random data (0 to 150 MHz scale)

1 Mbps 1553 Transmitter with random 32 word message
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Figure 12. Spectrum of 1 Mbps 1553 waveform with random data (0 to 10 MHz scale)

Figure 13 summarizes the spectrum on various buses with legacy MIL-STD-1553
operating. These measurements reveal that MIL-STD-1553 waveforms contain
significant harmonic content up to 10 MHz and even has some content up to 30 MHz.
The noise spectral densities shown in Figure 13 represent the noise component (N) in
Figure 3 and can be used in calculating the SNR of the system.
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1Mbps 1553 Transmit Spectrum on various buses

D I
— Real Bus
—— Lab Data
220 e S e T EEEEEEEy FEEEEEE =
R L - ey R CE s B -
=
=
T R S T SRTTTLEES EEPETORtt PELREEY -
=
- B S S N . . SN, S—
& H H 1 ' 1 H
(©
= : ' . )
-100 J “pathabiedatoocseesiomisnanboseesan =
T WJ ______ b
. i i i i i i i
0 1 2 &) 4 5 5] F 8
Frequency (Hz) w10

Figure 13, Various 1553 transmit spectrum measurements

Analysis

The signal and noise levels of a broadband system were derived in the previous section.
These values can now be used to calculate the overall signal to noise ratio of the
system. The SNR needs to be calculated over a defined frequency band. For the
purpose of this capacity estimate 30 MHz was chosen because the resulting signal to
noise ratio was reasonable and a design using this bandwidth could be realized using
exiging state of the art technology. Shannon’'s equation was used to predict the
capacity of the measured channels (see Equation 1). This equation includes a factor, K,
which represents the performance gap between an uncoded system and the Shannon
limit. Selection of the value of K is based on experience with the achievable
performance levels of various modulation techniques versus the theoretical Shannon
limit.

Egquation 1. Capacity Prediction

2

& S (NHIH)
C = |log,| 1+ =" |4
_;Og ok Y

Capacity predictions were made based on the two sets of measurements. The first
capacity estimate is based on the “Half test network” (a lab network consisting of 16
stubs as illustrated in Figure 4). The second capacity estimate is based on
measurements made on a bus in real aircraft. The results of the capacity estimates are
summarized in Table 1.
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Table 1. Capacity estimatesfor various network configurations
Bus Configuration Bandwidth Shannon Capacity
Half test network 30 MHz 202 Mbps
Readl bus 30 MHz 232 Mbps
Conclusion

The measurements and analyses presented in this paper show, for the buses that were
measured, that there is sufficient bandwidth within the channels to support in excess of
200 Mbps. The testing revealed that the channels are very lossy and that legacy MIL-
STD-1553 waveforms produce a significantly high noise level in the frequency range
above the 1553 passband. An implementation of a high bandwidth system will need to
be able to compensate for distortion in the channel and will have to operate with a high
noise level. It is believed that this type of high bandwidth system could achieve data
rates over legacy MIL-STD-1553 buses in excess of 200 Mbps while operating
concurrently with legacy MIL-STD-1553 waveforms.
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