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Foreword—It has been commonly accepted by most automotive RF engineers that a Class C Network at a
transmission rate above 100 kilobits per second (kbps) will require either a fiber optic or a shielded cable for the
transmission medium. Some communications engineers have proposed that transformer coupling to a twisted pair
may be an acceptable alternative to a fiber optic or a shielded cable.

It has also been generally recognized that the EMI levels available in a vehicle to corrupt data transmission are
very high and cannot be filtered out of the data. The employment of a fiber optic or a shielded cable for the
transmission medium would also solve this EMI problem.
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1. Scope—This SAE Information Report studies the present transmission media axioms and takes a fresh look at
the Class C transmission medium requirements and also the possibilities and limitations of using a twisted pair
as the transmission medium.

The choice of transmission medium is a large determining factor in choosing a Class C scheme.

1.1 Background—The Vehicle Network for Multiplexing and Data Communications (Multiplex) Committee has
defined three classes of vehicle data communication Networks:

a. Class A—Low-Speed Body Wiring and Control Functions, i.e., Control of Exterior Lamps
b. Class B—Data Communications, i.e., Sharing of Vehicle Parametric Data
c. Class C—High-Speed Real-Time Control, i.e., High-Speed Link for Distributed Processing
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1.2 Interrelationship of Classes A, B, and C—The Class B Network is intended to be a functional superset of
the Class A Network. That is, the Class B Bus must be capable of communications that would perform all of the
functions of a Class A Bus.  This feature protects the use of the same bus for all Class A and Class B functions
or an alternate configuration of both buses with a “gateway” device.  In a similar manner, the Class C Bus is
intended as a functional superset of the Class B Bus.

1.3 Electromagnetic Susceptibility (EMS) Considerations—Inherent with the high data rates of a Class C Bus
is a higher probability of electromagnetic interference (EMI) corrupting data.  There has been a lot of research
on Class B Networks that use twisted pair operating at data rates below 50 kbps and methods have been
found to overcome the communication problems (SAE J1850).  But, it is commonly agreed that the corruption
of serial data by EMI will be an issue if a twisted pair or any other kind of conventional wiring and connector
design is used at the higher data rates.  Also, if data communication requirements dictate transmission rates
above 50 kbps, another technique may be required because 50 kbps is the practical upper limit of these Class
B Networks (SAE J1850) that use twisted-pairs and conventional bus drivers.

1.4 Electromagnetic Interference (EMI) Considerations—A key concern is the generation of EMI when the
Class C Vehicle Multiplexing Network is utilizing twisted pair for the transmission medium operating at data
transmission rates above 50 kbps.  It is because of this EMI concern that most automotive RF engineers
commonly accept that either a fiber optic or a shielded cable will be required for the transmission medium at
data rates above 100 kbps.

It is expected that the growth of data communications on vehicles, the issue of shielding cost requirements,
and electromagnetic compatibility of copper-based systems, will drive future development.  These factors and
other, as yet undefined, needs for Class C communication will eventually drive the implementation of
automotive fiber optic systems for higher data transfer rates.

2. References

2.1 Applicable Publications—The following publications form a part of this specification to the extent specified
herein.  Unless otherwise indicated, the latest issue of SAE publications shall apply.
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3. Twisted PaIr—A Twisted Pair is defined to be a transmission line consisting of two similar conductors that are
insulated from each other and are twisted around each other to form a communication channel.  The purpose
for twisting the conductors around each other is to reduce the electric and magnetic field interaction with other
conductors.  In recent years there has been a lot of research on Class B Networks that use twisted pair
operating at data rates below 50 kbps. At Class C data rates (>100 kbps) many new problems need
development and attention.

3.1 Inherent Advantages/Disadvantages of Twisted Pair Networks—As the result of widespread Class B
network development, a lot of research has been completed on the use of copper-based twisted pair for a
transmission media.  Class C development is an extension of that activity.

3.1.1 FAMILIARITY OF TWISTED PAIR NETWORKS—The desire to use twisted pair for the transmission medium of a
Class C Network by the automotive industry is universal.  This desire is twisted pair's biggest advantage.  At
lower data rates, the automotive wiring requirements for twisted pair and connector techniques are well
known and developed.  The failure modes such as shorts to ground and battery have been extensively
studied.  The use of proper techniques for termination have been developed.  An effective I/O can be easily
achieved by integrating the transmission hardware, used for driving the twisted pair, into an interface device
that also contains the receiver and some external discrete filter components for EMI rejection.  Bidirectional
data transfer is easily obtainable using the same twisted pair for both reception and transmission.  Statistical
studies have provided data so that the reliability of a twisted pair network is known.  The connector industry
is currently developing insulation displacement type connectors so that in the future automated machines
can be programmed to place bus connector drops as required, further reducing the cost of the wiring
harness.  Of course, at Class C data rates many of these and other factors such as the maintenance of twist
uniformity and the harness interconnection requirements are likely to change.  A large investment in
research and development must be completed in order to demonstrate feasibility.  The magnitude of the task
could easily be underestimated even though this development is an extension of familiar work.

In most communications systems, the length of line is a large factor in determining the upper limit of data
rates.  However, line length in automotive networking is relatively small and does not play a major role, but
the number of connectors and losses due to impedance mismatching at the connector is a concern.  Perhaps
developments in ribbon cabling techniques and insulation displacement connectors could improve this
impedance matching situation.
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3.1.2 RADIATED LINE LOSSES—The biggest problem to overcome is the fact that for data rates above 100 kbps, the
radiated line losses are very high (2.2.1).  These radiated line losses cause transmitter line driver problems
and generate large amounts of EMI.  The work at Class B data rates demonstrated that the transition rise
time was responsible for most of the EMI.  The present automotive quality of a twisted pair network medium
does not exhibit good transmission line characteristics.  Also the capacitance load to the output driver from
the twisted pair was measured to be approximately 2000 pfd.  At Class C data rates this capacitance loading,
impedance mismatching at the connector, maintenance of twist uniformity, and drive symmetry match
requirements between bus outputs make it very difficult, if not impossible, to design an output driver. The
challenge will be to achieve a low enough output impedance to drive a twisted pair without incurring
excessive losses or spectral distortion of the transitions especially for data rates above 1 Megabit per second
(Mbps).

3.1.3 RECEIVER SUSCEPTIBILITY—The receiver is very susceptible to coupled (capacitive/inductive) and longitudinal
noise interference (see 3.3.2 for details on longitudinal noise). At Class C data rates it is much more difficult
to devise a filter that could eliminate the coupled line noise. The severity of this problem can be understood
by realizing that the vehicle wiring harness appears to be resonant around 25 to 30 MHz which is
approximately a quarter wavelength in length. Switching noise and spikes are broadband and excite the
wiring harness to resonate at high levels. At Class B data rates this broadband noise is coupled into the
circuit but is effectively eliminated by the filter. For Class C multiplexing the data rates required may be at 1
to 10 Mbps. This wire harness resonance is too close to the filter cutoff frequency for traditional filtering
techniques to be very effective.

3.1.4 DRIVE PROBLEMS AND LINE LOSSES—The transmitter drive problem and line losses cause many experts to
conclude that twisted pair and shielded twisted pair are not usable for data rates above 100 kbps. The
filtering techniques for receiver susceptibility would also leave the network highly susceptible to data
corruption and thus require very sophisticated error detection or reconstruction techniques.

3.2 Network Architecture Options—The suitable topology configurations of twisted pair is a very strong
advantage. It can accommodate any configuration from a Star, Tee, Bus, Ring, Daisy Chain, or various
Hybrids. Many data encoding techniques have been employed with twisted pair as the transmission medium
with a variety of I/O hardware configurations.

3.2.1 DATA ENCODING OF COMMUNICATION PROTOCOLS—The data encoding technique has a significant effect on
the radiated EMI. To achieve the highest possible data rate it is important to choose a data encoding method
that has the fewest transitions per bit with the maximum of time between transitions and is bit synchronized
so that invalid bit testing can be effective. Invalid bit testing has proven to play a large role in providing data
integrity in a high EMI environment. PWM, for example, has two transitions per bit with 1/3 bit times between
transitions. NRZ has a maximum of one transition per bit but without the added overhead of synchronizing
transitions is not suitable. Some of the disk drive encoding techniques such as Modified Frequency
Modulation (MFM) or Run Length Limited (RLL) are synchronous with fewer than one transition per bit (see
Table 1 for a comparison chart of a selection of encoding techniques). The variable column in the table
describes an attribute whereby the transmission time for data byte is a variable quantity depending on the
data value.
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3.2.2 MRM ENCODING APPLIED TO VEHICLE MULTIPLEXING—A modulation technique developed during the latter
1960s called Modified Frequency Modulation (MFM) used in disk drives could be adapted to vehicle
multiplexing. The advantage of using the MFM encoding technique is that it would be synchronous with an
average of 0.75 transitions per bit. The encoding technique permits a transition rise time that can be
maximized and wave shaped to significantly reduce EMI. Disk drives have a similar requirement where the
modulation technique allows pulses to be recorded on a disk at maximum density.  The diagram shown in
Figure 1 demonstrates one way of applying MFM encoding technique to a communication data link.

FIGURE 1—MFM ENCODED BYTE OF DATA

The rule for encoding simply causes a transition at the data time slot when the data at that time slot is a logic
“1.” A transition is also generated at the clock time slot when the data before and after that clock time slot
was a logic “0” (or two “0’s” in a row).

3.2.3 SIEFRIED ENCODING—The Siefried Patented Encoding Process may be especially useful for Class C
Multiplexing. This data compression encoding technique is based on digitally varying the pulse width
proportionally to the data byte value and then passing the modulated square wave signal through a narrow
band filter to change the signal to a near sine wave. The high frequency content of the signal is limited and
can be transmitted across ordinary twisted pair network medium. The Siefried technique generates a
redundant negative portion of the waveform that is a mirror image of the positive. The data decode circuit
should extract two identical values from both the positive and negative portion of the signal. If not, this
inconsistency can be used for detection of data corruption due to EMI. The data is recovered by employing a
zero crossing detector and converting the sine wave back into square waves. The encoding technique
defines a minimum duration square wave that corresponds to a zero data value. All other data values
increase the square wave duration proportionally to the data value. This variation should be small in
proportion to the zero value square wave duration and easily converted to a near sine wave by the filter.
Assume a square wave bias value of 256 µs to illustrate the technique. In this example assume the data

TABLE 1—COMPARISON OF DATA ENCODING TECHNIQUES

Arbitrates Compression Synchronizing Trans/Bit Variable

PWM Yes Base Yes Two No

VPWM Yes 2 to 1 Yes One Yes

Manchester Yes 1.5 to 1 Yes 1.5 Avg. No

NRZ Yes 3 to 1 No One No

MFM Yes 3 to 1 Yes 0.75 Avg. No

RLL No >6 to 1 Yes <0.5 Avg. Yes

Siefried Yes >8 to 1 Yes <0.1 Yes

Arcnet No >16 to 1 Yes <0.1 No
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varies the square wave by 128 one-half microsecond steps corresponding to an 8 bit byte of data values thus
varying the square wave pulse width from 256 to 384 µs. In this example one 8 bit byte of data was
compressed into a single square wave, which duration varied from 256 to 384 µs.

The Siefried Encoding Technique could be used in a medium access scheme that requires bit-by-bit
arbitration but, as discussed, arbitration requires nonsymmetrical output drives. Token passing or time
division multiplexing, on the other hand, would be a better choice for the medium access method. These
access methods would take advantage of the Siefried Compression Encoding Technique and allow balanced
current or transformer coupling to achieve the highest possible data rates.  It would seem realistic that the
equivalent of 500 kbps to 1 Mbps of the Siefried encoded data could be communicated across a Class C
Network that uses only twisted pair for the network medium.  However, there are a number of factors such as
cost, resolution requirements and signal distortion that need to be proven.  These factors will require a large
investment in research and development to demonstrate feasibility.

3.2.4 ARCNET ENCODING—The Arcnet Encoding Technique is similar to Siefried except instead of digitally varying
the pulse width proportionally to the data byte value the process digitally varies the sine wave amplitude
proportionally to the data byte value.  The technique is reported to generate a 16 to 1 data compression level
by encoding the positive sine wave separately from the negative.  An 8 to 1 data compression for both halves
of the sine wave is achieved.

3.2.5 I/O HARDWARE CONFIGURATION—The driving difficulties are increased if we require an arbitration based
protocol because an arbitration based I/O such as that used with SAE J1850 requires nonsymmetrical
driving capabilities. The more difficult driving requirements of higher data rates are achievable if the
transmitter could drive symmetrically both negatively and positively because better impedance matching is
possible.  Communications protocols such as Time Division Multiplexing, Master/Slave, or Token Pass may
be a better choice than a bit-by-bit arbitration based protocol.  A case can also be made for symmetrical
driving by employing transformer coupling. However, the cost of transformer coupling may be an issue.

3.3 Key Concerns of Twisted Pair Networks—The EMI levels generated by a Class C Vehicle Multiplex
Network and the susceptibility to externally generated EMI are the main concerns with utilizing twisted pair for
transmission medium.  A large factor in EMI levels is determined by both the data encoding methods and
medium driving techniques.

3.3.1 COMPUTER SIMULATION OF EMI LEVELS—The EMI levels generated by a Class C Vehicle Multiplex Network
has not been sufficiently studied or documented.  A recent computer simulation was completed using Fourier
Spectrum Modeling Technique.  Appendix A details the method used for this EMI level modeling and the
results of these studies are documented herein.  The computer study predicts the EMI levels radiated by a
single wire in a vehicle wiring harness and the effect of various data modulation methods.  The four
modulation techniques studied were PWM, VPWM, Manchester, and MFM. NRZ modulation would generate
the same EMI levels as MFM and therefore was not simulated.

The first step in the computer simulation was to determine the worst case EMI levels for the four modulation
methods studied.  A constant 0.5 µs transition rise time was simulated for all the modulation techniques and
all permutations of data were considered in order to establish the worst case examples of EMI levels for each
data encoding method.  Figure 2 illustrates the resulting predicted worst case EMI levels for these four
modulation techniques.  The curve plotted for each modulation is the maximum level generated by the
fundamental frequency and each harmonic.  All simulated modulation examples were for 100 kbps data
rates.  Notice all the curves are parallel to each other and only a few dbV apart with Manchester Encoding
being worse and MFM predicting the least EMI.
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FIGURE 2—WORST CASE EMI LEVELS FOR PWM, VPWM, MANCHESTER, AND MFM
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It is a well-known fact that the level of EMI generated by the harmonics is a function of the transition rise
times.  The second step in the computer simulation was to model these four examples using a variable
transition rise time in order to reduce these harmonic EMI levels.  The simulation was generated using a 25%
factor of the minimum feature size (minimum pulse width) to determine the rise time.  The resulting graph is
illustrated by Figure 3 and clearly shows the effect of rise time on EMI levels predicted.  As for the first
simulation all modulation examples used the same data rates of 100 kbps.  Take note that the EMI levels
predicted for MFM are significantly less than the other modulation methods as would be expected because it
has proportionally the longest rise time.

The third step in simulation is illustrated by Figure 4.  The resulting graph is for MFM where the data rate was
varied from 41.6 kbps to 125 kbps.  The simulation was generated using the same 25% factor of the
minimum feature size for the rise time.  Take note that the break point at 500 kHz for the 125 kbps data rate
is approximately –32 dbV.

The EMI level at the 500 kHz point has special significance.  The computer study predicts the EMI levels
radiated by a single wire in a vehicle wiring harness.  A simulation was generated for VPWM at 10.4 kbps
data rate and a 16 µs rise time (see Figure 5).  This simulation is of special significance because one
implementation of SAE J1850 specifies this configuration and extensive vehicle verification tests show that it
does not generate excessive EMI levels.  Notice that the break point at 500 kHz is approximately –60 dbV.

CISPR/D/WG2 (Secretariat)19 Sept 1989 Radiated Emissions Antenna & Probe Test Document (2.2.2) has
been generally interpreted by most automotive RF engineers to specify a break point at 500 kHz of –60 dbV.
Another way of demonstrating the validity of this is to compare the predicted levels illustrated by Figure 5 to
the levels referenced by this CISPR document.

3.3.2 FOUR MEDIA DRIVING TECHNIQUES CONSIDERED—Since the computer model simulates a single wire, a
twisted pair transmission medium would provide generated EMI cancellation. The amount of EMI
cancellation obtained is dependent on the performance of the balancing effectiveness of the medium driving
technique employed.  Drivers integrated into a single device can be carefully designed to have balanced
source impedances.  The receivers can be designed to have high common mode rejection ratios.  It should
be possible to achieve up to 60 dB of EMI cancellation particularly at AM band frequencies.

The susceptibility to interference of the network is a different issue.  The source of coupled line noise is as
was previously discussed in 3.1.3.  To gain a better understanding as to the source of the longitudinal noise,
consider the simplified circuit diagram shown in Figure 6.  The transmitter is referenced at a different ground
point than the receiver.  The noise source at each ground point is directly (not capacitively or inductively)
coupled to that ground point and normally significantly different.  Voltage VG represents the difference in
ground noise potential or longitudinal transient noise between these two ground points.  The magnitude of
VG is usually very large (i.e., < 200 V).  The frequency content of longitudinal transient noise can go as low
as the audio range thus making traditional low pass filters ineffective.  IA and IB represent the two currents
that flow as a result of VG into the differential receiver.  If these two currents were of equal magnitude and
phase they would then be cancelled across the load resistor RL.  This situation usually never exists as
illustrated.  IA takes the path passing through RS, and IB takes the more direct route to RL.  The receiver
amplifies the difference current across RL thus making it susceptible to longitudinal noise.

a. Voltage Drive 1/O: A computer simulation was completed of a PWM encoded 41.6 kbps signal,
assuming a 2 µs transition rise time. One implementation of SAE J1850 specifies this drive
configuration and empirical tests have validated the EMI cancellation levels predicted by the study.
The results of the simulation predict an approximately –37 dbV at the 500 kHz break point. This
simulation can be interpreted to mean that in order to guarantee EMI-free operation greater than a
modest 23 dbV of EMI cancellation must be achieved. If the same driving technique was used with
MFM encoding, higher data rates would be achievable (see Figure 4), but operation at 100 kbps or
125 kbps would be within about 5 dbV of the PWM encoding 41.6 kbps signal. If required this 5 dbV
improvement of EMI cancellation should be achievable.  
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