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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 nedium. Some communications engineers have proposed that transformercoupling t a twisted pair
may be an acdeptable alternative to a fiber optic or a shielded cable.

It has also begn 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 takeq a fresh look at

the Class € transmission medium requirements and also the possibilities and limitations of using a twisted pair

as the transmission medium.

11

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

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 Process

ing
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2.2.4

2.2.5

2.2.6

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.

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 trafjsmission rates
above 50 Kbps, another technique may be required because 50 kbps is the practical upperJlimit|of these Class
B Networkp (SAE J1850) that use twisted-pairs and conventional bus drivers.

Electromdgnetic 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 opgrating at data
transmissipn rates above 50 kbps. It is because of this EMI concern that-tnost automotive| RF engineers
commonly|accept that either a fiber optic or a shielded cable will be required for the transmisgion medium at
data rates pbove 100 kbps.

It is expecled that the growth of data communications on vehicles{.the issue of shielding cos{ requirements,
and electromagnetic compatibility of copper-based systems, wilDdrive future development. These factors and
other, as |yet undefined, needs for Class C communication will eventually drive the implementation of
automotivg fiber optic systems for higher data transfer rates;
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alr—A Twisted Pair is defined to be a transmission line consisting of two similar cong
om each other and are twisted around each other to ferm a communication channe
the conductors around each other is to reduce the €lectric and magnetic field intera

In recent years there has been a lot of research on Class B Networks that u
at data rates below 50 kbps. At Class C data’ rates (>100 kbps) many new j
nt and attention.

dvantages/Disadvantages of Twisted Pair Networks—As the result of widesp
bvelopment, a lot of research has been completed on the use of copper-based tw
bn media. Class C development isian extension of that activity.

TY OF TWISTED PAIR NETWORKS—The desire to use twisted pair for the transmissio
Network by the automotive.ndustry is universal. This desire is twisted pair's biggest
ta rates, the automotive wiring requirements for twisted pair and connector techn
nd developed. The-failure modes such as shorts to ground and battery have be
The use of propér techniques for termination have been developed. An effective 1/
by integrating the transmission hardware, used for driving the twisted pair, into an i

contains the’receiver and some external discrete filter components for EMI rejection.

sfer is easily obtainable using the same twisted pair for both reception and transmisg
ave provided data so that the reliability of a twisted pair network is known. The con
tly developing insulation displacement type connectors so that in the future autom

for Automotive

uctors that are
. The purpose
ction with other
e twisted pair
roblems need

read Class B
sted pair for a

nh medium of a
advantage. At
iques are well
en extensively
D can be easily
hterface device
Bidirectional
ion. Statistical
nector industry
ated machines

can be

bragrammed to place bus connector drops as required, further reducing the cos

t 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

impedan

ce matching situation.
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3.1.2

3.1.3

3.14

3.2

3.21

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).

RECEIVER SUSCEPTIBILITY—The receiver is very susceptible to coupled (capacitive/inductive)g
noise interference (see 3.3.2 for details on longitudinal noise). At Class C data rates._if is‘mug
to devisg a filter that could eliminate the coupled line noise. The severity of this problem can
by realizing that the vehicle wiring harness appears to be resonant aroupnd 25 to 30
approxinpately a quarter wavelength in length. Switching noise and spikes.are’broadband
wiring harness to resonate at high levels. At Class B data rates this broadband noise is ¢
circuit byt is effectively eliminated by the filter. For Class C multiplexing-the data rates requir

nd longitudinal
h more difficult
be understood
MHz which is
and excite the
pupled into the
bd may be at 1

to 10 Mbps. This wire harness resonance is too close to the filter cutoff frequency for traglitional filtering

techniques to be very effective.

DRIVE PROBLEMS AND LINE LOSSES—The transmitter drive problem and line losses cause m
concludg that twisted pair and shielded twisted pair arenot usable for data rates above
filtering fechniques for receiver susceptibility would alse leave the network highly suscg
corruptign and thus require very sophisticated error detection or reconstruction techniques.

rchitecture Options—The suitable tepology configurations of twisted pair is
advantage| It can accommodate any configuration from a Star, Tee, Bus, Ring, Daisy Ch
Hybrids. Many data encoding techniques have been employed with twisted pair as the transnj
with a varigty of I/O hardware configurations.

Network

DATA ENCODING OF COMMUNICATION.PROTOCOLS—The data encoding technique has a signif
the radigted EMI. To achieve the_highest possible data rate it is important to choose a data en
that has [the fewest transitions'per bit with the maximum of time between transitions and is b
so that ifvalid bit testing canbe effective. Invalid bit testing has proven to play a large role in
integrity jn a high EMI.environment. PWM, for example, has two transitions per bit with 1/3 bit
transitions. NRZ has_a-maximum of one transition per bit but without the added overhead o
transitions is not\suitable. Some of the disk drive encoding techniques such as Modif]
Modulatipn (MEM) or Run Length Limited (RLL) are synchronous with fewer than one transit
Table 1 [for ‘@~comparison chart of a selection of encoding techniques). The variable colun

any experts to
100 kbps. The
eptible to data

A very strong
Rin, or various
ission medium

icant effect on
coding method
t synchronized
providing data
times between
synchronizing
ed Frequency
on per bit (see
nn in the table

describep "an attribute whereby the transmission time for data byte is a variable quantity de

pending on the

data value.
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3.2.2

3.2.3

TABLE 1—COMPARISON OF DATA ENCODING TECHNIQUES

Arbitrates Compression  Synchronizing Trans/Bit Variable
PWM Yes Base Yes Two No
VPWM Yes 2to1 Yes One Yes
Manchester Yes 15t01 Yes 1.5 Avg. No
NRzZ Yes 3tol No One No
MFM Yes 3tol Yes 0.75 Avg. No
RLL No >6to 1 Yes <0.5 Avg. Yes
S[etfried YES B0 L YES <01 YES
Afcnet No >16t0 1 Yes <0.1 No

MRM ENCODING APPLIED TO VEHICLE MULTIPLEXING—A modulation technique developed during the latter
1960s cplled Modified Frequency Modulation (MFM) used in disk drives could/be adapted to vehicle
multipleying. The advantage of using the MFM encoding technique is that it wotld’be synchfonous with an
average|of 0.75 transitions per bit. The encoding technique permits a tfansition rise time that can be
maximized and wave shaped to significantly reduce EMI. Disk drives have.a similar requirement where the
modaulatipn 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 techniqueto’a communication dafa link.

Bit # 7 6 5 4 3 2 1 0
Time [Slot ¢ b ¢c bpec bDCcCdp €¢C D C D C D C|D C
Data 1 1 0 1 (0] 0 0 1
Wavefiorm

D = Data C = Clock

FIGURE 1—MFM ENCODED BYTE OF DATA

The ruleffor encoding.Simply causes a transition at the data time slot when the data at that timie slot is a logic
“1.” A trgnsition is,also generated at the clock time slot when the data before and after that|clock time slot
was a logic “0” (ortwo “0’s” in a row).

SIEFRIED|ENCODING—The Siefried Patented Encoding Process may be especially usefdl for Class C
Mu|tip|e, ing This data anproccinn nnr\nrling fnr\hniqlln is_based aon r‘ligif:\lly \l:\r\]ling the pu|se 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 ns to illustrate the technique. In this example assume the data
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3.2.4

3.25

3.3

331

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 ns. In this example one 8 bit byte of data was
compressed into a single square wave, which duration varied from 256 to 384 ns.

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, res
investmse

ARCNET
the puls
proportid
by encod
of the sin

I/0O HARL
protocol
driving (

transmitter could drive symmetrically both negatively and jpesitively because better impedan|

possible

be a befter choice than a bit-by-bit arbitration based.'protocol. A case can also be made f

driving b

Key Conc
Network a
transmissi
medium d

CoMPUT

plution requirements and signal distortion that need to be proven. These factors will
nt in research and development to demonstrate feasibility.

ENCODING—The Arcnet Encoding Technique is similar to Siefried except instead of (
b width proportionally to the data byte value the process digitally varies the sine w
nally to the data byte value. The technique is reported to generate a 16-t0"1 data cor
ing the positive sine wave separately from the negative. An 8 to 1{data’compression
e wave is achieved.

WARE CONFIGURATION—The driving difficulties are increased if we require an ar
because an arbitration based I/O such as that used-Wwith SAE J1850 requires n
apabilities. The more difficult driving requirementS of higher data rates are ac

Communications protocols such as Time Division Multiplexing, Master/Slave, or Td
y employing transformer coupling. However;-the cost of transformer coupling may be
brns of Twisted Pair Networks—The“VEMI levels generated by a Class C Ve
nd the susceptibility to externally gémerated EMI are the main concerns with utilizing
bn medium. A large factor in\EMI levels is determined by both the data encoding

ving techniques.

ER SIMULATION OF EMI LEVELS—The EMI levels generated by a Class C Vehicle Mu

has not
Spectru
results
single

een sufficiently studied or documented. A recent computer simulation was complete

Modeling Techhique. Appendix A details the method used for this EMI level mg
these studies‘are documented herein. The computer study predicts the EMI level
re in a vehiele wiring harness and the effect of various data modulation methd

modaulatipn technigues studied were PWM, VPWM, Manchester, and MFM. NRZ modulation
the sam¢ EMlevels as MFM and therefore was not simulated.

require a large

ligitally varying
ave amplitude
npression level
for both halves

bitration based
onsymmetrical
hievable if the
ce matching is
ken Pass may
pr symmetrical
an issue.

hicle Multiplex
twisted pair for
methods and

tiplex Network
d using Fourier
deling and the
5 radiated by a
ds. The four
vould generate

The first|stép in the computer simulation was to determine the worst case EMI levels for the f]

pur modulation

methods studied. A constant 0.5 ns 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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3.3.2

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

minimunj feature size for the rise time. Take note that the break point at 500 kHz for the 125

is appro

The EM
radiated
data rate
impleme)
does not

CISPR/O

been genperally interpreted by most automotive RF engineers to-specify a break point at 500 k

Another
the level

FOUR MH
twisted

cancella
techniqu

imately —32 dbV.

level at the 500 kHz point has special significance. The computer study, ‘predicts
by a single wire in a vehicle wiring harness. A simulation was generated for VPW
b and a 16 ns rise time (see Figure 5). This simulation is of special’ significance
htation of SAE J1850 specifies this configuration and extensive vehicleverification te

/WG2 (Secretariat)19 Sept 1989 Radiated Emissions Antehna & Probe Test Docum

way of demonstrating the validity of this is to compare the predicted levels illustrated
5 referenced by this CISPR document.

DIA DRIVING TECHNIQUES CONSIDERED—Since'’the computer model simulates a

kbps data rate

the EMI levels
M at 10.4 kbps
b because one
sts show that it

generate excessive EMI levels. Notice that the break point at 500 kHz is approximately —60 dbV.

ent (2.2.2) has
Hz of —60 dbV.
by Figure 5 to

single wire, a

pair transmission medium would provide-' generated EMI cancellation. The al

source impedances. The receivers can be(designed to have high common mode rejection r

be possi

The sus
was pre
consider

ble to achieve up to 60 dB of EML cancellation particularly at AM band frequencies.

eptibility to interference of.the network is a different issue. The source of coupled
iously discussed in 3.2:3. To gain a better understanding as to the source of the lon
the simplified circuit-diagram shown in Figure 6. The transmitter is referenced at a

point thgdn the receiver. The noise source at each ground point is directly (not capacitively|

coupled
ground 1
Vg is us
as the a
that flow|

to that ground ‘point and normally significantly different. Voltage Vg represents th
oise potential-or longitudinal transient noise between these two ground points. Th
Lally very\large (i.e., < 200 V). The frequency content of longitudinal transient noise
LIdio range thus making traditional low pass filters ineffective. 15 and Ig represent th
as grésult of Vg into the differential receiver. If these two currents were of equal

phase th

ount of EMI

ion obtained is dependent on the performance of the balancing effectiveness of the medium driving
e employed. Drivers integrated into\a single device can be carefully designed to have balanced

tios. It should

ine noise is as
pitudinal noise,
ifferent ground
or inductively)
e difference in
b magnitude of
can go as low
e two currents
magnitude and

ey_would then be cancelled across the load resistor R,. This situation usually 1

ever exists as

illustrated. 1, takes the path passing through Rg, and Ig takes the more direct route to R . The receiver
amplifies the difference current across R thus making it susceptible to longitudinal noise.

a. Voltage Drive 1/0O: A computer simulation was completed of a PWM encoded 41.6 kbps signal,
assuming a 2 ns 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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3.3.3

The other point to consider with voltage drive 1/O is the susceptibility to longitudinal noise. Figure 7
shows a simplified circuit diagram of the voltage drive 1/0. Again the longitudinal noise currents do
not cancel even though the source impedances Rg are balanced. IA takes the path passing through

Zq, and g takes the more direct route to R,.

therefore, the longitudinal noise current match is poor.

Zc is of the same order of magnitude as Rg and,

b. Balanced Current 1/O: The balanced current I/O can also be integrated into a single device and can
achieve EMI cancellation similar to voltage drive.

The_main_advantage of balanced current 1/O is that it can be designed to achieve a significant

im
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c. Tr
im
isq

lon]
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d. Oq
cu
op
isq
tw
be

MEDIUM

because]
drivers &
amplitud
to achie
receiving

brovement in balancing the two longitudinal noise currents particularly at audio frequ
shows a simplified circuit diagram of the balanced current 1/0. Even though. x
5sing through Zc, and |g takes the more direct route to R, both currents_must pa
nstant current sources lg. These current sources present a much higherimpedand
nificantly improves the current matching of the longitudinal noise currents. It is cl
tor is responsible for as much as 40 dB improvement in susceptibility to vehicle lon
e main concern in using balanced current I/O is that the sources and'sink currents ma
bw the use of conventional automotive connectors.

hnsformer Coupling: Transformer coupling is also a yefy effective method for
bedance and generated EMI cancellation. Transformer<coupling also plays an im

encies. Figure
takes the path
ss through the
e than Z¢ and
himed that this
pitudinal noise.
1y be too low to

matching load
portant role by

lating the ground connection at both ends of the<ransmission line and effective
gitudinal noise current. It is claimed that this fagtor can be responsible for a gre

the allowable bit encoding techniques by requiring symmetrical waveforms.

tical coupling but cost would«be the main concern. A number of manufacturer
lators, to an electrical mediumy, for computer interfacing. Also some hardware cap
sted pair medium at Class\C data rates is available, but it is not known if any serious
en made to develop this technology for a vehicle medium driver.

DRIVING AND ENCODING TECHNIOUES CONCLUSIONS—Integration into a single IC
this method can-usually result in better matching between the positive and negati
nd receivefs~This balancing of the Bus + and Bus — I/O signal at the proper j
e and phase can be effectively used to cancel the EMI in the twisted pair transmissio
e adequate levels of immunity to noise interference it is important to choose a medi
technique that either cancels or blocks the longitudinal noise current.

y blocking the
er than 40 dB

provement in susceptibility to data corruption by<ongitudinal noise currents (2.2.1). The size, weight
d cost of transformers are their major disadvantages. Also, transformer coupling places limitations

tical Coupling: Optical coupling in theory can also be effective in blocking the longitudinal noise
frent. There are a number of techimical concerns such as achieving proper bus teérmination with

make optical
le of driving a
attempts have

is important
e leads of the
olarity in both
n line. In order
um driving and

Some encoding methods arbitrate more naturally than others if arbitration is required. This encoding factor
affects cost and reliability of the network. Encoding selection is not the subject of this report and will depend
on the final protocol selection (2.2.2). The choice of a proper data encoding technique with wave shaping the
rise time to 25% of the minimum feature size (minimum pulse width) should allow twisted pair for the bus
medium at data rates of 125 kbps without generating too much EMI. If it is possible to decode the data for
larger percentages of rise times, a factor of four (500 kbps) increase in data rates establishes the
approximate upper limit. The main concern is whether a 125 kbps data rate is high enough to accommodate
Class C Multiplexing requirements without resorting to data compression techniques. If higher data rates are
required, will consequent radiated EMI problems dictate data compression? |If it is necessary to go to data
compression, will the data integrity due to compression accuracy or EMI corruption be acceptable?
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FIGURE 6—SIMPLIFIED CIRCUIT DIAGRAM OF DRIVER AND RECEIVER
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FIGURE 7—SIMPLIFIED CIRCUIT DIAGRAM OF VOLTAGE DRIVE /O
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FIGURE 8—SIMPLIFIED CIRCUIT DIAGRAM OF BALANCED CURRENT I/O

Coaxial Cable—There are two types of shielded:cable considered in this report: s
pbaxial cable. Shielded twisted pair utilizes standard automotive connectors and se
acceptance in automotive vehicle wiring but‘always in special cases. It has been
ensors and low-level radio audio circuits. Coeaxial cable requires special coaxial conr
for radio antenna cable and has never-had wide acceptance in automotive wiring.

eatures of Shielded/Coaxial Cable Networks—Shielded twisted pair for the transn
C Network does yield only about 15 dB of EMI and EMS improvements over twis
nt is not significant because the shield must be broken at the ends where connection
utomotive connector or sensor and, unlike coaxial cable networks, allows the intrg
elded twisted pair does\not offer any improvement in ability to drive and it is conside
pair, to be “not very-useful” for data rates above 100 kbps (2.2.1).

er hand, whether triaxial or coaxial cable is used, it can be matched to a transmitter

hielded twisted
nsors and has
used to shield
ectors such as

ission medium
ted pair. This
is made to the
duction of EMI
red, along with

and is capable

iven with data-rates above 100 kbps. The disadvantage, of course, is considerably ligher cost and

stence of\any automotive type connectors. Coaxial type cable in automotive circuit
because. the shield must be maintained at the connector through all the environme
EMIfean enter the system. In a practical sense, it is a source of EMI because the shi

5 is considered
htal conditions,
eld current and

uctor currents are not always equal and, therefore, do not completely cancel. Sh

ield grounding

concerns present a whole series of issues such as number of ground connections, ground wire length, and
shield distance from ground. Also, coaxial type cable is much more difficult to splice or tee tap.

Network Architecture Options—The topology configuration for shielded twisted pair and unshielded twisted
pair can practically accommodate almost anything. The topology configuration for coaxial type cable is a

different situation.
manufacturing difficulties, and increased cost.

Tee or other splices are not practical because they cause impedance mismatches,
Coaxial cable is practically limited to accommodating only

point-to-point or daisy chain type systems. The other alternative is to employ costly matching tee networks or
active type repeaters.
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4.3

51

The data drive I/O hardware configuration is similar to the unshielded twisted pair requirements. However,
with coaxial cable there is not as severe an impedance mismatch problem. All communication protocols used

by twisted

pair can also be applicable with shielded twisted pair or coaxial type cable.

Key Concerns of Shielded/Coaxial Cable Networks—It is believed by most automotive wiring engineers
that widespread use of shielded twisted pair or coaxial cable in automotive wire harnesses would require a
development struggle much greater than the effort required to develop a fiber optic network medium. They
believe that manufacturing and assembly issues along with maintenance and repair problems are nearly
unsolvable. Shorts at the connector between the signal and shield are likely to plague harnesses causing the
whole network to fail. The mechanic's maintenance procedure is likely to require costly harness replacements
rather than the simpler repair technigue used today.

Fiber Optic—Fiber optic systems saw their first widescale use in telecommunications)a
Networks (LANs). The reason for this was twofold; technical advantages and cost savings. S

optic syst
cable in ai

Application
sensors (2
were desc
volume, hi

As more e
be expectg
brakes, an
bit error ra
above 15(
interferenc
rates. A co
needs was
this report,

Inherent H
disadvantd
in terms d
application

A fiber opt
on the apq
fiber optic
are:

s have gradually been replacing copper-based transmission systems like twisted p
craft, military use, factory automation, and others.

s of fiber optics to passenger cars started in the mid-sixties and weré mostly for il

nd Local Area
nce then, fiber
air and coaxial

umination and

2.3). Over the past decade, several fiber optic multiplexing systems for experimental and test cars

ibed in the literature (2.2.4, 2.2.5, 2.2.6), and some isolated. subsystems were impl¢
hph end cars (2.2.7, 2.2.8, 2.2.9).

ectronic systems are added to control new functions in\future vehicles, data transmi
d to increase above 150 kbps particularly in criticakfunctions such as engine perforr
d other Class C functions. The effects of electromagnetic susceptibility and impedan
e are some potential data transmission reliability concerns with high-speed copper-b

kbps. Experience has shown an even“arger concern is that it can cause ¢
e. A need exists today to re-evaluate and optimize the transmission medium for the
mprehensive approach to evaluate fiber optic system requirements in view of the dist
described in references (2.2.10,,2:2.11, and 2.2.12), and some of those criteria hav,

eatures of Fiber Optic Systems—It is important to note at the outset that whatever
ges) a fiber optic system has, compared to a copper multiplexed system, have been
f their relevance er\significance to the automotive environment (2.2.12), as opj
s, such as LANs/telecommunications, military use, factory automation, and others.

c system could be designed for a glass fiber, a plastic fiber, or a combination of the {
lication..\The special needs of the automotive environment impose several requirg
bystem,that is designed to operate in it. The main characteristics of an automotive fib

emented in low

5sion rates can
hance, antilock
ice variation on
ased data links
lectromagnetic
se higher data
nct automotive
e been used in

advantages (or
viewed mainly
osed to other

wo, depending
bments on any
br optic system

Automotive networks normally require short (an average of 1.5 m) distances between nodes. This

short distance means that an automotive system can tolerate higher signal attenuation than other fiber
optic applications.

b. There is a much higher ratio of connector to fiber use than is common in other applications, such as
LANSs or telecommunications; i.e., an optimized connector design will drive the system design.

c. lItis better adapted to high volume assembly and test than other fiber optic applications.

d. The network can withstand a much harsher environment than most other fiber optic applications under
temperature extremes, shock, vibration, corrosion, humidity, road salts, and other conditions.

e. The wide use and acceptability of automotive networks are very sensitive functions of cost and
serviceability.
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At the present time plastic is preferred because one can achieve higher coupled power with the lowest cost
fiber optic transmitters and receivers. This situation could change as glass-compatible connectors for use with
larger diameters (e.g., greater than about 250 mm) become cost competitive with plastic-compatible connectors
going forward, and as device manufacturers increase LED coupling efficiency. This technology is rapidly
evolving, forcing designers to constantly review the glass versus plastic decision. Unless otherwise specified,
the advantages and disadvantages listed as follows will apply to both glass and plastic fiber systems.

511

PRINCIPAL ADVANTAGES—The main practical

consequence

in the four following advantages over

copper-based transmission media, particularly at the higher data rates, is the minimization or virtual

elimination of bus shielding and impedance matching requirements.

emitter/receiver components like any other electrical box.

51.2

a.

However, one still has to shield the

I/RFI Immunity: Optical signals are immune to EM and RF interference. Thus,-a.fibe
be| placed next to high voltage or radio receiver lines without distorting their oufputs or
by[them. This will become more important as dielectric materials replace metals for cal
Ddta Bus Termination Impedance Elimination: Bus termination and biasing networks ar
Immunity From Cross-Talk: Optical signals, by their nature, do not radiate’energy that
elgctronic signals. Therefore, cross-talk between a fiber optic data-line” and other e
lines is nonexistent.

Ground Loop Elimination: In a copper-based system different\ground locations pri

r optic bus can
being affected
bodies.

e not required.
interferes with
ectronic signal

esent different

impedance values to the same high frequency signal and,thus give rise to a potential difference or

nojse at the receiver circuit. Since optical fibers do not cetduct electrical current this “
brpken and the noise associated with it is eliminated.

GENERAL ADVANTAGES

Ddta Rate or Bandwidth: Although a fiber opti¢ system has bandwidths of several hu
advantage is irrelevant for Class C autpmotive applications at present because it

présent defined Class C data rate requirements. However, as more and more vide
depigned into future cars the need fanlarger bandwidths will become more important 4
will be the obvious choice.

Weight and Space Savings: There€ is a sizeable weight reduction when several twisted

caples are replaced by a single fiber optic cable, as is the case in telecommunications,

jround loop” is

dred MHz this
s well beyond
o displays are
ind fiber optics

pairs or coaxial
but the weight

difference is insignificantif a'single 22 gauge twisted pair is replaced by a fiber optic caple. The same

argument could be applied to cable sizes as well, but if shielding requirements
copsideration there will be overall space savings and increased design flexibility i
system. Furthermore, fiber is easier to proliferate across different vehicle makes
immunity to rauting-induced EMC problems. Copper-based systems sometimes have
when placed.into a different vehicle due to unanticipated interference problems.
Lonhg-Term. Reliability: Present long-term experience in automotive fiber optic systems
these Systems will not be prone to connector erosion or conductor hardening over long

are taken into
h a fiber optic
because of its
to be rerouted

indicates that
periods of time,

as|isdhe case for copper-based systems. It is expected that recently developed low-

cost fiber optic

data transmission components will be reliable in automotive applications, based on their successful
performance in laboratory tests (2.2.8, 2.2.9).

Immunity from Short Circuits: Since fibers do not carry electrical current, shorts to ground are
eliminated. The network signal cannot be shorted to power, ground, or other signal wires. This means
that dependihg on network architecture the network cannot be disrupted by a short. Also, there is no
need for transient suppression components for shorts to power or ElectroStatic Discharge (ESD).
Data Integrity: It is anticipated that, because of the EMI immunity of optical signals, data integrity would
be higher than in a copper-based system unless elaborate shielding is used in the latter. This needs to
be explored further (see Section 4).
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5.1.3

5.2

f. Lack of Familiarity: One possible advantage to the use of fiber optics over the electrical afternatives is
the respect it would be given due to the lack of familiarity. The high-speed electrical alternatives may
be treated the same as their low frequency power and signal carrying cousins. The high frequency
shield ground is not the same as any other ground. The shorting to ground of a high frequency ground
could cause problems such as ground loops. A 6-in lead could mean the shield is not grounded. The
practice of splicing or doubling at high frequencies is not acceptable. A wire at these frequencies is not
just a wire anymore.

DISADVANTAGES

a. Sharp Bending Radii for Fibers: Sharp bends have an inherent disadvantage in fibers compared to
copper conductors. If the bend radius decreases below a critical value, which is related to the fiber
raglius, light transmission in the fiber is reduced. This effect is not a severe limitation)byt it implies that

uting-induced attenuation has to be anticipated as a system design parameter:

idirectional Transfer of Data: This condition implies that one fiber is usedyte’send data out from a
transmitter and another fiber is used to receive incoming data. Thus a duplex cable is r¢quired instead
of |a coax or a twisted pair. With the advent of monolithic detector/transmitter devicgs (2.2.13), the
neged for a duplex cable could be eliminated and one fiber could be used.

c. Lakk of Standards: The intermittent use of fiber optic systems in automobiles, so far, has not called for
standardization and vice versa. As fiber use gains more @ccéptance, this limitation will slowly
digappear.

d. Lack of Automotive-Grade Connectors: Most of the conneetors on the market are designed for a glass
fibpr with applications for other than the automotive markét. There are also connectars that are low
cOopt, are not labor intensive, and require little training.or skill to assemble, but most of these are not
truly of automotive-grade. There are industry activities working to address this concern|(2.2.12).

ilability of Reliable and Cost Effective .Automotive Components: This is probgpbly the most

important reason why fiber optics has not, gained a wider automotive application. [As mentioned
lier, a plastic system is believed to be-more suitable for the automotive environment and at the
hert of this system is the fiber. Although fibers and other components have beeh available for
temperatures between —40 °C and 85 C (passenger compartment) and fibers that operate, under the
hopd (+125 °C) are also currently_available, fibers for the engine compartment (+150 °C) have not
been available on a commercial-basis let alone at a competitive price. Some recent| developments

(2{2.14) indicate that this is\likely to change soon. Quite recently, prototype fibers|with operating

temperatures of 135 °C (2.2.15) have been advertised. It is believed that a wider usg of automotive

fibpr optic systems willkspur more competition and drive the component price down.| This could be
acpelerated if fiber opticCs is adopted as a standard for a transmission medium for Clasq C systems.

Network Architecture ©ptions—There are a number of possible architectures that could be implemented in

evaluate the architectures are discussed in the following:

a. Cost: Cost comparisons should include all necessary hardware, beginning with the input to the
encoding and transmitter drive circuitry through the receiver and decoding circuitry. Total system cost,
not just initial piece cost, will determine which network architecture will be selected for production.
Initial cost will be the combination of the fiber ends, receiver transmitter pairs, and fiber length. Total
cost will include assembly, warranty, and service costs. A relative comparison has been made to
determine system advantage or disadvantage. With respect to cost, the best system will have the
fewest components; one receiver transmitter pair per node and one fiber per node.

Cost factors that can be readily quantified are fiber ends, receiver transmitter pairs, fiber length, and
any other significant system components.
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fiber ends will be proportional to a significant part of the system cost and be inversely

1. Fiber ends: Due to the large number of fiber ends to finish in an automotive network, the number of

proportional to

reliability. In other words the more mated ends, the more opportunities for a fault to occur.

Receiver/transmitter pairs: Active devices are costly components. Minimizing recei
pairs will minimize cost and also result in improved system reliability.

ver transmitter

Fiber length: Although the amount of fiber per vehicle will be small, it still represents a cost factor

that is easily quantified.

Physical Complexity: Physical complexity is an issue that will impact the vehicle assembly plant

operation.

assembly costs, dealer warranty cost, or owner maintenance cost.

The electronic systems on the vehicle are not powered up at all times. Some sy
purposely powered down during a portion of the time. Some systems will be’maintaine
after the vehicle is turned off. Times such as ignition off, crank, or accessory operatior]
portion of the vehicle system to be operational to conserve battery(charge. The netwo
fon this reduced level of network operation. The best system would allow network ope
combination of nodes powered.

Fdult Tolerance: Continued network operation under a fault.condition is desirable. The
system to faults could impact the type of functions that<could be included on the netw

A physically complex system will be difficult to assemble reliably. This could add to
The best system will not have

ver transmitter
Iimption and its

stems may be
d on for a time

require only a
rk should allow
ration with any

tolerance of a
brk. The more

tolerant the network is to faults, the more critical functions that can be implemented on it. A fault
tolerant system will continue to function with any single point fault.

e. Expandability: Expandability for vehicle variability, future vehicle improvements, and ¢lealer installed

options must be allowed for in the initial design:\Easy network expansion and contractiop is a desirable

feature. The best system will be expandable\without cost to the lesser system.

f.  Sdrviceability: Second only to initial functionality, serviceability is a very important issue. The vehicle

myist be serviceable within the existing service network including local service statipns. The best

system will be self-diagnosing.

g. Lakency: The time between data updates will impact the type of function performed gn the network.

Cantrol applications will require rapid data exchange updates. The best system will have minimum

transmission latency.

5.2.1 AcTive §TAR—The active starnetwork consists of a group of network nodes connected to th¢ active star as
shown ir] Figure 9. Each node consists of a receiver/transmitter (Rx/Tx) pair and a pair of optical fibers. The
network plso contains acentral node that receives and retransmits all network communicationps. The central
node contains an RX/Tx pair for each network node and in its simplest form, an electrical blis. The active
star is af electrical bus packaged in the central node and connected to the network nodes bl point to point
fiber optic links.

5.2.1.1 Advantages

a. Cost: The active star allows the use of simple point-to-point fiber optic links which could minimize the
cost/complexity of the electro-optical components and the optical connection system.
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5212

5.2.2

Star\ |
E—— ———

FIGURE 9—ACTIVE STAR

Disad\Jantages

a. Cqst: The active star requires an additionaliactive node with its associated electrical cgntent including
a gecond Rx/Tx pair per node, power supfly, and external electrical content (power and|ground feeds).
b. Cgmplexity: The active star is more complex because of the added node and its assodiated electrical
complexity with two fibers per node ‘conhnecting to it.
c. Pgwer Moding: The star must be-powered up at all times so that data can be exchanged on the
nefwork.
d. Fault Tolerance: The central node offers many internal (electrical bus) and external (power and ground
wiring) fault opportunities\that could cause the complete network to be inoperative. A fiber fault will
affect only a single node.
e. Expandability: Expansion will be limited by the original hardware design and may fequire several
depign levels te,minimize cost impact.
f.  SqrviceabilitysSome fault identification is possible. A fault will be isolated to a specifit spoke on the
stgr or the-central node.
g. Latency:iCentral node retransmission will increase network latency. The added latenty could be on
the order of 140 ns.

PAssIVE STAR—The passive star network consists of a series of network nodes connected to the passive
star as shown in Figure 10. Each node consists of an Rx/Tx pair and a pair of optical fibers. The network
also contains a central element that acts like an optical splice and distributes the optical signal to all network
nodes. The passive transmissive star contains a means to receive optical energy from any transmitting node
and divide the optical energy evenly among the output fibers.
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5.2.2.2

5.2.3
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and with sufficient hardeningthis design should not be a problem.

d. Lakency: All nodes will monitor the data when it is transmitted with only the delay ¢
length.

e. Sqrviceability: Some.fault identification is possible since a fault will be isolated to a sp
node on the network"The remainder of the network is still operational.

Disad\Jantages

a. Cqst: Thé passive star element will add cost to the network.

'R /

Gnd

FIGURE 10—PASSIVE STAR
ages

st: The passive star has a limited numberof receiver/transmitter pairs and no electrig
the star.

wer Moding: All nodes can be powered in any order or combination.

ult Tolerance: A fault will be limitéd-to an individual node or its associated fibers. Th

b. Cqmpléexity: The passive star requires two fibers per node to route to the star.
vinaBadahiibe e Dontad ey oty napd Aot A ~ntiaal Fhny i At S e anth s oyl
C. E/\ MIIUUIJIIIL_y- o mrrmnmeu Uy LAl r.lUIl A\VAVAC IR anCInLv | \.IrJI.I\.’(.AI TTUN UUUUL;I.. \/UII\;IILI)’ aGaAvauImTay

al connections

e star could be

ingle point fault, but because it is totally passive, its failure modes are limited to the physical design

aused by fiber

ecific spoke or

e devices limit

the number of ports to seven.

SINGLE RING—The single ring network, illustrated in Figure 11, consists of an Rx/Tx pair and a single fiber for
de connected in series. Data is transferred around the ring through a continuous series of
retransmissions by each node until it completes a circuit around the network. Each data message is
received and retransmitted by each node. The amount of logic required depends on the particular technique
used. The logic could be as simple as a series of shift registers through the capability to receive, decode,
and retransmit a complete message.

each no
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5.2.3.2

524

=

Advanfages

a. Cqst: The single ring network contains the fewest fiber ends and requires no special ha

b. Cgmplexity: The complexity is minimized since there are ng‘added nodes and the comy

digtributed.

c. Expandability: The single ring network is easily expanded by adding nodes into the ring|

Disad\Jantages

a. Pgwer Moding: All modules must be powefed up for the network to operate.

b. F4ult Tolerance: A fault anywhere in the\network will cause the network to be inoperatiy

c. Sqrviceability: Since any one fault causes the network to be inoperative, faults are not ¢

d. Lakency: Each module must retransmit the data adding to the latency between the first
DouBLE RING—The double ring or'dual counter rotating ring, illustrated in Figure 12, consist

rings comnected such that data‘flows in opposite directions. Data is passed around in two di

sets of fi
fault isol

data aro
commun

-~

FIGURE 11—SINGLE RING

bers. Each node consists of two Rx/Tx pairs and two fibers, and some additional Io
htion and bypass( If a fault occurs in one or both rings, the nodes on either side of the
und the ring.inxthe other direction on the second loop, as shown in Figure 13,
cation. Fadtlty'nodes or fiber interconnects can be bypassed in this manner.

rdware.
lexity is evenly

e.
basily isolated.
and last node.

s of two single
ections on two
gic to allow for
e fault wrap the
completing the

=

—

FIGURE 12—DOUBLE RING
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i

_ 1
FIGURE 13—DOUBLE RING WITH FAULT

Advanfages

a. Fault Tolerance: The double ring network is very tolerant of/single faults (nodes or fibef interconnect).
The remainder of the network continues to function.

b. EXpandability: The network is easily expanded by inserting a node into the ring.

c. Sqrviceability: The network is capable of determiningythe location of a fault.

Disad\Jantages

a. Cqgst: The double ring network employsfour Rx/Tx pairs, two fibers per node, and additional logic
required for fault isolation and bypass-will have significant cost impact.

b. Cgmplexity: Complexity is evenly distributed, but each node requires four optical conngctions and two
re¢eiver/transmitter pairs.

c. Pgwer Moding: One modul€ gould be powered down and the rest of the network will continue to
function. For multiple madules to be powered down, they would have to be positioned in line on the
ri%, which would impact:the physical complexity.

d. Latency: Each module-must retransmit the data. This action adds to the latency betwegn the first and
lagt node.

LINEAR TIAPPED BuS=~The linear tapped bus can be implemented in many forms depending on the capability
of the tap and the-available optical flux budget. If the tap is assumed to be unidirectional, asyymmetrical, and
variable,|the.simplest configuration would consist of a single fiber that would route past each module twice as
shown ir] Eigire 14. The single fiber would be divided into a transmit leg and a receive leg. Each node has a
launch t i i i i et and the tap

capabilities will determine the maximum number of nodes that can be handled passively. If a larger number
of nodes is required, an active head end as shown in Figure 15 would be needed. Currently, with reasonably
low-cost electro-optical devices and available tap technology, the maximum number of nodes that can be
accomplished passively is ten.
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FIGURE 14—LINEAR TAPPED BUS
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FIGURE 15—LINEAR TAPPED BUS WITH HEAD END
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5.2.5.1 Advantages
a. Power Moding: Passive implementation will allow all nodes to power mode independently.
b. Latency: All nodes will see the data when it is transmitted with only the delay caused
unless a head end is required.
5.2.5.2 Disadvantages
a. Cost: The linear tapped bus requires a large humber of taps, two per node, and poss
head end node will increase the cost.
b. Complexity: The packaging of taps and head end node will impact complexity.
c. Pgwer Moding: The head end node must be powered up continuously if required.
d. Fault Tolerance: A fiber or tap fault will always cut off some portion of the network: 5TH
the bus fiber the fault occurs, the more nodes that will be impacted until all nodes would
A fault in the head end module or its power and ground feeds will incapacitate the whol
e. Expandability: The expandability of the network will be limited by the-tap characte
original optical flux budget. The network would have to be designed and built with the ¢
addition of taps later. A tap could not be randomly applied anywheredwithih the network
applied where sufficient optical energy existed and where the dewnstream taps we
operate with the reduction in optical energy. Currently available'tdps and electro-optic|
the passive linear tapped bus to ten nodes.
f. Sqrviceability: A number of conditions can cause the~hetwork to be inoperative
diggnosis difficult.
g. Latency: The head end retransmission will add some.Jatency.
5.2.6  NETWORK ARCHITECTURE CONCLUSIONS—Based on théZassumptions made and the factors

53

531

5.3.2

following conclusions about network architecture can-be made:

single ring is inexpensive but lacks fault tolerance.
double ring is costly and complex:

active star is very costly, complex, and susceptible to single point faults.

linear tapped bus is costly/with no offsetting benefits.

transmissive or passive star has the best tradeoffs and appears to have the
especially if the cost ofthe star with some expansion ports is reasonable.

-0 o0 U

I/OHardw3gre Configuration—The data encoding method, network topology, and protocol seleg
optic transmission media-has a pronounced impact on the 1/0 hardware configuration design.

onsidered, the

of operation.

most benefits,

ted with a fiber

TIME DIVJSION MULTIPLEX (TDM)—Time division multiplex is the most commonly discussed method of data

transmispion; for automotive applications. In TDM, the data is encoded in a series of amplit

ilde modulated

light puldes.) The pulses are typically, but not necessarily, on/off pulses with light on being the

dominant state

for contention based systems.

FREQUENCY (WAVELENGTH) DiviSION MULTIPLEX—Frequency division multiplexing is typically used to extend
the bandwidth of the fiber by allowing information to be transmitted at multiple wavelengths. Within the
limitations of the fiber, the bandwidth can be a direct function of the number of wavelengths utilized.

FDM requires the use of filters at each receiver to select the appropriate wavelength for that node. The flux
budget will be impacted since each node will utilize only the optical energy within its selected wavelength and
discard all optical energy in the unwanted wavelengths. The energy in the unwanted wavelengths is lost.

Since the bandwidth of the fiber with a single wavelength is sufficient, FDM would probably not be cost

effective.
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