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Controller Area Network With Flexible Data Rate
(CAN FD) Eye Diagram Prediction
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Abstract—A method for predicting the eye diagram for a con-
troller area network with a flexible data rate (CAN FD) is proposed
in this article. A CAN FD changes a data rate according to the
status to overcome the limitation of latency. In other words, when
data to be transmitted are accumulated, the CAN FD increases the
data rate up to 5 Mb/s. The CAN FD has a bus topology consisting
of multiple electronic control units, which results in a significant
amount of signal reflection. Thus, the above causes the signal
integrity analysis uncertain. To avoid this, this article proposes a
simplified model for the CAN FD and the eye diagram prediction
method based on it. The proposed method has the deterministic
and statistical: the deterministic part uses an iterative single bit
response method for bit probabilities of a CAN FD packet, and
the statistical part uses a modified double edge response method
for the flexible data rate. For verification, this article compares the
predicted eye diagram to the measured eye diagram, and they are
nearly the same when the CAN FD operates at the nominal data
rate of 1 and optional data rate of 2 Mb/s.

Index Terms—Automotive system, controller area network with
flexible data rate (CAN FD), eye diagram, flexible data rate,
modeling, prediction method, signal integrity (SI).

1. INTRODUCTION

URRENT vehicle systems include several types of elec-
C tronic control units (ECUs) to control over 30 000 parts.
The vehicle systems control the ECUs with various types of
networks depending on their complexity and the data rate [1],
[2], [3]. Most of the vehicle systems use the combined network
with the local interconnect network (LIN) and the controller
area network (CAN). The LIN consists of a single master
and multiple slaves to communicate between ECUs [4], [5].
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Since the LIN is a serial network protocol, it achieves low cost
[6]. The CAN supports multiple masters and multiple slaves,
which reduces wiring cost, complexity, and weight compared
to multiple point-to-point wiring systems [7], [8], [9], [10]. The
CAN has two characteristics: 1) priority-based communication
and 2) multimaster communication. Each ECU has a priority
depending on its importance. Thus, if the ECU with the highest
priority sends data, other ECUs receive the data from only the
bus. That is, the ECU with the lowest priority should wait until
the others finish transmitting the data, which causes a latency.
To overcome the latency, the CAN with flexible data rate (CAN
FD) was proposed [11]. The CAN FD increases the data rate up
to 5 Mb/s during the data field transmission. The increased data
rate is defined as an optional data rate.

ECUs transmit and receive data on the same bus, which results
in the CAN FD having critical signal integrity (SI) issues [15].
Multiple ECUs are distributed and connected in an automotive
system; thus, the channel length of the CAN FD is greater than
that of other high-speed systems. The number of the connected
ECUs, stubs, and long channel make a significant amount of
signal reflection on the CAN FD bus. Also, each ECU has
different channel characteristics due to the stubs. Therefore,
the SI analysis with an eye diagram is required for the CAN
FD. The eye diagram is obtained by accumulating the received
waveforms at the data rate of interest. As shown in Fig. 1, because
the CAN FD changes the data length and data rate during the data
field transmission, the eye diagram obtained in a conventional
manner has rising and falling edges in the middle of the eye
diagram. The signal reflection also causes the edges. The edges
in the eye diagram become uncertain, which results in the limited
SI analysis for the CAN FD. Therefore, a method to achieve the
SI analysis on the CAN FD is required for the flexible data rate
and signal reflection.

An eye diagram acquisition is time-consuming because the
eye diagram is obtained by the superposition of the received
waveforms. Hence, eye diagram prediction methods were pro-
posed to obtain the eye diagram by using the channel response in
an efficient manner [13], [14], [15]. The first proposed method
to predict an eye diagram was based on a single bit response
(SBR) [13]. The SBR method was limited when rising and
falling responses were not mirrored, a double edge response
(DER) based prediction method was proposed [15]. Prediction
methods at the system level were also proposed [16], [17], [18],
[19], [20]. The encodings to improve the channel performances
[16], multilevel signaling to reduce the required bandwidth for
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Fig. 1. CAN FD in an automotive system. Because the CAN FD can change a
data rate in the middle of transmission, the corresponding eye diagram may be
misinterpreted.

the channel [17], pseudorandom bit sequences to SI analysis
[18], and error correction code to correct bit errors [19] were
considered in the statistical eye diagram at the system level.
The proposed methods were under the assumption that the data
is transmitted and received at the data rate of the fixed value.
Also, the CAN FD transmits the data in the form of a packet.
Thus, it includes deterministic parts in the data. The proposed
prediction method covers not only the flexible data rate but also
the deterministic part of the packet for reliable signal integrity
analysis for the CAN FD. In this article, the nominal data rate
is 1 Mb/s and the optional data rate is 2 Mb/s for the data field
transmission. The optional data rate is available up to 5 Mb/s,
however, the measurement setup has signal reflections. Thus,
the optional data rate is limited to 2 Mb/s in the measurement
setup.

The rest of this article is organized as follows. In Section II,
we introduce the overall algorithm and demonstrate why the
proposed method provides accurate results. Section III describes
the bit probability density function (pdf) model for a CAN FD
packet. The probability model is obtained from how the CAN
FD works. We apply the method proposed herein to the CAN
FD channel. The channel response, as the input of the proposed
method, is obtained from the simplified model for the CAN FD in
SPICE. Section IV proposes an eye diagram prediction method
based on the simplified CAN FD channel. Section V proposes
application to the CAN FD. Finally, Section VI concludes this
article.

II. PROPOSED PREDICTION METHOD FOR THE CAN FD

This section demonstrates the overall algorithm of the pro-
posed method; this section also covers why the proposed method
consists of the SBR-based [13] and DER-based [15] methods.

The SBR method is for deterministic bit probabilities, and the
DER method is for a flexible data rate. The SBR method is
based on a SBR, thus, the flexible data rate cannot be dealt
with. The DER method is not applicable to the deterministic
bit probabilities, because the probabilities for the rising and
falling edges are only considered. The CAN FD packet includes
aflexible datarate and a deterministic bit PDF as well. Therefore,
the SBR and DER methods should be combined to evaluate the
statistical eye diagram for the CAN FD.

A. Overall Algorithm of the Proposed Method

Fig. 2 shows the overall algorithm of the proposed method.
The proposed method consists of the iterative SBR method
and modified DER method for the arbitration and data phase,
respectively. The iterative SBR has an iterative loop with bit
probability distribution that arbitration process defined by the
CAN FD specification is expressed with respect to probability.
The modified DER has an additional delay block to generate
the response for the flexible data rate. A simplified equivalent
CAN FD model generates the channel response. The equivalent
model consists of a simplified ECU model and twisted pair
cables to represent the CAN FD bus. Thus, the channel responses
generated by the equivalent model are applied to the iterative
SBR and modified DER methods, respectively.

The first and second arbitration phases have a fixed data rate,
but their bit probabilities depend on the bit location in a CAN
FD packet. Thus, the statistical eye diagram is obtained from
the iterative SBR method to consider the effect depending on
the bit location. The SBR is divided into main cursor and inter-
symbol interference (ISI) pdf to obtain the total pdf. Because
the probability of ONEs and ZEROs also affects the total pdf,
the bit probability distribution depending on the bit location
P (X;) = 1lisalso introduced herein. The number of iterations
is equal to the length of the first and second arbitration phases,
respectively. Then, the weighted summation is applied to the
obtained statistical eye diagrams for the arbitration phase.

The statistical eye diagrams for the flexible data rate are
obtained by the modified DER method. The modified DER
method is the DER method with a delay At to either rising or
falling response for a flexible data rate. In the CAN FD, the data
rate is determined by the priority of the ECU and the channel
status. Therefore, for generalization, the weighting factors for
the data rate are introduced.

After obtaining the statistical eye diagrams for the arbitration
phase and data phase, the statistical eye diagram for the CAN FD
is obtained by the weighted summation. The weighting factor is
determined by how much they occupy the CAN FD packet. The
length of each phase varies depending on the channel status;
thus, the weighting factor is also introduced to generalize the
algorithm.

B. Comparison Between the SBR- and DER-Based Method

The principle of the SBR-based method [13] is the same as
that of the DER-based method [15], as follows. First, the ISI pdf
in an amplitude domain for a digital state of ZERO is obtained.
The pdf in the amplitude domain for a digital state of ONE is
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obtained by a convolution of a main cursor and the ISI pdf for the
same sampling time. The main difference between the SBR and
DER is an input for each algorithm, as shown in Fig. 3, which
leads to different algorithms and results. The SBR and DER
methods have the same assumption that a channel is a linear and
time-invariant system. However, the SBR assumes the rising
and falling responses are symmetric, which means that pull-up
and -down are mirrored. The DER has inputs of rising and falling
responses because it assumes that the rising and falling responses
are asymmetric. By having the rising and falling response as the
input, the DER can deal with the controllable data rate, as shown
in Fig. 3(b). If a smaller amount of delay between the rising
and falling responses is applied, then it would be the single bit
response for a higher data rate. Thus, the channel response can be
obtained for any data rate if the rising and falling responses are
given. The above characteristic of the DER method makes the
proposed method generalized for any data rate and the number
of optional data rates. The practical CAN FD bus may have an
overshoot or undershoot on the rising and falling response. Since
the SBR was generated from the delayed DER, degradations on
rising and falling responses are reflected.

The CAN FD supports two data rates: 1) a standard rate of
1 Mb/s and 2) an optional rate of 2 Mb/s. The characteristic of
a higher data rate only applies to a portion of the data packet,
and the other portion is transmitted at the standard data rate. In
other words, the data packet is divided into two groups: flexible
and fixed groups in terms of the data rate. The fixed group is
related to the CAN FD protocol. The protocol defines a rule
for how the data is transmitted and received between ECUs,

Overall algorithm for the proposed method for the CAN FD. The proposed method consists of the iterative SBR method and modified DER method.
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Fig. 3. (a) Eye diagram can be predicted according to two types of channel
responses: SBR and DER. (b) In case of the DER, the data rate of the eye diagram
is controllable according to the time difference between the rising and falling
response.

which results in the fixed group can be expressed in the form of
probability. Table I shows the above that compares the SBR and
DER methods with respect to the input, data rate, and bit PDF.
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Fig. 4. CAN FD packet consisting of an arbitration phase and a data phase. The CAN FD provides a flexible data rate option for the data phase.
TABLE I The data phase contains the control field, data field, and error-
COMPARISON OF THE SBR-BASED AND DER-BASED METHODS detection field. The control field shows the data transmission
condition, whereas the error-detection field improves the data
Method Details reliability with redundant data. The control field represents the
Input: Channel response by single bit data length in bytes and its data rate. The control field has the bit
Single bit: 0001000000... rate switch (BRS), error state indicator (ESI), and data length
SBR L code (DLC). If the BRS field is ONE, then the data rate would be
Data rate: Fixed single value . .
' . up to 8 Mb/s; if not, the data rate would be the same as that in the
Bit PDF, P(X; = 1), for convolution other phases. The other bits in the data field and the other fields
Input: Channel responses by bit transition (rise and fall) are transmitted at the standard data rate of 1 Mb/s. The DLC
Rise: 00001111111... bits represent the length of the data field. If the most significant
DER Fall: 11110000000. .. bit (MSB) is ZERO, the following three bits indicate the data
Data rate: Controllable value by Ul length in bytes. If the MSB 1s.ONE., the data length in bytes is
) - . determined by alook-up table, in which the data length is defined
Bit transition PDF, P(XiXi, = 10 or 01), for convolution as 8, 12, 16, 20, 24, 32, 48, or 64 bytes. The error-detection field

III. BiT PDF OF THE CAN FD PACKET

In this section, we obtain the bit pdf from the CAN FD packet.
The SBR-based method estimates the eye diagram with the bit
pdf obtained in this section.

A. Introduction to the CAN FD Packet

The CAN FD uses packet-based communication. Fig. 4 shows
how a CAN FD packet consists of the first, second arbitration,
and data phases. The purpose of the first arbitration phase is to
negotiate among ECUs and notify them of the data transmission
and condition. The first arbitration phase includes the start of the
frame (SOF), the identifier, the identifier extension (IDE), and
the extended data length (EDL). The SOF provides notification
of the start of the packet, and the identifier indicates the priority
of the ECU. The ECU with a higher value of identifier has a
higher priority on the CAN FD bus. The second arbitration phase
is responsible for termination notification to other ECUs. The
second arbitration phase includes acknowledge (ACK), end of
frame (EOF), and interframe space (IFS). As mentioned above,
the standard data rate of the CAN FD is 1 Mb/s [14]. The first
and second arbitration phases are transmitted at the data rate of
1 Mb/s.

is the cyclic redundant code (CRC) to detect errors in the data
field. The bit length of the CRC is 17 if the length of the data is
smaller than 20 bytes, otherwise 21.

B. Bit PDF of the First and Second Arbitration Phases

The SOF field is always ZERO, thus, the probability for ZERO
is equal to 1. The next field is the identifier that represents the
priority of each ECU. At this stage, the waiting ECUs transmit
their identifiers on the CAN FD bus simultaneously. As a result,
the ECU with the highest priority transmits the identifier and the
other ECUs would halt the identifier transmission. In the binary
system, the shift left by 1 bit is equivalent to multiplication by 2.
Thus, a greater number has ONE on the further left bit location.
All ECUs transmits the identifier field and the ECUs with smaller
identifier value halt when they detect higher identifier value.
The resultant identifier field has a lower ONE’s probability at
the further right bit index. The most left ONE shows a higher
identifier and other ONEs are insignificant in terms of priority.
Therefore, the ONE’s probability becomes lower as the bit index
increases

1) =1-— (2¥-+2)"! (1)

where N is the number of the connected ECUs on the CAN
FD bus and i is the bit position. The remaining bits of the first

P(X;
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TABLE IV
NUMBER OF BITS IN A CAN FD PACKET

TABLE I
P(X;=1) DISTRIBUTION IN THE FIRST ARBITRATION PHASE
i 1 2 3 4 5 6 7 8
P 1 1-— (2N—i+2)—1
i 9 10 11 12 13 14 15 16
P il = @V=F2) 1 1 0 1
TABLE III
P(X;=1) DISTRIBUTION IN THE SECOND ARBITRATION PHASE
i 1 2 3 4 5 6 7 8
P 0 1 0 0 0 0 0 0
i 9 10 11 12 13
P 0 0 0 0 0

arbitration phase are r1, IDE, EDL, and r0. Their bits are always
fixed at “11 01,” and they are deterministic. Table II shows the
1’s probability distribution depending on the bit index for the
first arbitration field. The bits marked as white represent the
deterministic; the bits marked as gray represent statistical.

The second arbitration phase has a simpler bit pdf than the
first arbitration phase. The bits in the second phase are fixed
at “01 00 00 00 00 00 0. Thus, the second arbitration field is
deterministic, as shown in Table III.

C. Bit PDF of the Data Phase in the CAN FD Packet

The data phase consists of the control field, data field, and
error-detection field. We assume that no information is given
for the data field, and thus, every bit in the data field has a
uniform bit pdf. As discussed earlier, the DLC represents the
length of the data field. The available data field lengths are 0,
1,2,3,4,5,6,7, 8, 12, 16, 20, 24, 32, 48, and 64 bytes. If
the above assumption is applied to the DLC bits, the length
will be one of the lists with a probability of 1/16 for each
length. The remaining bits of the data phase detect whether
errors occur in the data field. In this case, since the divider is not
given, we assume that the CRC bits are uniformly distributed
probabilities for ONE and ZERO because the CRC bits are
considered purely random bits. The CRC bits are the results
of the redundancy calculation. Therefore, we assumed that the
CRC bits are uniformly distributed probabilities for ONEs and
ZEROs.

IV. EYE DIAGRAM PREDICTION FOR THE CAN FD

This section includes details on statistical eye diagram pre-
diction with the bit pdfs obtained from the previous section. The
SBR method is for the first, the second arbitration phase, and
a portion of the data phase at the standard data rate. The DER
method is for the data field in the data phase.

A. Weighting Factor for Flexible Data Length in the CAN FD

The CAN FD accommodates not only a flexible data rate but
also a flexible data length. Because the data phase has various
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rl
IDE
EDL

r0
BRS
ESI
DLC 4
Data
CRC
CRC delimiter 1
ACK 1
ACK delimiter 1
EOF 7
IFS 3

Number of bits

1% arbitration 16

Data 23-539

2™ arbitration 13

data lengths depending on the DLC bits, this characteristic
affects the eye diagram. To predict an accurate eye diagram,
we introduce a weighting factor representing the ratio of the
corresponding phase in the CAN FD eye diagram. Each bit of the
CAN FD equally contributes to the eye diagram; thus, the most
dominant phase has the largest weighting factor. The meaning
of the most dominant phase is that the phase has the longest data
length among other phases. To analyze the CAN FD packet with
respect to the data length and determine the weighting factor,
Table IV shows the number of bits in the CAN FD packet. The
first arbitration phase, data phase, and second arbitration phase
have 16, 23-539, and 13 bits, respectively. Let Lq,t, denote the
length of the data phase, and then the weighting factors for the
first and second arbitration phase are followings as:
16

War = T4 5 a5 2
"L 716 + Laua + 13 @

13

—_. 3
16 + Ly + 13 )

Warb2 =

Therefore, the eye diagram for the CAN FD Eyecan rp 18
produced according to

€YECAN FD = Warbl * €Y€arbl + Wdata * €Y€data
+ Warb2 * €YCarv2 (4)

where wqata 1 the weighting factor for the eye diagram by the
data phase, wg,; is the weighting factor for the eye diagram
by the first arbitration field, and w42 is the second arbitration
field.

B. Weighting Factor for the Flexible Data Rate in the CAN FD

The BRS bit in the data phase indicates whether the data rate
of the data field is the optional or the standard value. That is, the
data rate of the data phase is 1 or 2 Mb/s, depending on the BRS
bit, because the optional data rate is 2 Mb/s herein. As shown in
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Statistical eye-diagram for the data phase at the date-rate of (a) 1 Mb/s (eyejnp/s) and (b) 2 Mb/s (eyean /). (¢) Statistical eye-diagram for the data

phase is obtained by summing the statistical eye-diagrams (eyepara ) at data rates of 1 and 2 Mb/s.

Fig. 5(a) and (b), the modified DER method generates statistical
eye diagrams at 1 Mb/s (eyeimy,s) and 2 Mb/s (eyeamy ). After
the statistical eye diagrams are obtained at data rates of 1 and
2 Mb/s, the eye diagram for the flexible data rate is obtained
by weighted summation of the statistical eye diagrams for 1
and 2 Mb/s. Fig. 5(c) shows the result of the above procedure,
which has the rising and falling edges in the middle. The edges
in the middle can be thought of as reflections from other ECUs
on the CAN FD bus. In the fixed data rate, the edges in the
middle of the eye diagram typically occur by signal reflection or
crosstalk. The advantage of the merged eye diagram is to make
the edges in the middle distinguishable from flexible data rate,
signal reflection, and crosstalk. Therefore, the proposed method
achieves the separation of the flexible data rate from the other
degradations.

The probability of the BRS bit Pgrg determines, which data
rate is dominant in the data field. The statistical eye diagram for
the flexible data rate is obtained as follows. The eye diagram at
2 Mb/s is weighted by Pprs, whereas the eye diagram at 1 Mb/s
is weighted by the complement of the BRS probability P¢ggrg

eyerLex = Pors - €Yeamn/s + Pirs * €Ye1mp/s- Q)]

The probability of the bit rate switch Pggg is related to the
priority of the ECU. It is also affected by how many packets are
accumulated before transmission. Therefore, the probability of
the bit rate switch is a variable that can be always controlled
depending on the channel status and the priority of the ECU of
interest.

C. Statistical Eye Diagram for the Data Phase

Fig. 6 shows the overall algorithm used to predict the eye
diagram for the data phase. The obtained eye diagram for the
flexible data rate is weighted by the ratio of the flexible data
length and summed, as described in

(6)

o Lﬂex (Ldata - Lﬂex)

€YEDATA = €YCFLEX ' 7 T €YeiMb/s * —F
Ldata Ldata

where Lgx denote the length of the flexible data in the data

phase, and Lg,, denote the length of the data phase. Therefore,

the statistical eye diagram for the data phase is the result from

eyeZMbps eyeleps

Ldata - Lflex

C L
X PgRrs X Pgrs data

€YerLex

L % Lﬂex
Ldata ‘l

€Yeépara

—

Fig. 6. Procedure to predict the eye-diagram for the data phase.
TABLE V
COMPARISON BETWEEN THE PROPOSED METHOD AND MEASUREMENT

Item Method Value

Eye height Proposed method 0.238 V
(EH) Measurement 0.205V

Eye width Proposed method 0.243 UI
(EW) Measurement 0.240 UI

the weighted summation of the eye diagrams for the flexible and
nonflexible portions; the eye diagram for the flexible portion is
obtained by the weighted summation of the eye diagrams for the
1 and 2 Mb/s.

D. Statistical Eye Diagram for the Arbitration Phases

The iterative SBR method provides the bit location-dependent
statistical eye diagram at the standard data rate. The obtained
P( X; = 1) distribution in the previous section is used in this
procedure. The received waveform y(t) is expressed as follows:

o0

S yi(t), 0<t<1UI @)

i=—00

y (t) =
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Statistical eye-diagram for (a) the first arbitration phase (eye,,»1) and (b) the second arbitration phase (eye,,p2). (c) Statistical eye-diagram for the

arbitration phase is obtained by summing the statistical eye-diagram for the weighted first and second arbitration phases.
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Fig. 8. Statistical eye-diagram for the CAN FD packet when single ECU
transmits the packet.

yn-1 (t=10I) =yn () =yni1 L+ 1UI)  @8)

where N is an integer and U is a bit duration time. Equation (7)
shows the received waveform can be expressed as the summation
of the subdivided waveforms. Each subdivided waveform y; ()
has nonzero values in a range of O to 1 Ul in the time domain.
Equation (8) shows further the definition of the subdivided wave-
form, and the subscripts N-1, N, and N+-1 represent subdivision
indices. Then, the received waveform is divided into the main,
pre-, and postcursors depending on the sampling time

y-n(t), t <tx
Yo (t), tx <t<tx+1UI )
yn (t), t>tx +1UI

y (t) =

where tx is a starting time of the statistical eye diagram. Let
gn (o, tg, i) denote the amplitude o pdf when the sampling time
ts and the main cursor is at the location of i

gy (a,tg,i) =P (X; =0) - ()

+P(X;=1)-0(a—yn(ts))  (10)

where N, i are integers. The sampling time ¢ 5 is in a range of 0 to
1 UI and location index i has a range of 1 to phase length. Then,
the amplitude pdf of the ISI noise is obtained by consecutive
convolutions as follows:

9+ (a7t57i) =0+ (a7tSa 7’) ®g* (a>tS7 Z) )
where 9+ (aat57 Z) = ®O]\Of:1 gn (avtSa Z)

g- (a,ts,i) = @y gn (a,ts,i). (11)

The convolutions are applied when the parameter N is 1 to
infinity for positive ISI and negative infinity to -1 for negative
ISI. Since the single bit response depends on the data rate, the
equation includes infinity to represent. The amplitude pdf at the
sampling time tg is obtained by the summation, as shown in

g (a7t37i) =g+ (avt57i) + 9+ ((){ — Y (tS)at57i) . (12)

The statistical eye diagram when the main cursor is at the
location of 7 is defined as

1UI  Ymax

€ye; = U

ts=0 =Ymin

g (o ts, ). (13)

The variable i in the P( X; = 1) refers to the location of the
main cursor in the SBR method. In the case of the first arbitration
phase, if the variable ¢ is equal to 4, the following postcur-
sors would have ONE’s probabilities from the P( X; = 1)
distribution for ¢ = 5,6,7, ... Likewise, the precursors have
ONE’s probabilities from the P( X; = 1) distribution when
i = 3,2,1,16,15, ... Therefore, the number of the obtained
statistical eye diagrams by the iterative SBR method is equal
to the length of the P( X; = 1) distribution. Each bit has the
same probability of being the main cursor, in other words, their
pdf is a uniform distribution. Let L,q¢ denote the length of the
P( X; = 1) distribution, then the statistical eye diagrams for
the first arbitration are given by the following:

1 Lt
SYearsy = T— D eyei. (14)
At —1
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Fig. 9. Simplified CAN FD bus in SPICE. The simplified model includes multiple simplified ECU models, and they are connected by twisted pair cables.

The above procedure is also applied to the second arbitration
phases with the introduced P( X; = 1) distribution, and a por-
tion of the data phase. As indicated in Fig. 7(a) and (b), the statis-
tical eye diagrams for the first and second arbitration phases are
obtained with the introduced equations. In conclusion, Fig. 7(c)
shows the result obtained by the weighted summation of the
Fig. 7(a) and (b). Because their probabilities are always the
same which is equal to 0.5, the statistical eye diagrams are
just summed up. In case the first and second arbitration phases
have different probabilities, then the results would have different
characteristics depending on their probabilities.

E. Statistical Eye Diagram for the CAN FD

In the previous sections, the statistical eye diagrams for the
flexible and fixed data rates are obtained, respectively. The
statistical eye diagram for the CAN FD would be obtained after a
weighted summation of them, as shown in Fig. 8. The statistical
eye diagram is calculated at the standard data rate that is equal
to 1 Mb/s. The characteristic of the flexible data rate generates
the rising and falling edges at the sampling time of 0.5 Ul in
the eye diagram. The arbitration phases cause the fluctuation at
the sampling time of 0.2 Ul The result is obtained under the
condition that a single master and single slave are on the CAN
FD bus. Therefore, the given channel condition has no reflections
on the channel.

V. APPLICATION TO THE CAN FD

In this section, we apply the proposed method to a practical
CAN FD bus consisting of multiple ECUs. To obtain the channel
response from the complex bus topology, this article proposes a
simplified model for a CAN FD in SPICE.

A. Simulation Set Up for the CAN FD Bus

Since the CAN FD network has a fly-by topology, substantial
signal reflection occurs during packet transmission. Also, elec-
trical performance evaluation is nearly impossible, because of
the other ECUs. Therefore, we obtain the channel responses from
the simplified model for the CAN FD in SPICE. The simplified
model for each ECU included a printed circuit board (PCB),
package, and ideal switch. The twisted pair cable models with
variable lengths provided a connection between ECUs. Fig. 9
shows the test bench including the above simplified CAN FD
bus consisting of the twisted pair cables and 20 simplified ECU
models. The simplified ECU model consisted of CAN FD IC and
PCB, as can be seen in Fig. 10. The ECU’s simplified integrated
circuit model includes simple switches by metal oxide semicon-
ductor (MOS) and the simplified PCB model consists of parasitic
resistance and capacitance. The number of point-to-point packet
transmissions is 380; each point-to-point communication has
rising and falling edges, and single bit responses. Therefore, the
total number of channel responses would be 1140. Because the
acquisition time for each response was approximately 20 min,
the expected total acquisition time was 380 h.

To avoid inefficiency, we considered only 10 of 380 pairs by
referring the priority. The considered pairs for the transmitting
and receiving ECUs were (2/4), (2/11), (2/20), (9/1), (9/8),
(9716), (9/20), (19/2), (19/17), and (19/20). We obtained the
rising and falling edges, and single bit responses for the above
pairs from SPICE. Since the probability that the other ECUs with
lower priority transmit the data during the eye diagram acquisi-
tion is close to 0. In other words, this article only considered the
effective ECUs to achieve efficient signal integrity analysis for
the CAN FD bus.
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Simplified ECU model consisting of (a) PCB and (b) integrated circuit (IC) in SPICE. The IC model has two ideal switches representing N/PMOS and

parasitic capacitances. The PCB and connector model consist of parasitic resistance and capacitance representing the PCB and connectors on the CAN FD bus.
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Comparison of the predicted eye diagram in (a) linear and (b) log scale, and (c) the measured eye diagram. From the statistical eye diagram in the linear

scale, the first edge has higher probability than that of the middle edge. The inner contour of the eye diagram was identified from the statistical eye diagram in the

log scale.

B. Eye Diagram Comparison Between the Proposed Method
and Measurement Results

To verify the proposed method, we measured and compared
the eye diagram from the CAN FD bus. The waveforms were
captured between ECU #10 and #11, and the acquisition time
was approximately 10 s. The eye diagram was acquired when 20
ECUs were connected to the CAN FD bus. In the measurement
setup, the priorities of the ECUs were not specified. Furthermore,
the CAN FD bus consisted of twisted pair cables between ECUs,
thus resulting in substantial signal reflection from other ECUs.
Fig. 11 shows the predicted and measured eye diagrams for
the CAN FD bus at the standard and optional data rates. We
identified that the first edges of the eye diagram had a higher
probability than that of the middle edges in the linear-scaled eye
diagram. The log-scaled eye diagram provided the inner contour
of the eye diagram, which enables system integrity validation.
Although the limitations make the comparison uncertain, their
profiles appear to be nearly identical. The color in each case
means a probability. Both have significant fluctuations at the
sampling time of 0.2 Ul due to the arbitration phase, as we
discussed in the previous section. Also, the signal reflections
affected the fluctuation. At the sampling time of 0.5 UI, the rising
and falling edges were captured due to the flexible data rate.
Table V shows the eye height (EH) and eye width (EW) values
for the proposed method and the measurement, respectively.
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Another degrading factor for the eye diagram was a jitter
depending on the ECU. The ECUs were distributed at various
distances, thus resulting in variations in the propagation time.
This variation also made the transition in the middle of the eye
diagram shifted back and forth. Therefore, the obtained CAN
FD eye diagram had two small eye diagrams from O to 1 UL The
measured EH and EW values were evaluated from the left eye
diagram.

VI. CONCLUSION

The CAN FD was proposed to overcome the limitations
of the CAN in automotive systems. The CAN FD improved
the electrical performance, however, the characteristic of the
flexible data rate caused signal integrity uncertain. That is,
analysis of the CAN FD’s eye diagram was hindered by the
complex topology, flexible data length, and data rate in the CAN
FD. To address this challenge, we proposed an eye diagram
prediction method based on a simplified model for the CAN
FD bus. The simplified model generated the channel responses
from the CAN FD bus, and the proposed prediction method
generated the statistical eye diagram based on it. The proposed
method includes the iterative SBR and modified DER methods
to include the effects of the CAN-FD packet on the statistical
eye diagram. We measured the eye diagram for the CAN FD bus
and compared it with the predicted result in the time domain.
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From the comparison, their eye diagrams had similar trends
and their EH and EW values were also comparable. With the
proposed method and the simplified model, this article proposes
amethod for predicting eye diagrams for a CAN FD and demon-
strates, which parameters in the CAN FD packet degrade the
eye diagram.
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