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Abstract—For the system performance of an OFDM-based
bus system in an automotive environment, the communication
channel plays a very important role. To characterize the complete system, a precise measurement of the OFDM channel is
required. Further, the allocation of frequency bands for different
user nodes as per their requirements opens the possibility to
consider different transceiver classes optimizing the utilization
of communication links. This work presents the simulation of
a full bandwidth OFDMA system, based on a channel which is
characterized by using the measurement data. Some discussions
and results for low bandwidth receiver class are also presented.
Index Terms—OFDM, OFDMA, Automotive Bus System, UTP,
Ressource Block

I. I NTRODUCTION
The number of sensors and processors in modern vehicles
is growing quickly and their applications are becoming more
diverse than ever. This increase in the number of units and
their functionalities requires also a growing inter-connectivity
between them. Tackling this problem, multi-user bus systems have been utilized, instead of point-to-point connections.
Nonetheless, traditional automotive bus systems like CAN [2],
LIN [3] and FlexRay [4] are far from meeting the current requirements of intra-vehicular communication systems in terms
of achievable data rates. Automotive Ethernet is currently used
as the flagship technology for automotive network, supporting
data rates up to 100 Mbit/s. While Ethernet is providing high
data rates, the future requirements for fully autonomous driving systems in terms of functional safety, make it mandatory
to have a redundant system [5]. Furthermore, the extensibility
of the Automotive Ethernet is a challenging task, if the legacy
systems are to be preserved [6]. In addition, the usage of
Ethernet requires many switches to connect the nodes.
Orthogonal Frequency Division Multiplexing (OFDM) has
become prominent in many wireless and wired communication
systems in the last three decades. The waveform modulation is
robust to multipath channel conditions, it facilitates multiple
access, as the resources can be shared in frequency and
time. It enjoys good adaptability, as the modulation and
the coding can be controlled on sub-channel level and it
has a relatively simple implementation. Furthermore, OFDM
is suitable for the heterogeneous networks where different
transceivers have different requirements. Therefore, OFDM
is an appealing solution for future redundant automotive bus

systems, especially when OFDMA is applied as access scheme
due to its scalability and flexibility.
In this work, the usability of a single Unshielded Twisted
Pair (UTP) cable as the transmission medium for a high data
rate OFDMA-based automotive bus system is investigated.
For this purpose, Analog Front End (AFE) boards have been
designed, within this project, to facilitate OFDMA communication through a daisy chain topology between many users.
A channel model, based on a limited number of nodes is
provided, in order to address OFDMA challenges in terms
of power spectrum and its implication on the link budget, as
well as the transceiver design.
The remaining of this paper is organized as follows: Section II describes the system with introducing OFDM/OFDMA
system model and system parameters. In Section III, measurement and model development are presented, in which a precise
measurements of the bus channel as well as a simulation model
are proposed. Section IV provides a system simulation and
shows the performance of a full and a low bandwidth receiver.
II. S YSTEM D ESCRIPTION
A. OFDM/OFDMA System Model
OFDM is a multiplexing technique, which is a superposition of many narrowband orthogonal subcarriers. For noncommunication technology readers, the OFDM system is
shortly explained.
In principle an OFDM system is nothing else than many
transmitters (number N) with a certain frequency separation among them, transmitting simultaneously. Each of those
transmitters is modulated with binary phase shifting (BPSK),
QPSK (M = 4 7→ 2 bit/QAM-symbol) or up to any higher
modulation scheme (e.g. M = 1024 7→ 10 bit/QAM-symbol).
The allocation of several bits to one symbol ak takes place in
the mapper (Map) in Fig.1.
It is obvious that the channel usage is better the closer the
N subcarriers are next to each other, but without disturbing
their neighbors. The nearest distance without disturbing this
orthogonality is
∆f =

1
TSym

,

(1)

where TSym is the symbol duration. This way N subcarriers
transmit a total data rate of N · log2 (M ) bit/symbol if there

Ts=log2(M).Tbit

Tbit

OFDM usually uses a guard period between adjacent symbols in order to avoid Inter Symbol Interferences (ISI). Therefore, the total time between two OFDM symbols is equal to
TSym + Tg . In practice, the guard interval is implemented
as Cyclic Prefix (CP), by means that a part of the symbol
is copied in the guard interval. This way the CP makes
the channel appear circular (converts linear convolution into
circular convolution) and permits low-complexity frequency
domain equalization.

Tsym=N.Ts

ej2πf n
x
ej2πf n
x

S/P-Converter

log2(M)

Map

am(0)

1

Map

am(1)

...

Source Data

0

ej2πf
x

N-1

Map

am(N-1)

∑

sm(n)

n

Ts=log2(M).Tbit

Tbit

am(1)

Map

IFFT

Source Data

is not any loss due to overheads. The sampling interval in the
system is Ts . The resulting OFDM signal in time domain is
given as [1]
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Fig. 1. Principle of an OFDM Transmitter
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where sm (n) stands for the m-th OFDM symbol in time,
am (k) represents the k-th modulated data associated to the
m-th OFDM symbol and diN (·) is a Dirichlet function [1].

Fig. 2. Consecutive OFDM Subcarriers

Fig. 2 shows the orthogonal subcarriers in the frequency
domain. This way it is possible that the data traffic on the bus
is separated in the time domain, as well as in the frequency
domain. Now the key advantage of this methodology comes
from the fact that these N modulators can easily be replaced
by the Inverse Fast Fourier Transformation (IFFT), if the
number of carriers N is a power of two.

×
Eq1

Demap

×

...

and in frequency domain

Demap

Demap

âm(1)

EqN-1
×

âm(N-1)

S/P-Converter

am (k) · ej2π

âm(0)

FFT

N
−1
X

P/S-Converter

sm (n) =

Data

Eq0

e-j2πf0t

CP

+

Noise

×x

ADC

Fig. 3. Complete OFDM transmission chain

Fig. 3 shows the complete transmission chain. It contains
a Transmitter (TX) and a Receiver (RX). In the receiver the
FFT is used instead of the IFFT. As it can be seen in this
figure, the modulators’ outputs are added in the transmitter and
range from f0 to fN −1 after the up-shifting process. A similar
processing takes place in the receiver after down-shifting and
demodulation. After the FFT, the received QAM symbols are
equilized, demodulated and demapped to obtain the bits. At the
end the PS-converter provides the received data. The OFDM
signal generated by the IFFT block now covers the bandwith
B = N · ∆f . The signal then passes through the channel with
the impulse response h(n), where channel noise and other
disturbances are also added.
The proposed bus uses Orthogonal Frequency Division
Multiple Access (OFDMA). In OFDMA various nodes can
transmit and receive data simultaneously. For data transmission
the system defines a Resource Block (RB), which is jointly
defined in time and in frequency domain. A RB consists of
one to LRB symbols in time domain and NRB subcarriers in
frequency domain. Such a RB defines the smallest unit to be
allocated to the system. Therefore, a RB can be written as
RB = [NRB LRB ]. The number of resource blocks given to
each user will be managed by a resource manager. Within total
N subcarriers of the OFDMA system and NRB carriers in a
RB, a maximum of N/NRB resource blocks can be transmitted
in parallel.
B. System Parameters Design
With a given bandwidth of 250 MHz and N = 4096
subcarriers, there is a frequency spacing ∆f = 61.035 kHz.
According to Eq. 1 the symbol duration is 16.384 µs. While

each carrier can be modulated with M-QAM, a possible data
rate of 2.5 Gbit/s can be achieved with 1024-QAM.
It is not intended to use the whole bandwidth for a point-topoint transmission. Instead, the bus can share the sub-bands
between different nodes, where a sub-band is the frequency
dimension of the RB. Especially with OFDMA, the division
of these sub-bands is not dependent on the number of nodes.
For simplicity, 32 sub-bands are taken into account, by means
that every sub-band consists of 128 subcarriers, resulting in a
bandwidth of 7.8125 MHz (see Fig. 4). The capacity of the
RB is
RRB = NRB · LRB · log2 (M ),
(4)
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MateNet connectors. A measurement scenario is established
to investigate the behavior of the system and to obtain the
frequency response, which consequently provides the impulse
response of the channel. This measurement setup includes 4
AFE boards and 2 m cable between each of them, as well
as termination boards. The measurement scenario is shown in
Fig. 5.

BSB (7.8125 MHz)
B (250 MHz)

Fig. 5. Measurement setup including 4 AFE boards and 3 UTP cables with
the length of 2 m. The boards are terminated with 100 Ω. S-parameters of
the system from single ended DAC ports (S) to differential ADC (D) are
measured.

Fig. 4. Division in Sub-bands
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Since the bus should be a redundant system to Automotive
Ethernet, an Ethernet frame with 1518 byte (12144 bit) can
be transmitted either in one symbol (in case of 1024-QAM),
using 10 sub-bands or with 10 symbols (LRB = 10) and using
only one sub-band.
III. M EASUREMENT AND M ODEL D EVELOPMENT
A. Measurement Setup
To access the bus and couple several nodes together an Analog Front End (AFE) is placed between ADC/DAC and UTP
cables. This meets two goals: First, coupling and decoupling
the signals from and to the bus, providing a sufficient Signal
to Noise Ratio (SNR). Second, it should support OFDMA
communication for a large number (33) of nodes. Therefore,
the system channel contains AFE boards and attached UTP
cable (DACAR647), which is typically used for “Gigabit Automotive Ethernet”. They are connected to the AFE boards using

As it can be seen in Fig. 5, DUT is connected to a 16-port
Vector Network Analyzer (VNA). Since the ADC ports are
differential and the DAC has a single-ended port, the possible
transfer functions are defined from DAC to ADC and shown
by SDS parameters. For instance, the transfer function from
node 1 to node 3 can be written as SDS52 (Port 5 to Port 2).
The transfer functions are measured in frequency range from
10 kHz to 250 MHz with 2048 points, which is suitable for the
simulation purpose. As a result, Fig. 6 depicts the magnitudes
of some of the measured transfer functions. It can be seen that
the system is suffering from the interference inside each node,
due to receiving their own signal (denoted by SDS12 , SDS34 ,
SDS56 , SDS78 ), which may be named as Near End Cross Talk
(NEXT).
B. Channel Characterization
In this section, the measurement scenario described in Fig.
5 is extended to cover the case of a complete transmission bus.
For this purpose, a UTP cable that has the total length of 64 m
with 33 nodes attached is considered. The nodes are located in
an interval of 2 m on the bus and hence the bus has a total of
32 segments with 2 m length each. The measurement provides
the transfer functions (TF), Fig. 6 for 1 segment (SDS14 ), 2
segments (SDS16 ) and 3 segments (SDS18 ), as well as NEXT
case (SDS12 and SDS34 ).
From here, the end-to-end TF for different node separations
(1 to 32 segments or equivalently 2 m to 64 m length) is
approximated based on the average transfer function for a
channel with only one segment. The average TF per segment
is estimated from the measured data as follows:

Hsegment =

K−1
X
1
(Hk+1 − Hk ) ,
K −1

Overall Magnitude TF for [1,3,8,16,24,32] segment (1seg=2m.) in dB
-20

(6)

k=1

-30

-40

Mag. (dB)

where Hk is the TF for K segments from the measurement data.
The measurement setup provides data only for three segments,
therefore K=3. The objective of this process is to distinguish
the insertion loss caused by the nodes from those caused by the
cable and the bus connection points. Hsegment is smoothed using
Local Polynomial Regression fitting, such that the fluctuation
trend of the total TF (cable + AFE) in the estimated model is
similar to that obtained from 2 m, 4 m and 6 m separation.
After estimating the TF per segment contributed from each
cable and the connection losses, the insertion gain of one node
is modeled in Eq. 7 and depicted in Fig. 6
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Fig. 7. Overall estimated TF for nodes separated by different segments

k=1

The channel transfer function between a node at location i
and another at location j becomes:
Hij = |i − j| · Hsegment + 2 · GNode

Overall phase TF for [1,3,8,16,24,32] segment (1seg=2m.)

100
0

The insertion loss in NEXT case (RX listening to the TX
from the same node) is caused by only one board. Therefore,
TF is the same as the one in Fig. SDS12 in Fig. 6. The overall
TF of the channel with segments from 1 to 32 (length 2m to
64m) is finally obtained and plotted in Fig. 7. The phase of
the TF is plotted in Fig. 8, which is almost linear, as expected.
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Fig. 6. S-parameters obtained from measurement with 4 nodes in the topology
of Fig. 5

The obtained TF is expressed in time domain as its impulse
response h(t) is convolved with the OFDM TX signal to get
the time domain output. The delay spread of the channel can
be determined from the impulse response h(t) [7], which leads
to the estimation of the CP length. The power delay profile

Power delay profile for 32 segment channel with AFEs
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Fig. 9. Power delay profile for nodes separated by 32 segments

based on h(t) of the channel with 32 segments (largest delay)
is shown as an example in Fig. 9.
The rms delay spread (στ ) is calculated based on the power
delay profile obtained in Fig. 9. The CP length is chosen to
be twice the delay spread, so that the ISI is negligible. For
the channel discussed above, στ is found to be approximately
800 ns. Based on this, the CP duration results in 1.6 µs, which
corresponds to a CP overhead of approximately 10% of the
OFDM symbol duration.
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Fig. 10. Scenario 1: Nodes Configuration

IV. S YSTEM S IMULATION
A. Simulation Model and Parameters
1) Simulation Model with a Full Bandwidth Receiver:
With the channel model derived, a simulation of the OFDMA
bus system is done using a Simulink model. This simulation
model is based on a full bandwidth transceiver class, where
the whole bandwidth is used in each receiver node to process
the received OFDM signal. The purpose of the simulation is to
obtain the Bit Error Rate (BER) for the RX nodes at different
positions in the bus. In the best case scenario, RX receives
a maximum power from the desired TX (small loss in the
channel) and a low interference from the undesired TX.
The opposite case happens when the desired TX is far from
RX and the undesired interfering TX is near to it. This makes
the desired received signal power much lower than the total
received power. In this case, the received signal has a very
high dynamic range, which causes an increase in the required
ADC/DAC resolution, as well as in the required amplifiers’
dynamic range. Furthermore, in such a scenario, even a small
carrier frequency offset in the receiver results in a high BER,
because the introduced Inter Carrier Interference (ICI) is very
high. To capture this worst case scenario, two configurations
of the nodes’ locations are considered in the simulation. Out
of 32 sub-bands each with 128 SCs, one of the TX nodes
uses 16 sub-bands and the other two nodes use 8 sub-bands
each. TX1, TX2 and TX3 are the transmitters using band 1 (16
sub-bands), band 2 (8 sub-bands) and band 3 (8 sub-bands)
respectively.
• Scenario 1, depicted in Fig. 10:
TX1, TX2 and TX3 are placed at node locations
31, 18 and 0, respectively, and
RX1, RX2 and RX3 are placed at locations
18, 9 and 32, respectively.
• Scenario 2, depicted in Fig. 11:
TX1, TX2 and TX3 are placed at node locations
32,18 and 0, respectively, and
RX1, RX2 and RX3 are placed at locations
18, 9 and 32, respectively.
In Figs. 10 and 11 hij is the channel impulse response
between the node at location j and another one at location
i.
The system block diagram of the simulation model is shown
in Fig.12. The channel model illustrated in Fig. 7 and Fig. 8 is
used for the simulation. The SNRs observed in the simulation
are average SNRs for the used band of the nodes (SC-wise
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Fig. 11. Scenario 2: Nodes Configuration

SNR is not considered). During one transmission, the three TX
nodes use their own QAM-order based on TX/RX separation
(available SNR). The nodes’ locations can be changed to
see the performance for different TX and RX distances.
QAM-order and Reed-Solomon (RS) coding rates can also be
changed, to see their impact on the performance of the system.
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Fig. 12. Simulation block diagram with arbitrary locations of TX and RX

As described in section II-B, the simulation uses 4096
FFT/IFFT points, with 250 MHz bandwidth. It is possible to
introduce a carrier frequency offset (CFO) in each TX node
to see the effect in RX. Note that CFO is non-existent when
both frequency shifting and up/down-conversion are done in
digital domain. Pre-amplification in TX node is also possible,
if desired. Two Simulink models are available: One is for
the equalization based on the channel sound data and the
other for the pilot-based equalization. RS coding and decoding
RS(NRS , KRS ) with NRS =63 and 255 (NRS =255 is only for

non-pilot case) is used, where NRS is the codeword length
and KRS is the message length. In this paper, only the results
based on the equalization using channel sounding data are
presented.
2) Simulation Model with Low Bandwidth Receiver:
Although the focus of this paper is the implementation of
OFDMA for the full bandwidth receiver based on the Simulink
model, the concept of implementing a less complex receiver
that handles only a fraction of the received signal bandwidth is
also presented. The parameters of the model are the same as in
the full bandwidth model, except that only the desired part of
the band is selected by a filter and a lower FFT size is utilized
to decode the data. With a small increase in the complexity,
due to the additional cost of Finite Impulse Response (FIR)
filters and a significantly reduced complexity, due to the lower
size of FFT, the overall complexity is significantly reduced.
For a simple AWGN channel, this concept is implemented
in Matlab. The purpose here is to compare the complexity
reduction and the loss in the spectral efficiency with the case
of a full FFT receiver system. The system block diagram for
the low class receiver implementation is shown in Fig. 13.

conditions with the provided CP and frequency guard bands.
Two example scenarios for nodes location are discussed
here: For the first scenario depicted in Fig. 10, RX3 (at location
32) receives the desired signal from TX3 (location 0) which
is separated by 32 segments (64 m), whereas it receives an
interfering signal from TX1 which is just 1 segment (2 m)
away. Since there is a very big difference between the desired
and the interfering signals, the ADC in RX3 must have a
sufficient number of bits to cope with the resulting large
dynamic range. The number of bits needed for an ADC can be
derived as follows: Let the maximum level of received OFDM
symbol be Vmax , then the root mean square (rms) value is
given as
Vmax
,
(9)
P AP R
where P AP R is the peak-to-average power ratio of the
received OFDM signal. The quantization noise depends on the
step size ∆ introduced by the total levels used in the ADC [8].
The Signal to Quantization Noise Ratio (SQNR) is given as
Vrms = √

SQN R =

2
Vrms
∆2
12

=

3
22·Nbit ,
P AP R

(10)

where Nbit is the number of bits required by ADC for
quantization of the signal with step size ∆. When expressed
in dB,
SQN R(dB) = 4.77 − P AP R(dB) + 6.02 · Nbit

(11)

or
SQN R(dB) + P AP R(dB) − 4.77
,
(12)
6.02
which finally gives the number of ADC bits.
If the OFDM symbol is pure sinusoid (only one SC,
P AP R = 2), then
Nbit =

Fig. 13.
receiver

A generalized scenario of signal processing for low bandwidth

The ADC is followed by FIR-filtering of the desired band,
so that the information in other adjacent bands are fully
removed. The interference to the desired band is thus eliminated. After filtering the OFDM symbol in the time domain,
it is down-sampled and fed to the reduced sized FFT block.
Filtering followed by down-sampling is also called decimation
and can efficiently be performed by a poly-phase decimation
network. Also, instead of implementing the FIR decimation
filter in a single stage, a more efficient implementation is a
multi-stage (cascaded) filtering, where several half-band filter
stages are finally followed by a higher order FIR filter. The
digital signal processing (DSP) part in the low bandwidth
receiver is shown in bottom part of Fig. 13.
B. Simulation Results
1) Full Bandwidth Receiver:
The BER performance is seen for given SNR and channel

SQN R(dB) − 1.76
.
(13)
6.02
This shows that the large P AP R in the current OFDM
signal results in an ADC with more bit compared to a single
SC with the same average power (same SQNR). The average
Power Spectrum Density (PSD) level of the transmission by
each node is chosen to be -50.3 dBm/Hz [9], so that the worst
case PSD at the receiver with maximum TRX separation (64
m) at the highest frequency band is around -126 dBm/Hz (Fig.
14). It is clear from the spectrum that the quantization noise
level should be kept around -139 dBm/Hz, so that the highest
frequency band has almost 13 dB SQNR. This way it is able
to support 16-QAM, so that the obtained BER with RS-coding
(NRS = 155, KRS = 208) is kept below 10−8 . That means
the noise floor for the system should be sufficiently below 139 dBm/Hz, to keep the system quantization noise limited
and to obtain the expected performance in the worst channel.
Nbit =
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Fig. 14. Received signal power spectrum at RX3 for case 1

For the average PSD level of -81 dBm/Hz obtained in the
receiver RX3 (the spectrum shown in Fig. 14), the SQNR
is 58 dB (−81dBm/Hz − (−139dBm/Hz) = 58 dB). It is
obtained from the simulation that a P AP R margin of 13.4 dB
is necessary to avoid clipping of the symbol in the input of the
ADC. The total dynamic range is 58dB + 13.4dB = 71.4 dB.
An ADC with 12 bit is necessary for this system. The PSD
of the quantization noise is around -139 dBm/Hz (Fig. 15), as
expected for this 12-bit ADC system.

number of approx. 2 additional bit, to cope with the increased
dynamic range. In case that a low resolution ADC is used, this
scenario is thus not desirable. This situation can be avoided, if
the TX and RX of the same node are not used at the same time,
or if some cancellation of same node interference is applied.
As in the previous case, the required quantization noise here
is again around -139 dBm/Hz for almost 13 dB SNR to support
16-QAM. For the average PSD level of -69 dBm/Hz obtained
for this spectrum, the SQNR is now 70dB (−69dBm/Hz −
(−139dBm/Hz) = 70 dB). It is obtained from the simulation
of this scenario that a PAPR of 13.2 dB has to be taken into
account. Accordingly, the total dynamic range becomes 83.2
dB (70dB + 13.2dB = 83.2 dB). An ADC with 14 bit is
necessary for this system.
2) Low Bandwidth Receiver:
The BER performance of the low BW receiver is shown in
the Fig.16, where 20% of the SCs are discarded, because
they would experience a high interference and would perform
very poorly. Accepting this 20% loss in spectral efficiency
compared to a full FFT system, the BER performance gives
some important information of the system:
• Up to 35 dB SNR, the system is limited in noise, which
means, the effect of channel noise (AWGN) is dominant,
such that the effect of interference due to filtering is
negligible.
• In the higher SNR region, where SNR is above 35 dB, the
system is dominated by interference and an increase of
the SNR does not further improve the BER performance.
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Fig. 15. Received quantization noise spectrum at RX3

In scenario 2, depicted in Fig 11, RX3 at location 32
receives the desired signal from TX3 at location 0, which is
separated by 32 segments (64 m), it also receives a signal
(interference) from TX1 which is just at the same node. The
interference due to the TX from the same node is higher than
the above case (almost 12 dB higher at low band region around
10 MHz and 20 dB higher at 250 MHz). Since there is an
additional difference between the desired and the interfering
signals, the ADC in RX3 is expected to require a higher
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Fig. 16. BER performance and SNR regions with low FFT (512) reception
for 2048-QAM. For comparison, the ideal performance with full FFT (4096)
is also shown.

For 2048-QAM, it is observed, that the BER of small size
FFT receiver (512) is the same as that of a full FFT receiver
(4096), when the discarded SCs are 23% (black and red curves
in Fig. 16 coincide). This means, the interference introduced
is negligible keeping the system always noise limited.
It is also observed for the given parameters that the use
of a QAM level with 4096 and a desired BER performance
(below 10−7 at 45 dB SNR) is only possible by discarding
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Fig. 17. BER performance with low FFT (512) reception for 4096-QAM.
For comparison, the ideal performance with full FFT (4096) is also shown.

26.5% of the SCs as seen in Fig. 17. This is also comparable
with the performance of the system with the full FFT case. It
is worth mentioning that those discarded SCs can be used by
other transceivers in the system. However, utilizing these SCs
by other nodes may be a challenging task for the scheduler.
The detailed results for the Low Class receiver implementation with the measured channel based OFDMA system is not
included in this work and is subject to a future work.
V. C ONCLUSION AND O UTLOOK
The feasibility of an OFDMA-based bus system for automotive applications has been evaluated from the physical layer
perspective in this work. The channel has been characterized
in ideal environment and a simulation model for the bus has
been developed. The worst-case scenarios for a multi-node bus
system in terms of interference and dynamic range have been
addressed and their implications on hardware requirements
have been analyzed. Furthermore, the concept of a low-class
transceiver that reduces the complexity and the cost of the
nodes has been introduced and their performance have been
evaluated.
The initial results of this work encourage a comprehensive
research towards an OFDMA bus system. A more realistic
characterization of the channel in an automotive environment
under different operation conditions is needed. An analysis
of the system performance, when the bus is serving a large
number of nodes, can give a better insight into the system’s
challenges, especially in terms of interference and power constraints. Moreover, there is much room for the optimization of
the low transceiver classes, in order to reach an economically
viable system.
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