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Abstract. This paper presents a physical (PHY) layer sim- ensured that 802.11p will reliably operate in typical vehicular
ulator of the IEEE 802.11p standard for Wireless Accessenvironments with high relative velocities between transmit-
in Vehicular Environments (WAVE). This simulator allows ter and receiver as well as long multipath propagation delays.
the emulation of data transmission via different radio chan- In order to investigate and validate the system performance
nels as well as the analysis of the resulting system behavin different C2X communication scenarios, a PHY layer sim-
ior. The PHY layer simulator is part of an integrated sim- ulator compliant to IEEE 802.11p has been developed. In
ulation platform including a traffic model to generate re- this paper, we give a description of the simulator structure
alistic mobility of vehicles and a 3D ray-optical model to and provide an overview of the implemented channel mod-
calculate the multipath propagation channel between transels. Since the characteristic of the C2X radio channel has
mitter and receiver. Besides deterministic channel model-a huge impact on the system performance and each chan-
ing by means of ray-optical modeling, the simulator can alsonel model has its advantages and disadvantages, we intend
be used with stochastic channel models of typical vehiculato use different kinds of channel models for the simulations.
scenarios. With the aid of this PHY layer simulator and the On the one hand, a self-developed ray-optical tool is used
integrated channel models, the resulting performance of theo model the radio channel deterministically. This approach
system in terms of bit and packet error rates of different re-allows us to analyze the system behavior in a specific situ-
ceiver designs can be analyzed in order to achieve a robusition, e.g. two cars are approaching a certain intersection.
data transmission. On the other hand, the stochastic channel models, which can
be found in the literatureXcosta-Marum and Ingraj2007),

are used to investigate the system performance in scenarios
that represent a certain C2X communication environment,
e.g. a highly mobile highway scenario. In this way, several
Car-to-car or car-to-infrastructure communications — sum-receiver designs like different channel estimation strategies

marized under the term C2X communications — have beerf@n e evaluated and compared to each other. _
of great research interest in recent years. This technology TNiS paper is structured as follows: Sezgives a detailed

shall contribute to increase the safety as well as the efficiencflescription of the developed PHY layer simulator. Secon
of road traffic. The dedicated IEEE standard for vehiculardescribes the deterministic and stochastic channel models

communications is 802.11p, also known as WAVEEE, implemented in the simulator. Some performance results in
2010. The European equivalent is the ETSI standard Intel-terms of packet error rates are presented in gedthe paper
ligent Transportation Systems (ITS)-G5TSI, 2010. Both  finally ends with a summary and a conclusion in SBct.
standards operate in the 5.9 GHz band and are mainly based

on the well-known Wireless Local Area Network (WLAN)

standard IEEE 802.114HEE, 2007). Since IEEE 802.11a 2 Description of the PHY layer simulator

was primarily designed for nomadic indoor usage it has to be
The developed PHY layer simulator is part of an integrated

simulation environment for C2X communications as illus-
Correspondence tal. Nuckelt trated in Fig.1. This simulation platform includes scenario
BY (nuckelt@ifn.ing.tu-bs.de) data of the city of Braunschweig, a 3D ray-optical tool to
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mapped to the corresponding subcarriers and four pilot tones
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Simulation | Simulation — are inserted. A 64-IFFT block converts the data from the
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frequency to the time domain. The IFFT output is parallel-
to-serial converted and a guard interval in the form of a cyclic
prefix (CP) of a periodcp = 1.6us is added to overcome the
impact of multipath propagation. Several data OFDM sym-
bols as well as the signal field and the preamble are merged
to a packet that passes the radio channel block. The complete
structure of the transmitter block is illustrated in Fagy.
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The time-variant frequency-selective radio channel is mo-
Fig. 1. Integrated simulation environment for C2X communica- deled by two stages, namely a tapped-delay line model and
tions. an additive white Gaussian noise (AWGN) block. First, a
discrete convolution of the transmitted packet and channel
m - impulse response (CIR) is performed. The CIR is updated
A 10X 16ps— - 2x8pus 818 upto 11 ms 3 for e_ach sample perlod, .4 = 1/1OMHz:0.1_us. The.
! | | ! CIR is calculated either by means of 3D ray-optical modeling
or derived from the stochastic channel models presented in
Fig. 2. IEEE 802.11p frame structure with preamble, signal and (Acosta-Marum and Ingran2007). The implemented chan-
data fields. nel models are described in more detail in S8ct.After-
wards, AWGN with respect to the selected signal-to-noise
ratio (SNR) level is added to the signal. The resulting signal
model the radio channel, a road traffic and network simula-is the input of the receiver block. The block diagram of the
tor as well as the PHY layer simulator presented in this paperradio channel implementation is depicted in FigNote that
A more detailed description of the integrated simulation en-the receiver is also fed with a noiseless version of the sig-
vironment can be found irSchumacher et al2009 Kurner  nal that has only been convolved with the CIR. In this way,
and Schack2010. Basically, the part of the PHY layer sim- reference information like perfect channel knowledge can be
ulator can be divided into three blocks, namely transmitter,obtained at the receiver.
radio channel, and receiver. In the following subsections, the
structure of these blocks is described in detail. 2.3 Receiver
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2.2 Channel

Scenario Data

~——————— PREAMBLE  SIGNAL —r DATA

2.1 Transmitter According to the frame structure of IEEE 802.11p, the whole
signal processing in the receiver can be divided into two
In IEEE 802.11p, data is transmitted as packets as illusparts: processing of the preamble field and decoding of the
trated in Fig.2. First, the transmitter creates the Physical signal and data fields. For a better understanding, the struc-
Layer Convergence Protocol (PLCP) preamble consisting ofure of the receiver is depicted in Fi§. First, the short
10 short and 2 long training symbols. Depending on the chofreamble and the long preamble are used to perform coarse
sen data rate and payload size, the subsequent signal field #d fine time as well as frequency synchronization. The
generated. After that the payload data is appended. In oreurrent version of the implemented simulator performs ideal
der to generate the payload, the transmitter creates randomijme synchronization. Coarse and fine frequency synchro-
distributed binary data which thereafter is scrambled usingnization is carried out according to the approach presented
the generator polynomia$(x) = x” +x*+1. The output in (Terry and Heiskala2002. Afterwards, an initial estima-
of the scrambler passes the convolutional encoder to introtion of the channel transfer function (CTF) based on the long
duce a forward error correction (FEC). The generator poly-preamble is performed.
nomials of the coder argg = 13% and g1 = 1713 offering In the second step, the signal field is equalized using the
a coding rate of 12. Coding rates of 23 and 34 are gen- initial channel estimate and decoded in order to recover the
erated by employing puncturing patterns. The encoded bitransmitted information about the current data rate and pay-
nary data is interleaved by a two-step permutation algorithmload size. After that, the OFDM symbols of the data field are
Afterwards, the data stream is modulated to complex sym-decoded. Basically, the receiver performs the inverse signal
bols, whereas binary phase shift keying (BPSK), quadraturgorocessing as in the transmitter with some additional steps.
phase shift keying (QPSK), 16- and 64-quadrature ampli-First, the CP is removed. The remaining core OFDM sym-
tude modulation (QAM) are defined by the standard, and isbol is converted from serial to parallel and is transformed to
then converted from serial to parallel. The data symbols arghe frequency domain by applying a 64-FFT. After that, a
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Fig. 3. Block diagram of the transmitter.

3.1 Deterministic channel models

Deterministic .|  Stochastic
channel model$ channel models
\ AWGN As a deterministic channel model, a 3D ray-optical approach
Transmitter : Noisy is used in our integrated simulation environment. This model
output CO“V.?LU“O” é output considers the direct path, specular reflections as well as dif-
hENT"t) - fuse scattering. Specular reflections are calculated with a

) ray-tracing model based on the image methddiown and
Noiseles Hamilton Jr, 1991) up to then-th order, but with respect
—OUtEUt to the computation time, only first and second order reflec-

tions are considered in this investigation. Diffuse scattering
Fig. 4. Block diagram of the radio channel with deterministic and is taken into account on surfaces seen by both the transmitter
stochastic channel models. and the receiver. Thus, all surfaces are segmented into tiles
and single scattering processes are determined.
For each ray, full-polarimetric antenna patterns are used

ane han, the uiput signal e chanmeltat s not afcteq. Cfanel polaizalin matices are computed. The out-
by AWGI\i can be used to perform an ideal channel estimas u'g of the _ray-optlcal model f_or each communication I|_nk is
tion. On the other hand, the PHY layer simulator is equippeda time-variant CIRh(.T’t)' which completely characterlzgs

L . . . " "the frequency-selective channel and can be expressed in the
with an adaptive decision-directed (DD) channel estimation

technique as presented iBKupin et al. 2010. Either the complex baseband as

ideally or the realistically estimated CTF is used to perform N(@®) .

zero-forcing equalization before the signal is again parallel-k(t,1) = Zak (t)- &/ @I nOr ) 5 — (1)) (1)
to-serial converted. In the next step, the complex symbols k=1

are demapped to binary data, whereas hard or soft (i.e. ap- N@)

proximate log-likelihood ratio (LLR)) decision is performed. = Zé_lk (1) -8(7 — (1)), (2)
Afterwards, the binary data is deinterleaved, decoded by the k=1

Viterbi decoder and descrambled. Finally, by a comparisonyhere thek-th multipath component is described by an am-
of the originally transmitted data and the decoded recelvecbmudeak(;), a delayr, () and an additional phase shift(¢)
data, the resulting bit and packet error rates are calculategt times. The number of multipath components, given by
with respect to the current SNR. N(1), is also time-variant. The amplitude and the phase term

In order to validate the results of the PHY layer simula- can be combined for each multipath component in a complex
tor, the simulated BERs in the AWGN channel have beencoefﬁciemé_lk (1), which can be written as

compared to the theoretical values, whereas both match very

well. a, (1) =erx(Orxk, Prek) " - Pi 3)
-eTx(OTx k, PTxk) - Lic (1),
3 Implemented channel models where the subscrip denotes the Hermitian transpose. The

) _ complex channel polarization matrB, which is not nor-
Basically, two classes of channel models, namely determinijized and thus includes the reflection or scattering losses

istic and stochastic models, have been implemented in thef the considered path, is multiplied by the complex polariza-

PHY layer simulator. The concepts of these models are detjon vectorsery(Orx k. Pryx) anderx (Ot i, P1x.1) for the

scribed in this section. Rx and Tx antennas, respectively. These vectors comprise
the antenna gains and fully describe the polarization charac-
teristics of the antennas at the angles of ari@aty i, Prx x)
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Fig. 5. Block diagram of the receiver.

and the angles of departu(®x i, P1x x) for the k-th mul- emitter Oegli-Esposti et a).2007). For the latter, both el-
tipath component. The complex factdg () comprises the ements are equal. The elemegis, and¢,,, are cross po-
propagation loss and the phase shift based on the detdy larization coupling coefficients and are set to zero in this in-
the considered path. For the direct pafh,is the identity = vestigation. An extension of this approach for multiple input
matrix, whereas for reflected and scattered paths of the ordenultiple output (MIMO) systems and an investigation of dif-
n, Py is calculated according tdVialtsev et al. 2009 using ferent antenna configurations can be foundSoHhack et aJ.
2010.
Based on 3D building data, which is available for the city
(4) of Braunschweig, and a microscopic road traffic simulator,
several traffic scenarios in a dense urban area have been cre-
‘Ra- R(‘PTX’k)’ ated. These scenarios represent typical traffic situations that
are interesting for C2X applications like intersection colli-

Pr =R <Pka l—[ n—m,k " R (pn mk))

where sion warning or traffic jam assistants. They can be applied
cosp Ssing in order to investigate how the underlaying system will op-
Rip) = —sing cosp () erate in specific situations and under different radio channel

conditions, e.g. the impact of non-line-of-sight (NLOS) and
is the rotation matrix. The valugry x characterizes the an- line-of-sight (LOS). An example scenario with two oncom-
gle between the normal vector of the incidence plane and théng cars that cross each other in an urban canyon is depicted
field strength componeriiy at the first reflection or scatter- in Fig. 6.
ing point, whereagry « is the angle between the scattering  The speed of each vehicle is 120 km/h and there are LOS
or reflecting plane andy at the last reflection or scattering conditions at any time.
point for thek-th multipath component. For multiple reflec-  One great challenge of C2X communications are the high
tions or scattering processes, the tggm is the angle be-  poppler shifts due to the relative motion between communi-
tweenE, and the normal vector of the incidence plane at thecating cars. In this scenario, for example, the relative velocity

i-th reflection or Scatteriﬂg pOint for theth multlpath com- of transmitter and receiver is= 240krn/h Corresponding to
ponent, respectively. The reflection or scattering matrix is3 maximum Doppler shift of

given by
v
Tl ;lvk fD,maX:;fczl?)llHZ (7)
Rik= |: é‘zi.‘k r”i:k ] (6)

whereasc and f. denote the speed of light and the carrier

where the elements,,, andr|,, are the reflection coeffi- frequency of 5.9 GHz, respectively. In Fig, the Doppler
cients of the surface belongmg to theh reflection or scat-  spectra with respect to the scenario time are depicted. The
tering point of thek-th multipath component for perpendicu- Doppler shift of the LOS components at1311Hz can

lar and parallel components of the electric field, respectively.clearly be observed. Besides the dominant LOS component,
For reflection processes, these elements are determined basewer Doppler shifts caused by reflected and scattered waves
on the Fresnel equations, whereas for scattering processeate also present. The calculated spectra fit very well with the
the values are calculated using the model of a Lambertiarexpected ones.
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Fig. 6. Exemplary scenario of two oncoming cars in the city of
Braunschweig.
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Fig. 9. Realization of a doubly selective channel transfer function
of the RTV-SS scenario.

Doppler shift in Hz

— RTV-Expressway (E)

— VTV-Expressway same direction with wall (ESDWW)
Fig. 7. Calculated Doppler spectra versus scenario time of two on- and

coming cars. — RTV-Urban canyon (UC).

Each scenario is characterized by a more or less dominant

Furthermore, the corresponding power delay profilesLOS component and several superimposed multipath compo-
(PDPs) are shown in Fid. As expected, a lot of delayed nents. All paths are described by a delay value, the relative
multipath components due to reflected or scattered waves opath loss, a K factor as well as Doppler-related parameters

surrounding buildings can be observed. like maximum Doppler shift, LOS Doppler component and
the shape of the Doppler spectra. As all Doppler frequencies
3.2 Stochastic channel models are scaled to 120 or 140 km/h, these models can be employed

to carry out PHY layer simulations of highly mobile propa-
Besides deterministic channel models also six doubly selecgation scenarios. A limitation of these channel models is the
tive stochastic channel models publishedAtgsta-Marum  fact that nonstationarity, which is an important issue for the
and Ingram2007) have been implemented. The authors in modeling of C2X radio channels, is not considered at all. In
(Acosta-Marum and Ingran2007) present three vehicle-to-  Fig. 9, a realization of a CTF corresponding to the RTV-SS
vehicle (VTV) and three roadside-to-vehicle (RTV) models: scenario is exemplarily shown.
The time-variant and frequency-selective character of the

— VTV-Expressway oncoming (EO), typical C2X propagation channel can clearly be observed.

— VTV-Urban canyon oncoming (UCO), IAccording to the note inlyan et al, 2010, the K factor of the
first path of this channel model has to be changed to 5.3 dB (instead
— RTV-Suburban street (SS), of —5.3 dB as given).

www.adv-radio-sci.net/9/165/2011/ Adv. Radio Sci., 9, 165t 2011
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Fig. 10. Impact of the payload size on PER performance in the Fig. 11. Performance evaluation of hard and soft (approximate
VTV-EO scenario. LLR) decision in the VTV-EO scenario.

The variation of the radio channel with respect to the times Conclusions

is one of the most challenging issues when designing robust

C2X receivers. This paper presents a PHY layer simulator compliant to the
IEEE 802.11p WAVE standard. This simulator facilitates

the analysis of future C2X communication systems operat-
ing in realistic environments. Deterministic channel mod-

. . . . . els by means of 3D ray-optical modeling as well as stochas-
This section presents some exemplary simulation results i

terms of packet error rates (PERs). The PHY layer of IEEEtlc channel models derived from an extensive measurement

campaign have been implemented in the simulator. In this
802.11p offers a lot of system parameters that can be mo way, the influence of the fast-fading characteristic of typical

ified. For example, the payload size can be chosen up t%
. . . 2X channels on the system performance can be analyzed.
4095 byte leading to different packet periods. The length OfSince the radio channe% is onz of the most challenging s

the transmitted packets has a significant impact on the system . . ; :
. sues with respect to PHY layer implementations, different

performance. In Figl0, the PERs of several packet lengths . ; :

. receiver designs can be evaluated in order to develop a ro-
are shown for a data rate of 3 Mbit/s. Perfect channel knowl- . : X . o
. . . bust receiver design with the aid of this simulator.
edge was assumed at the receiver and soft-input Viterbi de- ) . .

Future work will focus on PHY layer simulations of the

coding has been performed. The applied channel model is

the VTV-EO scenario. It can be observed that the length Of|mplemented determinstic and stochastic channel models.

a packet has a considerable impact on the resulting perforThe r_esults will be evaluated with respect to the advantages
mance and, hence, the choice of the payload size has to baend disadvantages of both channel models.
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