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Andreas Kaisér Marie-Minerve Louérat
Institut d’Electronique, de Microlectronique et de Narodteologie', University Pierre & Marie Curie, LIP6

Abstract—System level modeling and simulation have become a This means that the transmitted signal is received by all
key issue in analyzing, optimizing and designing wirelesystems.  active receivers through different channels. Conseqyeintl

In this paper, modeling RF front end devices and radio propa@- 4+ scenario we have 5 communicating nodes linked by 20
tion channel especially fading time-variant channel for Irter- different radio channels

Vehicle Communication using SystemC-AMS are investigated - . .
Discrete baseband wireless channel model based on Tappedi®e The rest of the paper is organized as follows: Section Il de-
Line model is presented. Time-variant Rayleigh and Ricianéding  scribes the application and the simulation platform. Inti®ac

are implemented in SystemC-AMS. The capabilities of Syste@ ||| the radio propagation channel modeling is presented and

AMS are tested and compared to matlab for five vehicles scenar. i gystemC-AMS implementation is explained. Finally &gt
With this framework, several criteria such as performance ad .
IV presents and discusses the results.

optimal value of the system parameters of a WSN node can
be evaluated and predicted before any hardware and software II. APPLICATION AND SIMULATION PLATEFORM
design. ' R

Index Terms—WSN, Inter-Vehicle Communication, SystemC- The application is a complete heterogeneous system con-

AMS, base band modeling, wireless channel, TDMA. sisting of 5 cars communicating with each other. Each car
is equipped with a wireless sensor. The nodes are asssumed
[. INTRODUCTION synchronous in the current application since they share the

Modern wireless communication systems are highly corfiame real time c_Iock. The cars are identical from th_e harewar
plex to design. The complexity continues to increase duelto &nd software point of view. Each car has red back lights. They
vanced modulation schemes, multiple protocols and stasgar@re all following each other along a straight road. An imggin
miniaturization and power consumption constraints, as wénsor (digital camera) in the front of each car captures the
as additional functionality such as color display, cameac back red lights of the front car and se_nds the_ digitized image
embedded applications. During this last decade, all thigatlig 1© the processor of the node. The image is processed by
analog, mixed-signal and radio-frequency (RF) componeﬁﬂe node processor to estimate the relative d|stanc§ betwge
of a wireless communication system are integrated into40 Successive cars. Each car has an RF transceiver which
single integrated circuit (chip) named System-on-chipQSo sends a message (car identifier, relative distance with &am)

At the same time both silicon area - which means coststrough the channel and receives the similar informatiomfr
and power consumption of the devices have to be redudbg other cars, using the TDMA protocol. The_processor 'msid_
and the design time shortened. This conflictive demandsfotf€ Sensor can therefore compute and estimate the relative
the need for efficient design and verification methods. RSition of the other cars. The RF transmission channel is
have short and reliable design cycles, verification is rezogs Perturbed to take into account attenuation and multipatpar
very early in the design process. Modeling and simulatidition. The heterogeneous models involved by this apmicat
need to support the design steps from the specification @8l0ng to the digital, analog, RF and optical domain.

the overall system verification in order to bridge the gagdgure 1 presents the simulation platform with 5 cars commu-
between system specification, system simulation, and itircflicating through a wireless channel. This platform is cosgub
level simulation. One of the application that uses wirele§§ three main parts:

communication systems is Wireless Sensor Network (WSN).1) stimulus: it is used especially to initialize the sceaari
A WSN consists of several wireless sensor nodes placed With the starting position of each vehicle. It provides
regularly or irregularly. WSNs have critical applicatioirs positions and speeds of vehicles to the communication
science, medicine, commerce and road traffic. In this work we ~ channels in order to calculate the attenuation and the
consider WSN for Inter-Vehicle communication. A scenario ~ Doppler shift.

of 5 vehicles is considered. Each vehicle is equipped with2) Communicating Nodes (or Vehicles): the main functions
a wireless sensor node. In the presented work we consider performed by the RF transceiver of the considered nodes
the data communication. We encounter two main difficulties  are:

on this system simulation: the nonlinearity of the RF dewice o QPSK modulation

and the wideband time-varying channel. Besides, we alse hav « Shape filtering at the transmitter and adaptive filter-
to consider the broadcast characteristics of radio prapaga ing at the receiver. The considered filter is a Root
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Figure 1. Simulation Platform for a WSN of 5 Nodes.

Raised Cosine Filter because it avoids the Intéo the functions performed by the 5 nodes, but also to the
Symbol Interference. The parameters of this filtetomplexity of the time-varying wireless channels.
are the roll-off factor(0.5), its length g) and the  Although the final goal is the complete simulation of the
number of samples per symb@l6). sensor functionalities (sensing, transmitting and reagly we

« Application of the non-linearities introduced by RFpresent in this paper only the communication part which-s al
devices such as mixer and power amplifier at theady a difficult challenge when several nodes are considere
transmitter and the low noise amplifier and mixer The recently standardized language SystemC AMS ex-
at the receiver. The nonlinearity models are polyndensions [1], [2] has been used to model the platform of
mial static models. Fig. 1 together with the proof-of-concept simulator preadd

Depending on the time slot, one car is acting as Y Fraynhofer Institute [3]. The SystemC AMS extensions
transmitter and the other ones as the four receivers, &€ built on top of the SystemC language standard to model

3) Wireless Channels: the five source nodes are connedi&ierogeneous systems. Different modeling formalism are d
to the five destination nodes through 20 radio channef§1€d by the standard to model heterogeneous system-level
Figure 1 shows that each car receives the complex sty different levels of abstraction. The modeling formalism
of the four transmitted signals from the other card!Sed in this work is the Timed Data Flow (TDF). TDF
This sum allows to take into consideration the muliModel of Computation (MoC) is used to describe complex
access interference between the communicating nod@@n-conservative discrete-time behavior. It is based @n th
The 20 additional entries convey positions and Speeggnchronous Data Flow (SDF) formalism. Unlike the untimed
from the stimulus to the radio channels. Each radigPF model of computation, TDF is a discrete-time modeling
channel consists of pathloss, multipath, and additivdy!® Which considers data as sampled signals. These signal
white gaussian noise. The multipath contribution is &€ UPdated at discrete points in time and propagate descret
FIR filter whose order is equal to the number of path@ continuous values.

(Ntaps). For each source sample transmitted through”A TDF model consists of a set of interconnected TDF
channel, we proceed as follows: modules which create a directed graph called TDF cluster.

. TDF modules are the nodes of the graph and the signals are
« based on speeds we compute the IIR doppler filt§f,q eqges of the graph. A TDF module may have several input
« generatéVtaps independant complex gaussian rangnq output ports. TDF signals are used to connect ports of
dom variables , ~different modules. Each TDF module contains a C++ method
« those values go througN'taps IIR filter to obtain . jeq processing(which computes a mathematical function
the time-varying channel coefficients. _ depending only on its input and possible internal state v&mi
« the source sample is filtered by the TDL filter (qction is computed if and only if there are enough samples
simulate the channel crossing. _ available at the input ports. In this case, the samples ctedpu
« necessary datas are stored before processing the ngxtine function are written to the convenient output ports.
source sample. Provided that the time step data assigned by the designer on
Such a system level simulation is very complex and tintbe ports and modules of a TDF cluster are compatible, the
consuming. This computational complexity is not only duerder and the number of read and written samples can be



determined before starting the simulation and a staticdadbe been successfully used in several situations (for examg G

of the cluster can be derived. This static schedule speedsarpJMTS) and is an accurate representation of the real chhanne

the simulation over event-driven simulation kernels. as long as the transmission bandwidth is not too large. thdee
this models becomes less convenient for Ultra Wide Band

Il WIRELESS CHANNEL MODEL channel. A representation of the channel is given in Fig. 2.
In this section the wireless propagation phenomenon is

presented. Due to the limited space, we will not describe
RF modules and nonlinearities that are polynomial funetiors ()
but we only focus on the time varying channel. Since the
framework proposed by Bello [4], many works have beef-(s
done on channel modeling. To represent the main physical
phenomenons of wave propagation the channel effect is di-
vided in three parts: mean attenuation at a given distaamgg |
scale fading (shadowing) due to the environment, smallescal T >3 (1)
fading due to multipath. In this paper we only consider thst fir

and third effect. Large scale fading is a slowly varying efffe Figure 2. Bandlimited TDL channel model with equal spacings
and has a little impact on the computational burden of the

channel simulation. The time varying multipath contributi DT ffici - lutiorth ffici
is the most difficult part to implement and we will essentiall. ) Tap coefficients’ time evolutiort € tap coe 'Clems are
detail it. independent random processes. Their amplitude distoibuti

is generally assumed to be Rayleigh or Rice [9], which
A. Pathloss means that they(¢) are complex Gaussian. Their spectrum

Path loss is defined as the difference between the receiVegalled the Doppler power spectrum. While differgatt)
and transmitted powers and depends on the distance betwed have distinct Doppler power spectra (see for example the
them. The path los€.z can be expressed (idB), with a COST 207 channel model [10]), for clarity and simplicity we

distance measured it and the carrier frequency i/ Hz, @ssume the same Doppler spectrum for each coefficient, i.e.
by: Sk(f)=85(f),k=0,1,...K — 1. A methodology to simulate

the Rayleigh or Rice fading channel consists in shaping acom
Lip = 32.4 4 107log(dkm) 4+ 20log(fmu=). (1) plex Gaussian white noise source by the appropriate Doppler
The environment effect is resumed in the attenuation coeffPECtrUmM: The filtered Gaussian noise (FGN) approach can be

cienty. An additional random variable - generally assumettmmarized as follows, for each fading proceés: _
lognormal - can be added to represent the effect of large scal* Generate a complex Gaussian process with variance 1.

fading. « Filter the process with a Doppler filter with a frequency
responsef (f) = /S(f) and impulse respongig(t) =
B. Small Scale Fading F=Y(H(f)), whereF'~1(-) denotes inverse Fourier trans-
Several versions of the transmitted sign@l) sum up at the form. The impulse response is sampled at a rateto
destination node to result in the received sign@): obtain a discrete-time impulse resporige].
K(t)—1 The two steps are detailed in the following paragraphs.
r(t) = Z Bro(t).e7 0 s(t — 7,(1)). ) a) Complex Gaussian Noise Generatioru create Com-
=0 plex Gaussian variable we generate 2 real independant Gaus-

. . . Sian variables using the Box-Miuller method [5].
Variables 3y (1), ¢x(t) andr(t) are, respectively, the ampli- b) Doppler Filtering: The purpose of the Doppler filter

tude, the phase and the time of arrival of thé ray and i? to shape the generated complex Gaussian noise process
K(t) is the time-varying number of multipaths. The chann%uch that the filtered process has the desired Doppler power

c_ontnbutlon can be represented by_ the popular tappe.q'Lde'?é‘pectrum. Several spectra models are used to model fading
line (TDL) model [8], [11]. An equlvalent_ repre_sentatlon ogr cess. Since the subject of this work is a particular case
the baseband channel can be done using uniformly SPAEVSN (inter-vehicle communication) Jakes power spectrum

tap coefficients, only considering delays that are mulsiié . . ; .
the sampling timels. We can also assume that the numb PSD) [6] is an appropriate c_h0|ce. The_basebarjd normalized
akes Doppler spectrum is given analytically by:

of discrete components is time-invariat (¢) = K), which

leads to the impulse response of the channel: S(f) = 1 71 < f
- ’ X Jdy (4)
K—-1 mfa/1— (f/fa)?
é(r,t) = Z gr(t)o(r — kT5), () where fa is the maximum Doppler shift. The time variant
k=0

channel is generated by filtering the complex gaussian eoeffi
where gi(t) is a complex variable that can be deduced fromients of the channel with a filter whose transfer function is
the channel coefficients and the sampling time. This model hd (f)| = \/S(f). One way to implement this filter is in the



frequency domain [12], [13], then using an inverse Fouri€. Node-to-Node Link Module Implementation

transform (IFFT) to obtain the tap coefficients in the time The most complex contribution is the multipath fad-
domain. One major disadvantage of the IFFT method is iiﬁg which is a TDF module, it requires huge memory
block-oriented nature, which requires all channel coeffits | ossources and long time of simulation. Listing 1 shows
to be generated and stored before the data are sent thraeghf systemC-AMS main implementation of this module.
channel. This implies significant memory requirements anghe 5 defines asmall_scale_fadinglass derived from class

may preclude unbounded continuous transmission, whichdsy (df.sca_moduleLines 7 and 8 are successively the com-
usually preferred in long-running applications. An al&ive ey input and output ports and line 9 defines velocity input

technique is to filter the time—domain Gau;sian in—ph_ase aﬁgrt for Doppler shift computing. Themall_scale_fading
quadrature components with the Doppler filter (see Fig. 3).module uses an instance of teempute_ssklass (lines 18

and 32) in order to perform several operations such as Channe

Real (| Dowvtr Fiter ) coefficions generation, IR doppler filtering, and tappedasi-
e TTT line FIR filtering. In line 22,processing(Jprocess which en-
L L E‘B c(n)=ciln)+jef (1) capsulates the actual processing function invokestimepute
e y method in order to apply the multipath fading process to the
o \r_,l/ r actual sample. Thprocessing()nember function is called by
Noise - l 7 % the simulation kernel as part of time-domain simulationeveh
i each module activation advances the local module time by the

_ N _ _ assigned or derived module time step.
Figure 3. One coefficient Rayleigh fading generator.

Listing 1. Small Scale Fading TDF Module
) _ 1#ifndef SMALL_SCALE FADING_H

The reciprocal square root of the Jakes’ PSD is an ig@define SMALL_SCALE_FADING_H
ti | f ti 15 hich tb ty i [ té’;ﬁginclude "compute_ssf.h"
ional function [15], which canno e exactly implemented,i,ciude “doppler_filter.n"
and thus, it is common to use a rational approximation.5RyA TDF_MODULE(small_scale_fading)
provide spectral shaping for a rational implementatic_mm/eg{ sca_tdf::sca_in < complextouble> > in:
transformation-based filter designs [18], [19]. An impatté sca_tdf::sca_out < complexiouble> > out;
filter design constraint to consider is that in wireless cam zﬁil—itcdf:' +sca_in <double > v
nication channelsf; << 1/T's. Consequently, the bandwidth //Doppler filter parameters _
of the spectral shaping filter must typically be much narmolfe uoubie ae: 1/ Stop band ripple in b
than the bandwidth of the transmitted signal. For examiple,double fp; // Band pass edge frequency\

id t liant to the IEEE standard f edauiéSI /1 (maximum doppler shift in Hz)

consi er_aSYS em compliantto the ;an aratoryv A B! double fs; /I sampling frequency in Hz
communications (802.11p or WAVE as Wireless Access iniVe-double fc; f// Carrier fr(fequem:y in Hz

. . o . 8 compute_ssfxcompute_ssf_inst;
hicular Enwronme.nts). It operategﬁg_ 5..9GHz, and it hlaﬁg void processing ()
10 MHz of bandwidth. If the mobile receiver has a maximemm { _
speed ofv = 120km/h relative to the transmitter, then B coin ib g bies yi oo\ 1o/ sPeedtiont:
Doppler shift is f4 = f.(v/c) = 500Hz, wherec is the2s3 compute_ssf_inst>compute (in.read(),v.read ());
speed of light. If the signal is sampled ait= 160M Hz, thenzg , °“'""" )
the normalized Doppler frequency would Ifg/ fs ~ 4.107°. 26  SC_CTOR(small_scale_fading)

The design of extremely narrowband digital filter may éﬁn {

. ' X ) A this—>Ap = 0.5;
into numerical problems [16]. To implement the time-donegin tEis—>¢s = —80;
Doppler filter, we can use: B e I %S

. afinite impulse response (FIR) filter as the shaping fiffer ggn'fgl:‘tt:—ssssff(—Ai;StA; i Y fe):

which the case in [12], [17], [20], [21], 34}
« or an infinite impulse response (IIR) filter as in [22], [2335;;“” // SMALL SCALE FADING H
[19], [24] o -

The narrow-band filter with a sharp cutoff and a very large Listing 2 shows the SystemC-AMS netlist of the node-to-

attenuation in the stop-band requires a large-order filtehé node link. As n listing 1 Lines 10 and ]_'1 are succ_esswely
case of FIR filter [7], [24]. Meeting the same specificatiorg’_Ie complex input and ou_tput_ ports._Llne 13 defines the
with an IIR filter typically requires smaller order and thiene Istance bet_ween_commum(_:atmg veh!cle_s used o compute
fewer resources. However, the IIR is not necessarily stal;nee attenuatlon..Llne 14 defines velocny input reguesteq by
[7] and a careful design is necessary. Due to the sevé) e}ll_scale_fadmgmdule for I_Doppler shift comput_lng.Th|§
time constraints of our application, we have chosen the II'i'—.‘?t“St shows the. mterconne.ctlon of the three_basm counri
approach. In order to closely approximdié f) — /5(f) in tions of the considered mobile node-to-node link.

the passband while providing large suppression in the stop- Listing 2. Node-to-Node Link Module

band, we used an elliptic IIR filter [16]. 1#ifndef NODE_TO_NODE_LINK_H



2 #define NODE_TO_NODE_LINK_H

3

4#include "pathloss/pathloss.h"

5#include "small_scale_fading /small_scale_fading .h"

6 #include "awgn/awgn.h"

7

8 SC_MODULE (node_to_node_link)

9
10
11
12
13
14
15
16
17
18

{

sca_tdf::
sca_tdf::

sca_tdf::
sca_tdf::

sca_tdf::
sca_tdf::

sca_in < complexdouble> > in;
sca_out < complexeuble> > out;

sca_in <double > d;
sca_in <double > v;

sca_signal < compledeuble> > sigl;
sca_signal < compledeuble> > sig2;

pathloss«pathloss_instl;

small_scale_fadingxsmall_scale_fading_instl;

awgn xawgn_instl;

SC_CTOR(node_to_node_link)

{

pathloss_instl = new pathloss("pathloss_instl");

small_scale_fading_instl = new \

small_scale_fading ("small_scale_fading_instl");

awgn_instl = new awgn("awgn_instl");

pathloss_instt>in(in);
pathloss_instt>out(sigl);
pathloss_instt>d(d);

small_scale_fading_instt>in(sigl);
small_scale_fading_instt>out(sig2);
small_scale_fading_insti>v(v);

awgn_instt>in(sig2);
awgn_instt:>out(out);

43#endif // NODE_TO_NODE_LINK_H

IV. RESULTS AND DISCUSSIONS

and simulated using SystemC-AMS. The complexity of this
application resides not only in its real and continuous time
aspect but also its time and memory-consuming aspect. The
transmission part (RF transceiver and wireless channebeof

5 cars scenario is implemented and simulated using matlab
and SystemC-AMS. These two different simulations were run
on the same machine to compare the simulation time. We
assumed that each car has 10 packets to be transmitted to
the other cars using TDMA protocol. This leads on 50 Time
Slots as the global time of simulation. The dependancy of
the time of simulation on the length of transmitted packet
and the number of multipath components (paths) is shown
in figure 5. It shows that the simulation of this kind of
complex scenario can be performed using SystemC-AMS in
reasonable times while ensuring these fondamental aspects
(1) continuous time simulation, (2) concurrent and paralle
execution of the different instantiated wireless chanreld

(3) oriented object aspect inhereted from C++ which leads
in an easy way of instantiating modules and a best way of
memory allocation and disallocation management.

V. CONCLUSION

To solve the design challenges of modern wireless com-
munication systems used in WSN due to its heterogeneous
nature and its required long time of simulation not only ie th
circuit level but also in the system level, we have considere
baseband model of a mobile node (car) and we have simulated
a 5 communicationg nodes scenario based on TDMA protocol
using SystemC-AMS. This scenario which could be considered
as a WSN of a small number of nodes, needs 20 time-varying
wireless channels to ensure communication between nodes

In addition to the Analog Mixed Signal aspect, simulatiohich makes simulation run slowly.
speed is an important criteria of the presented frameworiis paper presents the advantages of using SystemC-AMS
All simulations were run_on a Linux Ubuntu machine within order to model heterogeneous systems and performing real
dual 64 bit 2.4GHzIntel® Xeon® processors and 12GBtime continuous simulations. In addition, it shows thatngsi
of memory. There are two important aspects of the multipafiystemC-AMS in complex scenario can reduce the total time
fading phenomenon: the phase variations and the timengryof simulation compared to the actual CAD tools such as
enveloppe or amplitude. The fading component will vary theatlab. Our future work is to extend the developped toolbox
signal envelope depending on fades and peaks, while the phasing SystemC-AMS in order to ensure equalization, channel
component will rotate the signal constellation dependifig 60ding and channel decoding functionalities, and to previd
the sum of the arriving paths. The best way to describe ttfglutions and results for the high level estimation of the
phenomenon is to transmit a QPSK signal and emphask@nsumed-power for WSN.
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