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Wideband Measurement-Based Modeling of
Inter-Vehicle Channels in the 5 GHz Band

Olivier Renaudin, Veli-Matti Kolmonen, Pertti Vainikaineand Claude Oestges

Abstract—In this paper, we describe a new wideband Single- Single-Input Single-Output (SISO) or Multiple-Input Miglte-
Input Single-Output (SISO) channel model for Vehicle-to-Vehicle - Qutput (MIMO) V2V channels have to be investigated in order
(V2V) channels, based on an extensive measurement campaigiy, gerive accurate models, able to reliably reproduce the-ti

that has been carried out at 5.2 GHz around Helsinki (Finland) in . . . o .
August 2007. Both the now well-known non-stationary behavior variant behavior of their characteristics. Different aygrhes

and the measured characteristics of the V2V channel motivatene ~ ¢an be considered for that purpose, i.e. (i): determinigiilc
use of a Geometry-based Stochastic Channel Modeling (GSCM) stochastic or (iii): geometry-based stochastic [2], [3].
approach rather than a classical tapped-delay line one. For the  Deterministic methods consist in (approximated) soligion
time-variant contributions stemming from discrete scatterers, o Maxwell’'s equations. They require an accurate modeling o

the propagation distance can be estimated deterministically (i.e. . . . . .
geometrically), whereas the fading can be modeled as the combi-the physical objects in the environment to be simulated. (e.g

nation of a distance-decaying process and two stochastic small-the surrounding buildings, vegetation, traffic signs, ks,
and large-scale processes. The complete parameterization of theetc.), including their respective shapes, locations aattexing

V2V wideband _chan_nel mgd_el, the recipe fOI_’ its implementation properties [4], [5]. However, even if they are very reatisti
and the analysis of its validity are also provided in the paper. and accurate, these approaches are computationally iirgens
Index Terms—Channel sounding, vehicular radio propagation They are therefore used only for specific applications (.

channels, geometry-based stochastic modeling. antenna placement [6], etc.), as they appear to be not well
suited for high-level simulation systems.
|. INTRODUCTION Stochastic approaches consist in the modeling of the cthanne

N the last few years, Intelligent Transportation Syste
y g P y MS) delay and Doppler spreads, Doppler spectra, angles of

(ITS) infrastructures based on mobile-to-mobile wirele Jarrival etc. T 4-Delav Line (TDL
communications have received a lot of attention. Variousig CeParture/arrival, etc. Tapped-Delay Line ( s) are pid

of new applications are expected for V2V communicationg,]e most r()jopull?rdst(_)cgasncdclhanr_lerz]l mOdeISr'] Wherle ea_ch_ tap
ranging from road traffic safety (e.g. collision avoidancen- IS assumed to fade Independtly with given channel stagistic

gestion prediction, etc.) to social networking and multiiae based on the Wide-Sense Stationary Uncorrelated Scafterin

services. In V2V communication systems, vehicles would BXVSSUS) assumption. Their low complexity and easy imple-

considered as nodes in a mobile ad-hoc network, which irsmpli@1entat|0n make them very attractive in high-level simoati

that cellular wireless networks (with fixed base station®) aSystems such as the IEEE 802.11p standard. Different V2V

not required for communications between vehicles. TDL models at 2.4 GHz are also given in [7], [8], including

The IEEE 802.11p standard [1], also known as Wirele%cmple.r spectra for each _ta}p. Though, as Vav chan.nels are
Access in Vehicular Environments (WAVE), will enable v2yow \_N'dely knpwn to ?Xh'b't a non-statlonary behavior [9,]’
communications in the 5 GHz band and denotes the growi ] L.e. fast t||rge—vr?1ry|ng stit|stlc§, th.e WSSIU_S.I_SisumSUI
interest in this area. The design and deployment of the IEEEEN remain valid only over short time mte_rva . - moce's
802.11p, as well as alternative V2V wireless communicatidt® hence not abl? to repr(_)duce realistic properties (.)f the
systems, requires the knowledge of the underlying V2V radf_ v chan.nels.dVanous solutlonshha\{g .bee.n prlc))posed n tr;e
propagation channel characteristics, which differ sigaifily ',t?rii;wﬁ /(Ijn OL”el\r/l tokovercome this |m|taé|o|n,h y means o
from those of classical cellular wireless networks becgise (): “birth/deat arkov processes to model the appeaganc

both the transmitter (Tx) and the receiver (Rx) are mobiig, ( znd di(;ls_appeara;]ncz (I)f taps [1d1], ((;i):hdif'fae_reEnt TDRI,‘ mogeElsR
the antennas have relatively low heights and (iii): theteciaig epen |n980n the | € aY__S_pr?a and the Bit =rror at_e (d )
environment can change very rapidly. statistics [8] or also (iii): time-variant statistics estte

There is therefore a strong requirement of knowledge ab er time intervals where the channel is statio_nary [12]. Al
the properties of V2V radio propagation channels. To do s ese mgthods can however not model strong discrete satter
contributions drifting from one tap to another.
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. - . . . TABLE |
at physically realistic positions, such that their conitibns CHANNEL SOUNDER PARAMETERS
can be determined using very simplified ray-tracing methods
(e.g. assuming only single or double reflections, etc.); (ii Center frequencyf 5.3 GHz
fading properties assigned to each scatterer [16], [17¢ Th Measurement bandwidtiz W/ 60 MHz
total wideband channel corresponds to the sum at the receive Isamp“?g,freque”CYFs 120 MHz
side of all these scatterer contributions. This approach wa Delay resolutionAr = 1/BW 16.7 ns
. . . Transmit power,Pry 36 dBm
found to |r}here.nt'ly model the non—s;atlonary behawor @& th Snapshot timefsnap 8.4 ms
channel, since it includes the dynamic nature of the scagter Snapshot repetition rateep = 1/trep 14.3 Hz
environment geometry. Maximum resolvable Doppler shiftmax ~ 7.15 Hz

In this paper, we present such a GSCM of V2V channels,
based on a measurement campaign conducted in various envi-
ronments around Helsinki (Finland). Although the frameworB, Antenna Arrays
of this model is similar to the one proposed in [17] for the The Tx and Rx antenna arrays were mounted on a wooden
extraction and the modeling of the Line-of-Sight (LoS) com-

ponent and the discrete scatterer contributions, our ri Ielplatform on the car roofs and covered with a plastic tarpauli
approach differs, sometimes significantly, as ' S0 as to protect them from air streams and rain. They con-

sisted in semispherical antenna arrays with 16 dual-padri

« We model and completely parameterize the fading for tldements (i.e. 32 feeds) arranged in a spherical geomediy [1
LoS component and discrete scatterer contributions inPalarizations were horizontal and vertical in the Rx angenn
purely stochastic manner, array, while the elements were slanted 45 degrees in the Tx

« We model and completely parameterize the diffuse scadtenna array. A discone antenna was used at both the Tx and
tering in a pure|y stochastic manner, based on the dBX sides for adjusting the Automatic Gain Control (AGC) of

proach proposed in [18]. This approach differs inded#€ channel sounder. The 15 remaining antenna elements at
from the one in [17], where “walls” of diffuse scatterer0th the Tx and Rx were thus selected in order to form the

located a|ong the road were considered. MIMO channel matriX, Ieading tV; x Ny = 30 x 30 tempOI’a|

) ) ) multiplexed channels.
The V2V channel model proposed in this paper aims also at

validating the one presented in [17], though it is validatety
for SISO systems (as the patterns of the measurement asterfhaVehicles and Routes

were not known exactly). However, note that it can be easily The Tx and Rx vehicles were traveling in the same direction,
generalized to MIMO systems, by considering an approprigige Tx vehicle in front of the Rx vehicle. Note that other
antenna pattern. _ _ _ scenarios (e.g. with Tx and Rx vehicles traveling in opposit
This paper will be organized as follows: Section Il desaibgjirections) were not considered. The measurement campaign
the measurement campaign. Section Il presents the gengygk conducted in four different environments: on a campus

outline of the V2V channel model, with a detailed descriptio otaniemi), on a highway (Ring 1), in urban (Helsinki) and
of the discrete and diffuse scattering and their parameteri syp_yrpan (Matinkyl, Leppvaara) areas,

tion from the measured Channel Impulse Responses (CIRS). o
Section IV proposes the step-by-step implementation eecip * The campus and sub-urban areas are very similar and

as well as the validation of the V2V channel model. Finally, ~consist in small detached houses, parking lots and an
Section V provides a conclusion. average tree density. There are large sidewalks and road

signs sparsely distributed on both sides of the two-lane
road as well as little to no traffic conditions,

_ . _ . « The six-lane highway is located in a sub-urban like area.
In this Section, we describe the measurement campaign that The roadsides consist in natural (or artificial) embank-

is used for the parameterization of the model. More details ments and low-height buildings, excepted around the exit

II. V2V M EASUREMENT CAMPAIGN

about this measurement campaign can be found in [9]. ramps. There is a median strip with some vegetation and
delimited by guardrails, while there are some roadsigns
A. Experimental Set-Up scattered along the road. The Tx and Rx vehicles were

. ) driven on the hard shoulder, while traffic conditions
The V2V channel measurement campaign was carried out anged from light to medium,

using the channel sounder of Aalto University, which perfsr
MIMO measurements at 5.3 GHz with 60 MHz bandwidth
[19]. The maximum transmit power was 36 dBm (i.e. 3.98
W). The snapshot time was set @hap = 8.4 ms, while the
macroscopic snapshot repetition raig was set at 14.3 Hz to
limit the recorded file sizes. Hence, the maximum resolvable
Doppler shift vmay is limited to 7.15 Hz, which corresponds
to a maximum relative speed of 0.41 m/s. The main chanrighe vehicles’ speed was in the range of 5 - 15 km/h, so that
sounder parameters are summarized in Table . the channel coherence is, in the worst case, still largan tha

o The urban area is the city center of Helsinki, with six
to eight-storey buildings on both sides of the two-lane
streets, medium to heavy traffic conditions and numerous
roadsigns. Occasional blockage of the LOS occurred due
to large vehicles (e.g. buses, trucks, etc.) or buildings
when the Tx vehicle turned a corner.
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Fig. 1. Time-variant average Power-Delay Profiles (PDPs) oredsin the Fig. 2. Time-variant discrete scatterer contributionstaoted from the PDPs
highway environment. measured in the highway environment shown in Fig. 1.

tsnap The inter-vehicle distance varied between 10 and 500 mhere P is the number of contributions stemming off from
depending on the traffic conditions and the environment. discrete either static or mobile scatterers. More spedifica
the pt" discrete scatterer contribution can be modeled as [17]

D. Measured Data hy(Tp ) = ap(dp)ejQﬂ'th

At the output of the channel sounder, we obtain the complex X O(T — 7)0 (2 — Qrx p) (2 — Qry ),
widebandN, x N; = 30 x 30 MIMO channel matrices

®)

whered, = c- 7, (with ¢ the speed of light)y,, Qy, and
H(r,t,q), (1) $rxp are the time-variant propagation distance, Doppler shift,
angles of departure and arrival of th&" discrete scatterer
wherer, ¢ and ¢ correspond to the delay, time and antenngontribution, respectively. Its complex amplitudg(d,) in-
pair, respectively. In the following, we will concentrate @ cludes the effects of the Tx and Rx antenna patterns, which
single antenna sub-link(7, ) (out of N, x ), such that its s fading as it may include several unresolvable paths (gwin
Tx and Rx antenna elements are facing one another. to the limited measurement bandwidth of the system). The

Note that the RF cable losses were normalized from tl]l@s component can be modeled Simi|ar|y’ by rep|acing the
measured data after a back-to-back calibration procedute dsyb-indexp by LoS in (3).

before the measurement campaign. On the other hand, the

Tx and Rx antenna gains were not de-embedded from the ,

measured data (as the patterns of the antennas used duﬁn&XtraCt'on Procedure

the measurement campaign were not known exactly) and ard’he LoS component and the discrete scatterer contributions

therefore taken into account in the further analysis. were identified from the Power-Delay Profiles (PDPSs) given by
\h(7x,t)|*. To do so, we used a search-and-subtract procedure
IIl. DESCRIPTION OF THECHANNEL MODEL whose different steps can be summarized as follows:

In this Section, we provide the general outline of the V2v <« Select a number of multipath components that are likely

SISO channel model as well as the detailed description and t0 belong to the same discrete scatterer contribution. They
parameterization of its different parts. have to be sampled roughly every second and such that

it includes the component with the strongest power,
Interpolate the so selected multipath components in order

A. General Outline of the Channel Model * ; S )

o _ _ o to determine the underlying discrete scatterer contribu-
~ As shown in Fig. 1, the time-variant IRs can be divided  tion, Store the time-variant delay and amplitude of this
into three different parts, i.e. (i): the LoS componen); (is- contribution into vectors,

crete contributions stemming off from either static or niebi
scatterers that can drift strongly in the delay domain aiid (i
diffuse scattering, which corresponds to numerous lowgyow
contributions resulting from multiple-scattering or déttion
processes that can not be associated with discrete scattere * Iterate until no additional discrete scatterer contritaiti
Based on these observations, the time-variant IRs can then b With an average power at least 6 dB above the noise level

« Filter out this contribution from the measured PDPs, so
that no artifact contribution (with much weaker power,
surrounding the “true” one) can later be extracted,

expressed as follows [17] can be identified.
P All the discrete scatterer contributions are assumed t@ hav
h(7,t) = hios(TLos, t) + Z hy(7p,t) + ha(7,t), (2) been captured by the extraction procedure, so that the nemai
=1 ing “cleaned” IRs consist in diffuse scattering and noisg. F
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TABLE I
PARAMETERS OF THE RADIO WAVE PROPAGATION ASPECTS

Parameters  Unit  Campus Urban Sub-Urban Highway

Road parameters Nianes - 4 2 4 7
Wiane [m] 2.75
Scatterer densities Xp.s [m—1] 0.12 0.13 0.12 0.10
Xp.m [m~'1  0.03 0.05 0.03 0.08
Scatterer “birth/death” b /d [m] 4.80 5.26
&b/ [m] 0.78 0.99
Static discrete scatterers jig,=1 [m] +(Nianeg/2 + 1)Wi
[, =2 [m] lane! lane
Hd,i=3 [m] - - - 0
&a [m] 2

2 shows the discrete scatterer contributions extracted fhe . e
measured time-variant PDPs in Fig. 1. 5o oo go @0 C

C. Radio Wave Propagation Model

As already mentioned in the introduction, the GSCM ap- - . =~ -,
proach relies on very simplified ray-tracing methods. Irs thi .' SO .
paper, the following assumptions were indeed made, namel

o Tx and Rx vehicles are driven at constant speefls 1 . —
and vrx along a straight route in the same (or opposite] NI . ) ; 5o @ Ve
direction in a two-dimensional environment, such that the . R 2P on, @ et Co
relative orientation of the Tx and Rx antenna patterns :

remains constant over time, Fig. 3. Simplified two-dimensional geometry of the scatteringimnment

« The discrete mobile scatterers are moving at constditthe modeling of the radio wave propagation in the highwayirenment.
. . The green crosses (resp. red squares) correspond to distegic (resp.

speedsv, parallel to the Tx and Rx vehicles, withouty,qpe) scatterers.

further traffic modeling,
« Only single-bounced reflections are considered, since ) .

they have been found to be the most significant prop- * Mopﬂe phscrete scatterers on _aII_ thg road !anes. As for

agation mechanism in V2V channels [17], [20]. static discrete scaFterers, thglr |n|t|§4cqorQ|nates are
drawn from a continuous uniform distribution, whereas
their y-coordinates are drawn from a discrete uniform
distribution (with a number of outcomes equal to the total
number of lanesVjanes €ach of widthWWiane). They are
also assigned a (realistic) constant speed along-thes,

The time-variant propagation delay, (or, equivalently, the
propagation distancé,) and Doppler shift, of the discrete
scatterer contributions can hence be determined by theeimp
geometry relationships

o = Tixosp(t) + Tpsru(t) drawn from a truncated Gaussian distribution, so that too
1 (4) high (or negative, on a wrong lane) speeds are avoided.
Y [(vrx = vp) €08 Qmcp + (VRe = vp) €08 Q] The “birth/death” of the discrete scatterer contributions

where) is the wavelength of the system. Similar relationshig® delay domain can be modeled by means of their maximum
can also be derived for the LoS component. excess propagation distance (taken wrt. the LoS component)

The number of discrete static (resp. mobile) scatteretﬂ_";‘t was found to be best describ_ed_by a Iognormgl distdhuti
in the simulated environment is given by the density, With méanu,,, and standard-deviatiof), 4, respectively. All
(resp. x,.m)- Hence, using the two-dimensional environmerip® parameters for the modeling of the radio wave propagatio
geometry in Fig. 3 which is similar to the one in [17], we ca@SPECtS in each environment are given in Table II.
generate

. ) D. Discrete Scattering Model
« Static discrete scatterers on both roadsides (and on the . . . b
highway median strip). Theik- and y-coordinates are 1€ time-variant complex amplitude of the" discrete
drawn from continuous uniform and multivariate normafcatterer contribution is modeled as [17]
distributions respectively, i.ex, 4 ~ U(x4min, Td,max) ay gppuz gpej%. (5)

_ L
andy, g ~ L' Y0 N(pa, €a), >
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Fig. 4. Reference pathlosky ;, vs. propagation distance for the discreteFig. 5. CDFs of the large-scale fading standard-deviatigp 4g) for the
scatterer contributions in the (H) and (CUS) environments. discrete scatterer contributions in the (H) and (CUS) emrirents.

TABLE Ill
UMBER OF “VALID " EXTRACTED DISCRETE SCATTERER CONTRIBUTIONS

. . . N
The LoS component is modeled similarly, by only replacing (AND MEASUREMENT ROUTES IN EACH ENVIRONMENT

the sub-indexp by LoS. The two different processes in (5)
correspond to, respectively

Campus Urban Sub-urban Highway
1) Thetime-variant average power of the discrete scatterer 10 4) 1(3) 16 (6) 67 (5)
contribution: It is obtained by low-pass filtering the amplitude
la, (dp)\2 with a 40X sliding-average window [21], assuming
Tx and Rx vehicles driven with an average speed= 7.5 yisuipted (with mean. and standard-deviatiod,.), while
km/h. The power of the low-pass filtered signal normaliz e standard-deviations , is log-correlated withd, ,, i.e.

wrt. the LoS one can be modeled such that (in the dB scale P P

o1 P, . o1 e . logos,p ~ nslog (dep) + K, ©)
“810 Pos Lo+ 10m logio (dp) +Sy]. - (B) where Kg denotes a Gaussian random variable with mean

whereL, = Ly, + 10n, log,, (d,) and S, correspond to the #s =108 75,0 and standard-deviatiofy,

(distance-dependent) pathloss and the (stochastic)-sm@je ~ 2) The small-scale fading g,e’?#: It corresponds to the out

fading, respectively. Hence, a pathloss expongnt- 0 and filtered signal when using th&)\ sliding-average window. Its

the corresponding pathloss reference podigr, > 0 were envelopeg, is a white process over time best modeled by

extracted for each discrete scatterer contribution, as ageh the flexible Weibull distribution, whose shape parameigr

number ofS, values. measures the fading severity (i@, = 2 yields the Rayleigh
Over all the extracted discrete scatterer contributiohs, tdistribution, while 3, < 2 denotes “worse than Rayleigh”

pathloss exponent,, is found to be uniformly distributed, i.e. fading). The phase,, is uniformly distributed from0 to 27.

ny ~ U(0, nmax), While Lo, can be modeled, as shown in Fig. The shape parametgy, is found to be Gaussian distributed

4, such that (with mean ;15 and standard-deviatioiz). As the average
B power of the small-scale fading was normalized to one, the
Lop ~ 101, logyg (E [dy] np) + Ao, (7)  scale parameter, of the Weibull distribution can be obtained

. . ) ) with o, = 1/4/T(1 +2/0,).
where A is a Gaussian random variable with meag, and Concerning the parameterization of the discrete scagferin
standard-deviatiog,,. For the LoS component, the exponen; h b 9 ted Fh t onl ibuti . i
nios IS arbitrarily fixed tol.8 as reported in [22], as the inter-" 1aS to be noted that only contributions spanning over -Suh
vehicle distance remained almost constant for each meastj _gntly Iaro?e dls(';ances V\r']?re used for the exrt]ractlﬁn OQM b
ment route (i.e. the Tx and Rx vehicles were driven at rougha}Stange'd e%en_ enthpat 0SS p_ara_meters_ (t 1e70t ;’\r.o?‘;ﬁ €
the same constant speed during short time intervals). iscarded). Using the same criterion as in [17], their t

On the other hand, over all the extracted LoS componerg's?tances have .to be such tht, max N ?’mi“)/(.dp’max +
: N . »min) > 0.1. Discrete scatterer contributions with pathloss
and discrete scatterer contributions, the large-scaliadasi,

can be modeled (in the dB scale) by a Gaussian r(,deé)rgf\]rameters that do not verify the conditions associatell (it

. . . were discarded as they would introduce unrealistic projaga
process, with autocorrelation function [17] effects. The total number of “valid” discrete scatterertcia-

— 52 o log2(Ad/d.p)? tions extracted from the measured CIRs in each environment
Tp(Ad) 0s pe ) (8) . . . . . . . .

’ is given in Table Ill. Owing to their relative scarcity in
whereog , andd. , denote the standard-deviation and th® some of the environments, only two aggregated environments
coherence distance of the Gaussian process, respecthglywill be considered in the following, i.e. the highway (H)
shown in Fig. 5, the coherence distantg, is lognormally environment and the campus / urban / sub-urban (CUS) areas.
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TABLE IV
PARAMETERS OF THE DISCRETE SCATTERING IN THEH) AND (CUS)ENVIRONMENTS

Parameters  Unit (CUS) (H)

Pathloss Exponent, Nmax - 3.00 3.05
Reference pathlosko,, MAo - 1.16 1.11
Ko [dB]  71.83  79.20
£ry [dB] 7.37 .76
Exponentnos - - 1.80
Reference pathlosbo,ios - [dB] 0
Large-scale fading Coherence distanke, e [m] 0.44 0.31
&e [m] 0.74  0.58
Standard-deviatiow s, , ns - 0.56 0.38
75,0 [dB] 2.32 2.32
&s - 0.25 0.27
Small-scale fading  Weibull shape parameter 3 - 2.05 1.97
£s - 020  0.20
01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ where g 1, ¥a,0, Bq and 7y are the maximum power, noise

level, decay factor and base delay of the diffuse largeescal
power, respectively. This model was first proposed in [18]
for the description of the diffuse large-scale power in raitu
values, while it was modified in [23] to account for the
sampled bandwidth-limited effects of the measuremenesayst
The parameters of the large-scale power were estimated with
a non-linear least-square estimator, as described in [28.
maximum powery, ; of the diffuse scattering is found to be
‘ correlated with the LoS distance, as reported in [23], [24] a
T ] as shown in Fig. 7, such that

—90}

Diffuse power [dB]

-100

-110

-120 . : . . . : . .
B opagation delay [usf'4 R Va1 ~ Yo, + 100w 110gyg (dios) + V1, (12)

. _ . where ¥; denotes an exponentially correlated Gaussian ran-
Fig. 6. Exemplary diffuse large-scale power and the cornedipg least- dom variable with zero-mean, standard-deviatien ando.5-
square estimate in the (H) environment. . P JvE :

coherence distancgy ;, respectively. The noise level, o of
the diffuse scattering is modeled similarly, by replacihg t
All parameters of the discrete scattering model in (H) argib-index 1 by 0 in (12). The two Gaussian variablesand
(CUS) environments are provided in Table IV. U, are al_so correlate_d, with coeﬁ|C|e|(1{/Q,\I!1>._The de<_:ay
factor B, is found to increase exponentially with the diffuse
peak-to-noise ratio, such that
E. Diffuse Scattering Model (s )
~ pd,1—%d,0)/¥YB _
Unlike [17] where the diffuse scattering was modeled by log Bq ~ log (e 1) +Kp, (13
considering “walls” of roadside diffuse scatterers, a purewhere K is a Gaussian random variable with meap =
stochastic approach is chosen here, so that log By and standard-deviatiafy;. Finally, the base-delay; of

A 12 Iy the diffuse large-scale power is found to be highly coreslat
ha(T,1) = ¥4 (7,¢) ga(T)e’ ™, 10)  with the delay of the LoS component, such that
1) 2
Td = To + 1)-TLOS; (14)

where the two different processes are, respectively '
_ i 2) The small-scale fading g4(7)e’?¢: Its envelope is found
1) The large-scale power vq(. ¢): It decays exponentially 1, o hest described for each delay by the flexible Weibull

(in the dB scale) in the delay domain, as shown in Fig. 6, -Bistribution, with parameters, () andag(7), while its phase

Ya g (T,1) = ¢4 is uniformly distributed betweef and 2.
’ As shown in Fig. 8, the shape parametgr can be de-

0, T<Td (11) scribed using the model given by (11), with a parameter set
Va0 + § (Va1 — Ya0)/2, T=Td, 05 = (/1 Bo Bps T5). Note thatrs can also be defined wrt. the
(Va1 — Yap)e” Balr=ma) 1> 1, delay of the LoS component, i.; = 1 0s+A73. A Gaussian

Copyright (c) 2013 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

TABLE V
PARAMETERS OF THE DIFFUSE SCATTERING IN THEH) AND (CUS)ENVIRONMENTS

Parameters Unit (CUSs) (H)

Large-scale power Maximum powelry ; Yo,1 [dB] 7.93 0.41
nw,1 - —2.03 —1.80

Eua [dB] 11.07 11.29

dy [m] 6.93 5.73

Noise levelyq,o Va0 [dB] —37.51 —29.49
nw,0 - —1.80 —2.07

Ewo [dB] 5.82 5.36

dw,o [m] 12.34 11.38

(Wo, Wy) - 0.56 0.43

Decay factorB; VB [dB] 25.02 26.10
Bo [MHz] 14.94 15.12

32} - 0.32 0.41

Base delayry To [ns] —28.64 —26.64
- - 1.00 1.00

Small-scale fading  Weibull shape paramefer 51 - 1.10 1.04
Bo - 2.01 1.94

Bg [MHz] 1.34 1.30

ATp [ns] —15.41 24.00

£s - 0.26 0.26

Weibull scale parametet, Lo - 1.31 1.29
I - 0.26 0.24

Weibull shape parameter (34
.
o

-
T

Experimental - (H)

Experimental - (H)
= = = Estimated fit, Eq. (11)

Maximum diffuse power ¢4 [dB]

!
@®
o

T

= = = Linear fit, Eq. (12)

L L 0s- L . . . . L . .

e o o o o5 1 15 2 25 3 35 4
. . Propagation delay [us

Propagation distance dpos [m] opagation delay [us]

Fig. 7. Maximum powery,; of the diffuse scattering vs. propagationFig- 8. Weibull shape parametgf; of the diffuse small-scale fading vs.
distance in the (H) environment. propagation delay in the (H) environment.

random variable with zero-mean and standard-deviagipn POWer were discarded, as the detecti.on of the discreteesentt

was also accounted. As it can be observed, the severity G@tributions would then not be possible. All parameterthef

the diffuse small-scale fading can change from “worse th&liffuse scattering model in (H) and (CUS) environments are

Rayleigh” (around the LoS component) to Rayleigh (as tfgovided in Table V.

delay increases, i.8,; — 2 whent — o0). On the other hand,

the scale parameter, is found to be Gaussian distributed, IV. M ODEL VALIDATION

with meany,, and standard-deviatio),. We provide in this Section the procedure to simulate this
Concerning the parameterization of the diffuse scattefing V2V channel quel as well as its_ validition, by comparing its

has to be noted that it was done from the residual IRs (i.%(.arformances with the ones obtained from the measured data.

what remains after filtering out the detected LoS component _ )

and all the discrete scatterer contributions from the meaisu” mplementation Recipe

IRs), according to (2). Parameter s&is= (1041 Y40 Ba T4 Realizations of this V2V wideband channel model can be

with a maximum poweryy, larger than the discrete peakgenerated with the following steps:
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& 02r = = = Experimental cdf - (CUS) | 0zr = = = Experimental cdf - (CUS)
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Fig. 9. RMS delay spread estimated from measured and simulatethel Fig. 10. Narrowband channel gain estimated from measured iendaged
realizations in the (H) and (CUS) environments. channel realizations in the (H) and (CUS) environments.

0.03

1) Determine the temporal (resp. delay) resolutigp(resp.
ArT) as well as the total time duration and delay range of
the simulation,

2) Specify the initial x- and y-coordinates of the Tx and Rx
vehicles as well as their velocitiesy andvgy. Generate
discrete static (resp. mobile) scatterers, with dengjty
(resp.xp,m) and assign them (initiak- andy-coordinates
(as well as velocities for the mobile ones),

3) Estimate at each time instant the relative positions ef th
discrete scatterers wrt. the Tx and Rx vehicles in the
simulated environment (assuming uniform linear motion TR
along thex-axis Only), Narrowband channel gain h,y;, [dB]

4) Estimate at each time instant the propagat.ion distdgpe Fig. 11. Normalized LCR estimated from the equivalent nariavwbenvelope
the Angles of Departure (AoDrx , and Arrival (AOAS)  of exemplary measured and simulated channel realizationsein(Hf) and
Qrxp for the LoS component and each single-bouncd@US) environments.
reflection on the discrete scatterers. Draw a value of the

maximum excess propagation distance for each discrete o ) )
scatterer contribution, in order to simulate their resjgect 't€rations) channel realizations in the (CUS) and (H) envir
“birth/death” in the delay domain ments. Three different metrics were considered either é th

delay- or time-domain, namely

s Experimental LCR - (H)
| - — - Simulated LCR - (H)

o
o
~
a

= = = Experimental LCR - (CUS) £y
M

| - - Simulated LCR - (CUS) | ' g

o
Q
)

0.015-

Level crossing rate LCR/ frs max
°
=4

o
o
S
a

5) Draw pathloss, large- and small-scale fading stati$tics .
the LoS component and each discrete scatterer contribyd) Root-Mean-Square (RMS) delay spread: It characterizes
tion, given their respective propagation distante(or &t €ach time instant the dispersion of the power in the delay-
dLos), as shown in Sec. I1I-D and with parameterizatio§omain. As shown in Fig. 9, there is a pretty good agreement
given in Table IV. Generate the corresponding time2etween both the Cumulative Distribution Functions (CDFs)
variant complex amplitudes using (5), of the measured and simulated RMS delay spread. The Root-

. : Mean Square Error (RMSE) between the measured and sim-

6) Draw diffuse large-scale power (resp. diffuse smallescaulated CDFs is 0R.36% and 5.94% in the (H) and (CUS)

fading) statistics at each time instant (resp. each delax . e e

tap), according to Sec. IlI-E and with arameterizatioﬁ vironments, respectively. The simulated average RM&ydel

D), € g j param . sPreads 068.90 and 63.99 us are also found to be in good

given in Table V. Generate the corresponding time-varian . 4

complex diffuse scattering using (10) accordance with the measured one$@88 and59.82 us in

s he Rx side the LoS he di the (H) and (CUS) environments, respectively,
um up at the Rx side the LoS component, the discrete . . _— . _
scatterer contributions (including the bandlimited filter 2) First-order statistics of the equivalent narrowband chan

effects of the measurement system) and the diffuse SCE\?I- gain. The equ!valent narrowband channel can be estimated
) . rom the time-variant IRs as
tering, according to (2).

K-1
1
hnb(t) = It Z |hrx (T, )] - (15)
B. Comparison with Measurements k=0

The model validation is carried out by comparing metricds shown in Fig. 10, there is a good agreement between
estimated from measured and simulated (through MontesCatthe measured and simulated CDFs of the narrowband channel
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