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Abstract—In this paper, a generic and adaptive geometry-
based stochastic model (GBSM) is proposed for non-isotropi
multiple-input multiple-output (MIMO) mobile-to-mobile (M2M)
Ricean fading channels. The proposed model employs a comieid
two-ring model and ellipse model, where the received signak
constructed as a sum of the line-of-sight, single-, and doud-
bounced rays with different energies. This makes the model
sufficiently generic and adaptable to a variety of M2M scenaios
(macro-, micro-, and pico-cells). More importantly, our model is
the first GBSM that has the ability to study the impact of the
vehicular traffic density on channel characteristics. Fromthe pro-
posed model, the space-time-frequency correlation funain and
the corresponding space-Doppler-frequency power specttalen-
sity (PSD) of any two sub-channels are derived for a non-isabpic
scattering environment. Based on the detailed investigain of
correlations and PSDs, some interesting observations andsaful
conclusions are obtained. These observations and conclass can
be considered as a guidance for setting important parameter
of our model appropriately and building up more purposeful
measurement campaigns in the future. Finally, close agreeemt
is achieved between the theoretical results and measured @a
demonstrating the utility of the proposed model.

Index Terms — Mobile-to-Mobile channels, MIMO, non-
isotropic scattering environments, space-time-frequenccorrela-
tion function, space-Doppler-frequency power spectrum desity.

I. INTRODUCTION

cellular radio systems, in M2M systems both the transmitter
(Tx) and receiver (Rx) are in motion and equipped with low
elevation antennas. For M2M communications, multipledinp
multiple-output (MIMO) technology becomes more attraetiv
since multiple antenna elements can be easily mounted on
large vehicular surfaces. It is well-known that the desidn o
a wireless system requires the detailed knowledge about the
underlying propagation channel and a corresponding tialis
channel model. Up to now, only few measurement campaigns
had been conducted to investigate single-input singletdut
(SISO) M2M channels [4]-][8], even fewer to study MIMO
M2M channels [9].

M2M channel models available in the literature can be cat-
egorized as deterministic models [10] and stochastic nspdel
while the latter can be further classified as non-geométrica
stochastic models (NGSMs) (also known as parametric mod-
els) [6] and geometry-based stochastic models (GBSMs}H11]
[14]. A deterministic M2M model based on the ray-tracing
method was proposed in [10]. This model requires a detailed
and time-consuming description of the propagation environ
ment and consequently cannot be easily generalized to a wide
class of scenarios.

A SISO NGSM proposed in [6] is the origin of the channel
model standardized by IEEE 802.11p. This model determines

Recently, mobile-to-mobile (M2M) communications hav%hysical parameters of a M2M channel in a completely

received much attention due to some new applications, ssjchg?o

chastic manner by prescribing underlying probabilisgrd

wireless mobile ad_ hoc networks [1], relay-ba§ed_celluta|= N bution functions (PDFs) without presuming any underlyieg g
works [2], and dedicated short range communications (DSR&)netry. Therefore, this model offers no conceptual franreéwo

for intelligent transportation systems (e.g., IEEE 80p.&tan-

dard) [3]. In contrast to conventional fixed-to-mobile (FEM
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to facilitate meaningful generalization into differenesarios.
In addition, this pure parameter-based model needs tdyoint
consider many parameters for modeling MIMO channels,
which leads to high complexity [15].

A GBSM is derived from the predefined stochastic distribu-
tions of effective scatterers by applying the fundamerstais!
of wave propagation. Such a model can be easily adapted to
different scenarios by changing the shape of the scattering
region (e.g., one-ring, two-ring, or ellipse). More imgontly,
the application of the concept of effective scatterers iiign
€antly reduces the complexity of a GBSM since only single
and/or double scattering effects need to be simulated [15].
Moreover, for modeling MIMO channels, a GBSM can avoid
the inherent complexity problem of a NGSM as shown in [15].
In [11] and [12], the first GBSM was proposed for isotropic
SISO M2M Rayleigh fading channels and corresponding sta-
tistical properties were investigated. In [13], a two-rBBSM
considering only double-bounced rays was presented for non
isotropic MIMO M2M Rayleigh fading channels in macro-cell
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scenarios. In [14], the authors proposed a general two-ring of some important parameters and thus obtain some
GBSM with both single- and double-bounced rays for non- interesting observations. Finally, the obtained theoadti
isotropic MIMO M2M Ricean channels in both macro- and  Doppler PSDs and measurement data in [6] are compared.
micro-cell scenarios. Excellent agreement between them demonstrates the util-
None of the above GBSMs is sufficiently general to char- ity of the proposed model.

acterize a wide variety of M2M scenarios, especially folopic  The remainder of this paper is outlined as follows. Section
cell scenarios, which have recently been considered by som@escribes the new adaptive GBSM for narrowband MIMO
measurement campaigns [4]-[9]. As demonstrated in [8], tig2M Ricean fading channels. In Section IlI, based on the
impact of the vehicular traffic density (VTD) on channebroposed new model, the STF CF and the corresponding SDF
characteristics in micro- and pico-cell scenarios canmdt bsp are derived. Numerical results and analysis are present

neglected, unlike in macro-cell scenarios. However, nohe i Section IV. Finally, conclusions are drawn in Section V.
the existing GBSMs has the ability to take this impact into

account. Although the Doppler power spectral density (PS[Pp_
is one of the most important statistics that significantlg-di
tinguish M2M channels from F2M channels, more detailed ) )
investigations of the Doppler PSD in non-isotropic scaier -t US now consider a narrowband single-user MIMO M2M
environments are surprisingly lacking in the open literatu Multicarrier communication system with'r- transmit and\/
Moreover, Doppler PSD characteristics for an ellipse M2NEceive omnidirectional antenna elements. Both the Tx and R

channel model are not yet known. Finally, frequency correld"® €duipped with low elevation antennas. Fig. 1 illusgate
tions of sub-channels with different carrier frequencitsdied 980metry of the proposed GBSM, which is the combination
in [16] for F2M channels, in M2M communications have nof! @ single- and double-bounce two-ring model, a single-
been studied so far, although orthogonal frequency-aiaisi PouNnce ellipse model, and the LoS component. As an example,
multiplexing (OFDM) has already been suggested for use #{iform linear antenna arrays withly = My = 2 were
IEEE 802.11p. used here. The two-ring model defines two rings of effective
Motivated by the above gaps, in this paper we propose a ngGAtterers, one around th_e Tx and the other around th_e Rx.
GBSM that addresses all the aforementioned shortcomingstPPOse there a®; effective scatterers around the Tx lying
the existing GBSMs. Based on the proposed model, the spa@8-a ring of radiusir and then;th (n1 = 1, ..., N1) effective
time-frequency (STF) correlation function (CF) and the-cofCatterer is denoted by™). Similarly, assume there ar¥
responding space-Doppler-frequency (SDF) PSD are derivE§€ctive scatterers around the Rx lying on a ring of radiys
The contributions and novelties of this paper are summeriz8Nd thenath (n2 = 1,..., N2) effective scatterer is denoted
as follows. by s("2). For the ellipse model]N; effective scatterers lie
1) We propose a generic GBSM for narrowband nor2n an eI.Iipse yvith the Tx. and Rx located at the foci. The
isotropic MIMO M2M Ricean fading channels. TheS€mi-major axis of the ellipse and thgth (n3 = 1, ..., N3)
proposed model can be adapted to a wide variety Sp‘ectl\_/e scatterer are denoted byand s("s), respegtlvely.
scenarios, e.g., macro-, micro-, and pico-cell scenarigs,€ distance between the Tx and Rx s = 2f with f
by adjusting model parameters. de_notlng the half_length of the distance between th_e twolfoca
2) By distinguishing between the moving cars and thoints of the ellipse. The antenna element spacings at the

stationary roadside environments in micro- and pico-celX @nd Rx are designated by and oz, respectively. It is
scenarios, our model is the first GBSM to consider th%ormally assumed that the radiir and R, and the difference

impact of the VTD on M2M channel characteristics. between the semi-major axis and the parametef, are all

3) We propose a new general method to derive the exé‘EFCh _greater than the antenna element Spad'i'g_a”d OR,
relationship between the angle of arrival (AoA) and angfef- MM Er, Br,a — f} > max{dr, dr}. The multi-element

of departure (AoD) for any known shapes of the scatterir!t€Nna tilt angles are denoted by and fr. The Tx and
region, e.g., one-ring, two-ring, or ellipse, in a widdX MOVe with speedsr andvy in directions determined by

variety of scenarios. the angles of motion, and+vg, respectively. The AoA of the

4) We point out that the widely used CF definition invave traveling from an effective scatterér) (i € {1,2,3})

[13], [14], [17], [18] is incorrect and is actually thetoward the Rx is denoted W;’L). The AoD of the wave that

complex conjugate of the correct CF definition as giveipinges on the effective scatterér) is designated by,
in Stochastic Processes [19]. Note that¢>* denotes the AoA of a LoS path.

5) From the proposed model, we derive the STF CF and theThe MIMO fading channel can be described by a matrix
corresponding SDF PSD, which are sufficiently generdl (t) = [hpq (1)), ar, OF Siz€ Mg x My. The received
and can be reduced to many existing CFs and PSI®mplex fading envelope between thih (p = 1, ..., Mr) Tx
respectively, e.g., those in [11], [13], [14], [17], [18].and thegth (¢ = 1,..., Mg) Rx at the carrier frequency.

In addition, our analysis shows that the space-Dopplisr @ superposition of the LoS, single-, and double-bounced
PSD of a single-bounce two-ring model for non-isotropieomponents, and can be expressed as
MIMO M2M channels derived in [14] is incorrect. _ 1 LoS SB DB

6) Based on the derived STF CF and SDF PSD, we study fipa (£) = g™ (1) higg” (8) + g™ (1) @

in more detail the degenerate CFs and PSDs in termvbere

A NEwW ADAPTIVE GBSM FOR NON-ISOTROPICMIMO
M2M RICEAN FADING CHANNELS



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NOY, MONTH 2009 3

€pny  ~ Ry — kpop cos( 53“) — Br) (6)
N Emg N Eny — kedrcos(6% — fBr) (7)
\ "’” o Epny N &ny — kpdr cos (¢¥l 2) _ ﬁT) (8)
L K n
= " fna ~ R kgdneos (2 — ) ©)
A ey = &)~ Rydreos (60~ Br)  (10)
_ ,/ ot = e (o) 1
e Ry Enin, ~ D — Rpcos (bT n) 4 Rpg cos (b (n2) (12)
p=21 LoS 2, p2
v where qSRq ~m, e~ D—kydrcosfBr, &, = (D +R%—-2D
x R cos ¢§?1))—1/2 —\/D2+R +2DRp cos ¢("2), §(T"3)
Fig. 1. A generic channel model combining a two-ring model an ellipse _ (2, 2 (n3)) (n3) _ 12
model with LoS components, single- and double-bounced faya MIMO ( +f™+2af cos (bR )/(OH—f cosér ), &k b(at
M2M channel 0/ = Mp = 2). Feos 6™ ), ky=(Mr=2p+1) /2, and k, = (Mp—2q+1) /2.
Here b denotes the semi-minor axis of the ellipse and the
K Q equality a® =b%+f? holds. As shown in Appendix A, based
hio (t) = KL—:?[ e 92 eTra on the newly proposed general method to derive the exact
pa relationship between the AoA and AoD for any shape of the
o [QWmeaItCOS(T" d)ﬁosHT)Jrzﬂmeaztcos(quRos,vR)} ) scattering region, we have
0 Z hSB (¢ sin ) = TSIy (13)
\/R% + D2 — 2Ry D cos ¢
I Ni
1B g 1 §(¥n; —27 feTpa,n; ) —D + Ry cos ¢("1)
Z qu+1 N7—>oo ‘ 1ﬁ/Nie COS¢ (n1) = T T (14)
- N | \/ B3 + D2 — 2Ry D cos 6"
27"'7“’1'771(11'tcoh ¢’(1:l ’YT)+27TfR7na'17tcos<¢gll)_’yR)} (3) . (ng)
N1, N> sinpi"? = Rrsindp 15
DB (¢ NDBSdpq 1 (b 2 (n2) 15)
Lo B 1 2 n2
b ( )= Kpg+1 Nl’NZ_’OOn nzfl VN1 N, \/RR+D +2RRD(C())S¢R
na
X € .j(w711,712_277fc7—pq ny, ng) CcOS (b 77,2) = D + RR cos (bR (16)
><8 {QWmeaItCos(d)(nl)—VT)+27rmeaItCos(¢<n2) 'yR)} (4) \/R% +D?% 4+ 2RRrD cos ¢g§2)
(ns) b? sin ¢§33)
In (2)—~(4), Tpg=€pq/ ¢, Tpg,n;=(Epn;+eniq)/c, ANATpg 1y 0, = sm(b - 5 17)
(Epniteninatenag)/c are the travel times of the waves through a? 4 f2 +2af cos ¢y
the link T, — R, TP—_S(m)_Rq’ and TP__S(M)_S(M)_RW (ns) _ 2af 4+ (a® + f?)cos ¢§§3) 18
respectively. Here¢ is the speed of light and = 3. The cos ¢ = ' (18)

2 2 (ns)

symbolsk,, and(,, designate the Ricean factor and the total a> + [7 +2af cosop
power of theT,—R, link, respectively. Parameterg;p, and Note that the above derived expressions in (5)—(18) are- suffi
nps specify how much the single- and double-bounced ragéently general and suitable for various scenarios. Forrorac
contribute to the total scattered poviey, /(K ,+1). Note that and micro-cell scenarios, the assumptibr>-max{ Rr, Rr},
these energy-related parameters satlf{l | nss, +npp=1. Which is invalid for pico-cell scenarios, is fulfilled. Thethe
The phases),, and,, ,, are independent and identicallygeneral expressions gf,, and¢,, can further reduce to the
distributed (i.i.d.) random variables with uniform disutions widely used approximate expressionsas~D—Rz cos o)
over [-m, ), fr,... and fg___ are the maximum Doppler and¢,,~D+Rg cos ¢("2) In addition, the general expressions
frequencies with respect to the Tx and Rx, respectivelid3)—(16) for the two-ring model can further reduce to the
Note that the AoDgps: ™) and A0A ¢ (1) are independent for widely used approximate expressions@?;l)m—AT sin ¢y
double-bounced rays, while they are interdependent fgfiesin and ¢¥12)’~*AR sin ¢§{}2> with Ap~Ry/D and Ag~Rp/D.
bounced rays. Moreover, the relationships (17) and (18) for the ellipse

From Fig. 1 and based on the application of the lamodel obtained by using our method significantly simplifg th
of cosines in appropriate triangles, the distanegs c,.,, relationships derived based on pure ellipse properties) as
Enigr AN ey, N (2)—(4) for any scenario (macro-celDE  (A1)-(A3) in [20] and (27), (28), and (32) in [21].
1000 m), micro-cell 300 <D <1000 m), or pico-cell O < Since the number of effective scatterers are assumed to be
300 m) scenario) can be expressed as infinite, i.e., N;—oo, the proposed model in (1) is actually a

Epg ~ € —kgdrcos( IL{Z’S — Br) (5) mathematical reference model and results in the Ricean PDF.
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Due to the infinite complexity, a reference model cannot &lipse models, i.eyps>max{nsg,,nss,,nss; - Therefore,
implemented in practice. However, as mentioned in [22]fa rea micro-cell and pico-cell scenario with consideration lod t
erence model can be used for theoretical analysis and dekighvTD can be well characterized by utilizing a combined two-
a communication system, and also is a starting point to designg model and ellipse model with a LoS component.

a realizable simulation model that has the reasonable com- . NEW GENERICSTE CEAND SDE PSD

plexity, i.e., finite values ofV;. For our reference model, the . ] )
discrete expressions of the Aoéggi) and AoD ¢¥n) can In this section, based on the proposed channel model in (1),

be replaced by the continuous expressitzbhgs&‘) andgb(SBi) we will derive the STF CF and the corresponding SDF PSD

P ¥ . . :
respectively. In the literature, many different distriouts have for a non-isotropic scattering environment.

been proposed to characterize A@I?gBi) and AoA ¢§§Bi), A. New Generic STF CF

such as the uniform, Gaussian, wrapped Gaussian, and icardio Under the wide sense stationary (WSS) condition, the nor-
PDFs [18]. In this paper, the von Mises PDF [23] is usegnalized STF CF between any two complex fading envelopes
which can approximate all the aforementioned PDFs. The van, (¢) and ht,. (t) with different carrier frequencieg. and
Mises PDF is defined ag(¢) éexp[k cos(p—w)l/[12m 1o (K)],  f., respectively, is defined as [24]

where ¢ € [—m, ), Io(-) is the zeroth-order modified Bessel E (g (t) 15, (t — 7)]

function of the first kind,u €[, ) accounts for the mean p, .,/ (r,x)=——t"LZ =

value of the angles, andk (k>0) is a real-valued parameter P Vg

that controls the angle spread of the angle I

nEgshiLos(T, XY phffihf,ﬁi(Tv X)Hpnppnpn(T, x) (19)

rq

P
As mentioned in the introduction, the proposed model =1

in (1) is adaptable to a wide variety of M2M propagationhere(.)* denotes the complex conjugate operatiB]; is
environments by adjusting model parameters. It turns oxr{t '

. the statistical expectation operatprp’ € {1,2, ..., Mr}, and
that these important model parameters are the energedela b peratpry” € {1,2, ..., Mr}

i 4,4 € {1,2,...,Mg}. It should be observed that (19) is a
parameterss s, and_nDB' an_d the Ricean factok . For function of time separation, space separatiofy anddg, and
a macro-cell scenario, the Ricean factdp, and the energy

: : frequency separatio = f. — f.. Note that the CF definition
parameter)s, related to the single-bounce glhpse_ model arg (19) is different from the following definition widely ude
very small or even close to zero. The received signal POWET Sther references. e 9. [13], [14], [17], [18]
mainly comes from single- and double-bounced rays of the e ' ' '
two-ring model, in which we assume that double-bounced rayﬁhpqh;/q/ (7, X)=E [hpq (1) oo (E+ )] /v Qg (20)
bear more energy than single-bounced rays due to the laﬁ%ee

darceD argr dsance rosuts n th ncependence"F Sonon 1 (19) s ecualy e corectone lowr
of the AoD and AoA), i.e.,npp > MaxX{nsp,,Nsp, > 9 a

nss,. This means that a macro-cell scenario can be W§§-51) in [19]). It can easily be shown that the expression

characterized by using a two-ring model with a negligiblé&Lo. 0) Nequals the complex conjugate of the correct CF in (19),

component. In contrast to macro-cell scenarios, in micna a € Phyght (T.x) = pi
pico-cell scenarios, the VTD significantly affects the amein definition. Only Whenpzpqh/p, , (7,x) is a real function (no
characteristics as presented in [8]. To consider the imphctimaginary part)oy, n, , (7, XLS = pn,,n, , (7,x) holds.
the VTD on channel statistics, we need to distinguish betwee Substituting (2) and' (5) into (19), we can obtain the STF
the moving cars around the Tx and Rx and the stationa@F of the LoS component as
roadside environments (e.g., buildings, trees, parkes] etc.).

(i

(1, x), and thus is an incorrect

1%
pq plql

Therefore, we use a two-ring model to mimic the moving, , ., . (7)= Ko Kp'g
cars and an ellipse model to depict the stationary roadside™® #'«' Kpgt+1) (Kprg+1)
environments. Note that ellipse models have been widelgt usgare Gy = P cos Br—Qcos Br, Hi= fr. _cosyr—fr
to model F2M channels in micro- and pico-cell scenarios,[20] cosvyr, and Ly = D—k,, &7 cos Br-+k ,5;aczos Br with P=
[21]. However, to the best of the authors’ knowledge, this i p)or/N Q= (¢ — ;’) S\ K :q(MT—2p’+1)/2, and
the first time that an ellipse model is used to mimic M2 ' =(Mp—2q'+1) /2. b

. . q
channels. For a low VTD, the value &f,, is large since the Applying the von Mise PDF to the two-ring model, we

LoS component can bear a significant amount of power. Alsgy:. f((b;Bl) = exp[kLE COS(ﬁBl — IR /(27 o (KT F))
the received scattered power is mainly from waves reflect SB SB SB
P y f& the AoD ¢35 and F032) = explkh™ cos3™ k)

by the stationary roadside environments described by t &7_‘_]0(]{%}%)] for the AoA ¢ 72, Substituting (3) and (6)—(9)

scatterers located on the ellipse. The moving cars repete nto (19), we can express the STF CF of the single-bounce
by the scatterers located on the two rings are sparse Q\Wg-ring model as

thus more likely to be single-bounced, rather than double- (7 ) NSBi (2
bounced. This indicates thatp, >maxX{nsp,,mse, } >npp  Pril1@) 51\ X)= ( TR )

holds. For a high VTD, the value d&,, is smaller than that o 2mlo\ k1 () ) v/ EpetD) (K +1)
in the low VTD scenario. Also, due to the large amount of 7
moving cars, the double-bounced rays of the two-ring model [ e
bear more energy than single-bounced rays of two-ring and”,

j27’l’(G1+TH]+% Ll) (21)

SB
k1 () COS(% 5y —HT (] ) ; SB
(m) TRT®) ) jom(Gotr Hot X Lo) 12)
e dng(R) (22)
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where G = Pcos(ngT P —Br)+Q cgs((b 5B —Br), Hy= AT(R) T(R) cos u%? ) FI2TT FT(R) e COSYT(R)F
SB B

I Toman COS(7 ")+ Ry cos(dr '® —g), and Ly = J2mP(Q) cos Br(ryF2mX (RT( ) Fhp () COS ﬁT(R))/C(27b)
Ro(r)y+&ny sy —Ep 6T cos(¢s Y Br)—ky SR cos(¢ P _ DB .

TR S SB B 5 By 0 (ry S0 BTyt 277 F () e STVT (Y
ﬁR) W|th the parametersin ¢!, cos ¢y ', singz 2, and 27 P(Q) sin 3 ok sin B /¢ (27¢)
cos ¢35 following the expressions in (13)—(16), respectlvelyj T(RITIETXEp (¢') TR/ =
For the macro- and micro-cell scenarios, (22) can be furth8ince the derivations of (21)—(23), (25), and (26) are simil

simplified as the following closed-form expression only the brief outline of the derivation of (23) is given in
_SBy Appendix B, while others are omitted for brevity.
PpSEIe) /5B (T,X) = N8B, € 1 The derived STF CF in (19) includes many existing CFs
pe p'd as special cases. If we only consider the two-ring model

T(R) T(R) scenario D>>>max{Rr, Rr}) with the frequency separation

x=0, then the CF in (19) will be reduced to the CF in (18) of

V(Epg +1) (Kpg + 1)1 (k%f%)) [14], where the time separation should be replaced by
since the CF definition (20) is used in [14]. Consequentky, th

X

I {\/(A531<2))2+ (BSBl(g))Q} (nss, = 0) for a M2M channel in a macro- or micro-cell
0 . . .
23)

here X . i . .
WSB derived STF CF in (19) also includes other CFs listed in [14]
AT(};@:/@;?R) COSN%?R)""jzﬂTfT(R)mw COSYT(R) as special cases, whenis replaced by—7. If we consider
21 P(Q) 08 Br(my — 527X X A /€ (24a) the one-ring model only around the Rx for a F2M channel in
SBia, r e a macro-cell scenarionés, =nsp, =nps = f1,,,, =0) With
Brr) _kT(R) sin i gytI 277 (f1(R) e SIYT(R) non-LoS (NLoS) condition X ,,=0), the derived STF CF in
FFR(T) mae AT(R) SINYR(T)) + 727 (P(Q) 8in Br(R) (19) includes the CF (6) in [18] and, subsequently, other CFs
+O(P)A sin B —x X c 24p) listed in [18] as special cases, whenis repla_ced by—r.
sB, QP)Arr) R(T) XK Brin)/ ) (245) Furthermore, the CF (7) in [24] can be obtained from (19)
Cr(ry= T2TTfR(T) maw €OS VR(T) F2TQ(P) cOS BR(1) with K, = fr,... =x=nsp; =npp =0. Consequently, other
R2rxXep g/ (24c) CFs listed in [24] can also be obtained from (19).
with X4, = Ry —kydrcosfBr, Xp, = —kpydrsinfr — B. New Generic SDF PSD
kyorArsinfr, Xop = Rr+ D —kydrcosfr, Xap, = Applying the Fourier transform to the STF CF in (19) in

—RRr—Fkq 0R cos fr, Xy =—kq R sin fr—ky 0rArsin fr,  terms ofr, we can obtain the corresponding SDF PSD as
and Xcp :RR+D+kp/5T cos fr.

Applying the von Mises PDF to the ellipse model, we —jonfoT
get F(635%) = explkEL cos(95P® — uEL)] JRrl(RED)].  heatiy, D X)= [ ongn, (7o) €20 dr

o0

Performing the substitution of (3), (10), and (11) into (19) -

we can obtain the STF CF of the single-bounce ellipse model

as —ShLosh/Los(fD, +ZS SB,LhSB /(fD, )—l—ShDBh/DB(fD, )
P, 583, sB3/(T X): "5 B = (28)
Py 2l (kR") v/ (Kpgt1) (Kp g +1) where f1, is the Doppler frequency. The integral in (28) must

REL (¢SBB EL) . be evaluated numerically in the case of the single-bounoe tw
COSs — ] X . .

X /6 " r MRS ) pi2n(GutrHat La) 985 (25)  ying and ellipse models. Whereas for other cases, we can
g obtain the following closed-form solutions.

1) In the case of the LoS component, substituting (21) into
where Ga — Pos63% — 6r) + Qoo ~ ), Hy = 3 P g (21)

i OO 1)+ 1 COAGTP ), and Ly = 24— (40 MO NS I

Ky 07 cos(¢35 B )y O cos(¢SBg —Gr) with the parameters Sprosprros(fp,x) = P4 pd’

sin ¢35 and cos ¢7.7% following the expressions in (17) and v \/(KP‘?+1) (Kprgrt1)

(18), respectively. x eGSO (£, — Hy) (29)
The substitution of (4), (6), (9), and (12) into (19) resutfts

: . hered (-) denotes the Dirac delta function.
the following STF CF for the double-bounce two-ring modegl) n ter(rr)1s of the single-bounce two-ring model for macro-

DBIO{\/(A?B)QJF(B?B)Q} and micro-cell scenarios, substituting (23) into (28) weéeha

NSB, (o 267 T

PrDB R DB(T, X 277DB€J
npp (T X) V1) (K1)

S sB 158, (D, )
\/ o > — By 1(2)hp qs;(z) I (k%& )
b (4R°) +(Bx") 0P Brom Pr(ay sp
X 26 ICT(r) " TSBi 1(2) B
Iy (kg:R) Iy (kgR) (26) e WriR)y ( 7;(]51)(2) \/WSBl(Q) A;(Bégz)) )
where X

SBy(s SBi(2 2
CPP 27y (Ry+Rp+D) Je (27a) vV Eprt1) (Byrg 1) \/ W= (0rn”)  (@0)
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WhereOSB“z) 27 (fDESR(T) 0w COSTR(T))

U;f o =F2mQ(P) cos By +2mx(Rr(ry+ DE kg (5 Or(r)
x cos Br(r)) /¢ (31a)

Wiﬁ(%)m =47 F 3 (R)mae TAT T B(T) e DTy 50 YR(1)+8T
X [Taz S Ronae AT(R) SINL YT SIN VR (31b)

D:iﬁ%;m =-J 27TkT( )JT( )+4772P(Q)(fT(R)maICOS(ﬁT(R)

T(R)) FAT(R) S R(T) maa S Br(R) S VR(T))+HATQ(P)
X (AT(R) FT(R) s S0 BRT) ST (R)TAT () FR(T) o
x sin Br(r) sin yr(r)) =47 X (fr(r), Y-

X Ar(r) SIMYR(T)YRDr (1)) / €

SBiz) _
Err) =

><AT(R) sinyg(r) cos MT(R)) —4m? P(Q)(fT(R)maISHl(ﬁT(R)

“11(R))—AT(R) FR(T) .08 Br(R) SN VR(T))—AT>Q(P) Ap ()

X fT(R)man S BR(T) €OS Y7 (R) AT X(fT(R) o YrEL
HRT) maw AT(R) SMYR(T)YRE (1)) / €

TDT(R)+fR T)mam
(31c)
]27TkT(R)(fT R)mae SIN(YT(R) NT(R))+fR(T)m,

(31d)
with
JT(R):fT(R)maICOS(”YT(R) K R)) TR(T) o AT(R) S YR(T)

X sin p7 () (32a)
Y1 Dy =EtR7(R) COSYT(R)—Kp' (07) 0T (R)COS (5T(R)—”YT(R))
kg () OR(T)AT(R) SIN BR(T) SIN Y1 (R) (32b)
Y1 By () = £ Rr(r) SI0YT(R) T (¢) 07 (R) S0 (Br () FY7(R) )
‘qu/(p/)(sR(T) AT(R) sin ﬁR(T) COS ’YT(R) (32(:)
YRDT(R):_ p’(q’)aT(R) sin BT(R)_kq’(p’)(SR(T)AT(R) Sln(gégéq)ﬂ)
YREr () = £R1(R) = kp (¢)07(R) €O Br(R).- (32e)

E:?(%) =247 P(Q) f1(R) oS Br(R) —7T<R>)ij27rk§f%)

47T2XfT(R)7naryET(R)

X f T(R)maISin('YT( R)—HT(R) - (34b)
with Yp,. = Ry cos yp—ky o1 cos (Br — vr), Ye, = Rrsinyp

+kp/5T sin (ﬁT — ’yT), YDR = —RR COSYR — kq/5R COS (ﬁR
—’}/R), andYg,=—Rg SiH’YR+I€q/5R sin (ﬁR — 'YR)- For the
Doppler PSD in (33), the range of Doppler frequencies is
limited by | fp|<fr,..+/R,...- Due to the similar derivations
of (29), (30), and (33), Appendix C only gives the brief oodli
of the derivation of (30), while others are omitted here.

Many existing Doppler PSDs are special cases of the derived
SDF PSD in (28). The simplest case is Clarke’s Doppler PSD

1/ (27 fo7/T=(Fo/T02)? ) (D] < FR,...) 2], which can

be obtained from (28) by setting,;, =0 (NLoS condition),
kLR =0 (isotropic scattering around the Rx},=0 (no fre-
quency separation)ir, .. =nsp, =nsp,=npp=0 (fixed TX,

no scattering around the Tx), and applyiBg>max{ Ry, Rr}
(macro- and micro-cell scenarios). The Doppler PSD for
isotropic M2M fading channels presented as (41) in [11] can
be obtained from (28) by setting ,,=k+- =k R=6r=0p=

X ="sB, =1sB, =NsB; =0 and usingD > max{ Rr, Rr}.
Similarly, the space-Doppler PSD for non-isotropic double
bounce two-ring model shown as (420 [14] can be obtained
from (28) by settingK,, = x = 1sB, = NsB, = NsB; =0
and utilizing D >>max{Rr, R}, when DL and DLEE are
replaced by—DZ% and —DZ%E, respectively, due to applying
the different CF definitions.

To further demonstrate that the CF definition in (19) is
correct, in Appendix D we compare the Doppler PSDs with
different CFs (19) and (20). Appendix D demonstrates that
(19) leads to the Doppler PSD capable of capturing the under-

For the Doppler PSD in (30), the range of Doppler frequef/ing physical phenomena of real channels for any scenarios

cies is limited by|fp+fr,... cosvr| < /WP /(2r) and

max

while the widely used expression (20) is only applicable to
certain scenarios where the Doppler PSD is a real functidn an

\fD —fr,... cosyr|<y/WiP?/(27). Note that the expressionsymmetrical to the origin (i.e., the corresponding CF isal re

of (30) corrects the ones of (40) and (41) in [14].

function), e.qg., Clarke’s scenario. In [13], [14], [17]9]l the

3) In the case of the double-bounce two-ring model, sultstittommonly used formula (20) was misapplied to non-isotropic

ing (26) into (28) we have
nDBejCDB

\/(qu"’l) (Kp’q"“l)lo(k%R) IO(kIER)
WTDB _ (ODB)2>

Shppnbn (fpsx)=

EDB
. ~DB ?B cos W%B
Jjo WDB T

x2e
WhB — (ODB)2
o5 DRE COS <—£§; WEB — (ODB)Q)
@263 wDB R
WEB — (0PB)? (33)
where © denotes convolutionO”” = 2nfp, Wk =
4 fT(R)maz
D?(Efg) :47r2P(Q)fT(R)maICOS(ﬁT(R)—VT(R))—j2ﬂk%gz)

AT X fr(r)

maacYDT(R)

X f T(R)maICOS(WT(R)—M%fR) )— (34a)

F2M or M2M scenarios.

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, based on the derived STF CF and SDF PSD
in Section Ill, the degenerate CFs and PSDs of MIMO M2M
channels are numerically analyzed in detail. In addititwe, t
normalized Doppler PSDs of the proposed model for different
environments are given and some of them are compared with
the available measured data in [6]. The following paranseter
are used for our numerical analysi§=5.9 GHz, fr, . .=
fRypu.=570 Hz, D=300 m, a=200 m, and Rr=Rr=40 m.

Figs. 2 and 3 illustrate the space and frequency CFs of the
single- and double-bounce two-ring model and single-beunc
ellipse model for different scenarios. It is obvious thatrbo
the space and frequency CFs vary significantly for different

INote that the expression of (42) in [14] is inaccurate. Theemed expres-
sion should replace the termsjkr cos(yr —pr) and—jkg cos(vr — pR)
by +jkr cos(yr — pr) and+jkg cos(yr — pr), respectively.
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Fig. 2. Space CFs of the single-bounce (SB) ellipse (EL) mattzuble-
bounce (DB) two-ring (TR) model, and SB TR model for differesgenarios
(r=0, x=0, and é7=2). SD: same directiony=~r=0); OD: opposite
direction &y =0 and yg = m); Scenarioa (Sa): k17 =kLE =kEL =

0 (isotropic environments); Scenario (Sp): k-F =kLE=kEL =3 (non-
isotropic environmentsyut-f=n/4, andpL=pELl=37/4.
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Fig. 3. Frequency CFs of the single-bounce (SB) ellipse (&bjlel, double-
bounce (DB) two-ring (TR) model, and SB TR model for differesgenarios
(r =0, 67 = or = 0). SD: same directiony = yr = 0); OD: opposite
direction 7 = 0 andvyg = 7); Scenarioa (Sa): k-2 = kLR = kEL =0

(isotropic environments); Scenario(S,): kL% = kLR = kEL =3 (non-

isotropic environmentsyu©-f = 7/4, and LR = pEE = 37 /4.

scenarios (Scenario and Scenarich). We also notice that
directions of motion (related to the valueswaf and~z) have
no impact on the space and frequency CFs.
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®o.gooooR
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L L
0.6 0.8

R )
nax

Fig. 4. Normalized Doppler PSDs of the single-bounce (SBpsd (EL)
model, double-bounce (DB) two-ring (TR) model, and SB TR glofibr
different scenariosdg = dr = 0, x = 0). SD: same directionHg =
vr = 0); OD: opposite directionr = 0 and yg = ); Scenarioa
(Sa): kIR = KTFE = kEL = 0 (isotropic environments); Scenario(S;):
= kTR = kEL = 3 (non-isotropic environmentsyT® = 7 /4, and
EL = 3r/4.

having a peak in the middle. This indicates that thehaped
Doppler PSD will appear when high dependency exists be-
tween the AoD and AoA, while the “rounded”-shaped Doppler
PSD will appear when the AoD and AoA are relatively
independent. We can also observe that for different dwasti

of motion, the Doppler PSDs of double-bounced rays remain
unchanged, while the Doppler PSDs of single-bounced rays
change with different ranges of Doppler frequencies. More
importantly, we found that the impact of single-bouncedsray
from different rings (ring around the Tx or Rx) on the Doppler
PSD are the same for M2M channels when the Tx and Rx
move in opposite directions, leading to thleshaped Doppler
PSD for the single-bounce two-ring model. When the Tx and
Rx move in the same direction, the impact of single-bounced
rays from different rings on the Doppler PSD are different in
terms of the range of Doppler frequencies, which results in
the doublet/-shaped Doppler PSD for the single-bounce two-
ring model. Therefore, we can conclude that a more realistic
M2M channel model should take into account the different
contributions from different rings. However, this has neth
considered in all the existing M2M GBSMs, e.g., in [14]. It
is worth mentioning that by setting one terminal fixed (i.e.,
fr,... =0), our M2M model can reduce to a F2M model. In

Fig. 4 shows normalized Doppler PSDs for different scehis case, we studied the Doppler PSD for the corresponding

narios (Scenaria and Scenari®). For Scenarias, it is clear

single- and double-bounce two-ring F2M models and single-

that no matter what the direction of motion (same or opppsiteounce ellipse F2M model, and found that they have the

and the shape of the scattering region (one-ring, two-rimg,
ellipse) are, the Doppler PSD of single-bounced rays islami
to the U-shaped PSD of F2M cellular chanrelsihereas the

sameU-shaped PSD. For brevity, the results regarding F2M
channels are omitted here. These observations indicases th
the impact of single- and double-bounced rays on the Doppler

Doppler PSD of double-bounced rays has “rounded”-shaP&D are completely different for M2M channelg-6haped

2Note that when the Tx and Rx move in the same direction, thep@op
PSD of the single-bounce ellipse model is not an exXdeshape, but it is
reasonable to consider it as an approxinfdatshape since peaks exist in both
the left and right sides of the Doppler PSD instead of in thddiei.

and “rounded”-shaped, respectively), while they are thmesa
for F2M channels{{-shaped). At the end, the comparison of
Scenarioe and Scenarid illustrates the significant impact of
angle spreads (related to the valueskgf®, k%7, and kEL)
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Fig. 5. Normalized space-Doppler PSDs of the single-bou®®) ellipse Fig. 7. Normalized Doppler PSDs of the proposed adaptive anéar
(EL) model, double-bounce (DB) two-ring (TR) model, and SR ™odel different SISO pico-cell scenariosf = dg = 0, x = 0): (a) Tx and
for different antenna element spacings in a M2M non-isatrageattering  Rx move in opposite directions, (b) Tx and Rx move in the sainection.
environment kL E=kLR=kEL=3, yTR=r/4, pBR=pEL=3r/4) with  VTD: vehicular traffic density.

the Tx and Rx moving in the same directiofi(=yr=0).

measurement campaigns were performed at a carrier freguenc
of 5.9 GHz on an expressway with a low VTD in the
metropolitan Atlanta, Georgia area and the maximum Doppler
frequencies werefr,,.. = fr,... = 570 Hz. The distance
between the Tx and Rx was approximatély= 300 m and
the directions of movement wergr =0, yr =7 (opposite
direction, shown in Fig. 4 (a) in [6]) andy = yg = 0
. . (same direction, shown in Fig. 4 (c) in [6]). Both the Tx
o ] and Rx were equipped with one omnidirectional antenna, i.e.
SISO case. Based on the measured scenarios in [6], we chose
o j the following environment-related parametefs-’ = 6.6,
e KRR = 8.3, kEL = 5.5, pkF =12.8°, phR = 178.7°, and
D pkt =131.6° for Fig. 7 (a), andkr? = 9.6, kLF = 3.6,
055 66 Nm:az:ized E)Oc..i)plerfreoquencyl??lsl(fT O:;R ) oe 08t k]E%L =11.5, ,ugR =21.7°, /L%R =147.8°, and MgL =171.6°
for Fig. 7 (b). Considering the constraints of the Ricean
Fig. 6. Normalized frequency-Doppler PSDs of the singlerme (SB) factor "fmd energy-_relate(_j parameters for different prapag )
ellipse (EL) model, double-bounce (DB) two-ring (TR) madahd SB TR Scenarios as mentioned in Section Il, we choose the follpwin
model for different frequency separations in a M2M nonvispic scattering parameters in order to fit the measured Doppler PSDs reported
environment kL E=kLR=kEL=3, yTR=r/4, pTR=pEL=3r/4) with . . : k -
the Tx and RX moving in the opposite directionzeo and~yg=r). in [6] for the two scenarios with low VTD: 1)K = 2.186,
npp=0.005, nsp, =0.252, nsp, =0.262, and nsp, =0.481
for Fig. 7 (a); 2) K = 3.786, npp = 0.051, nsp, = 0.335,
and mean angles (related to the valueg$F, p %%, andpfr)  nsp,=0.203, andnsp, =0.411 for Fig. 7 (b). The excellent
on the Doppler PSD. agreement between the theoretical results and measurad dat
Figs. 5 and 6 depict the impact of the antenna elemegfinfirms the utility of the proposed model. The environment-
spacing and frequency separation on the Doppler PSD, related parameters for high VTD in Figs. 7 (a) and (b) are the
spectively. Fig. 5 shows that the space separation intesiusame as those for low VTD except=k%%=0.6, which are
fluctuations in the Doppler PSD no matter what the shape i&flated to the distribution of moving cars (normally, theadier
the scattering region is. Fig. 6 illustrates that the fremye values the more distributed moving cars, i.e., the higheD)/T
separation only generates fluctuations in the Doppler PSD fohe Doppler PSDs for high VTD shown in Figs. 7 (a) and (b)
the double-bounce two-ring model, while for other cases, tivere obtained with the parametef§ = 0.2, npp = 0.715,
impact of the frequency separation vanishes. nsB, =NsB, =0.115, andnsp, =0.055. Unfortunately, to the
Figs. 7 (a) and (b) show the theoretical Doppler PSOest of the authors’ knowledge, no measurement results (e.g
obtained from the proposed M2M model for different VTDsgn [4]-{9]) were available regarding the impact of high VTD
(low and high) when the Tx and Rx move in opposite direde.g., a traffic jam) on the Doppler PSD.
tions and same direction, respectively. For further coiispar Comparing the theoretical Doppler PSDs in Figs. 7 (a)
the measured data taken from Figs. 4 (a) and (c) in [6] aaad (b), we observe that the VTD significantly affects both
also plotted in Figs. 7 (a) and (b), respectively. In [6], ththe shape and value of the Doppler PSD for M2M channels.
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The Doppler PSD tends to be more evenly distributed acrqé@‘?’)/sin gf)g??’):ggrm)/sin gbglf?’). Based on the above expres-
all Doppler frequencies with a higher VTD. This is becaussions, and the following equalitig3=2f andg(T"S){gg):m,
with a high VTD, the received power mainly comes from th@e can get (17) and (18).

moving cars around the Tx and Rx from all directions, while
the power of the line-of-sight (LoS) component is not thaé
significant. This means that the received power for differen”
Doppler frequencies (directions) is more evenly disteiut ~ Considering the von Mises PDF for the two-ring model,
With a low VTD, the received power from the LoS componer&pplying the following approximate relationshipg, ) ~—
may be significant, while the power from the moving cars mafr sin ¢>§Z“> andgbgf‘”zAR sin ¢§;2>, and substituting (3) and
be small. Therefore, the power tends to be concentrated @(9) into (19), we have

some Doppler frequencies. _1 __sB
SBi(2) jo 1@
2wly | k e’ T

T(R)
V. CONCLUSION ' T X/=
phjflmhps/f/lm ( X) \/(qu+1) (Kp,q/—i—l)

DERIVATION OF (23)

In this paper, we have proposed a generic and adaptive SBisy  SBimy. SPia . SPim

GBSM for non-isotropic MIMO M2M Ricean fading channels. % /e Apry €08 bpgy gy SN dp (g )quSB“Q) (35)
By adjusting some model parameters and with the help of T(R)
the newly derived general relationship between the AoA and
AoD, the proposed model is adaptable to a wide variety gfhere 4°2'» B°P1@  and ¢°P1® have been given in
M2M propagation environments. In addition, the VTD is fo B The dafnite intearale i : :

' propag _ a , 10{24a)—(24f). The definite integrals in the right hand side of
the first time taken into account in the GBSM for modelin ™

M2M channels. From this model, we have derived the STF i

and the corresponding SDF PSD for non-isotropic scatteri@gj0 (m) [25]. After some manipulation, we can get
environments, where the closed-form expressions aread@il {he closed-form expression (23).

in the case of the single-bounce two-ring model for macro-

cell and micro-cell scenarios, and the double-bounce tg-r

model for any scenarios. Based on the derived STF CFs acr:fdl?ERlnglzN OFésog _ _
SDF PSDs, we have further investigated the degenerate CF&§Vena*+b“=c(d*+e”), after some complex manipulation,
and PSDs in detail and found that some parameters (e.g., the . \/ 531(2))2( 531(2))2

angle spread, direction of motion, antenna element spacir\zvge can rewritelo (AT(R) + BT(R) as

etc.) and the VTD have a great impact on the resulting CFs and
PSDs. It has also been demonstrated that for M2M isotropic

—T

B5) can be solved by using the equalify " ¢t <3 ¢dc =

SBl(g) 2 SB1(2)

scenarios, no matter what the direction of motion and shape| ;. /y9B1 + Dr(r Er(r) (36)
i . ; — T(R) T 5B 5B
of the scattering region are, single-bounced rays will ltésu WT(R)( ) WT(R)( )

the U-shaped Doppler PSD, while double-bounced rays will
result in the “rounded”-shaped Doppler PSD. Finally, it has SBiz) SBic SBy 2 _ _
been shown that theoretical Doppler PSDs match the measuf&igre W’ » and B, have been given in

D
T(R) ' “T(R) R)
data in [6], validating the utility of our model. (31b)—(31d). Note that the expression (36) corrects the ex-

pressions (38) and (39) in [14]. By applying the Fourier
transform to (23) in terms of the time separatiorand us-
APPENDIX

ing (36) and the equali OOI jon/x? + y? ) cos (Bx) de =
A. DERIVATIONS OF (13)—(18) 9 (36) a Qof 0(j y) (6z)

In this appendix, following the same derivation proceduré&* (y\/o‘2 - 52) / V/a? — 32 [25], we can obtain (30).
(i.e., the same newly proposed method), we will derive these
general relationships for the two-ring model in (13)—(16ia D. COMPARISON BETWEEN THEDOPPLERPSDs WITH DIF-
the ellipse model in (17) and (18). In Fig. 1, applying theERENTCFs (19) AND (20)

laws OfZCOSiHGQS ang sines to the(ntlr)iangg&s(";)OR, We  To further clarify which CF definition, (19) or (20), results
obtain ¢ = R7.+D*—2DRrcos¢y ", Ry = §n])+D + in the correct Doppler PSD to accurately reflect the under-
2D¢&,, cos ¢§§1), and Ry /sin ¢§§1) = &,/ sin ¢S}“ . From lying physical phenomena of real channels, we first derive
the above expressions, we can easily obtain (13) and (1the relationship between the Doppler PSD based on the CF
Similarly, applying the laws of cosines and sines to thengsla  (19), Shyqehpe (fp), @and the Doppler PSD based on the CF
Ors(™)Op, we havet? =R%+D?*+2DRp cos ¢§§2), R%=(20), Sh,,n,, (fp). Considering the equalityy,, p,, (1) =
2 4 D2-2DE,, cos '), and R/ sin ¢\ =¢,,, / sin¢7?).  p;, ;, (7) and the Fourier transform relation between the CF
We can easily obtain (15) and (16) from these expressiomﬂd Doppler PSD, we have
Analogously, applying the laws of cosines and sines to the ~ N

g y ppy g Shpthq (fD) = Shpthq (_fD) N (37)

2 2
triangleO7s(") O, we get(g(T"S)) :(gg”’)) +D2+2D§§%"3) o _ _ _
From (37), it is clear that only i}, 1, (fp) iS areal function

2 2
x cos o0, ( %3)) :(ér 3)) +D?-2D€"™ cos 6", and  ang symmetrical to the origin, the equali8,, »,, (fp) =
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whereas the maximum Doppler PSD exists fat = 0 and
fo=fr,...+fr,...=1140 Hz. Again, from Fig. 9, it is obvious
thatSy,,n,, (fp) reflects the underlying physical phenomenon
for Scenario2. Therefore, we can conclude th&f, »,, (fp) is
able to accurately capture the underlying physical phemame
of real channels for any scenarios, whﬂgpthq (fp) cannot.

It is worth stressing that for an isotropic F2M macro-cell
scenario (Clarke’s scenario), where no scatterers arendibe

Tx, we find that the difference of the Doppler PSD caused by
two CF definitions vanishes, i.65,.4,, (f5)=Sh,,h,, (/D)-
This is because Clarke’s scenario has theshape Doppler
PSD, which is a real function and symmetrical to the origin.
This seems to be the reason why the CF (20) was widely
misapplied.

Tx (BS)

Scenario2

(b)

Scenariol

(a)

Fig. 8. Graphical description of (&§cenariol and (b)Scenario2.

0.7

Scenariol: Scenariol:

definition in (20) definition in (19)

05t ! i ' 4

0.6,

REFERENCES
[1] R. Wang and D. Cox, “Channel modeling for ad hoc mobileeldss
networks,” Proc. |IEEE VTC' 02-Spring, Birmingham, USA, May 2002,
pp. 21-25.
F. Kojima, H. Harada, and M. Fujise, “Inter-vehicle comnication net-
work with an autonomous relay access schert®,CE Trans. Commun.,
vol. E83-B, no. 3, pp. 566-575, Mar. 2001.
IEEE P802.11p/D2.01, “Standard for wireless local anedworks pro-
viding wireless communications while in vehicular envinoent,” Tech.
Rep., Mar. 2007.
J. Maurer, T. Fugen, and W. Wisebeck, “Narrow-band meament and
analysis of the inter-vehicle transmission channel at 342 GProc. IEEE
VTC' 02-Soring, Birmingham, USA, May 2002, pp. 1274-1278.
G. Acosta, K. Tokuda, and M. A. Ingram, “Measured joint fipder-delay
power profiles for vehicle-to-vehicle communications a &Hz,” Proc.
IEEE GLOBECOM' 04, Dallas, USA, Nov. 2004, pp. 3813-3817.
G. Acosta and M. A. Ingram, “Six time- and frequency-stikee empirical
channel models for vehicular wireless LANSEEE Veh. Technol. Mag.,
vol. 2, no. 4, pp. 4-11, Dec. 2007.
L. Cheng, B. E. Henty, D. D. Stancil, F. Bai, and P. MudaligMobile
vehicle-to-vehicle narrowband channel measurement aachcterization
of the 5.9 GHz dedicated short range communication (DSR&juency
band,” |[EEE J. Sdl. Areas Commun., vol. 25, no. 8, pp. 1501-1516, Oct.
2007.
I. Sen and D. W. Matolak, “Vehicle-vehicle channel madébr the 5-
GHz band,”|EEE Trans. Intell. Transp. Syst., vol. 9, no. 2, pp. 235-245,
Jun. 2008.
A. Paier, J. Karedal, N. Czink, C. Dumard, T. Zemen, F.vaston,
A. F. Molisch, and C. F. Mecklenbrauker, “Characterizatiof vehicle-
to-vehicle radio channels from measurements at 5.2 GM#reless

Scenario2:
definition in (19)

NG

! Scenario2:

03k 3 definition in (20)

v

0.2t | | |

Doppler PSD

b

(4]

-1000 500 1000

Doppler frequency, fD (Hz)
[5]
Fig. 9. Comparison of the Doppler PSDs $tenariol and Scenario2 based
on the CF definitions in (19) and (20). 6]

Sh,.hyq (fD) holds. Note that due to the Fourier transform re7]
lationship, t[le equalitysn,, n,, (fD) = Shyqh,, (fp) l€2ds to
the equalitypy,,,,n,, (T_) = Phyehy, (T) @Nd vice versa. We r_10w
proceed the comparison &f,,.»,, (fp) and Sy, n,, (fp) in
the following two typical scenarios.

The first typical scenaricgcenariol, is a non-isotropic F2M
macro-cell propagation environmenf{ ,_=0), as shown in [9]
Fig. 8(a). We use a one-ring model to represent this scenario
where the ring of scatterers is around the RX, i.e., mobile pes. Commun., Jun. 2008, [Online] http://dx.doi.org/10.1007/511277-
station (MS), and the MS moves toward the direction of theo]008-9546-6- sk ok and st

. _ : J. Maurer, T. Fugen, M. Porebska, T. Zwick, and W. W “A ray-
T e, 7R_ﬂ-‘ Note that the ,ma]or _amount of ,Scatterers ar[é optical channel model for mobile to mobile communicatidi ST 2100
located in a small part of the ring facing the motion of the MS,  4th MCM, COST 2100 TD(08) 430, Wroclaw, Poland, Feb. 2008.
i.e., ugr =7. The second scenari&cenario2, is an isotropic [11] A.S. Akki and F. Haber, "A statistical model for mobite-mobile land
; ; R_ 1. TR _ communication channel /EEE Trans. Veh. Technol., vol. 35, no. 1, pp.
M2M propaganon_enwronr_nenr]_cg __kR =0), where the 2_10, Feb, 1986.
Tx and Rx move in opposite directions;(=0 andyr=m), [12] A. S. Akki, “Statistical properties of mobile-to-mdéiland communi-
as shown in Fig. 8(b). Here, a single-bounce two-ring model cation channels,JEEE Trans. Veh. Technal., vol. 43, no. 4, pp. 826-831,
; : . Roenari Nov. 1994.
is used 1o represent this scenario. ariol, based on [13] M. Patzold, B. O. Hogstad, and N. Youssef, “Modelingalysis, and
(37), th_e OppOSIte results for the_DoppIer PSD are expeded a simulation of MIMO mobile-to-mobile fading channels|EEE Trans.
shown in Fig. 9, wheré&%%=3. Since the MS moves toward  Wireless Commun,, vol. 7, no. 2, pp. 510-520, Feb. 2008.
i ; ; ; 4] A. G. Zajic and G. L. Stiber, “Space-time correlatedhife-to-mobile
the majority of received S|gnals, the maximum _DOpplgl’_PSB channels: modeling and simulatiodEEE Trans. Veh. Technol., vol. 57,
should appear afp = fr =570 Hz. From Fl_g. 9, it is no. 2, pp. 715-726, Mar. 2008.
clear that theS;,, »,, (fp) presents the underlying physical15] A. F. Molisch, “A generic model for MIMO wireless propation

(8]

max

phenomena foiScenariol. For Scenario2, as expected from

(37), the opposite results of the Doppler PSD with respegk;

to the range of Doppler frequencies are illustrated in Fig. 9
wherefr, . =fr,. .. =570 Hz were used. Since the Tx and Rx
are moving in opposite directions, the Doppler PSD should
limited to the range of Doppler frequencies [ <1140 Hz,

be’

channels in macro- and microcell$EEE Trans. Sgnal Process., vol. 51,
no. 1, pp. 61-71, Jan. 2004.

C.-X. Wang, M. Patzold, and Q. Yao, “Stochastic modgland simu-
lation of frequency correlated wideband fading channdEEE Trans.
\eh. Technal., vol. 56, no. 3, pp. 1050-1063, May 2007.

A. Abdi and M. Kaveh, “A space-time correlation model fmultiele-
ment antenna systems in mobile fading channdlEBEE J. Sdl. Areas
Commun., vol. 20, no. 3, pp. 550-560, Apr. 2002.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NOY, MONTH 2009 11

[18] X. Cheng, C.-X. Wang, and D. I. Laurenson, “A generic aptme-
frequency correlation model and its corresponding sinaratmodel for
MIMO wireless channels,Proc. EUCAP’07, Edinburgh, UK, Nov. 2007,
pp. 1-6.

[19] A. Papoulis and S. U. PillaRrobability, Random Variables and Stochas-
tic Processes. 4th ed. New York: McGraw Hill, 2002.

[20] M. Patzold and N. Youssef, “Modeling and simulation difection-
selective and frequency-selective mobile radio charinefternational
Journal of Electronics and Communications, AEUE, vol. 55, no. 6,
pp. 433-442, Nov. 2001.

[21] P. Y. Chen and H. J. Li, “Modeling and applications of spdime
correlation for MIMO fading signals,1TEEE Trans. Veh. Technol., vol.
56, no. 4, pp. 1580-1590, Jul. 2007.

[22] G. L. Stuber,Principles of Mobile Communication. 2nd ed. Boston:
Kluwer Academic Publishers, 2001.

[23] A. Abdi, J. A. Barger, and M. Kaveh, “A parametric moder fthe
distribution of the angle of arrival and the associated elation function
and power spectrum at the mobile statioffEE Trans. Veh. Technal.,
vol. 51, no. 3, pp. 425-434, May 2002.

[24] S. Wang, A. Abdi, J. Salo, H. M. EL-Sallabi, J. W. WallacPk.
Vainikainen, and M. A. Jensen, “Time-varying MIMO channefgra-
metric statistical modeling and experimental result&EE Trans. Veh.
Technal., vol. 56, no. 4, pp. 1949-1963, July 2007.

[25] I. S. Gradshteyn and I. M. RyzhikTable of Integrals, Series, and
Products. 6th ed. Boston: Academic, 2000.

Xiang Cheng (S'05) received the BSc and MEng

respectively. Since October 2006, he has been a P
student at Heriot-Watt University, Edinburgh, UK.

agation channel modeling and simulation, multipl

degrees in communication and information systems
from Shandong University, China, in 2003 and 2006

His current research interests include mobile prop
e

David I. Laurenson (M'90) is currently a Senior
Lecturer at The University of Edinburgh, Scotland.
His interests lie in mobile communications: at the
link layer this includes measurements, analysis and
modelling of channels, whilst at the network layer
this includes provision of mobility management
and Quality of Service support. His research ex-
tends to practical implementation of wireless net-
4 4 works to other research fields, such as predic-
/ / tion of fire spread using wireless sensor networks
(http://www.firegrid.org), to deployment of commu-
nication networks for distributed control of power distrilon networks. He
is an associate editor for Hindawi journals, and acts as a ie@ber for
international communications conferences. He is a membtreolEEE and
the IET.

Sana Salous (M'95) received the B.E.E. degree
from the American University of Beirut, Beirut,
Lebanon, in 1978 and the M.Sc. and Ph.D. degrees
from the University of Birmingham, Birmingham,
U.K., in 1979 and 1984, respectively. She was an
Assistant Professor with Yarmouk University, Irbid,
Jordan, until 1988 and a Research Associate with
the University of Liverpool, Liverpool, U.K., until
1989, at which point, she took up a lecturer post
with the Department of Electronic and Electrical
Engineering, University of Manchester Institute of

ience and Technology (UMIST), Manchester, U.K. In 2008 &ok up

e Chair in Communications Engineering with the School afjiEeering,
Durham University, Durham, U.K, where she is currently theeEtor of the
Centre for Communications Systems.

Mr. Cheng was awarded the Postgraduate Research Prize fienot-H
Watt University in 2007 and 2008, respectively, for acadesxcellence and
outstanding performance. He served as a TPC member for IBEREG2008

and IEEE CMC2009.

n

antenna technologies, mobile-to-mobile communi-
cations, and cooperative communications. He has
published more than 20 research papers in journals
and conference proceedings.

Athanasios V. Vasilakosis currently Professor at the
Dept. of Computer and Telecommunications Engi-
neering, University of Western Macedonia, Greece,
and Visiting Professor at the Graduate Programme of
the Dept. of Electrical and Computer Engineering,
National Technical University of Athens (NTUA).
He is coauthor (with W. Pedrycz) of the books
Computational Intelligence in Telecommunications
> ved Networks (CRC press, USA, 2001), Ambient Intelli-
the BSc and MEng degrees in communication gence, Wireless Networking, Ubiquitous Computing
and information systems from Shandong University, (Artech House, USA, 2006), coauthor (with M.
China, in 1997 and 2000, respectively, and the Phiparashar, S. Karnouskos, W. Pedrycz) Autonomic Commuaia{Springer,
degree in wireless communications from Aalborgiy appear ), Arts and Technologies (MIT Press, to appeaaytbor (with Yan
University, Denmark, in 2004. i ~Zhang, Thrasyvoulos Spyropoulos) Delay Tolerant NetwayKICRC press, to
Dr Wang has been a lecturer at Heriot-Watt Uni-appear), coauthor (with M. Anastasopoulos) Game Theoryomi@unication
versity, Edinburgh, UK since 2005. He is also ansystems (IGI Inc, USA, to appear). He has published more B@harticles
honorary fellow of the University of Edinburgh, UK, iy top international journals (i.e IEEE/ACM Transactiona dletworking,
a guest researcher of Xidian University, China, andegg Transactions on Information Theory, IEEE JSAC, |IEEBrEactions
an adjunct professor of Guilin University of Elec- o wireless Communications, IEEE Transactions on Neuralvbls, IEEE

Cheng-Xiang Wang (S'01-M’05-SM’08) received

tronic Technology, China. He was a research fellow at thevéfgity of Agder,
Norway, from 2001-2005, a visiting researcher at Siemens\dbile Phones,
Munich, Germany, in 2004, and a research assistant at T&tHuniversity of
Hamburg-Harburg, Germany, from 2000-2001. His currenéaesh interests
include wireless channel modelling and simulation, cagaitadio networks,
mobile-to-mobile communications, cooperative commuiices, cross-layer
design, MIMO, OFDM, UWB, wireless sensor networks, and @el) 4G. He
has published 1 book chapter and over 110 papers in journdlsanferences.

Dr Wang serves as an editor for IEEE Transactions on Wirelesamuni-
cations, Wiley Wireless Communications and Mobile Commytiournal, Wi-
ley Security and Communication Networks Journal, and JduwhComputer
Systems, Networks, and Communications. He served or isngsnas a TPC
chair for CMC 2009, publicity chair for CrownCom 2009, TPQrgyosium
co-chair for IWCMC 2009, General Chair for VehiCom 2009, arRIC vice-
chair or member for more than 35 international conferenbedVang is listed
in "Dictionary of International Biography 2008 and 2009'Who’s Who in
the World 2008 and 2009“, "Great Minds of the 21st Century 20@&nd
"2009 Man of the Year".

Transactions on Systems, Man, and Cybernetics, IEEE THEBE T-CIAIG,
etc) and conferences. He is the Editor-in-chief of the |adence Publishers
journals: International Journal of Adaptive and Autonom@ommunications
Systems (IJAACS, http://www.inderscience.com/ijaads)ernational Journal
of Arts and Technology (IJART, http://www.inderscienaaijart). He was
or is at the editorial board of more than 20 internationalrjals including:
IEEE Communications Magazine (1999-2002 and 2008-), IEEdSactions
on Systems, Man and Cybernetics (TSMC, Part B, 2007-), IEEESactions
on Wireless Communications(invited), IEEE Transactioms loformation
Theory in Biomedicine (TITB,2009-) etc. He chairs severahferences,
e.g., ACM IWCMC’09, ICST/ACM Autonomics 2009. He is a chaam
of the Telecommunications Task Force of the Intelligent t&ys Appli-
cations Technical Committee (ISATC) of the IEEE Computasio Intelli-
gence Society (CIS). Senior Deputy Secretary-General atidwf member
of ISIBM www.isibm.org (International Society of Intellapt Biological
Medicine (ISIBM)). He is member of the IEEE and ACM.



