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Abstract — This paper introduces a novel multiple-input multiple-output
(MIMO) car-to-car (C2C) channel model, which is based on a geometrical
curved street scattering model. Starting from the geometrical model, a MIMO
reference channel model is derived under the assumption of a combination
of single- and double-bounce scattering in line-of-sight (LOS) and non-LOS
(NLOS) propagation environments. The proposed channel model assumes an
infinite number of scatterers, which are uniformly distributed on the outer and
inner curves of the street. Expressions are presented for the three-dimensional
(3D) space-time cross-correlation function (CCF), the temporal autocorrela-
tion function (ACF), and the two-dimensional (2D) space CCF. An efficient
sum-of-cisoids (SOC) channel simulator is derived from the reference model.
It is shown that the temporal ACF of the SOC channel simulator fits very well
to that of the reference model. The validity of the derived reference model has
been verified by demonstrating an excellent match between the temporal ACF
of the reference model with that of the one-ring model.

I. INTRODUCTION

C2C communication systems are a cornerstone of the envisioned intelligent
transportation systems (ITS) [1] because of their key benefits in safety and trav-
eling ease. In C2C communication systems, both the transmitter and the receiver
are in motion, which makes the underlying channels different from the traditional
fixed-to-mobile or mobile-to-fixed channels in which the base-station is stationary
and elevated [2]. For the development of future C2C communication systems, it
is necessary to have a detailed knowledge of the statistical properties of the un-
derlying fading channel. Furthermore, C2C communication systems are usually
equipped with low elevation antennas. MIMO systems can also be of great benefit
for C2C communications due to their higher throughput [3].
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In the literature, several MIMO mobile-to-mobile (M2M) channel models have
been proposed, such as the one-ring model [4], the two-ring model [5, 6], the el-
liptical model [7], the T-junction model [8], and the geometrical street model [9].
Simulation models for single-input single-output (SISO) M2M channels have been
presented in [10, 11]. A narrowband SISO C2C channel model based on the ge-
ometrical street scattering model has been introduced in [9]. A generic and adap-
tive geometry-based stochastic model for non-isotropic MIMO M2M channels has
been proposed in [12], where a combination of single- and double-bounce scatter-
ing phenomena have been assumed under LOS propagation conditions. Real-world
channel measurements conducted for narrowband and wideband M2M communica-
tions have been reported in [13] and [14], respectively. Finally, we mention that 3D
reference models for narrowband and wideband MIMO M2M channels have been
proposed in [15] and [16], respectively.

In practice, there exist many different street types [17], such as intersections, T-
junctions, roundabouts, and U-turns, which have different scattering environments
according to their geometry. There are also roads passing through different types of
tunnels, which can have the shape of a rectangle or a semi-circle. M. Nilsson ef al.
[18] suggested a simulation model to investigate radio propagation in curved road
tunnels at a carrier frequency of 925 MHz. The proposed simulation model rests
upon both waveguide methods and geometrical optics. In this paper, we propose a
novel geometrical curved street scattering model, which can be used as a starting

point for the development of curved, arch, and U-turn street scattering models.

This paper focuses on the statistical characterization of a narrowband refer-
ence channel model assuming that an infinite number of scatterers is uniformly
distributed on outer and inner curves of the street. The reference model will be de-
rived from the geometrical curved street scattering model assuming that the angle-
of-departure (AOD) and the angle-of-arrival (AOA) are dependent in case of single-
bounce scattering and independent for the double-bounce scattering components.
Moreover, it is assumed that both the mobile transmitter and the mobile receiver are
in motion. Expressions of the 3D space-time CCEF, the temporal ACF, and the 2D
space CCF are derived. The validity of the proposed model is verified by fitting the
temporal ACF of the reference model to that of the one-ring model [4]. Further-
more, we derive an SOC channel simulator from the reference model by using the
concept [19, Sec. 8.1]. It is shown that the designed channel simulator matches very

good the underlying reference model with respect to the temporal ACF.

The rest of this paper is organized as follows. Section II describes the geomet-

rical curved street scattering model. In Section III, the reference channel model is
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derived from the geometrical curved street model. Section IV analyzes the correla-
tion properties of the reference model, such as the 3D space-time CCEF, the temporal
ACEF, and the 2D space CCF. Section V describes briefly the simulation model de-
rived from the reference model. The illustration of the numerical results found for
the correlation functions of the reference and simulation models are the topic of

Section VI. Finally, Section VII draws the conclusions of the paper.
II. THE GEOMETRICAL CURVED STREET SCATTERING MODEL

In this section, we briefly describe the geometrical curved street scattering model
for narrowband MIMO C2C channels shown in Fig. C.1. The proposed geometrical
curved street model is the starting point for the derivation of a reference channel
model. We assume that the scatterers are uniformly distributed on the outer and
the inner curves of the street as illustrated in Fig. C.1. The symbols MS7 and MSg
in Fig. C.1 stand for the mobile transmitter and the mobile receiver, respectively.

With regard to MS7, we suppose that there are M), scatterers located on the outer
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Figure C.1: Geometrical curved street scattering model with single-bounce (— —
—), double-bounce (— - —), and LOS (—-) components for MIMO C2C channels.

(p=1) and the inner (p = 2) semi-circles with radii R; and R, where the mth
(mp=1,2,...,M),) effective scatterer is denoted by S(Tm” ). Analogously, with regard
to MSg, we assume that there are N, scatterers located on the outer (¢ = 1) and the
inner (¢ = 2) semi-circles with radii Ry and (R;), where the nyth (n, =1,2,...,N,)
effective scatterer is denoted by Sl(e"q). The symbol B"») (B(%)) denotes the angle-
of-scatterer (AOS) associated with the scatterer S(Tm” ) (S,(en’J)). The transmitter (re-
ceiver) is located at the position x7 and y7 (xg and yg). Both the transmitter and the

receiver are in motion and equipped with M7 transmitter antenna elements and Mg
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receiver antenna elements, respectively. The antenna element spacings at the trans-

mitter and the receiver are denoted by 87 and O, respectively. The symbols oc;m”)

and algnq) denote the AOD and the AOA, respectively. The angle yr (yz) describes
the tilt angle of the transmitter (receiver) antenna array. Furthermore, it is assumed
that the transmitter (receiver) moves with speed vz (vg) in the direction determined

by the angle-of-motion @I (¢X).
III. THE REFERENCE MODEL

This section presents the reference model for the MIMO C2C channel by con-
sidering a combination of single- and double-bounce scattering under the assump-
tion of LOS and NLOS propagation conditions shown in Fig. C.1. From Fig. C.1,
we can observe that the complex channel gain gy (¢) of the link between the I/th

transmitter antenna element A(Tl) (I=1,2,...,Mr) and the kth receiver antenna ele-

ment Ag{) (k=1,2,...,Mpg) can be expressed as a superposition of single-bounce,

double-bounce, and LOS components as follows

gi(t) = giP (1) + 8P (t) + gu > (1) (C.1)

where g3P (1), gDB () and g-°5(¢) denote the single-bounce, the double-bounce, and

the LOS components of the complex channel gain g (), respectively.

A. Derivation of the Double-Bounce Scattering Component

In this subsection, we derive the double-bounce scattering component nglB (1)
of the complex channel gain. As shown in Fig. C.1, we realize that the myth ho-
mogeneous plane wave emitted from the /th antenna element A(Tl) of the transmitter
travels over the local scatterers S (Tmp ) and S;en") on the outer (p = ¢ = 1) and the inner
(p = g = 2) semi-circles before impinging on the kth antenna element Ag{) of the
receiver. The reference model is based on the assumption that the number of local
scatterers on the outer and the inner semi-circles are infinite, i.e., M), Ny, — . Un-
der the flat-fading channel assumption, the double-bounce scattering component
nglB (1) of the link between the /th transmitter antenna element A(Tl) and the kth
receiver antenna element Ag{) can be expressed as a superposition of the double-

bounce scattering components from the outer and the inner semi-circles

2
DB, p,
nglB(t) = Z 8u /pq(t) (C.2)
p.q=1
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where
M, N,
1 p:Vq
DB7p7q b (mp) (”q)
g t) = lim a, "'b, "c
a ) My, Ny—reo (CR+1)MPqup§;’:11 ke
o[ dlmp) | (ng)
‘ej [27r<fr Pyt )H—Bmpnq} (C.3)
and
S ejn(sr/x)(MT_zm)cos(a;’”f’)_w) (C.4)
l - .
pm) ejn(aR/x)(MR—zkﬂ)cos<a,§”q)_yR> C.5)
k - .
an(pmp) g
gy = ¢/ F PR (C6)
1 = frcos (0~ ]) (ek
27 = frncos (07" ). (€8)

In (C.7) and (C.8), the symbols fr, = vr/A and fg, = Vr/A denote the max-
imum Doppler frequencies, and A is the wavelength. The symbol cg in (C.3)
represents the Rice factor, which is defined as the ratio of the power of the LOS
component to the power of the sum of single- and double-bounce components, i.e.,
cr = E{|gk?5(1)?}/E{|g3P () + gPB (1)|*}. In our model, we assume that the scat-
terers S(Tm"’ ) and Sl(enq) introduce the phase shifts 6,,, and 6, , respectively. The phase
shifts 6, and 6y, are assumed to be independent, identically distributed (i.i.d.) ran-
dom variables, which are uniformly distributed over the interval [0,27). Hence, the

joint phase 6y, in (C.3) can be expressed in the following form [5]

Oy = Omy+6n,- (C.9)

B. Derivation of the Single-Bounce Scattering Component

In Fig. C.1, the single-bounce scattering path from the scatterer S(Tmp ) to the kth
antenna element A%k) of the receiver is denoted by a dashed line. In case of single-
bounce scattering, the m,th homogeneous plane wave emitted from the /th antenna

element A(Tl ) of the transmitter travels over the local scatterer S(Tm” ) before impinging

on the kth antenna element Ag{) of the receiver. Hence, the single-bounce scattering

component of the complex channel gain g,le (1) can be obtained by considering only
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the effective scatterers ST [see Fig. C.1], for ny = mj, and g = p, as

lim ’"1’ C.10
st Z e mmz_l (10

[27r(f(mp +f, m”))t+6,,,p}

where
agm,,) _ ejn(aT/x)(MT—zm)cos(a§’”P)—yT> C.11)
pme) IR M 2kt 1)cos (o™ ) €.12)
Cmy = REACARLAD (C.13)
;m” ) = STnae COS ((x;m”)—(pVT ) (C.14)
2" = froncos (o = 0F). (C.15)

C. The LOS Component
The LOS component g=°5(#) in (C.1) is given by

470 =\ ey o e () (C.16)

where
al® = i or/A)Mr=20t1)cos(yr) (C.17)
bl(<0) — o m(3r/A)(MRr—2k+1)cos(1z) (C.18)
L0 i PG ) (C.19)
1) = Frmcos (o7 o] (C.20)
£ = fe cos (a,g°>_<p5). (C.21)

In (C.16), f}o) and flgo) denote the Doppler shifts of the LOS component caused by
the movement of the transmitter and the receiver, respectively. The symbols a;o)
and algo) in (C.20) and (C.21), respectively, represent the AOD and the AOA of the

LOS component.
D. Derivation of the AOD and the AOA

The position of all local scatterers S(Tm” ) and Sl(en") is described by the AOSs
B(’"P) and /3(”‘1), respectively. With reference to Fig. C.1 and by using elementary
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trigonometric identities, we can express the relationships between the AOD Oc;m” )

and the AOS (") as well as between the AOA oc,g”q) and the AOS (™). Hence,
by using the following two functions

R . :
r__ginB") —sin o

2 2
VAT (C.22)

R
Co8 0. + ——L— cos ")

VA7

gr(B)) = arctan

\/% sin B(") — sin ol
SR (C.23)
1 cos (") —cos oty

VxR HVR

where o = arctan (yr/x7) and af = arctan (yg/xg), we can express the AOD
a;mp )([3(’”/’)) and the AOA a,gnq)(ﬁ(”q)) for the outer (p = ¢ = 1) and the inner

(p = g = 2) semi-circles as follows:

gr(B")) = arctan

1) Outer semi-circle

a(m‘)(ﬁ(ml)): gr(Bim), it 0<pBim < 7 — arccos () (C24)

T w+gr(BUm), if 7 —arccos (gr) < gim) <&
(x(”l)([j’(”l)): gR(ﬁ(nl)), it 0<pim < arccos(%) (C.25)

R m+gr(BU), if arccos () < Bm) <.
2) Inner semi-circle
a;’”Z)(/}(mz)) = gr(B™), ifo<p™ <z (C.26)
o (")) = m+gr(B"). if 0<p™) <z

(C.27)

IV. CORRELATION PROPERTIES OF THE REFERENCE MODEL

In this section, we derive a general analytical solution for the 3D space-time
CCF from which other correlation functions, such as the temporal ACF and the 2D
space CCF can easily be derived.

A. Derivation of the 3D Space-Time CCF
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According to [2], the 3D space-time CCF of the links A(Tl) —Agek) and A(Tl/) —Al(ek/)
is defined as the correlation between the complex channel gains gi;(7) and gy (1),

1.e.,

P (01,0, T) = E{gg(t)gwr(t+1)}
= pli?k’l’(aTvSR?T)+pl]c)l7l?c’l’(6T76RaT)
+pyi o (01, 8k, T) (C.28)

where (x) denotes the complex conjugate operator, and E{-} stands for the ex-
pectation operator that applies to all random variables, namely the phases O,
and the AOSs B and B("a), The symbols pksl}?k,l,(&,SR, T), Py, k,l,(ST, Or,T), and
pkl VL (57, Or, T) represent the 3D space-time CCF of the single-bounce, the double-

bounce, and LOS components, respectively.

The 3D space-time CCF pB]i, (01, 0r, T) of the double-bounce scattering com-
ponent gP2(¢) is given by

Pty (87,88, T) Z Pt (87,58, 7) (C.29)
pq=1
where
1 P
DB,p,q — "g)
Py (6r,0r,T) = Mk}gwmmp;_l { i kk’
S ’””+fR”q)>T}
(C.30)
and
. / (mp)
() /= cos(a" <) (C31)
. : (g)
d,EZf]) _ e/Zﬂ(SR//l)(k—k)cos<aRq—YR). (C.32)

The quantities f}m” ) and f,gn‘I) are given by (C.7) and (C.8), respectively. We
recall that the AOD a;m" ) and the AOA algn“) can be expressed in terms of the
random variables [3(’”1’) and [3(”4) by using (C.22) and (C.23), respectively.
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The 3D space-time CCF p?B,, (87, 8g,T) of the single-bounce scattering com-
ponent g,?l? (t) can be obtained by considering only the effective scatterers S(mp) for
ng =mp and g = p, as

3 ! - (mp) ;(mp)
17! E /p /p
pklkl (07, 6k, ) Z My—ee (cg+ 1)M,, Z {Cll kk

P mp=1

]27!,'( mp +mep )T}

(C.33)
where
. ’ (m)
) PR/ eos (o™ ) (C.34)
, ( p)
) = PR (o) ca9

The Doppler frequencies f}m” ) and flgm” ) are given by (C.14) and (C.15), respec-
tively.

In Section II, it has been mentioned that all scatterers are uniformly distributed
on the outer and inner semi-circles [see Fig. C.1]. Hence, the random variables
Bm) and B) are also uniformly distributed over the intervals [Brgfl’l)l, ﬁéﬁ)x] and
[ﬁéﬁi, ﬁrﬁ,‘Qx], respectively. If the number of scatterers tends to infinity, i.e., M, N, —
oo, then the discrete random variables [3(’"1’) and B(”q) become continuous random
variables denoted by 3 (P) and B (a), respectively. Thus, the probability density func-
tions (PDFs) pg,) (B (P)) and Ppla) (B@)) of B(P) and B9, respectively, are given

1
P (BP) = BW e B B (C.36)
ﬁmax ﬁmm
1
P (B) FORYOR BY e B\ B (C37)

The infinitesimal power of the diffuse component corresponding to the differ-
ential angles dB(P) and dB@ is proportional to Pp») (ﬁ(p))pmq)(ﬁ@)dﬁ (P gp @)
As M,,N;, — oo, this infinitesimal contribution must be equal to 1/(M,N,) =
Ppi») (B(p))pﬁ(q) (B9)dB P dB@). Consequently, it follows that (C.30) can be ex-
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pressed as
Bk Bk
Porin (87, 8r,7) = (CR:‘I) / /051/)(5%ﬁ(p))dzgz/)(fsleaﬁ(”)
B B
(A B () Py (B)
w(B)dBPdpD (C.38)
where
) (57, pP)) = o127 (1=t cos (o (BP) 1) (C.39)
]Ek, (5R,ﬁ ) = o121 (k=K cos (e (B)—1) (C.40)
7 (B7) = frcos (g (BY) — o] (€A1
K (B9) = frpcos (0 (B) —f) . (C42)

In (C.41) and (C.42), we recall that the AOD o\’ (B(P)) and the AOA o) (B(@))
are functions of the AOSs B(?) and B according to (C.24)~(C.27). Thus, after
substituting (C.38) in (C.29), we can express the 3D space-time CCF of the double-

bounce scattering component in integral form.

The 3D space-time CCF of the single-bounce scattering component is given by

, Bk
g/@p&ﬁ>wﬁﬁ>

i

) (P)(g(P)y1 £P)(B(P)
.eJ2n<pr (BP)Y+1d” (BP ))Tpﬁ(p) (B(p))dﬁ(P) . (C43)

SB
Pkl,kq/(éTa OR,T)

Finally, the 3D space-time CCF p-© o >/ (81,8, T) of the LOS component g5 (¢)
is obtained as

. ( (0)
pl%l?k’sl’(éT?SR?T) = (CRC_I:_1>C1(2)(ST)d]Ez)(SR)ejzn(fT L ) (C.44)
where
c§2>(5T) _ 2w/ 2)(I=1)cos(vr) (C.45)
dO(8) = e PAB/MkK)eos(m). (C.46)
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The Doppler shifts f}o) and flgo) are given by (C.20) and (C.21), respectively.
B. The 2D Space CCF

The 2D space CCF py /1 (0r, Or) is defined as py; w17 (01, Or) := E{g};(t)gwr (1)},
which equals the 3D space-time CCF py; v (67,0r,7) at T =0, i.e.,

Pr i (Or,0r) = PkSl]?k/y (87, 88,0) + P (87, 8-, 0)
+oi % (81, 68,0). (C.47)

C. The Temporal ACF

The temporal ACF of the complex channel gain gy, (¢) of the transmission link
fromAY (1=1,2,... . Mr) 0 A¥ (k=1,2,... Mg) is defined by r,, () := E{g},(t)gu(t +
7)} [20, p. 376]. The temporal ACF can directly be obtained from the 3D space-
time CCF [see (C.28)] by setting the antenna element spacings oy and Jg to zero.
By using (C.29), (C.38), (C.43), and (C.44), this results in

rgkl(f) == p,f’l]?k/l/((),(),f) +p/]€)l,}?€’l/ (0,0,T)
+py e (0,0,7). (C.48)

V. THE SIMULATION MODEL

The reference model described above can serve as basis for the derivation of
stochastic and deterministic simulation models [19, Sec. 8.1]. In the literature, a
large number of models exist that allow for a proper simulation of mobile channels.
The SOC model is an appropriate simulation model for mobile radio channels under
non-isotropic scattering conditions. A detailed description and design concept of
SOC models can be found in [21] and [22], respectively. For our model, we use the
L,-norm method (LPNM) [19, Sec. 5.4.3], which is a high-performance parameter

computation method for the design of SOC channel simulators.
V1. PERFORMANCE EVALUATION

This section illustrates the results in (C.47) and (C.48). The performance of the
channel simulator has been assessed by comparison of its temporal ACF to that of
the reference model in (C.48). As our geometrical curved street scattering model,
we consider semi-circles with radii Ry = 14 m and R, = 8 m for the outer and the
inner semi-circles, respectively. With reference to Fig. C.1, the positions of the
transmitter and the receiver are defined by the distances (x7,yr) = (10 m,2 m), and
(xg,ygr) = (12 m,4 m), respectively. For the reference model, all theoretical results
have been obtained by choosing the following parameters: yr = 90°, Y%z = 90°,
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ol =90°, ef =90°, BP) € [0,180°] (p = 1,2), B9 € [0,180°] (¢ = 1,2), and
ST = JRow = 91 Hz. The Rice factor cg was chosen from the set {0,0.5,1}.
The scatterers are uniformly distributed on semi-circles. The L,-norm method [19,
Sec. 5.4.3] has been used to optimize the simulation model parameters by assuming
a finite number of scatterers (cisoids). For the simulation model, we use M| =
N = 50 scatterers (cisoids) on the outer semi-circle and M, = N, = 50 on the inner
semi-circle.

Fig. C.2 illustrates the absolute value of the temporal ACF |r,,, (7)| for the case
that both the transmitter and the receiver are moving towards each other. A good
fitting between the temporal ACF of the reference model and that of the simulation
model can be observed. This figure demonstrates also that the experimental simula-
tion results of the temporal ACF match very well with the theoretical results. From
Fig. C.2, we can observe that the approximation error caused by a limited number
of scatterers (cisoids) M), N, can in general be ignored if M), > 50 and N, > 50.

— Reference model
0914 — — - Simulation model |/
{ 0  Simulation

081 &

0.71
0.5r

031

0.2r

Temporal ACF, | rgy,, (1) |

Temporal separation, 7 (s)

Figure C.2: Absolute values of the ACFs |r,,, (7)| (reference model) and |7, (7)|
(simulation model) for different Rice factors (cg = {0,0.5,1}, Ry = 14 m, R, = 8 m,
xr =10m, xg = 12 m, yr =2 m, and yg =4 m).

Fig. C.3 presents the temporal ACF rg,,(7) of the reference model given by
(C.48) under certain geometrical conditions, which meet the geometry of the one-
ring model [4, Eq. 9)],1.e., Ri =14m,R; =0m, x7 =420 m, yy =0 m, xg =0 m,
and yg =0 m. A perfect fitting between the temporal ACF of the proposed reference

model and that of the one-ring model can be observed in Fig. C.3, which validates
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the usefulness of the proposed model and demonstrates that the proposed model

includes the one-ring model as a special case.

1 T T
Reference model [see (48)]
o Reference model [see [4, Eq.(9)] ]

C

5 0s5f

~
o
Q
<
s

~

2 of

5
=

-0.5

0.02 0.04 0.06 0.08 0.1
Temporal separation, 7 (s)

Figure C.3: Temporal ACF rg,,(7) of the reference model [see (C.48)] in compari-
son with the temporal ACF of the one-ring model [4, Eq. (9)] for a NLOS propaga-
tion scenario (cg =0, Ry =14 m, R, =0 m, x7 =420 m, xg =0 m, yr = 0 m, and
yr =0 m).

In Fig. C.4, the absolute value of the 2D space CCF |p1122(0r, 6g)| of the ref-
erence model is presented for a LOS propagation scenario (cg = 1). The result has
been obtained using (C.47). From Fig. C.4, we can realize that the complex chan-
nel gains gy () and gy (¢) are highly correlated even for relatively large antenna

element spacings.
VII. CONCLUSION

In this paper, a novel MIMO C2C channel model has been developed based on
the geometrical curved street scattering model. By a combination of single- and
double-bounce scattering components, we have analyzed the temporal ACF and the
2D space CCF of the reference model under both LOS and NLOS propagation con-
ditions. To find a proper simulation model, the SOC principle has been applied. It
has been shown that the SOC channel simulator approximates the reference model
with respect to the temporal ACF with high accuracy. The usefulness of the pro-
posed model has been validated by demonstrating a perfect fit between the ACF of
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2D Space CCF, | p11,22 (61,0Rr) |

1

7

Figure C.4: Absolute value of the 2D space CCF |p1122(67,g)| of the reference
model for a LOS propagation scenario (cg =1, Ry =14 m, R, =8 m, xy = 10 m,
xg =12 m, y7 =2 m, and yg = 4 m).

the reference model and that of the one-ring model. Further investigations focus-
ing on the effect of moving scatterers on the statistics of MIMO C2C channels are

planned in our future work.
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