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Abstract—Most channel models in the literature assume that
the scatterers are fixed and the mobile station (MS) moves
with a constant speed in a given direction. However, in realistic
propagation environments, both the scatterers and the MS can
be moving, and the velocities of the scatterers and the MS can
change with time. In this paper, we develop a non-stationary
multiple-input multiple-output (MIMO) channel model for street
corner scenarios. The proposed channel model takes into account
both fixed and moving scatterers. Velocity variations, including
speed and movement direction, of the MS and moving scatterers
are considered. Analytical solutions of spatial cross-correlation
function (CCF), temporal autocorrelation function (ACF), and
Wigner-Ville spectrum are derived and analyzed. Moreover, the
impacts of velocity variations on the statistical properties of the
proposed model are investigated. The proposed channel model
is illuminating for future vehicle-to-infrastructure (V2I) and
vehicle-to-vehicle (V2V) channel modeling.

Index Terms—Non-stationary MIMO channel model, velocity
variations, time-variant parameters, statistical properties, street
corner scenarios.

[. INTRODUCTION

The V2V and V2I communications have drawn increasing
attention from researchers in recent years and are consid-
ered to play a crucial role in the next-generation intelligent
transportation systems (ITSs) [1], [2]. The V2V and V2I
communications are assumed to provide many benefits, such
as reducing traffic accidents and improving traffic efficiency.
For example, in street corner scenarios, as illustrated in Fig. 1,
drivers usually have poor visibility of the road. Real-time road
condition information provided through extremely low latency
V2I/V2V communications can help to avoid a collision. For
system design and performance evaluation, detailed and accu-
rate knowledge of the channels for street corner scenarios is
necessary.

Most existing channel models are assumed to satisfy the
wide-sense stationary (WSS) assumption, which means the
stationarity of the channel during the observation time interval
is fulfilled in the wide sense [3]. However, channels in realistic
environments, especially in high mobility scenarios illustrate
non-stationary properties [4]-[7]. Authors in [8] reported that
the WSS assumption can result in erroneous evaluation of
system performance. Therefore, for high mobility scenarios,
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the non-stationarity of channels in channel modeling has to
be considered. Most non-stationary channel models in the
literature were developed based on the movements of the MS
and clusters. Authors in [9] proposed a non-stationary IMT-
Advanced high-speed train (HST) channel model [10]. Time-
varying parameters including delays, powers, and angles were
calculated according to the movement of the receiver and
clusters. A three-dimensional (3-D) wideband non-stationary
geometry-based stochastic channel model (GBSM) for V2V
channels was proposed in [11]. The model is composed of
a line-of-sight (LoS) component, a two-sphere model, and an
elliptic-cylinder model. The last two models capture the effects
of moving vehicles and fixed roadside scatterers, respectively.
The movements of the transmitter and receiver result in time-
varying angles of departure (AoDs) and time-varying angles of
arrival (AoAs), which can be obtained based on the geometric
construction.

A common assumption in the channel modeling is that
the MS moves along a straight line with a constant speed.
However, in real-world environments, the MS can move along
different trajectories with time-varying speed. Relaxing the
constant velocity assumption can help to develop more realistic
non-stationary channel models. In [12], a non-stationary chan-
nel model for isotropic scattering environments considering
velocity variations of the MS was proposed. The temporal
ACF and Wigner-Ville spectrum of the proposed model were
derived. In [13], a non-stationary mobile-to-mobile (M2M)
channel model allowing for velocity variations of the MS was
proposed. The authors developed the model under isotropic
scattering condition and illustrated that the correlation prop-
erties of the M2M channel can be significantly affected by
the variations of the MS velocity. Further extension of [13]
were reported in [14], where the correlation properties of the
proposed model were investigated under non-isotropic scatter-
ing condition. However, models in [13], [14] are single-input
single-output (SISO) M2M channel models and the models
in [12]-[14] omitted the moving scatterers in propagation
environments.

In this paper, a non-stationary MIMO channel model for
street corner scenarios is developed using a geometry-based
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approach. The proposed model takes into account both fixed
and moving scatterers, which correspond to the roadside
buildings and moving vehicles, respectively. The movements
of the MS and moving scatterers result in time-varying AoDs
and AoAs, which make the model non-stationary. The contri-
butions of this paper are summarized as follows.

(1) This paper proposes a non-stationary MIMO channel
model for street corner scenarios. The velocity variations of
the MS and scatterers are considered, which makes the model
more general and realistic.

(2) From the proposed model, we derive the statistical prop-
erties including spatial CCF, temporal ACF, and Wigner-Ville
spectrum, which are sufficiently general and can incorporate
the effects of velocity variations of the MS and scatterers.

The remainder of this paper is organized as follows. Sec-
tion II describes the geometric corner scattering channel model
and gives the expression of the channel impulse response
(CIR). Statistical properties of the model are studied in Sec-
tion III. Section IV presents some numerical and simulation
results. Finally, conclusions are drawn in Section V.

II. ANEW GBSM FOR STREET CORNER
SCENARIOS

The narrowband MIMO geometric street corner scattering
channel model is shown in Fig. 1. It is assumed that there are
N, effective scatterers denoted by S (m) (g = 1,...,Np) lie
on the buildings ¥/ located on the right side of this figure, and
N, effective scatterers denoted by S m2) (ny = 1,..., Ny) lie
on the buildings W5, located at the bottom of this figure. The
moving vehicles or pedestrians in the propagation environment
are modeled as N3 effective scatterers which are denoted by
S53) (g =1, ..., N3). We assume that the base station (BS)
is fixed. The MS and S(s) can be moving with time-varying
velocities, including time-varying speeds and time-varying
angles of motion (AoMs). The antenna array orientation of the
MS is changed with the AoM of the MS. Both the BS and MS
are equipped with uniform linear array with omnidirectional
antennas. It is worth to mention that only the LoS component,
and single-bounced (SB) components are considered in this
model. The key parameters of this model are summarized in
Table L.

The MIMO fading channel can be expressed as a matrix
H(t) = [hpq(t)] arxass- The received complex fading enve-
lope between the p-th (p = 1, ...M7) transmit antenna element
T, and the ¢-th (g = 1, ...MR) receive antenna element 7, is a
superposition of the LOS component hL"S(,) and non-line-of-
sight (NLoS) component h%“s( ). The latter is composed of
SB rays caused by fixed scatterers hf);j(t), and SB rays caused
by moving scatterers hzl\flq (). The CIR of the proposed model
is given by

hipg (£) = figg> (8) + hipg*> (1)

DY Pq

L()S

Pq + Z hpq

i hpq 1) (1)

S(ml}

’?;_u: (0

Fig. 1: The geometric corner scattering model containing fixed and
moving scatterers.

where
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In (2)—(4), K, is the Ricean factor and Q,, is the total
power of T,—I?, link. Here, 11, 72, and n3 designate how
much the rays caused by fixed scatterers and moving scatterers
contribute to the total scattered power €, /{Kpq + 1), respec-
tively, and meet the condition 91 + 70 +15 = 1. kg = 2w/ is
the wave number, where X is wavelength. The initial phases
0,.,, 0,,, and 8, are independent and identically distributed
(i.i.d.) random variables and uniform distributed from —7 to
7. The time-varying Doppler frequency components caused
by the moving MS and $"#) have to be expressed as integral

forms
topl(t
Dros(t) =/ z(f)
0

e - cos(BlE (1) —

or(t) dt (5
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TABLE I: Summary of key parameter definitions.

or, dp
7, Yr()
vR(t), v]\,{(t)
Pr(t), drr(t)
aR, GpM
WR, WM
o), o () (i = 1,2)
B (i=1,2,3)
Ty
LoS
Epq (1), Epn, (1), 5mq(?)v hT1(2)v
and }LR(]\J)I(Z) (t) (1=1,2,3)

antenna element spacings at the BS and MS, respectively
antenna tilt angles at the BS and MS, respectively
speeds of the MS and S"3), respectively
AoMs of the MS and S1”38), respectively
accelerations of the MS and S("3) respectively
angular speeds of the MS and S("3)  respectively

AoDs of the waves impinging on S(*) and S("3) respectively

A0As of the waves traveling from S(*i)
AoA of the LoS path
distances d(Tp, Rq), d(Tp, ST)), d(S™) | Ry),
d(O7, Wi(2)), and d(Or(ar), Wi(2))

&e. (1) :A ugR(t) -cos(BY) (1) — r(t)) dt (i = 1,2) (6) €nurn(t) = hpa(t)/sin(=Bl™) (1)) 22)
r(t) (ns) Erny(t) = V[hari(t) — b1 (£)]2 + [har2 () — hra()]2

Oy, (1) = | 5= cos(B7Y () = gnl(tdt (D 23)
M, (%) A hY (Br ™ (1) — ¢r(t)) nar(t) = VP21 () — hri(B)]2 + [hazz (£) — hga(1)]2.

t UJW(f) (24)

Based on the geometric construction, a(T ") is in the range

of (—7/2,0), and a(m) is in the range of (—m, —m/2). For SB
(9) Tays the AoDs and the AoAs are interdependent. The AoAs
can be calculated based on the AoDs and the movements of
the MS and S("3), For fixed clusters, the relationship between

ccos(a (1) = gs()dt ()

By, (1) = /0 )
By, (1) = /()t UM)\()‘)

- cos(BY (1) — ps(t))dt.

The time-varying speed of the MS (S("#)) can be calculated
as

vrany(t) = vran (to) + aran 1 (10)

where %y indicates initial time. Similarly, the time-varying
AoM of the MS (5("3)) can be expressed as

drny(t) = dran (to) + wran - L (11)
In -4, &q(t) and &yn, (t) = &pni(t) + Enig(t) are

time-varying travel distances of the waves through the link
T, — R, and T, — sm) — R,, respectively. Note that
min{érr,&rn,, &€, r} > max{dr,dr}, the travel distances
can be calculated as

Epa(t) ® Epn(t) — kybrcos (1n(t) — BLR(H)) (12)
oy & €Ty — Kpdrcos (’YT & a(Tnl(z)>) (13)

Enscalt) % &, (1) = Kuroos (va(t) — By (1))

(14)
Eona (1) &y (1) = Rypbreos (yr— () (19)
nanl) = Enan(1) = bydincos (a(t) = BFV(0) - (16)

where £,

&r(t) = &rr(t) + kpdrcos (/BLUS( = VT)

érr(t) = V/Thri(t) — hri (D2 + [hpa(t) — hre (52 (18)

=(Mpr—2p+1)/2 and k, = (Mp — 2+ 1)/2,

amn

Erp, = th/cos(a(Tm>) (19)
€ r(t) = By (£) /cos(BY ™ (£)) (20)
E&rny, = th/sin(—aEF’Z)) 2D

'™ and ,B(nl (t) and the relationship between a( 2 and

ﬂRn 2) () can be calculated as

_ {(n1)
ﬂg“)(t) = arctan hra — hra(t) + tanfay ) - b (25)
th(,)

B (m2)
;;’2)(75) = arccot (th Jigp A8+ oofety™ ] - hT2> . (26)

hRg( )

The moving cluster 5"} is depicted as a disc with a certain
angular spread distributed in the horizontal plane. The rela-
tionship between aé?’ 3>(15) and ﬁg?m)(f) can be determined as

tan (@ (1) = (1)) - €20 (1)

135?77;) (f) = arctan En%R(f) +”§;> (f)
27
where ; (1) — B (6)
(s) VM1 —nri(t
(f) = arctan (hT2( ) — hMQ(f)) @8)
Gy — hara(t) — hra(t ))
gy (t) = arctan (—hm( D)) (29)

III. STATISTICAL PROPERTIES
A. Spatial-Temporal Correlation Function

The spatial-temporal correlation function of CIR [15] can
be defined as

E{hp, (= §E)hpe(t + 5)}
\/Qp’q’qu

where E{-} is expectation operator and (-)* denotes the com-
plex conjugate operation. Since the clusters in the proposed

ph(t, (ST, (5R, Af) =

(30)
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models are assumed to be independent of each other, the
spatial-temporal correlation function can be further expressed
as the summation of the LoS component, fixed cluster com-
ponent, and moving cluster component:

2
Ph (ta 6Ta 61?1 Af) :pIHoS (ta ‘ST’ 61?? Af) I Z pEI (ta 6Ta (SRﬂ Af)
i=1
+ i (&, 07, 0r. At). (3D
B. Spatial CCF
By substituting (1) to (31) and imposing At = 0, the spatial
CCF can be obtained as

2
pu(t,87,0R) =piS(t,07,8r) + Y, ph (t, 67, 0r)

i=1
+pi (£,07,85). (32)
For the spatial CCF of the LoS component,
Kpo Ky gt
10S pgp'q
P> (t,0r,0R) =
b (Kpq + 1)(Kpgp +1)
. ko {Qeos(BIE () —1n(t)) - Peos (Bl () } (33)

where P = (p/ —p)dr/A Q = (¢’ — ¢)8r/A. For the spatial
CCF of the NLoS component,

2
PNS(t, 67, 8) = ) o (t,07,85) + ) (8, 67,0r)  (34)
i=1
and can be calculated as

NLoS n;
P (t: ‘ST’ 61?) =
! VEp t DEyy +1)

/7‘- ejkig {P~cos (a;:l’) (t)—'yT) +Q-cos (Bgl’) (t)—vyr (f)) }

-7
°p (agﬁ”)) da(Tn’)

where p (ag:’ >) is the probability density function (PDF) of

(i=1,2,3) (35)

agfn o,
C. Temporal ACF

The temporal ACF is calculated by substituting (1) to (31)
and imposing é7 = 0 and §p = 0, and can be expressed as

2
pn(t, At) = piS(, AL + Y g (1, At) + p) (1, At). (36)
i=1

For the LoS component,

g iko(6ur(t— B0 —£un (1 41))
K

g
. e.ﬂﬂ'(q’Lns(tJr%)—@Lns (t—%)) .

PrS(t, AL) =

(37)

For the SB component associated with fixed scatterers

i, Aty = — [ Ho(€nnl— A0 ~8, 0+ 40)
t,Al) = ——— oI H0 Sy 2 i 2
prtan = [
12w (@r (50— 0= 80) (o1 dal) (i = 1,2).
(3%)

For the SB component due to moving scatterers

T
Pll\v/l(f, At) = > / eiko (Epa.ng (B=BE) ~Epg,ng (- 4E))
-

Kipg+1
v ej27r(q>Ml (t+%)_q’“1 (f_%))
§ e_'72”({)“12 (t+5E)— 2w, (t_%))

. o 12m (B (8 B )~ Bu, (- 4E))

(e, t) da®. (39)

D. Wigner-Ville Spectrum

The Wigner-Ville spectrum [16] of the complex CIR is
calculated through the Fourier transform of local temporal
ACF in terms of Af, and can be calculated as

Sy(t, ) =E / Bt— %)h(m %) ceTImIAL gAY
= / pn(t, At) - e~ T2 TAL AL (40)

IV. RESULTS AND ANALYSIS

In this section, numerical and simulation results of statistics,
i.e., spatial CCF, temporal ACF, and Wigner-Ville spectrum are
presented. The AoDs and AoAs are assumed to follow von
Mises distribution [17]. The PDF of von Mises distribution
can be expressed as

efs cos (x—p)

27('.[()(&)

where x € [—m,m), Iy(-) denotes the zero order modified
Bessel function of the first kind, 4 is the mean value of angles,
and & controls the angular spread. The discrete values of
angular parameters are obtained using the modified method of
equal areas (MMEA) approach [18] and 50 cisoids are adopted
in the simulation model. We assume that there are three
clusters in the propagation environment. Two fixed clusters
on the roadside buildings are located around transmitter and
receiver, respectively, which contribute most to the received
power. The third cluster is a moving cluster results from
vehicles or pedestrians. The simulation parameters are selected
as follows: f = 2 GHz, My = 2, My = 2, yp = @/2,
')’R(t()) = 71'/2, UR(t()) =5 m/s, ¢R(f()) = O, 1)]»1(75()) =5 II]/S,
¢]u(t()) = O, apr = 0.2 Hl/S2, War = 71'/20 5‘_1, th =8 m,
hro = 70 m, th(t()) = 60 m, hRg(t()) =4 m, hgl(t()) =
80 m, hga(ty) = 40 m, p™) = —x/4, p") = —57/9,
k") =10 (i = 1,2,3), Kpg = 0, Kpr,yy = 0, m = 04,
ny = 0.5, 93 =0.1.

The absolute values of the time-varying spatial CCF are
shown in Fig. 2. The spatial CCF varying with time ¢ and
caused by the velocity variations of the MS and the moving
scatterers can be observed. The results in Fig. 3 are obtained
when the MS travels along a straight line with an angular
speed. The differences between the two curves stem from the
time-varying antenna orientation of the MS. Besides, (33) and

[l ] pw) = @1
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Absolute value of spatial CCF

10 o0

Antenna spacing, dp/A Time,  (s)

Fig. 2: The absolute value of the local spatial CCF of the proposed
model (vg(to) =5 m/s, pr(to) = 0, ar=0.2 m/s?, wp = /10 s77,
va(to) = 5 m/s, dar(to) = 0, anr = 0.2 m/s?, war = w/20 s71).
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Fig. 3: The absolute value of the local spatial CCF of the proposed
model at different angular speeds (vr(fto) = 5 m/s, ¢pr(to) = 0,
ap = 02 m/s%, var(to) = 5 mibs, ¢arto) = 0, anr = 0.2 m/s?,
win = m[20 s7h).

(35) indicate the acceleration have no influence on the spatial
CCE

Fig. 4 shows the absolute value of the time-varying temporal
ACF of the proposed model. Both the movements of clusters
and velocity variations (including acceleration and angular
speed) result in time-varying ACF. Results of Fig. 5 and Fig. 6
show the influences of angular speed and acceleration of the
MS on the temporal ACFs. We can find that both the angular
speed and acceleration result in weak temporal correlation.
Morcover, we find that the angular speed has a greater impact
on the temporal correlation than that of the acceleration.

The Wigner-Ville spectrums of the proposed model at
different angular speeds and accelerations are shown in Fig. 7.
Compared with Fig. 7 (a), which is obtained when the MS
moves along a straight line with a constant speed, Wigner-
Ville spectrum varying over time due to the velocity variations

T

T

05

Absolute value of temporal ACF

Titne, ¢ (8)

Time delay, At (s) 0

Fig. 4: The absolute value of the local temporal ACF of the proposed
model (vg(to) =5 m/fs, pr(to) = 0, ar=0.2 m/s?, wp = 7/10 s~ %,
va(ta) =5 m/s, dar(to) =0, apr = 0.2 m/s®, wyr = w/20 s74).

s T T
0p = 0 s’1, theoretical
0.9 - i = - _
Py ,ul o mR=Os1,simuIation
© L = e "
< 0 ] ———mR=T[/1OS 1,theoretical
— g ] _
< 0.7 | L = 8 wp=n/10s 1 simulation
ta)
2y ! '
g 0.6~ 1 ||* =
< ! | 7 X
+ 1
¢ 0.5 h T = N
= ¢ X I’ !
¢ = — A3
§0.4 ,F b L v
@ ) LN \
0.3 b |- g =
5 LI o
Loz - Lo
< i I
0.1 i — '|| = = = = 5
i \,
0 1 L 1 1
0 0.01 0.02 0.03 0.04

Time delay, At (s)

Fig. 5: The absolute value of the local temporal ACF of the proposed
model at different angular speeds (vr(to) = 5 m/s, ¢pr(to) = 0,
ap = 0.2 mis?, va(te) = 5 mis, durlto) = 0, an = 0.2 m/s?,
wr = w)20 s7H).

of the MS can be observed. The time-varying Wigner-Ville
spectrum in Fig. 7 (b) is caused by the angular speed of the
MS. In Fig. 7 (c), the speed of the MS increases when the MS
moves with an acceleration, which results in increased values
of Doppler frequency shifts. Fig. 7 (d) shows the combined
effects of angular speed and acceleration of the MS on the
Wigner-Ville spectrum of the proposed model.

V. CONCLUSIONS

In this paper, we have proposed a non-stationary MIMO
channel model for street corner scenarios. The model was
taken into account both fixed and moving scatterers. The
speeds and trajectories of the MS and moving scatterers are
allowed to change. All of these make the proposed model more
general and flexible. Statistical properties including spatial
CCF, temporal ACF, and Wigner-Ville spectrum have been
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Fig. 6: The absolute value of the local temporal ACF of the proposed
model at different accelerations (vr(to) = 5 m/s, pr(te) = 0, wp =
‘rr/lO 8_1, ’l}]\,{(t(]) =5 m/s, ¢A,{(t0) =0, ay =02 m/sz, WAs
w/20 7).
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Fig. 7: Wigner-Ville spectrum of the proposed model at different
angular speeds and accelerations (vr(to) = 5 m/s, ¢r(te) = 0,
va(to) = 5 m/s, dar(to) = 0, anr = 0.2 m/s?, war = w/20 s71).

derived. Numerical and simulation results have been presented
and analyzed under the non-isotropic scattering condition.
We have found that the velocity variations of the MS and
moving scatterers can have significant influences on channel
statistics and exacerbate the non-stationarity of the channels.
The proposed model provides a fundamental framework for
future non-stationary channel modeling.
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