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An Improved Parameter Computation Method for a MIMO V2V Rayleigh
Fading Channel Simulator Under Non-Isotropic Scattering Environments

Xiang Cheng, Qi Yao, Cheng-Xiang Wang, Bo Ai, Gordon L. Stiiber, Dongfeng Yuan, and Bing-Li Jiao

Abstract—For simulations of multiple-input multiple-output
(MIMO) vehicle-to-vehicle (V2V) Rayleigh fading channels under
more realistic non-isotropic scattering scenarios, we propose a
new parameter computation method for the design of sum-of-
sinusoids (SoS) simulation models. Compared with the existing
relevant methods, the proposed method has the same simulation
efficiency but provides a better approximation to the desired
statistical properties of the theoretical reference model.

Index Terms—SoS simulator, MIMO V2V fading channels,
non-isotropic scattering, parameter computation methods.

I. INTRODUCTION

CCURATE and efficient vehicle-to-vehicle (V2V) chan-

nel simulation models play a major role in the design
and performance evaluation of V2V communication systems
[1]. Deterministic sum-of-sinusoids (SoS) simulation approach
has been widely used in the design of channel simulators
due to its high simulation efficiency [2]-[4]. A key issue
on the design of deterministic simulation models is how to
properly design accurate and efficient parameter computation
methods. The investigation of V2V deterministic SoS channel
simulators first concentrated on the design of parameter com-
putation methods under isotropic scattering environments [5],
[6]. In this case, the modified method of exact Doppler spread
(MEDS) has been widely accepted as the most accurate and
efficient parameter computation method. However, real V2V
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propagation scenarios in general do not satisfy the isotropic
scattering assumption [7]. Recently, a number of researches
focused on the design of V2V deterministic SoS channel
simulators for non-isotropic scattering channels [8]—[11].
Three parameter computation methods, i.e., the L,-norm
method (LPNM) [8] and two different modified method of
equal areas (MMEA) [9]-{10] based on the MEA [12], have
been developed for the design of non-isotropic V2V deter-
ministic SoS channel simulators. Compared with the MMEA,
the LPNM depends on numerical optimization techniques
and thus has higher computational expenditure. On the other
hand, neither of the two MMEAs can meet the accuracy-
efficiency design criteria that guarantee the designed SoS
channel simulator to have the best accuracy-efficiency tradeoff
[11]. Therefore, the development of new parameter computa-
tion methods that meet the accuracy-efficiency design criteria
is desirable to facilitate the design and performance analysis
of V2V systems for non-isotropic scattering environments.
In this letter, we propose a new parameter computation
method, named as improved MMEA (IMMEA), for the design
of multiple-input multiple-output (MIMO) V2V deterministic
SoS channel simulators under non-isotropic scattering envi-
ronments. The proposed IMMEA has the ability to meet the
accuracy-efficiency design criteria. Simulation results show
that compared with the existing MMEAs, the proposed IM-
MEA provides better approximations to the desired statistical
properties without scarifying any simulation efficiency.

II. THE THEORETICAL REFERENCE MODEL

In this letter, a double-bounce two-ring MIMO V2V
geometry-based stochastic model is utilized as the theoretical
reference model [7]. Suppose there are N; and N, effec-
tive scatterers around the transmitter (Tx) and receiver (Rx)
lying on two rings of radii Ry and Rp, respectively. The
distance between the Tx and Rx is D. The antenna element
spacings at the Tx and Rx are 7 and &g, respectively. The
reasonable assumptions min{ Ry, Rr} >> max{dr,dr} and
D > max{dr,0r} are used here. The multi-element antenna
tilt angles are S and Sr. The Tx and Rx move with speeds v
and vg in directions determined by the angles of motion ~yr
and g, respectively. The angle of arrival (AoA) of the waves
traveling from an effective scatterer at the Rx ring towards
the Rx is denoted by gb%”) (ne = 1,..., N3) and the angle
of departure (AoD) of the waves that im%)inge on an effective
scatterer at the Tx ring is designated by ¢T"1) (n1=1,..., Np).

The MIMO fading channel can be described by an Mg X
My matrix H(t) = [hpq (t)] 5/, « prpo Where hyq () denotes
the complex fading envelope process between the pth (p =
1,2,...,Mr) Tx and the gth (¢ = 1,2,..., M) Rx antenna
elements and can be expressed by [7]
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N1, N2 ej[QTrmeaz tYp+Un; ny =27 feTpg,ny,no]

hypq (¢ )171 %gn_)%olnzz : NV, (1)

where ¢¥p = fr,,.. cos( E,Z”)

~ Y1) + PRy 08(652) =),
fe s the carrier frequency, fr,,,. = vr/Aand fr, .. = vr/A
are the maximum Doppler frequencies associated with the Tx
and Rx, respectively, and A\ = ¢/ f. is the carrier wavelength
with ¢ denoting the speed of light. The phase v, ,, is a
random variable uniformly distributed within [—m, 7). It is
assumed that (bggz), gfl 1), and ,, n, are mutually inde-
pendent. In (1), Tpgny,ne = (Epni + Enins + Enag)/c is the
travel time of the waves from the Tx to the Rx with ¢, =
Rp—k, 07 cos (¢£}“)—BT) s Engq~®Rr—kq0R cOS (¢§§2)—BR) ,
and €y, n,~D, where k,=M7p—2p+1/2 and ky=Mpr—2¢+1/2
Since the numbers N; and Ny in (1) tend to infin-
ity, the discrete expressions of the AoA ¢p ("2) and AoD
gp’“) can be replaced by the continuous expressions ¢r
and ¢p, respectively. Without loss of generality, the von
Mises probability density function (PDF) [13] is utilized to
describe the distribution of AoA and AoD. It is defined as
F(¢) 2 explk cos(¢g—p))/[27 o (k)], where p€[—m, ), Io(-) is
the zeroth-order modified Bessel function of the first kind,
we[—m,m) accounts for the mean value of the angle ¢, and
k (k>0) is a real-valued parameter that controls the angle
spread of the angle ¢. For k =0 (isotropic scattering), the
von Mises PDF reduces to the uniform distribution, while
for £k > 0 (non-isotropic scattering), the von Mises PDF
approximates different distributions based on the values of &
[13]. Applying the von Mises PDF to the AoA ¢r and AoD
o, we obtain F(r) 2 explkr cos(dr—pur))/2n I (kg)] and
flor)= exp[kT cos(¢pr—pur))/[2m Iy (kT)], respectively.
Under the wide sense stationary (WSS) condition, the space-
time correlation function (STCF) of the reference model can
be expressed by [7]

Phpghys g () =E [hpq (t) Py o (t — T)}
I { (A7) + (BT)Q} I { (Ar)* + (BR>2}

Iy (kr) Io (kR)

where Ar = krcosur+j2n7fr,,. cosyr+j2mP cos fr,
Ar = krcosur+j2n7fr,, .. coSYr+j21Q) cos fr, Br =
kr sin pr+j277 fr, sinyr+j2n Psin fr, Br=Fkpr sin pr+
J2nTfR,. . sinyr+j27@Qsinfr, T is the time separation,
()" denotes the complex conjugate operation, E[-] is the
statistical expectation operator, p,p’ € {1,2,..., M}, ¢, ¢’ €

{1,2,..., Mg}, P=(p' —p)or/A and Q=(¢' — q) dr/A.

(@)

III. A NEW PARAMETER COMPUTATION METHOD FOR
THE DETERMINISTIC SOS SIMULATION MODEL

The above theoretical reference model assumes infinite
numbers of effective scatterers and thus cannot be used for
simulations. Based on the proposed reference model, this
section will design a deterministic SoS simulation model that
has reasonable complexity, i.e., finite numbers of effective
scatterers. Similar to (1), we can express the complex fading
envelope process hy, (t) of the deterministic SoS simulation
model as
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N1, N: ~
~ 122 jQﬂmeathOS((,‘b(j:ll)—’)’T)
ni,nz2= 1 N1N2
][27TfR tCOS(‘;(nQ)77R)+1Z7L n 727ch7— ni,n ]
X e max R 1.2 rq,ny,n2 (3)

where gb( "2) and o (1) are discrete AoAs and AoDs, respec-
tively, which remain constant for different simulation trials
due to the deterministic nature of the simulator. The phase
Un, no 18 a single realization of a random generator uniformly
distributed over [—m, 7). It is assumed that 055472) ¢("1) and
Jnl,nz are independent.

A key issue on the design of the deterministic SoS sim-

ulation model is to find proper sets of AoA {QS(M)} and

no=1

AoD {¢("1) that make the simulator reproduce the desired

statistical propertles of the reference model as faithfully as
possible with reasonable complexity. To this end, the following
two accuracy-efficiency design criteria should be met.

1) Criterion 1: The discrete AoA and AoD should be
designed in such a manner that they are distributed within
a proper and complete range, in which the AoA/AoD carries
all the necessary information for the design of a parameter
computation method. For isotropic scattering environments,
the proper and complete design range is [0,7/2) [5]. For
non-isotropic scattering scenarios, the whole range [—7, )
is necessary for the proper design of the AoA/AoD [11], i.e.,

("2) , g,zll) € [—m,m).

2) Criterion 2: The discrete AoAs/AoDs must be disjoint
or unlque ie., (;5 ) £ i¢(m2 with ny # mso and (bgpnl) #
:l:(b (m1) with n, # my, where ny, mo = 1,2,..., Ny and
ny, my = 1,2, ...,Nl.

As mentioned in [11], it is not easy to find the sets of
AoA and AoD to meet Criterion 2 for all non-isotropic
scattering scenarios. Currently, two available MMEAs [9], [10]
cannot solve the difficulty in finding the proper sets of AoA
and AoD to meet the aforementioned two accuracy-efficiency
design criteria. Therefore, neither of the available MMEAs
consistently outperforms the other one for all non-isotropic
scattering MIMO V2V scenarios. This motivates us to propose
a new parameter computation method, named as IMMEA, to
solve this difficulty. For comparison purposes, we first give a
brief description of these two existing MMEAs.

A. Existing MMEAs

Both existing MMEAs originate from the MEA [12], which
was designed for isotropic scattering scenarios. The first
MMEA was proposed in [9] and is named as MMEAL1 in this
letter. The MMEAL is designed to select the set of AoA in
such a manner that the areas under the PDF f (¢r) of the AoA

in different ranges of ¢'; (n2=1) < < o ("2) are equal to each
other with the initial condition f 23 _f(or)dor = ! le/ 2.

This means that the MMEAL1 de51gns the AoA of the deter-
L 1/4 = f¢ f (¢r) dr, where ny =
, 7). Slmllarly, the AoD can be ob-

f(é7)dor,

, 7). If the mean angles

m1n1stlc model as
...Ny and ¢ € [
tained by using the MMEAT1 as ™ 1/ 4 f o

where ny = 1,2,..., N1 and ¢7 € [
pur <0 and ur g 0, we have
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T(n — —1/4 T(n
(15532) FRl <%) 5 %2) S [—71',7'(') (4)
2
T(n — —1/4 T(n
(bg"l) _ FTl <n1 ~ / ) ’ ;1) c [—71'77'(') (5)
1
where F'(-) and F;'(-) denote the inverse function of

the cumulative distribution function (CDF) for ¢r and ¢r,
respectlvely For purp > 0 and ppr > 0, it is clear that

(”2) and ng ") are designed over the range [up — 7, 7) and
[MT m,7), respectively, rather than over the whole range
[—7, ), which violates Criterion 1 for non-isotropic scattering
environments. Therefore, for ;1p >0 and pr >0, the perfor-
mance of the MMEATI should dramatically decrease, which
will be demonstrated in Section IV. Note that as mentioned
in [11], the MMEAI1 can meet the two accuracy-efficiency
design criteria only when pr=pr=0.

The other MMEA was proposed in [10] and we name it
as MMEA2, to distinguish from the MMEA1. The MMEA2
designs the AoA in such a manner that the areas 1 under the
PDF f ((;SR) of the AoA in different ranges of ng ) <

or < qS (n2) are equal to each other with the initial condi-

tion [*F Ok f(or)dor = =5 1/ 2 Therefore, the AoA of the
determmlstlc simulator is de51gned as

T(n — —1/2 T(n

oY = Fg' (M) oY e l-mm). (©
N

Similarly, the MMEA?2 designs the AoD as

—1/2\  ~(m,
F’;l (%)7 ’_(1“)6[_71—77(-)' (7)

It is obvious that the MMEA?2 chooses the value of 1/2 instead
of 1/4 in the MMEALI. This is seemly inspired by the MEDS
in [5] for the simulation of isotropic scattering V2V channels.
However, the MMEA?2 cannot meet Criterion 2 for all non-
isotropic scattering MIMO V2V scenarios.

o

B. A New Parameter Computation Method — IMMEA

In the following, we will derive the IMMEA that has the
ability to meet the two accuracy-efficiency design criteria for
any non-isotropic scatterlng MIMO V2V channels. Taking the
design of the AoA (;5 ) as an example, the IMMEA includes
the following three steps:

1) Define a new random variable ¢, € [urp—m, pr+m).
It follows a von Mises distribution having the same
parameters, i.e., ur and kg, as ¢ € [, 77)

2) Then, we design the proper set of {(;5 (nQ)} as

na2= 1
n 1/4 T (n
Sy 1( Ng/ ) Ve [up —m pr + 1) (8)

where F};!(-) denotes the inverse function of the von
Mises CDF for ¢/.

3) Obtain the desired set of {(b R 2)} by properly map-

no=1

ping qSR "2) to the range of [—m, 7):

o) + o, if g <
g = | g o gD s O
5 n2) else.

R I
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Similarly, the AoD can be designed by following the above
3 steps of the IMMEA. First, we define a random variable
@4 over the range [pr — 7, pp + ) fulfilling the von Mises
distribution with the same mean angle pr and parameter kp
as the random variable ¢p. The discrete realizations of the
new defined random variable gb;g”l) can then be designed as

~I(n _ —-1/4
Fir (M

Ny
where F’ ’*1( -) denotes the inverse function of the von Mises
CDF for ¢/.. The AoD of the simulation model can be
obtained by mapping (bT ") to the range of [—m,7) as

) , o) € [pp —m,pr + ) (10)

d)q(wnl) + 2,

~7(n1)

if ) <
7(n1)

ro= o —2m itgy >a (D)
¢ﬁ}”1), else.

It is clear that the proposed IMMEA will reduce to the
MMEAI1 when pr = pur = 0 holds. Note that these three
different MMEAs have completely different selected sets
of AoA/AoD and thus express different simulation accu-
racy. Among them, only the proposed IMMEA can meet
the accuracy-efficiency design criteria for any non-isotropic
scattering MIMO V2V environments, i.e., for different von
Mises distributions with any values of ugr, ur, kg, and k.
Therefore, the IMMEA should outperform the MMEA1 and
MMEAZ2, which will be demonstrated in Section IV.

Due to the deterministic nature of the proposed simulator, its
STCF must be analyzed by using time averages rather than sta-
(t) Ry (t = 7)>,
where (-) denotes the time average operator. Substituting
(3) into the above defined STCF and following the similar
derivation procedure in [11], we have

tistical averages, i.e., pr = T) = <fL
ges, > Phpth,q, (7) Pq

N1,N.
5o ()= 1 ! Em {5TCOS(¢< 1)—/3T)+53cos(¢<"2>—ﬁ3)]
pthhP’q; 2N1No
ni,mo=1
7(n1) F(n2)
Xe[QﬂmeM‘rcos( Y —yr) 427 fRppan T COS(d g 2 —’)’R)}' (12)

It can be shown that for {Ny, N2} — oo, the STCF of the
deterministic simulation model tends to that of the reference

model, i.e., imp, n,—o0 Phieiss ()= Phyghys (7) holds.

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, we investigate the performance of the
proposed IMMEA-based deterministic SoS simulation model
in terms of its STCF. Unless otherwise specified, all the results
presented in this section were obtained using f. = 5.9 GHz,
fTaw = fRiae = 570 Hz, Tyaw = 5/ f1,,...» Br=Br="71=
Yr=50°, D = 300 m, Ry = R = 12 m, kr=kr=1, and
N1 = Ny = 30 for the deterministic channel simulator.

Figs. 1 (a) and (b) present a comparison of the squared error
¢ of the STCEF, defined as ¢ = |ﬁﬁpqﬁp/q/ (T) = Phygh (T) 2,
for the deterministic simulation model using the MMEALI,
MMEA?2, and IMMEA for different non-isotropic scattering
MIMO V2V scenarios. It is clear that the IMMEA outper-
forms the MMEA1 and MMEA?2 for different non-isotropic
scattering MIMO V2V scenarios. Comparing the MMEA1 and
MMEA?2, we can observe that neither of them consistently
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Fig. 1. Squared error € of the STCFs for different non-isotropic scattering

MIMO V2V channels with 67 =dr =0.5\: (a) ur =pr = 0° and (b)
pr=pr = 50°, and (c) MSE ¢ of the STCFs for a non-isotropic scattering
MIMO V2V channel with §7=0r=0.5)\ and ur=pgr = 50°.

outperforms the other for all non-isotropic scattering MIMO
V2V scenarios. This is due to the fact that neither the MMEA1
or MMEA?2 has the ability to meet Criterion 2 for all non-
isotropic scattering MIMO V2V scenarios as addressed in
Section III. Since the IMMEA will reduce to the MMEA1
when pr = pgr = 0°, it is not surprising that the MMEA1 and
IMMEA have the same performance in Fig. 1 (a). Fig. 1 (b)
also shows that the MMEAI1 results in a relatively large
squared error € even in shorter time delays, which are of most
interest for most communication systems [5]. This is because
that the MMEA1 designs the AoD/AoA in a non-sufficient
range when the mean AoD/Ao0A are larger than zero. In this
case, the MMEA1 violates Criterion 1.

Fig. 1 (c) illustrates the mean square error (MSE) £ of the
STCF, defined as € = ﬂjw fOT’”‘“” edr, with different N =
N; = N for the simulation model by using the MMEAI,
MMEA?2, and IMMEA for a non-isotropic scattering MIMO
V2V channel. Here, 7,4, denotes an approximate time inter-
val [0, Tyax] Over which the approximation of Phopahys (1) is
of interest. Fig. 1 (c) clearly shows the convergence behavior
of ﬁﬁpqﬁ ,(T) = phyn,,, (7) with the increase of NN for
all the three methods. The MSE ¢ for the IMMEA is always
smaller than those for the MMEA1 and MMEA?2 with the
same values of N. This indicates that the proposed IMMEA
outperforms the MMEA1 and MMEA? for any values of N.

Figs. 2 (a) and (b) show the STCF comparisons of the
IMMEA, MMEA1, MMEA2, and reference model under
different non-isotropic scattering MIMO V2V scenarios. It
is obvious that compared with the MMEA1 and MMEA?2,
the proposed IMMEA demonstrates a better approximation to
the STCF of the reference model with the same complexity
(N1 = N5 = 30). Moreover, due to the violation of Criterion
1, the MMEAT1 has poor performance. Comparing Figs. 2 (a)
and (b), we find that the increase of the antenna element spac-
ings, i.e., d7 and R, increases the difficulty in approximating
the desired STCF of the reference model.

V. CONCLUSIONS

In this letter, a new parameter computation method, named
as IMMEA, for deterministic SoS simulation models has
been proposed under the condition of non-isotropic scattering
MIMO V2V Rayleigh fading channels. The proposed IMMEA
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—Reference model

0.2 SoS simulation model, MMEA1
- - S0S simulation model, MMEA2
- - -S0S simulation model, IMMEA

— Reference model

SoS simulation model, MMEA1
- - SoS simulation model, MMEA2
- - -S0S simulation model, IMMEA

Absolute value of the STCF

2
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

TN

(b)
Normalized time delay, rxf.rmax

Fig. 2. Absolute values of the STCFs for a non-isotropic scattering MIMO
V2V channel with ur=pr = 50° and different antenna spacings: (a) o=
6r=0.5\ and (b) d7=0r=A.

is the first parameter computation method that has the ability
to meet the accuracy-efficiency design criteria for all non-
isotropic scattering MIMO V2V scenarios. Numerical results
have shown that compared with existing MMEAs, the IMMEA
provides the same efficiency, while it offers better approxima-
tions to the STCF of the reference model.
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