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Abstract—In this paper, a generic and adaptive geometry-
based stochastic model (GBSM) is proposed for non-isotropic
multiple-input multiple-output (MIMO) mobile-to-mobile (M2M)
Ricean fading channels. The proposed model employs a combined
two-ring model and ellipse model, where the received signal is
constructed as a sum of the line-of-sight, single-, and double-
bounced rays with different energies. This makes the model
sufficiently generic and adaptable to a variety of M2M scenarios
(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. From the pro-
posed model, the space-time-frequency correlation function and
the corresponding space-Doppler-frequency power spectral den-
sity (PSD) of any two sub-channels are derived for a non-isotropic
scattering environment. Based on the detailed investigation of
correlations and PSDs, some interesting observations and useful
conclusions are obtained. These observations and conclusions can
be considered as a guidance for setting important parameters
of our model appropriately and building up more purposeful
measurement campaigns in the future. Finally, close agreement
is achieved between the theoretical results and measured data,
demonstrating the utility of the proposed model.

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

I. INTRODUCTION

ECENTLY, mobile-to-mobile (M2M) communications
have received much attention due to some new ap-
plications, such as wireless mobile ad hoc networks [1],
relay-based cellular networks [2], and dedicated short range
communications (DSRC) for intelligent transportation systems
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(e.g., IEEE 802.11p standard) [3]. In contrast to conventional
fixed-to-mobile (F2M) cellular radio systems, in M2M systems
both the transmitter (Tx) and receiver (Rx) are in motion
and equipped with low elevation antennas. For M2M commu-
nications, multiple-input multiple-output (MIMO) technology
becomes more attractive since multiple antenna elements can
be easily mounted on large vehicular surfaces. It is well-known
that the design of a wireless system requires the detailed
knowledge about the underlying propagation channel and a
corresponding realistic channel model. Up to now, only few
measurement campaigns had been conducted to investigate
single-input single-output (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 models,
while the latter can be further classified as non-geometrical
stochastic models (NGSMs) (also known as parametric mod-
els) [6] and geometry-based stochastic models (GBSMs) [11]—
[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 wider
class of scenarios.

A SISO NGSM proposed in [6] is the origin of the channel
model standardized by IEEE 802.11p. This model determines
physical parameters of a M2M channel in a completely
stochastic manner by prescribing underlying probability distri-
bution functions (PDFs) without presuming any underlying ge-
ometry. Therefore, this model offers no conceptual framework
to facilitate meaningful generalization into different scenarios.
In addition, this pure parameter-based model needs to jointly
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 fundamental laws
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 importantly,
the application of the concept of effective scatterers signifi-
cantly 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-ring GBSM
considering only double-bounced rays was presented for non-
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isotropic MIMO M2M Rayleigh fading channels in macro-cell
scenarios. In [14], the authors proposed a general two-ring
GBSM with both single- and double-bounced rays for non-
isotropic MIMO M2M Ricean channels in both macro- and
micro-cell scenarios.

None of the above GBSMs is sufficiently general to char-
acterize a wide variety of M2M scenarios, especially for pico-
cell scenarios, which have recently been considered by some
measurement campaigns [4]-[9]. As demonstrated in [8], the
impact of the vehicular traffic density (VTD) on channel
characteristics in micro- and pico-cell scenarios cannot be
neglected, unlike in macro-cell scenarios. However, none
of the existing GBSMs has the ability to take this impact
into account. Although the Doppler power spectral density
(PSD) is one of the most important statistics that significantly
distinguish M2M channels from F2M channels, more detailed
investigations of the Doppler PSD in non-isotropic scattering
environments are surprisingly lacking in the open literature.
Moreover, Doppler PSD characteristics for an ellipse M2M
channel model are not yet known. Finally, frequency cor-
relations of sub-channels with different carrier frequencies,
studied in [16] for F2M channels, in M2M communications
have not been studied so far, although orthogonal frequency-
division multiplexing (OFDM) has already been suggested for
use in IEEE 802.11p.

Motivated by the above gaps, in this paper we propose a new
GBSM that addresses all the aforementioned shortcomings
of the existing GBSMs. Based on the proposed model, the
space-time-frequency (STF) correlation function (CF) and
the corresponding space-Doppler-frequency (SDF) PSD are
derived. The contributions and novelties of this paper are
summarized as follows.

1) We propose a generic GBSM for narrowband non-
isotropic MIMO M2M Ricean fading channels. The
proposed model can be adapted to a wide variety of
scenarios, e.g., macro-, micro-, and pico-cell scenarios,
by adjusting model parameters.

2) By distinguishing between the moving cars and the
stationary roadside environments in micro- and pico-cell
scenarios, our model is the first GBSM to consider the
impact of the VTD on M2M channel characteristics.

3) We propose a new general method to derive the exact
relationship between the angle of arrival (AoA) and
angle of departure (AoD) for any known shapes of the
scattering region, e.g., one-ring, two-ring, or ellipse, in a
wide variety of scenarios.

4) We point out that the widely used CF definition in
[13], [14], [17], [18] is incorrect and is actually the
complex conjugate of the correct CF definition as given
in Stochastic Processes [19].

5) From the proposed model, we derive the STF CF and the
corresponding SDF PSD, which are sufficiently general
and can be reduced to many existing CFs and PSDs,
respectively, e.g., those in [11], [13], [14], [17], [18].
In addition, our analysis shows that the space-Doppler
PSD of a single-bounce two-ring model for non-isotropic
MIMO M2M channels derived in [14] is incorrect.

6) Based on the derived STF CF and SDF PSD, we study
in more detail the degenerate CFs and PSDs in terms

of some important parameters and thus obtain some
interesting observations. Finally, the obtained theoretical
Doppler PSDs and measurement data in [6] are com-
pared. Excellent agreement between them demonstrates
the utility of the proposed model.

The remainder of this paper is outlined as follows. Section
II describes the new adaptive GBSM for narrowband MIMO
M2M Ricean fading channels. In Section III, based on the
proposed new model, the STF CF and the corresponding SDF
PSD are derived. Numerical results and analysis are presented
in Section IV. Finally, conclusions are drawn in Section V.

II. A NEW ADAPTIVE GBSM FOR NON-ISOTROPIC MIMO
M2M RICEAN FADING CHANNELS

Let us now consider a narrowband single-user MIMO M2M
multicarrier communication system with Mp transmit and Mg
receive omnidirectional antenna elements. Both the Tx and Rx
are equipped with low elevation antennas. Fig. 1 illustrates the
geometry of the proposed GBSM, which is the combination
of a single- and double-bounce two-ring model, a single-
bounce ellipse model, and the LoS component. As an example,
uniform linear antenna arrays with Mr = Mpr = 2 were
used here. The two-ring model defines two rings of effective
scatterers, one around the Tx and the other around the Rx.
Suppose there are N effective scatterers around the Tx lying
on a ring of radius R7 and the nith (n; = 1, ..., N7) effective
scatterer is denoted by s("1). Similarly, assume there are No
effective scatterers around the Rx lying on a ring of radius Rpr
and the noth (ng = 1, ..., N3) effective scatterer is denoted
by s("2). For the ellipse model, N3 effective scatterers lie
on an ellipse with the Tx and Rx located at the foci. The
semi-major axis of the ellipse and the nsth (n3 = 1,..., N3)
effective scatterer are denoted by a and s("3), respectively.
The distance between the Tx and Rx is D = 2f with f
denoting the half length of the distance between the two focal
points of the ellipse. The antenna element spacings at the
Tx and Rx are designated by dr and Jg, respectively. It is
normally assumed that the radii Rz and Ry, and the difference
between the semi-major axis a and the parameter f, are all
much greater than the antenna element spacings ér and Jg,
i.e., min{ Ry, Rr,a— f} > max{dr, Jr}. The multi-element
antenna tilt angles are denoted by Br and Br. The Tx and Rx
move with speeds v and vy in directions determined by the
angles of motion 7 and g, respectively. The AoA of the
wave traveling from an effective scatterer s(™) (i € {1,2,3})
toward the Rx is denoted by (;Sg”). The AoD of the wave
that impinges on the effective scatterer s(") is designated by

(7?’"’). Note that d)IL%‘;S denotes the AoA of a LoS path.

The MIMO fading channel can be described by a matrix
H(t) = [hpg ()]pr,wns, Of size Mg x Mp. The received
complex fading envelope between the pth (p = 1, ..., Mr) Tx
and the gth (¢ = 1,..., M) Rx at the carrier frequency f.
is a superposition of the LoS, single-, and double-bounced
components, and can be expressed as

hpg (t) = hL2S (8) + h5P () + hDP (t) (1)

where
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Fig. 1.
M2M channel (M7 = Mg = 2).
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In (2)~(4), Tpg=€pq/ ¢, Tpgn;=(Epni+eniq)/ ¢, and Tpg ny n,=
(Epniteninatensg)/c are the travel times of the waves through
the link T),—R,, T,—s")—R,, and T,—s(™)—s("2) R,
respectively. Here, ¢ is the speed of light and I = 3. The
symbols K, and (2,,, designate the Ricean factor and the total
power of the T),—R, link, respectively. Parameters 7ngp, and
npp specify how much the single- and double-bounced rays
contribute to the total scattered power €, /(K s+ ). Note that
these energy-related parameters satisfy Zle nse;+Npp=1.
The phases 1),,, and v, , are independent and identically
distributed (i.i.d.) random variables with uniform distributions
over [—m,w), fr,.. and fg, . are the maximum Doppler
frequencies with respect to the Tx and Rx, respectively.
Note that the AoD qufl ) and AoA qbg”) are independent for
double-bounced rays, while they are interdependent for single-
bounced rays.

A generic channel model combining a two-ring model and an ellipse model with LoS components, single- and double-bounced rays for a MIMO

From Fig. 1 and based on the application of the law
of cosines in appropriate triangles, the distances e,q, €pn;,
€nyq>» and €p,pn, in (2)—(4) for any scenario (macro-cell
(D >1000 m), micro-cell (300 < D < 1000 m), or pico-cell
(D<300 m) scenario) can be expressed as

epg N €—kydrcos(¢r — PRr) 5)
Epny Ry — kyporp cos( (Tnl) — 0Br) (6)
Eng A Eny — kgdrcos(oln’) — Br) (7)
Ema A Ean — kydr cos (o7 — Br ) ®)
€nyq ~ Rpr—ky0gcos (d)gm) — 53) 9)
Eoms A €0 _ k67 cos ( (na) _ 5T) (10)
Enng A £ _ k6 cos (¢§§3> - 53) 11

Eniny =~ D — Rypcos d)(qf“) + Rp Cosqbgu) (12)

where d)LOS ~m, e~ D—kydrcosfr, &, = (D2+R%—2D
(n1) -1/2, 2 (n2)  ¢(n3)

x Ry cos ¢ ) €n 1/D +R2+2DRp cos ¢, €

= (a —|—f2+2afcos¢R )/(a—i—fcosd)glg)), (na) bY(a+

f cos qbgm)), kp=(Mrpr—2p+1) /2, and k,=(Mp—2q¢+1) /2.
Here b denotes the semi-minor axis of the ellipse and the
equality a®=0%+f2 holds. As shown in Appendix A, based
on the newly proposed general method to derive the exact
relationship between the AoA and AoD for any shape of the
scattering region, we have

= (na)
n R
Sin(ﬁ%l) _ TSID¢T (13)
\/R% + D? — 2Ry D cos ¢\
(n1)
n ~D+R
cosp) = + oy cosér (14)
\/R% + D? — 2Ry D cos ¢\
o (n2)
sin ¢,(Izl2) — RR Sin ¢R (15)

\/Rg2 + D? +2RpD cos ¢'r?)
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D + Rpcos qbgu)

cos g = — (6)
\/R%—I—DQ—FQRRDCOS(b;z
2 . (n3)
Sin(b,(;m) _ b sin ¢y, a7
a? + f? +2afcosqbgg3)
. 9 2 2 (n3)
COS¢>(Tn3) = af + (a7 + J)cosdp . (18)

a? + f2 + 2af cos qbgm)

Note that the above derived expressions in (5)—(18) are suffi-
ciently general and suitable for various scenarios. For macro-
and micro-cell scenarios, the assumption D>>max{ Ry, Rr},
which is invalid for pico-cell scenarios, is fulfilled. Then, the
general expressions of &,, and &,, can further reduce to the
widely used approximate expressions as &, ~D—Rq cos gZ)(Tnl)
and &,, ~ D+ Rpcos qbggz), respectively. In addition, the
general expressions (13)—-(16) for the two-ring model can
further reduce to the widely used apyroximate expressions
as gf)g”l) ~ m—Arsin ¢>(Tm) and QS(T"Q ~ Apsin gf)é’a) with
Aq~Rr/D and Ag=Rpr/D. Moreover, the relationships (17)
and (18) for the ellipse model obtained by using our method
significantly simplify the relationships derived based on pure
ellipse properties, such as (A1)-(A3) in [20] and (27), (28),
and (32) in [21].

Since the number of effective scatterers are assumed to be
infinite, i.e., N;—o0, the proposed model in (1) is actually a
mathematical reference model and results in the Ricean PDF.
Due to the infinite complexity, a reference model cannot be
implemented in practice. However, as mentioned in [22], a
reference model can be used for theoretical analysis and design
of a communication system, and also is a starting point to
design a realizable simulation model that has the reasonable
complexity, i.e., finite values of N;. For our reference model,
the discrete expressions of the AoA, qbg”), and AoD, qbgfl i),
can be replaced by the continuous expressions d)S;:gB"’) and
qb(TSBi), respectively. In the literature, many different dis-

tributions have been proposed to characterize AoD quFSB"’)

and AoA d)SfBi), such as the uniform, Gaussian, wrapped
Gaussian, and cardioid PDFs [18]. In this paper, the von
Mises PDF [23] is used, which can approximate all the
aforementioned PDFs. The von Mises PDF is defined as
f(o) = explk cos(¢p—p)|/[2n 1o (k)], where ¢ € [—m, ), Io(+)
is the zeroth-order modified Bessel function of the first kind,
pue[—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 ¢.

As mentioned in the introduction, the proposed model
in (1) is adaptable to a wide variety of M2M propagation
environments by adjusting model parameters. It turns out
that these important model parameters are the energy-related
parameters 7sp, and 7pp, and the Ricean factor K. For
a macro-cell scenario, the Ricean factor K, and the energy
parameter 75, related to the single-bounce ellipse model are
very small or even close to zero. The received signal power
mainly comes from single- and double-bounced rays of the
two-ring model, in which we assume that double-bounced rays
bear more energy than single-bounced rays due to the large
distance D (larger distance D results in the independence of
the AoD and AoA), i.e., npp>max{nsp,, NsB, }>>NsB,. This

means that a macro-cell scenario can be well characterized
by using a two-ring model with a negligible LoS component.
In contrast to macro-cell scenarios, in micro- and pico-cell
scenarios, the VTD significantly affects the channel charac-
teristics as presented in [8]. To consider the impact of the
VTD on channel statistics, we need to distinguish between
the moving cars around the Tx and Rx and the stationary
roadside environments (e.g., buildings, trees, parked cars, etc.).
Therefore, we use a two-ring model to mimic the moving
cars and an ellipse model to depict the stationary roadside
environments. Note that ellipse models have been widely used
to model F2M channels in micro- and pico-cell scenarios [20],
[21]. However, to the best of the authors’ knowledge, this is
the first time that an ellipse model is used to mimic M2M
channels. For a low VTD, the value of K, is large since the
LoS component can bear a significant amount of power. Also,
the received scattered power is mainly from waves reflected
by the stationary roadside environments described by the
scatterers located on the ellipse. The moving cars represented
by the scatterers located on the two rings are sparse and
thus more likely to be single-bounced, rather than double-
bounced. This indicates that nsp, >max{nsgs,,nss,} >1DB
holds. For a high VTD, the value of K, is smaller than that
in the low VTD scenario. Also, due to the large amount of
moving cars, the double-bounced rays of the two-ring model
bear more energy than single-bounced rays of two-ring and
ellipse models, i.e, npp>max{nsp,, NsB,,NsBs }- Therefore,
a micro-cell and pico-cell scenario with consideration of the
VTD can be well characterized by utilizing a combined two-
ring model and ellipse model with a LoS component.

III. NEw GENERIC STF CF AND SDF PSD

In this section, based on the proposed channel model in (1),
we will derive the STF CF and the corresponding SDF PSD
for a non-isotropic scattering environment.

A. New Generic STF CF

Under the wide sense stationary (WSS) condition, the nor-
malized STF CF between any two complex fading envelopes
hpq (t) and h7, ., (t) with different carrier frequencies f. and

!, respectively, is defined as [24]

E [hpq (t) h;k’q’(t — Tﬂ —

’ ’7’7 = =
phpqh,p/q,( X) \/m

T
phﬁé’sh;%;’/s(Tv X)‘f'z; Phgfihjji(ﬂ X)+ph£th;§’ﬁ(Tv x) (19)
=

where (-)" denotes the complex conjugate operation, E [-] is
the statistical expectation operator, p,p’ € {1,2, ..., M}, and
q,q" € {1,2,..., Mg}. It should be observed that (19) is a
function of time separation 7, space separation é7 and dg, and
frequency separation y = f. — f.. Note that the CF definition
in (19) is different from the following definition widely used
in other references, e.g., [13], [14], [17], [18]
Phpatt,., (T X)=E [hpg () By (L+7)] /

. Qg (20)

The CF definition in (19) is actually the correct one following
the CF definition given in Stochastic Processes (see Equation
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(9-51) in [19]). It can easily be shown that the expression
(20) equals the complex conjugate of the correct CF in (19),
ie., Py, , (T,X) = pzpqh,/ , (7,x), and thus is an incorrect
definition. Only when pj, , o (T x) is a real function (no

imaginary part), phpqh/, , (’7’ X = Phygh?,, (7, x) holds.
Substituting (2) and (5) into (19), we can obtain the STF
CF of the LoS component as
KpeKp'g

Phlesnles (T)__\/(I{?q4_1)(}{b/qh+1)

where G = P cos fr—Q cosBr, Hi = fr,,,. COSTT— [Rpun
x cosYr, and Ly =D—ky 07 cos Br+ky0r cos Br with P=
(0'=p)dr/\, Q@ =(q —q)dr/\ k, = (Mr—2p'+1) /2, and
ky=(Mp—2q4'+1) /2.

Applying the von Mise PDF to the two-ring model, we
obtain f(¢35") = exp[kLE cos(qbiB1 — pE®)] /27Ty (k;TR)]
for the AoD ¢75* and f(d)éc 2) = explk 5 cos(¢p P — uBH)
/[27T10(]€£R)] for the AoA 32 . Substituting (3) and (6)—(9)
into (19), we can express the STF CF of the single-bounce
two-ring model as

j2m(GitTHHELY) (91

NSBi (2
2 Lo (K5 ) v/ (K1) (K1)

P 551(2) ’531(2)(T X)
Prq

P’I

™

SB
kTR 1(2) _ TR
% /e T(R) COS(¢T(R> K (R) I2m(Gat7Hot X L2) quSB“Q) (22)
—T

Bi(2) SBi(2)

where Gy = Pcos(¢ —Br)+Q cos(¢ —Br), Ho =
JTomas cos(qbiBl(z) —'VTH-fR,,mr Cos(qu '@ _~R), and Lo =
Ry(ry+&ny o) —kp 01 cos(¢T P —Br)—kqydr cos(quS%Bl(z) -
Or) with the parameters sin d)R ', cos d)gB 1, sin ¢§BQ, and
cos ¢TB 2 following the expressions in (13)—(16), respectively.
For the macro- and micro-cell scenarios, (22) can be further
simplified as the following closed-form expression

. SBi(2)

jC
P, 5Bi(a), 15 B1(2) (7, %) T
hpq Yol gl

w{yf(ast ) (e )}

=T1SB;(¢

% (23)
\/(qu + 1) (K;D q’ + 1)10 (kT(R))
where
SB _
AT(E',()Z): k%}%) cos M%?R) +I2TT fT(R) pas COSVT(R)
+i27P(Q) cos Br(r) — 27X X Ar(r, /€ (24a)
SB, , ‘ .
BT(RSQ):k%(I%) s “gﬁR)""j 27T (fT(R)mae SIVVT(R)
+ FR(T) maw AT (R) S YR(T)) + 1270(P(Q) Sin Br(R)
+Q(P)Ar(r) sin Br(r) XX By s/ ©) (24b)
Cg(BR)_ :FzﬂTfR(T)maa. COs rYR(T) :Fzﬂ-Q(P) COS ﬁR(T)
XXy /€ (24c)

with XAT = RT—kp/5T COSﬂT, XBT = —kp/cSTsinﬂT—
k'q/(SRATsinﬁR, XCT = RT-l—D—qu(SRCOSﬁR, XAR =
—RR—kqléR COS ﬁR, XBR Z—kqléR SinﬁR—kjp/éTAR SinﬁT,
and X¢, =Rg+D+kydr cosfr.

Applying the von Mises PDF to the ellipse model, we
get f(67™) = explki" cos(d™ — uph)] /12mlo(kE")].
Performing the substitution of (3) (10), and (11) into (19),
we can obtain the STF CF of the single-bounce ellipse model
as

1NSB3
21l (KEE) /(Kpgt1) (Kpg+1)

SB3, SB3/\T =
phpq 3h, /q?/( 7X)
s

SB
y /ekgL cos(¢R 3—ugL) ej27r(G3—|—/rH3+§L3)d¢}S'%Bg 25)

—T

where G3 = P cos(¢y7 ﬁT)+Qcos(¢SB3 Br), Hs =
ST COS(¢SBJ—7T)+J” Ronae COS(O7° —7R), and Ly =2a—
ky 07 cos(pp 25 —Br kg R cos(quS% 3—(g) with the parameters

sin d)?B % and cos gZ)TB % following the expressions in (17) and

(18), respectively.

The substitution of (4), (6), (9), and (12) into (19) results in
the following STF CF for the double-bounce two-ring model

fap e spey]

prosypoe(T,X) = Nppe’
pa \/(qu"’l) (Kp/q/"‘l)

R e

Io (k7™) Io (KZ")

(26)

where

CPB =27\ (Rr +RR+D) /e
ADB kT(R) cos uT( )y TI2TT fT(R) e COSYT(RYT

jQWP(Q) CcOoS ﬂT(R):EYQ'/TX (RT(R) :ka/(q/) CcOos ﬂT(R))/C
(27b)

(27a)

BT(R)_ k;Tg%) sin ,uT( 27T fT(R) e SIMVT(R) T

J2mP(Q) sin Br(ry + j27Xkp () Sin Br(r)/c. (27¢)
Since the derivations of (21)—(23), (25), and (26) are similar,
only the brief outline of the derivation of (23) is given in
Appendix B, while others are omitted for brevity.

The derived STF CF in (19) includes many existing CFs as
special cases. If we only consider the two-ring model (nsp,=
0) for a M2M channel in a macro- or micro-cell scenario
(D > max{Ryr, Rg}) with the frequency separation x =0,
then the CF in (19) will be reduced to the CF in (18) of
[14], where the time separation 7 should be replaced by —7
since the CF definition (20) is used in [14]. Consequently, the
derived STF CF in (19) also includes other CFs listed in [14]
as special cases, when 7 is replaced by —7. If we consider
the one-ring model only around the Rx for a F2M channel in
a macro-cell scenario (nsp, =71sB; =NpB = f1,,., =0) With
non-LoS (NLoS) condition (K ,,=0), the derived STF CF in
(19) includes the CF (6) in [18] and, subsequently, other CFs
listed in [18] as special cases, when 7 is replaced by —r.
Furthermore, the CF (7) in [24] can be obtained from (19)
with Kpg = fr,... =X=nsB; =npp =0. Consequently, other
CFs listed in [24] can also be obtained from (19).
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B. New Generic SDF PSD

Applying the Fourier transform to the STF CF in (19) in
terms of 7, we can obtain the corresponding SDF PSD as

o0

—0o0

I

=Snresnzes(fp, X)+2 Shifih:i;?/(fDa X)+Snpenpe(fo; X)
iz

(28)

where fp is the Doppler frequency. The integral in (28) must
be evaluated numerically in the case of the single-bounce two-
ring and ellipse models. Whereas for other cases, we can
obtain the following closed-form solutions.

1) In the case of the LoS component, substituting (21) into
(28) we have

KoKy
Shrospie N o
hIL)qShpeq,s(fD) X) \/(qu+1) (Kp/q/+1)

xel?™ (Gt el (fr — Hy)(29)
where § (-) denotes the Dirac delta function.

2) In terms of the single-bounce two-ring model for macro-
and micro-cell scenarios, substituting (23) into (28) we have

. 531(2)
77531(2)26 Ur(r
S 551(2) /331(2)(fp, X)=
Io (kT(R))
. pB12)
. 1(2) T(R)
Jjo 5B 551(2)
e o WT(RI)@) Eramy wiBie _ (3B 2
SBl(z) T(R) T(R)

X

SB, SBi- 2
\/(qu—i—l) (Kp/q/+1)\/WT(R)@)_(OT(I%Z))

(30)
SB,
where OT(R;2) 2m (fDifR(T)ma,m cos 'VR(T))
SB
Uy =F27Q(P) cos Brr) +2mX(Rr(my+ Dt ki (o) mr)
x cos Br(r)) /¢
(31a)
WSBl(g)_4 2 2 4 2 p2 AQ -2 8 2
T(R) =am fT(R)vrtaw+ ™ fR(T)""ﬂ'J? T(R) s IYR(T)—'— T
X fTaw S Runas DT (R) S YT SN VR
(31b)
SB )
Dy ==327k {5y Jr () H4T P(Q) (f1(R) e cOS(Br(m)

T (R)) FAT(R) S R(T) manSID B1(R) SINVR(7) ) H4T°Q(P)

X (AT(R) JT(R)maw S0 Br(T) SN YT(R +A2T(R) JR(T) mae
X sin Brer) sin yr(r))—4m? X(f1(r),,, YTDr oy TTR(T) e
xAp(r SID’YR(T)YRDT(R))/C

(3lc)

SB
ET(I%)@) —j2mkp{Ry (fr(r

X Aq(g) sinyg(T) cOS ,uT(R)) —4r
1(R))—AT(R) [R(T),n 08 BT (R) SINYR(T))
X FT(R)man S BR(T) COSVT(R) 4T X (fT(R)

HR(T) mae AT(R) SIN WR(T)YRET(gl)é)C

e SOYT(R) 1T (7))L RT) s
P(Q)(f1(R)ma.SI0(Br(R)
—4m*Q(P)Aq(p)

YT B (s

max

with
Jrr)=r T(R),,,L”COS<’YT(R)—M¥53) ) —fR(TY) AT (R) SINYR(T)
X sin M%?R)

(32a)

—Y1(m))
kg (") OR(T)AT(R) SIN BR(T) SINYT(R)

YTDT(R) :iRT(R) COS 'YT(R)_kp/(q/)éT(R)COS (BT(R)

(32b)
Y7 By = R (r) SRy Ty (1) 07 (R) S0 (Br(m) Frr(R) )
"'kq’(p' 5R(T)AT R) sin ﬁR(T) COS YT (R)
(32¢)

YRD ny=—kKp (¢)01(R) 810 B(R)—Fq (3)OR(T) AT (R) SN BR(T)
(32d)
YRET(R> = iRT(R) — kp'(q’)éT(R) Ccos ﬁT(R)- (32e)

For the Doppler PSD in (30), the range of Doppler frequen-

cies is limited by |fp+fR,,,. cosVr| < \/W}gBl/(Zw) and

max

|fD —fr0. cOsyr|<y/W5P2/(27). Note that the expression
of (30) corrects the ones of (40) and (41) in [14].

3) In the case of the double-bounce two-ring model, substi-
tuting (26) into (28) we have

nppe’®”"

\/(Km‘H) (Kp’q""l)IO(k%R) IO(kIT%R)

WDB (ODB)2>

Swppnoe (fp,X)=

FE
iobB pRE COS (WT
j 2T
X 2e wpP

Wps — (0Py:

ER” DB DB)2
oo o 08 /WP — (07)
J WI?B R

DB
Wg

®2e

_ (ODB)2
(33)
where © denotes convolution, OPB = 2xfp, ij(g) =

AT 2 Ry e

DT(R)_47T2P(Q)fT(R)mMCOS(ﬁT(R)_rYT(R))_jzﬂ.k%:g%)

TR 47T2XfT(R)maTYDT<R)
“Hr(R) )T -

XfT(R)mMCOS('Y T(R) (348.)

By =247 P(Q) f1(R) oS0 Br(r)—vr(r) ) £527R T 2)
47T2XfT(R)ma,avyET(R)
c

(34b)

><fmn,,m,wsin(“mm—M?{Cm)+
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with  Yp,. = Rpcosyr — kyorcos(Br —yr),
Yg, = Rrsinyr +kpdrsin(Br —ar), Yp, =
—Rprcosyr — kgdrpcos(Br —7vr), and Yg, =

—Rpsinygr + kydrsin(6r —yr). For the Doppler PSD
in (33), the range of Doppler frequencies is limited by
|fpo| < fr,...4+fR,.... Due to the similar derivations of (29),
(30), and (33), Appendix C only gives the brief outline 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 fp7/T=(p/ [,..)7 ) (/0] < )
[22], which can be obtained from (28) by setting Kp,q =0
(NLoS condition), kTR =0 (isotropic scattering around the
Rx), x=0 (no frequency separation), fr, .. =0sB, =7NSBs=
npp=0 (fixed Tx, no scattering around the Tx), and applying
D > max{Rr, 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*-=
k'gR =dr =0r =X ="sB, =NsB, =NsB; =0 and using
D > max{Rr, Rr}. Similarly, the space-Doppler PSD for
non-isotropic double-bounce two-ring model shown as (42)!
in [14] can be obtained from (28) by setting K,,=x=n1sB, =
NsB,=NsB,=0 and utilizing D>>max{Rr, Rr}, when DLE
and DEE are replaced by —DLE and —DLE, 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-
lying physical phenomena of real channels for any scenarios,
while the widely used expression (20) is only applicable to
certain scenarios where the Doppler PSD is a real function and
symmetrical to the origin (i.e., the corresponding CF is a real
function), e.g., Clarke’s scenario. In [13], [14], [17], [18], the
commonly used formula (20) was misapplied to non-isotropic
F2M or M2M scenarios.

IV. NUMERICAL RESULTS AND ANALYSIS

In this section, based on the derived STF CF and SDF PSD
in Section III, the degenerate CFs and PSDs of MIMO M2M
channels are numerically analyzed in detail. In addition, the
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 parameters
are used for our numerical analysis: f,=5.9 GHz, fr, . =
fRpan=570 Hz, D=300 m, a=200 m, and Ry=Rr=40 m.

Figs. 2 and 3 illustrate the space and frequency CFs of the
single- and double-bounce two-ring model and single-bounce
ellipse model for different scenarios. It is obvious that both
the space and frequency CFs vary significantly for different
scenarios (Scenario a and Scenario b). We also notice that
directions of motion (related to the values of vz and yg) have
no impact on the space and frequency CFs.

Fig. 4 shows normalized Doppler PSDs for different sce-
narios (Scenario a and Scenario b). For Scenario a, it is clear

INote that the expression of (42) in [14] is inaccurate. The corrected expres-
sion should replace the terms —jkz cos(yr — pr) and —jkg cos(Yr — uR)
by +jkr cos(yr — pr) and +jkg cos(yr — R), respectively.
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Fig. 2. Space CFs of the single-bounce (SB) ellipse (EL) model, double-

bounce (DB) two-ring (TR) model, and SB TR model for different scenarios
(=0, x=0, and é7=2). SD: same direction (yr=7yr=0); OD: opposite
direction (yr =0 and yr =m); Scenario a (Sg): kL =kTHE = kEL 0
(isotropic environments); Scenarlo b (Sb) kTR =kg R— =kgp L— 3 (non-
isotropic environments), L B=r/4, and pLR=pE —37r/4
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Fig. 3. Frequency CFs of the single-bounce (SB) ellipse (EL) model, double-
bounce (DB) two-ring (TR) model, and SB TR model for different scenarios
(r =0, 7 = dr = 0). SD: same direction (yp = yg = 0); OD: opposne

direction (v = 0 and yg = ); Scenario a (Sq): kTR kTR kR =0
(isotropic environments); Scenario b (Sp): kTR = kTR kEL = 3 (non-
isotropic environments), 2% = /4, and p RR = R = 37r/4

that no matter what the direction of motion (same or opposite)
and the shape of the scattering region (one-ring, two-ring, or
ellipse) are, the Doppler PSD of single-bounced rays is similar
to the U-shaped PSD of F2M cellular channels?, whereas the
Doppler PSD of double-bounced rays has “rounded”-shape
having a peak in the middle. This indicates that the U-shaped
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 directions

Note that when the Tx and Rx move in the same direction, the Doppler
PSD of the single-bounce ellipse model is not an exact U-shape, but it is
reasonable to consider it as an approximate U-shape since peaks exist in
both the left and right sides of the Doppler PSD instead of in the middle.
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Fig. 4. Normalized Doppler PSDs of the single-bounce (SB) ellipse (EL)
model, double-bounce (DB) two-ring (TR) model, and SB TR model for
different scenarios (07 = dg = 0, x = 0). SD: same direction (yp =
vr = 0); OD: opposite direction (v = 0 and yr = 7); Scenario a (Sg):
kLR = kTR = kl‘gL = 0 (isotropic environments); Scenario b (Sp): kLR =
k %IZ =k RL = 3 (non-isotropic environments), M;R = m/4, and p RR =
pg = 3m/4.

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-bounced rays
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 the U-shaped 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 double-U-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 not been
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
this case, we studied the Doppler PSD for the corresponding
single- and double-bounce two-ring F2M models and single-
bounce ellipse F2M model, and found that they have the
same U-shaped PSD. For brevity, the results regarding F2M
channels are omitted here. These observations indicates that
the impact of single- and double-bounced rays on the Doppler
PSD are completely different for M2M channels (U-shaped
and “rounded”-shaped, respectively), while they are the same
for F2M channels (U-shaped). At the end, the comparison of
Scenario a and Scenario b illustrates the significant impact of
angle spreads (related to the values of k%f, kLF, and kEL)
and mean angles (related to the values of p1.%, p1E, and pkL)
on the Doppler PSD.

Figs. 5 and 6 depict the impact of the antenna element
spacing and frequency separation on the Doppler PSD, re-
spectively. Fig. 5 shows that the space separation introduces
fluctuations in the Doppler PSD no matter what the shape of
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Normalized Doppler frequency, fD/(fT +fH )

max  max

Fig. 5. Normalized space-Doppler PSDs of the single-bounce (SB) ellipse
(EL) model, double-bounce (DB) two-ring (TR) model, and SB TR model
for different antenna element spacings in a M2M non-isotropic scattering
environment (k%R:kﬁR:kgL:?), prE=m/4, u%R:ugL:?ﬂr/él) with
the Tx and Rx moving in the same direction (yr=yr=0).
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Fig. 6. Normalized frequency-Doppler PSDs of the single-bounce (SB)
ellipse (EL) model, double-bounce (DB) two-ring (TR) model, and SB TR
model for different frequency separations in a M2M non-isotropic scattering
environment (kLE=kLR=kEL=3 TR=r/4, TR=;EL=37/4) with
the Tx and Rx moving in the opposite direction (y7=0 and yr=m).

the scattering region is. Fig. 6 illustrates that the frequency
separation only generates fluctuations in the Doppler PSD for
the double-bounce two-ring model, while for other cases, the
impact of the frequency separation vanishes.

Figs. 7 (a) and (b) show the theoretical Doppler PSDs
obtained from the proposed M2M model for different VTDs
(low and high) when the Tx and Rx move in opposite direc-
tions and same direction, respectively. For further comparison,
the measured data taken from Figs. 4 (a) and (c) in [6] are
also plotted in Figs. 7 (a) and (b), respectively. In [6], the
measurement campaigns were performed at a carrier frequency
of 5.9 GHz on an expressway with a low VTD in the
metropolitan Atlanta, Georgia area and the maximum Doppler
frequencies were fr,... = fr,... = 970 Hz. The distance

max

between the Tx and Rx was approximately D = 300 m and
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Fig. 7. Normalized Doppler PSDs of the proposed adaptive model for
different SISO pico-cell scenarios (67 = dp = 0, x = 0): (a) Tx and
Rx move in opposite directions, (b) Tx and Rx move in the same direction.
VTD: vehicular traffic density.

the directions of movement were vy =0, yr =7 (opposite
direction, shown in Fig. 4 (a) in [6]) and 7 = yg = 0
(same direction, shown in Fig. 4 (c) in [6]). Both the Tx
and Rx were equipped with one omnidirectional antenna, i.e.,
SISO case. Based on the measured scenarios in [6], we chose
the following environment-related parameters: k%LE = 6.6,
kER = 8.3, kEL =55, phft =12.8°, pLR = 178.7°, and
pEL = 131.6° for Fig. 7 (a) and kLR =9.6, kL = 3.6,
kEL=11.5, plR=21.7°, p1R =147 8° and uEL—171.6°
for Fig. 7 (b). Considering the constraints of the Ricean
factor and energy-related parameters for different propagation
scenarios as mentioned in Section II, we choose the following
parameters in order to fit the measured Doppler PSDs reported
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, ngp, =0.335,
nsB, =0.203, and nsp,=0.411 for Fig. 7 (b). The excellent
agreement between the theoretical results and measured data
confirms the utility of the proposed model. The environment-
related parameters for high VTD in Figs. 7 (a) and (b) are
the same as those for low VTD except k%R = k}TzR = 0.6,
which are related to the distribution of moving cars (normally,
the smaller values the more distributed moving cars, i.e., the
higher VID). The Doppler PSDs for high VID shown in
Figs. 7 (a) and (b) were obtained with the parameters K=0.2,
npp = 0.715, ngp, = Nsp, = 0.115, and nsp, = 0.055.
Unfortunately, to the best of the authors’ knowledge, no
measurement results (e.g., in [4]-[9]) were available regarding
the impact of high VID (e.g., a traffic jam) on the Doppler
PSD.

Comparing the theoretical Doppler PSDs in Figs. 7 (a)
and (b), we observe that the VTD significantly affects both
the shape and value of the Doppler PSD for M2M channels.
The Doppler PSD tends to be more evenly distributed across
all Doppler frequencies with a higher VTD. This is because
with a high VTD, the received power mainly comes from the
moving cars around the Tx and Rx from all directions, while

the power of the line-of-sight (LoS) component is not that
significant. This means that the received power for different
Doppler frequencies (directions) is more evenly distributed.
With a low VTD, the received power from the LoS component
may be significant, while the power from the moving cars may
be small. Therefore, the power tends to be concentrated on
some Doppler frequencies.

V. CONCLUSION

In this paper, we have proposed a generic and adaptive
GBSM for non-isotropic MIMO M2M Ricean fading channels.
By adjusting some model parameters and with the help of
the newly derived general relationship between the AoA and
AoD, the proposed model is adaptable to a wide variety of
M2M propagation environments. In addition, the VID is for
the first time taken into account in the GBSM for modeling
M2M channels. From this model, we have derived the STF CF
and the corresponding SDF PSD for non-isotropic scattering
environments, where the closed-form expressions are available
in the case of the single-bounce two-ring model for macro-
cell and micro-cell scenarios, and the double-bounce two-ring
model for any scenarios. Based on the derived STF CFs and
SDF PSDs, we have further investigated the degenerate CFs
and PSDs in detail and found that some parameters (e.g., the
angle spread, direction of motion, antenna element spacing,
etc.) and the VTD have a great impact on the resulting CFs and
PSDs. It has also been demonstrated that for M2M isotropic
scenarios, no matter what the direction of motion and shape
of the scattering region are, single-bounced rays will result in
the U-shaped Doppler PSD, while double-bounced rays will
result in the “rounded’-shaped Doppler PSD. Finally, it has
been shown that theoretical Doppler PSDs match the measured
data in [6], validating the utility of our model.

APPENDIX

A. DERIVATIONS OF (13)—(18)

In this appendix, following the same derivation procedure
(i.e., the same newly proposed method), we will derive these
general relationships for the two-ring model in (13)—(16) and
the ellipse model in (17) and (18). In Fig. 1, applying the
laws of cosines and sines to the triangle O7s(")Og, we
obtain 2. = R2.4+D2—2DRycos ), R% = €2 + D2+
2D¢&,,, cos ¢(n1 , and Ryp/sin ¢g“) = &, /sin qu 11) From
the above expressions, we can easily obtain (13) and (14).
Similarly, applying the laws of cosines and sines to the triangle
Ors™)Op, we have 5%2—]% +D?+4+2DRp cos (j)g”), R% =

2 +D?—2D¢, cos ¢>(n2) and Rp/sin ¢(Tn2):§n2/ sin gi)gm .
We can easily obtain (15) and (16) from these expressions.
Analogously, applying the laws of cos1nes and sines to the

triangle Ops("3) OR, we get ( ("3)) (5("3)) +D2+2D§("3)

X COS ¢§$3), §(n3) (n3)) +D?— 2D§(n3) cos ¢(n3) and
5;;3)/ sin ¢>(T (n3)/ sin d)g% "s) Based on the above expres-

sions, and the following equalities D=2 f and &, (ns) 53 )=2q,
we can get (17) and (18).
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B. DERIVATION OF (23)

Considering the von Mises PDF for the two- rmg model,
applying the following approximate relatlonshlps d) ) o
Ar sin ¢("1) and ¢("2) ~ AR sin ¢R2 , and substituting (3)
and (6)-(9) into (19), we have

-1 . SBi(2)
[277[0 (k;ﬁ%;z))} ICT(R)

phf,fl(z)h/SBl(z) (T7 X)_

p'q’ \/(qu+1) (Kp/q/—’_l)
~ SB1(2) 1(2) SBy(2) 1(2)
(A co%¢ +B s1n¢ ) SB
T(R) T(R T(R) T(R 1(2)
x / ¢ dbpa®  (35)
—T

SB SB . .
where A 2%, B, and C 1(2> have been given in

(24a)— (24f) The definite 1ntegrals 1n the right hand side of
(35) can be solved by using the equality [ e?snctbeoscge =

—T

211y (\/ a? + b2) [25]. After some manipulation, we can get
the closed-form expression (23).

C. DERIVATION OF (30)

Given a’+b*=c(d*+e?), after some complex manipulation,

S$B1a\2 [ 5SBia 2
\/<AT<R>2 )+(Brw”) 1 ®

we can rewrite [y

p3Bie B
) SBi) T(R) T(R)
Io |J WT(R)( T+ —35E SB (36)
2 2
Wiim) Wiim)
where WSBl(z), D?ﬁib;z), nd E 1(2> have been given in

(31b)— (31d) Note that the expressmn (36) corrects the ex-
pressions (38) and (39) in [14]. By applying the Fourier
transform to (23) in terms of the time separation 7 and using

(36) and the equality [ I (ja\/at:2 +y2) cos (Bz)dz =
0
cos (y - 52) / /a2 — 32 [25], we can obtain (30).

D. COMPARISON BETWEEN THE DOPPLER PSDS WITH DIF-
FERENT CFs (19) AND (20)

To further clarify which CF definition, (19) or (20), results
in the correct Doppler PSD to accurately reflect the under-
lying physical phenomena of real channels, we first derive
the relationship between the Doppler PSD based on the CF
(19), Sh,,h,, (fD), and the Doppler PSD based on the CF
(20), Shpthq (fp). Considering the equality pp,,n,, (T) =

Ph,4hy, (7) and the Fourier transform relation between the CF
and’ Doppler PSD, we have
Sh’mhpq (fD) = S;;pthq (_fD) : (37)

From (37), it is clear that only if S}, 1, (fp) is a real function
and symmetrical to the origin, the equality Sh Jhpe (JD) =
Shyehp, (fD) holds. Note that due to the Fourier transform re-
lationship, the equality Shpthq (fD) = Shyyhy, (fD) leads to
the equality pp, n,, (T) = Ph,.h,, (T) and vice versa. We now
proceed the comparison of Sy, 1,, (fp) and ghmhm (fp) in
the following two typical scenarios.

Scenario2

Scenariol

(a) (b)

Fig. 8. Graphical description of (a) Scenariol and (b) Scenario2.

The first typical scenario, Scenariol, is a non-isotropic F2M
macro-cell propagation environment (fr,, . =0), as shown in
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
station (MS), and the MS moves toward the direction of the
Tx, i.e., yr = 7. Note that the major amount of scatterers
are located in a small part of the ring facing the motion of
the MS, i.e., ur=m. The second scenario, Scenario2, is an
isotropic M2M propagation environment (k%f = kLE = 0),
where the Tx and Rx move in opposite directions ('yT 0 and
Yr =), as shown in Fig. 8(b). Here, a single-bounce two-
ring model is used to represent this scenario. For Scenariol,
based on (37), the opposite results for the Doppler PSD
are expected as shown in Fig. 9, where k%L = 3. Since
the MS moves toward the majority of received signals, the
maximum Doppler PSD should appear at fp=fr, .. =570 Hz.
From Fig. 9, it is clear that the S, n,, (fp) presents the
underlying physical phenomena for Scenarwl For Scenario2,
as expected from (37), the opposite results of the Doppler
PSD with respect to the range of Doppler frequencies are
illustrated in Fig. 9, where fr,. .. = fr,... =570 Hz were
used. Since the Tx and Rx are moving in opposite directions,
the Doppler PSD should be limited to the range of Doppler
frequencies 0< fp <1140 Hz, whereas the maximum Doppler
PSD exists at fp =0 and fp = fr,,.. +fR.. = 1140 Hz.
Again, from Fig. 9, it is obvious that Sy, 5, (fp) reflects the
underlying physical phenomenon for Scenario2. Therefore, we
can conclude that Shpthq (fp) is able to accurately capture
the underlying physical phenomena of real channels for any
scenarios, while S'hpq Fipg (fp) cannot. It is worth stressing that
for an isotropic F2M macro-cell scenario (Clarke’s scenario),
where no scatterers are around the Tx, we find that the
difference of the Doppler PSD caused by two CF definitions
vanishes, i.e., S’hmh,m (fp) = Shyyhy, (fp). This is because
Clarke’s scenario has the U-shape 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.
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