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Abstract—Local scattering in the vicinity of the receiver or
the transmitter leads to the formation of a large number of
multipath components along different spatial angles. A condition
of angular distribution, which is valid for only a uniform li near
array, is proposed in this paper to justify whether the spatial
fading correlation (SFC) remains simple as a Bessel function. If
an angular distribution satisfies the condition, a class of angular
distributions is revealed and results in simplifying the analysis of
the SFC. To demonstrate its practical use, we apply the condition
to several angular distributions that are considered in previous
works. It is found that cosine and von Mises distributions
follow the condition, whereas uniform, Gaussian, and Laplacian
distributions do not satisfy the condition and then one needs to
calculate the sinusoidal coefficients for the SFC computation.

Index Terms—Antenna array, local scattering, spatial fading
correlation.

I. I NTRODUCTION

In wireless communications, local scattering around the
transmitter or the receiver leads to the formation of a large
number of multipath components. In multiantenna communi-
cations systems, the receiver features the correlation among
the impulse responses of different pair of antenna elements,
namely spatial fading correlation (SFC), as an impact on link
quality.

The SFC plays an important role in the performance analysis
of a wireless communications system, because most of the
performance metrics, e.g., bit error probability [1]–[3] and
channel capacity [4]–[6], depend on it. Therefore, several
works pay attention to the SFC of antenna array [7]–[15].
In [16,17], the SFC of a circular array is derived for uniform,
cosine, and Gaussian angular distributions, respectively, which
are chosen as the candidates for fitting several measurement
results. However, the direct computation of the SFC requires
extensive integrations, which are complicated and possibly
infeasible for a complex angular distribution.
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In this paper, a condition of the angular distributions is
proposed to justify whether the SFC from a linear antenna
array remains simple as a Bessel function [18, Ch. 1]. For
a class of the angular distributions, the test of the condi-
tion requires only differentiations, which are simpler than
the integrations that are required in the direct method. This
can help to facilitate the analysis of the fading correlation
in the wireless channels. It is discovered that the proposed
condition defines a group of the angular distributions (see
various families of the distributions in [19, Ch. 7] and [20,
Ch. 5]). It means that if an angular distribution satisfies
the condition, the SFC remains only a simple form for the
calculation. To demonstrate its usage in practice, we applythe
condition to several angular distributions that are considered
in previous works. It is found that the cosine and the von
Mises distributions follow the condition, whereas the uniform,
the Gaussian, and the Laplacian distributions do not satisfy
the condition and then one needs to calculate the sinusoidal
coefficients in the SFC computation.

The gap between this work and the previous works can be
seen as follows. The SFC in various environments is studied
in [7]–[15]. The effects of the SFC on the system performance
are investigated in [1]–[6]. In [21], [22, Sec. 2.2.2], and [23],
tedious calculation is avoided by approximating the SFC for
a small angular spread. The contributions of the paper can be
summarized as follows.

• A condition is proposed to test the angular distribution
of local scattering in the vicinity of the transmitter or
the receiver, which can happen in the multipath channels
that take into account spatial angle observed by a uniform
linear array.

• The test requires only the differentiations, instead of the
integrations. For a class of the angular distributions, the
solution of the SFC is knowna priori as a simple form of
the zeroth-order Bessel function. The proposed condition
can be applied to any angular distribution, provided that
the uniform linear array is taken into account.

For another class of the angular distributions that do not
satisfy the proposed condition, we also provide the derivation
of the sinusoidal coefficients forφ ∈ (−π, π]. Although
we consider in this paper the azimuth plane,φ ∈ (−π, π]
[18], the scattering over the half circleφ ∈ (− 1

2π,
1
2π] [24]

as well as the 3-dimensional scattering can be extended in
straightforward treatment based on our derivation idea.

Some mathematical notations are involved as follows.
Eφ {·} is the expectation with respect toφ whose probability
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density function (pdf) ispφ(φ). J0(·) andJk(·) are the zeroth
order and thek-th order Bessel functions of the first kind.I0(·)
and Ik(·) are the zeroth order and thek-th order modified
Bessel functions of the first kind. The error functionerf(z)
is defined aserf(z) = 2√

π

∫ z

0
e−u2

du. (·)∗ is the conjugate
of a complex argument·. ℜ(·) andℑ(·) are the real and the
imaginary components, respectively.⌊·⌋ denotes the integer
part of a variable·.

II. SPATIAL CORRELATION

For the uniform linear array, the time delay at then-th
antenna element is given by

ψn =
1

c
d(n− 1) sin(φ), (1)

where c is the wave propagation speed, which is herein
equivalent to the speed of light,d is the distance between
adjacent antenna elements, andφ is the direction of emitting
or incoming ray, which is measured from the perpendicular
axis of the array. The received signal is composed of a
large number of propagating waves along directions, which
are characterized by an angular distribution. The correlation
between the received signals from then-th and the ń-th
antenna elements, SFC, can be expressed as [18]

ρn,ń = Eφ

{

e
1
c
j2πf0d(n−ń) sin(φ)

}

, (2)

where f0 is the operating frequency. The above correlation
model takes into account different levels of the received signal
energy caused by fading in such a way that the received signal
energy along different angles can be compared to an angular
distribution. Using the expansions of trigonometry functions
(see [25, Sec. 9.1.42-43] and [26, p. 22]), the SFC can be
calculated from (see [22, eq. (2.5)])

ρn,ń = J0

(

1

c
2πf0d(n− ń)

)

+ 2
∞
∑

k=1

J2k

(

1

c
2πf0d(n− ń)

)

ck

+ jJ2k−1

(

1

c
2πf0d(n− ń)

)

sk,

(3)

whereck and sk are the real and complex sinusoidal coeffi-
cients given by

ck =

∫ π

−π

pφ(φ) cos(2kφ)dφ, (4a)

sk =

∫ π

−π

pφ(φ) sin((2k − 1)φ)dφ. (4b)

To evaluate the spatial correlation, the calculation incurs the
integrations in (4).

III. A NGULAR DISTRIBUTIONS

The angular distribution can be derived from statistical
distributions, such as cosine distribution [7,27], uniform dis-
tribution [9,28,29], Gaussian distribution [8,21], Laplacian
distribution [23,30,31], von Mises distribution [32], andetc.
(see also other distributions based on geometry, e.g., [33],

and scatterer position, e.g., [34]). The pdf of the azimuth
angleφ∈(−π, π] for the truncated cosine, uniform, truncated
Gaussian, truncated Laplacian, and von Mises distributions can
be modeled respectively as

pφ(φ) =















































1
π
cc cos

l(φ− φ̄), φ∈(− 1
2π,

1
2π], l∈{2, 4, . . .};

1
2
√
3σφ

,
φ∈(φ̄ −

√
3σφ, φ̄+

√
3σφ],

φ̄∈(
√
3σφ − π, π −

√
3σφ);

1√
2πσφ

cGe
− 1

2σ2
φ

(φ−φ̄)2

, φ∈(−π, π];
1√
2σφ

cLe
− 1

σφ

√
2|φ−φ̄|

, φ∈(−π, π];
1

2πI0(κ)
cvMeκ cos(φ−φ̄), φ∈(−π, π], κ ≥ 0,

(5)

whereφ̄ is the mean of each angular distribution, or nominal
angle, and the constantscc, cG, cL, andcvM are the normal-
ization factors.

A. Cosine Distribution

Note that the cosine distribution supports the angle
from − 1

2π to 1
2π, since if the domain were given

from −π to π there will be mirror rays on the third
and the fourth quadrants. Using the relationcosl(φ) =

1
2l

(

(

l
1
2 l

)

+ 2

1
2 l−1
∑

k=0

(

l
k

)

cos ((l − 2k)φ)

)

(see [25, p. 31]), the

constantcc can be shown ascc = 1

( l
1
2
l)
2l. From (4) and (5),

it can be shown that

ck =
1

π2l
cc





(

l
1
2 l

)∫ 1
2π

− 1
2π

cos(2kφ)dφ

+2

1
2 l−1
∑

k=0

∫ 1
2π

− 1
2π

cos(2kφ) cos
(

(l − 2k)(φ− φ̄)
)

dφ





= 0,
(6)

sk =
1

π2l
cc





(

l
1
2 l

)∫ 1
2π

− 1
2π

sin((2k − 1)φ)dφ

+2

1
2 l−1
∑

k=0

∫ 1
2π

− 1
2π

sin((2k − 1)φ) cos
(

(l − 2k)(φ− φ̄)
)

dφ





= 0.
(7)

B. Uniform Distribution

From (4) and (5), it can be shown that

ck =
1

2
√
3σφ

∫ φ̄+
√
3σφ

φ̄−
√
3σφ

cos(2kφ)dφ

=
1

2k
√
3σφ

cos(2kφ̄) sin
(

2k
√
3σφ

)

,

(8)
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sk =
1

2
√
3σφ

∫ φ̄+
√
3σφ

φ̄−
√
3σφ

sin((2k − 1)φ)dφ

=
1

(2k − 1)
√
3σφ

sin((2k − 1)φ̄) sin
(

(2k − 1)
√
3σφ

)

.

(9)

C. Gaussian Distribution

For the Gaussian distribution, we havecG = 1

erf

(

1
√

2σφ
π

) .

Using the result in [35, p. 109], we can see from (4) and (5)
that

ck =
1

4
cGe

−2k2σ2
φ

(

ej2kφ̄

(

erf

(

1√
2σφ

(π − φ̄)− jk
√
2σφ

)

+erf

(

1√
2σφ

(π + φ̄) + jk
√
2σφ

))

+ e−j2kφ̄

(

erf

(

1√
2σφ

(π − φ̄) + jk
√
2σφ

)

+erf

(

1√
2σφ

(π + φ̄)− jk
√
2σφ

)))

.

(10)

Using the conjugate property of the error functionerf(z∗) =
erf∗(z), we have

ck =
1

2
cGe

−2k2σ2
φℜ
(

ej2kφ̄

(

erf

(

1√
2σφ

(π + φ̄) + jk
√
2σφ

)

+erf

(

1√
2σφ

(π − φ̄)− jk
√
2σφ

)))

.

(11)

Using the result in [35, p. 109], we can show from (4) and
(5) that

sk =
1√
2πσφ

cG

∫ π

−π

sin((2k − 1)φ)e
− 1

2σ2
φ

(φ−φ̄)2

dφ

=
1

4
cGe

− 1
2 (2k−1)2σ2

φ(−j)
(

ej(2k−1)φ̄

(

erf

(

1√
2σφ

(π − φ̄)− 1√
2
j(2k − 1)σφ

)

+erf

(

1√
2σφ

(π + φ̄) +
1√
2
j(2k − 1)σφ

))

− e−j(2k−1)φ̄

(

erf

(

1√
2σφ

(π − φ̄) +
1√
2
j(2k − 1)σφ

)

+erf

(

1√
2σφ

(π + φ̄)− 1√
2
j(2k − 1)σφ

)))

.

(12)

Using the conjugate property of the error functionerf(z∗) =
erf∗(z), we have

sk =
1

2
cGe

− 1
2 (2k−1)2σ2

φℑ
(

ej(2k−1)φ̄

(

erf

(

1√
2σφ

(π + φ̄) +
1√
2
j(2k − 1)σφ

)

+erf

(

1√
2σφ

(π − φ̄)− 1√
2
j(2k − 1)σφ

)))

.

(13)

D. Laplacian Distribution

For the Laplacian distribution, we havecL =
1

1−e
−

1
√

2σφ

π

cosh
(

1
σφ

√
2φ̄

)

. Using the result in [35, p. 133], we

have forφ̄∈(−π, π)

ck =



























































































































1√
2σφ

cL

(

1
1

σ2
φ

2+4k2 e
1

σφ

√
2φ̄
e
− 1

σφ

√
2φ

(

− 1
σφ

√
2 cos(2kφ) + 2k sin(2kφ)

)∣

∣

∣

π

φ=φ̄

+ 1
1

σ2
φ

2+4k2 e
− 1

σφ

√
2φ̄
e

1
σφ

√
2φ

(

1
σφ

√
2 cos(2kφ) + 2k sin(2kφ)

)∣

∣

∣

φ̄

φ=−π

)

,

φ̄∈(−π, 0);

1√
2σφ

cL

(

1
1

σ2
φ

2+4k2 e
− 1

σφ

√
2φ̄
e

1
σφ

√
2φ

(

1
σφ

√
2 cos(2kφ) + 2k sin(2kφ)

)∣

∣

∣

φ̄

φ=−π

+ 1
1

σ2
φ

2+4k2 e
1

σφ

√
2φ̄
e
− 1

σφ

√
2φ

(

− 1
σφ

√
2 cos(2kφ) + 2k sin(2kφ)

)∣

∣

∣

π

φ=φ̄

)

,

φ̄∈ [0, π),

=
1

1 + 2k2σ2
φ

cL

(

cos(2kφ̄)− cosh

(

1

σφ

√
2φ̄

)

e
− 1

σφ

√
2π
)

.

(14)
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Using the result in [35, p. 133], we have forφ̄∈(−π, π)

sk =



















































































































































1√
2σφ

cL

(

1
1

σ2
φ

2+(2k−1)2
e

1
σφ

√
2φ̄
e
− 1

σφ

√
2φ

(

− 1
σφ

√
2 sin((2k − 1)φ)− (2k − 1)

cos((2k − 1)φ)
)

∣

∣

∣

∣

π

φ=φ̄

+ 1
1

σ2
φ

2+(2k−1)2

e
− 1

σφ

√
2φ̄
e

1
σφ

√
2φ
(

1
σφ

√
2 sin((2k − 1)φ)

− (2k − 1) cos((2k − 1)φ)
)

∣

∣

∣

∣

φ̄

φ=−π

)

,

φ̄∈(−π, 0);

1√
2σφ

cL

(

1
1

σ2
φ

2+(2k−1)2
e
− 1

σφ

√
2φ̄
e

1
σφ

√
2φ

(

1
σφ

√
2 sin((2k − 1)φ)− (2k − 1)

cos((2k − 1)φ)
)

∣

∣

∣

∣

φ̄

φ=−π

+ 1
1

σ2
φ

2+(2k−1)2

e
1

σφ

√
2φ̄
e
− 1

σφ

√
2φ
(

− 1
σφ

√
2 sin((2k − 1)φ)

− (2k − 1) cos((2k − 1)φ)
)

∣

∣

∣

∣

π

φ=φ̄

)

,

φ̄∈ [0, π),

=
1

√
2σφ

(

1
σ2
φ

2 + (2k − 1)2
)cL

(

(2k − 1) sinh

(

1

σφ

√
2φ̄

)

e
− 1

σφ

√
2π

+
1

σφ
2
√
2 sin((2k − 1)φ̄)

)

.

(15)

E. Von Mises Distribution

For the von Mises distribution, the expressioneκ cos(δφ) =

I0(κ) + 2
∞
∑

k=1

Ik(κ) cos(kδφ) (see [25, eq. (9.6.34)]) results

in cvM = 1
1

2πI0(κ)

∫

π

−π
eκ cos(φ−φ̄)dφ

= 1. Using the relation

eκ cos(φ) = I0(κ)+2
∞
∑

k=1

Ik(κ) cos(kφ) (see [25, eq. (9.6.34)]),

we have from (4) and (5)

ck =
1

2πI0(κ)
cvM

(

I0(κ)

∫ π

−π

cos(2kφ)dφ+

∞
∑

k=1

Ik(κ)

∫ π

−π

(

cos(3kφ− φ̄) + cos(kφ− φ̄)
)

dφ

)

=
1

πI0(κ)
cvM

∞
∑

k=1

(−1)kIk(κ)

(

sin(2kπ − φ̄)− sin(−2kπ − φ̄)
)

= 0,
(16)

sk =
1

2πI0(κ)
cvM

(

I0(κ)

∫ π

−π

sin((2k − 1)φ)dφ+

∞
∑

k=1

Ik(κ)

∫ π

−π

sin((3k − 1)φ− φ̄) + sin((k − 1)φ− φ̄)dφ

)

= − 1

πI0(κ)
cvM

∞
∑

k=1

(−1)kIk(κ)

(

cos((2k − 1)π − φ̄)− cos(−(2k − 1)π − φ̄)
)

= 0.
(17)

IV. A NGULAR DISTRIBUTION CONDITION

In this section, we establish the condition of the angular
distribution from which the SFC reduces to the first term in
(3).

Proposition 1 (A condition of angular distribution):
Let pφ(φ) be the pdf of an angular distribution, which
fully supports the angleφ ∈ (−π, π], i.e., pφ(φ) 6= 0 for
φ ∈ (−π, π]. Let the pdfpφ(φ) be differentiable up to2M
times, whereM ∈ {1, 2, 3, . . .} is an integer. If the condition

dm

dφm
pφ(φ)

∣

∣

∣

∣

φ=π

=
dm

dφm
pφ(φ)

∣

∣

∣

∣

φ=−π

(18)

holds form∈{0, 1, . . . , 2M}, the SFC between then-th and
the ń-th antenna elements in (2) yields

ρn,ń = J0

(

1

c
2πf0d(n− ń)

)

. (19)

Proof: See Appendix A.
Some remarks on Proposition 1 are as follows.
• When the condition in (18) is satisfied, the result in (19)

is the same as in (2), in whichck andsk are zero.
• Proposition 1 holds even whenM tends to the infinity,

since ck and sk can be written as the infinite series of
zeros.

• The proposed condition raises the relation of the local
scattering to the Clarke/Jakes’ model.

• It is obvious that the SFC in (19) under the condition
in (18) does not depend on the distribution of associated
angles. The result of obtaining only the Bessel function
closely coincides with [36], [23, eq. (32)]. The difference
from [23,36] is that a particular type of the distribution
of φ is assumed therein, while in Proposition 1 no certain
distribution of the angle is assumed.

• Furthermore, let the angle split intoφ = φ̄ + δφ,
where φ̄ is the nominal angle or mean angle, andδφ is
its deviation. The approximation for the small angular
spread,sin(φ̄ + δφ) ≈ sin(φ̄) + δφ cos(φ̄), (see [21],
[22, Sec. 2.2.2], [37], and [23]) is not taken into account
during the proof.

• From a functional analysis point of view, the condition
in (18) may be viewed as a multiple derivative form
compared to Lipschitz condition (see [38, p. 32] and [19,
p. 320]).

Next we examine whether any of the probability distri-
butions under consideration produces fading that follows the
Bessel function from the Jakes’ model.
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A. Cosine Distribution

For the cosine angles, we have

dm

dφm
pφ(φ)

=







































1
π2l−1 c1

1
2 l−1
∑

k=0

(

l
k

)

jm+1(l − 2k)m

sin
(

(l − 2k)(φ− φ̄)
)

,

m∈{1, 3, . . .};

1
π2l−1 c1

1
2 l−1
∑

k=0

(

l
k

)

jm(l − 2k)m

cos
(

(l − 2k)(φ− φ̄)
)

,

m∈{2, 4, . . .}.

(20)

Form∈{1, 2, . . .}, the definite values ofπ and−π result in

dm

dφm
pφ(φ)

∣

∣

∣

∣

π

φ=−π

=



































1
π2l−2 c1

l
∑

k=0

(

l
k

)

jm+1(l − 2k)m

cos
(

−(l − 2k)φ̄
)

sin ((l − 2k)π) ,

m∈{1, 3 . . .};

− 1
π2l−2 c1

l
∑

k=0

(

l
k

)

jm(l − 2k)m

sin
(

−(l − 2k)φ̄
)

sin ((l − 2k)π) ,

m∈{2, 4 . . .},

= 0,
(21)

which implies that for anȳφ the condition dm

dφm pφ(φ)
∣

∣

∣

π

φ=−π
=

0 holds in the case of the cosine distribution.

B. Uniform Distribution

It is clear that the uniform distribution providesddφpφ(φ) =
0. However, the uniform distribution does not follow Propo-
sition 1, because the uniform pdf does not support the full
angular existenceφ ∈ (−π, π], i.e. there existsφ such that
pφ(φ) = 0 for φ∈(−π, π].

C. Gaussian Distribution

For the Gaussian distribution, we have

dm

dφm
pφ(φ) =

1√
2πσφ

cGe
1

2σ2
φ

(φ−φ̄)2

⌊ 1
2m⌋
∑

k=0

1

(σ2
φ)

m−k
cm,k(φ− φ̄)m−2k,

(22)

wherecm,k is the coefficient, which also can be drawn from
the Hermite polynomial [25, Ch. 22]. It can be shown that

dm

dφm
pφ(φ)

∣

∣

∣

∣

π

φ=−π

=
1√
2πσφ

cG

⌊ 1
2m⌋
∑

k=0

1

(σ2
φ)

m−k
cm,k

(

(

π − φ̄
)m−2k

e
1

2σ2
φ

(π−φ̄)2

−
(

−π − φ̄
)m−2k

e
1

2σ2
φ

(−π−φ̄)2
)

.

(23)

If m = 1, we have

d

dφ
pφ(φ)

∣

∣

∣

∣

π

φ=−π

=
1√
2πσφ

1

σ2
φ

cG

(

(

π − φ̄
)

e
1

2σ2
φ

(π−φ̄)2

+
(

π + φ̄
)

e
1

2σ2
φ

(π+φ̄)2
)

.

(24)

It can be easily seen that if̄φ = 0, the derivative
d
dφpφ(φ)

∣

∣

∣

π

φ=−π
does not remain zero. Therefore, the Gaussian

distribution does not satisfy the conditiond
m

dφm pφ(φ)
∣

∣

∣

π

φ=−π
=

0.

D. Laplacian Distribution

The derivative of the Laplacian distribution can be written
as

dm

dφm
pφ(φ) =







1√
2σφ

cL

(

1
σφ

√
2
)m

e
1

σφ

√
2|φ−φ̄|

, φ ≥ φ̄;

1√
2σφ

cL

(

− 1
σφ

√
2
)m

e
1

σφ

√
2|φ−φ̄|

, φ < φ̄.

(25)

For φ̄∈(−π, π), we have

dm

dφm
pφ(φ)

∣

∣

∣

∣

π

φ=−π

=
1√
2σφ

cL

((

1

σφ

√
2

)m

e
1

σφ

√
2(π−φ̄)

−
(

− 1

σφ

√
2

)m

e
1

σφ

√
2(π+φ̄)

)

.

(26)

One can see that the Laplacian distribution, in general, does

not provide dm

dφm pφ(φ)
∣

∣

∣

π

φ=−π
= 0.

E. Von Mises Distribution

Using the relationeκ cos(φ) = I0(κ) + 2
∞
∑

k=1

Ik(κ) cos(kφ)

(see [25, eq. (9.6.34)]), we have

dm

dφm
pφ(φ)

=































1
πI0(κ)

∞
∑

k=1

(−1)
1
2 (m+1)km

Ik(κ) sin(k(φ − φ̄)),
m∈{1, 3, . . .};

1
πI0(κ)

∞
∑

k=1

(−1)
1
2mkm

Ik(κ) cos(k(φ− φ̄)),
m∈{2, 4, . . .}.

(27)

One can see that whenm is an odd number, the difference of
both terms results in

dm

dφm
pφ(φ)

∣

∣

∣

∣

π

φ=−π

=































1
πI0(κ)

2
∞
∑

k=1

(−1)
1
2 (m+1)kmIk(κ)

cos(kφ̄) sin(kπ),
m∈{1, 3, . . .};

− 1
πI0(κ)

2
∞
∑

k=1

(−1)
1
2mkmIk(κ)

sin(kφ̄) sin(kπ),
m∈{2, 4, . . .},

= 0,
(28)



SPATIAL FADING CORRELATION FOR LOCAL SCATTERING: A CONDITION OF ANGULAR DISTRIBUTION 6

which provides that the conditiond
m

dφm pφ(φ)
∣

∣

∣

π

φ=−π
= 0 holds

for any nominal direction̄φ.
We find that only one notable angular distribution, the von

Mises model [32], satisfies the condition. The cosine angular
distribution model [7,27] is also tested for the condition and
found to satisfy it; however, the cosine distribution modelhas
never been regarded as a sound angular distribution model.
In nutshell, the condition is beneficial only for one notable
angular model, i.e., the von Mises distribution, where it
leads to obtaining a simple formula for the SFC. For other
distributions which are usually chosen as the popular spatial
models [8,9,21,23,28]–[31], one will have to calculate the
SFC through tedious computations without benefiting from the
proposed condition.

V. NUMERICAL EXAMPLES

The SFC computation for the Gaussian angular distribution
needs to calculate the error functions with complex arguments
in (11) and (13). Since an exact method to calculate such error
functions with the complex arguments does not exist in the
literature, a well-known approximation is given by (see [25,
eq. (7.1.29)] and [39, eq. (5)])

erf(x+ jy) = erf(x) +
1

2πx
e−x2

(1− cos(2xy) + j sin(2xy))

+
1

π
2e−x2

∞
∑

ñ=1

1

ñ2 + 4x2
e−

1
4 ñ

2

(fñ(x, y) + jgñ(x, y)) + ǫ(x, y),
(29)

wherefñ(x, y) andgñ(x, y) are given by

fñ(x, y) = 2x− 2x cosh(ñy) cos(2xy)

+ ñ sinh(ñy) sin(2xy), (30a)

gñ(x, y) = 2x cosh(ñy) sin(2xy)

+ ñ sinh(ñy) cos(2xy), (30b)

and the approximation errorǫ(x, y) is on the order of
|ǫ(x,y)|

|erf(x+jy)| ≈ 10−16. Alternatively, an available MATLABR©

package is developed in [40]. Due to the lack of the utility and
the random number generation of the cosine distribution (see
[19] and [20]), we omit the simulation for the cosine angular
distribution. The Laplacian random number is calculated from
[41, p. 94]. The von Mises random number is generated by
a method presented in [42]. Since the correlation function in
(19) is independent of the angular standard deviationσφ, any
value of κ for the von Mises angular distribution is valid.
However, we found that only a small value ofκ substituted
into [42] can provide accurate results to (19). For simplicity,
we adoptκ = 1. In principle, the cosine and the von Mises
angular distributions should correspond to (19).

We approximate the infinite summation in (3) by using only
a finite number of the first106 terms for the uniform and the
Laplacian angular distributions and the first20 terms for the
Gaussian angular distribution. For the infinite summation in
(29), the first103 terms are added altogether. We found that
the approach in (29) and the method in [40] provide nearly
the same result in computing the complex error function.

Antenna element index differencen− ń

S
pa

tia
l

fa
di

ng
co

rr
el

at
io

n∣ ∣

ρ
n
,ń

∣ ∣

J0
(

1

c
2πf0d(n − ń)

)

von Mises: Simulation
Uniform: Theory
Uniform: Simulation
Gaussian: Approximation
Gaussian: Simulation
Laplacian: Theory
Laplacian: Simulation
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Fig. 1. The spatial fading correlation of several angular distributions as a
function of antenna element index differencen − ń for the nominal angle
φ̄ = 0◦ and the angular standard deviationσφ = 20◦ with NR = 107

independent simulation runs.

However, the method in (29) fails in computing the SFC. The
wave propagation speed is assigned asc = 3 × 108 m/s. The
operating frequency is assumed to be on the ultrawideband
region, i.e., f0 = 1

2 (10.6 + 3.1) × 109 Hz. The antenna
element separation distance is chosen as a half of wave length,
i.e. d = 1

2

(

c
f0

)

= 0.0218978 m. According to (2), the
random evaluation of the SFC is chosen as the sample mean
ρ̂n,ń = 1

NR

∑NR

nR=1 e
1
c
j2πf0d(n−ń) sin(φnR

), whereNR is the
number of independent simulation runs.

In Fig. 1, we consider the SFC as a function of the difference
of the antenna element indices. Note that the difference of
the antenna indicesn − ń is valid for only the uniform
linear array. Forn − ń = 0, the SFCs of all the angular
distributions become unity, since the received signal at the
same antenna element is fully correlated to itself. When the
difference of the antenna element indices increases, the signals
at different antenna elements are partially correlated. Hence,
the SFC is lower than one. For the von Mises distribution, the
simulation results coincide with the Jakes’ model, since the
von Mises and the cosine distributions follow the conditionin
(18), i.e., their sinusoid coefficientsck andsk are zeros. The-
oretically, both angular models should provide the same SFC
as the Jakes’ model. Regarding the uniform distribution, the
simulation results well coincide with the theoretical quantity.
For the Laplacian angular distribution, the simulation results
correspond to the theoretical derivation. Taking into account
the Gaussian angular distribution, the numerical results of the
SFC closely coincide with the theoretical results. However,
the computation of the SFC involves the summations of two
sinusoidal coefficients. In the case of the Gaussian angular
distribution, each sinusoidal coefficient requires the summation
of two terms, each of which is the error function with the
complex argument. Since the error function is approximated
with a finite number of summation terms, the remained infi-
nite term in the complex-valued error function approximation
leads to the cumulative errors in the final SFC computation.
This approximation error results in the mismatches between
the numerical results and the theoretical results, which are
noticeable in the logarithm scale of the SFC forn− ń > 4.
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VI. CONCLUSION

A new perspective on the SFC is presented. The condition
for obtaining a simple formulaJ0

(

1
c
2πf0d(n− ń)

)

for the
SFC is exposed by the test of the angular distribution, i.e.,
dm

dφm pφ(φ)
∣

∣

∣

φ=π

φ=−π
= 0. We have applied the proposition to the

cosine, uniform, Gaussian, Laplacian, and von Mises distri-
butions. It has been found that the cosine and the von Mises
distributions absolutely lie in this kind of the distributions,
whose SFC yieldsJ0

(

1
c
2πf0d(n− ń)

)

. The results of the
proposition coincide with those of the classical method for
the computation of the SFC.

APPENDIX A
PROOF OFPROPOSITION1

The proof is based on the by-part integrations for bothck
andsk. In what follows, we show thatck = 0 andsk = 0.

Let u1 = pφ(φ) and dv1 = cos(2kφ)dφ be the variables

of the integration by parts. Sincedu1 =
(

d
dφpφ(φ)

)

dφ and

v1 = 1
2k sin(2kφ), we have

ck =
1

2k

(

pφ(φ) sin(2kφ)|πφ=−π

−
∫ π

−π

(

d

dφ
pφ(φ)

)

sin(2kφ)dφ

)

= − 1

2k

∫ π

−π

(

d

dφ
pφ(φ)

)

sin(2kφ)dφ.

(31)

Let u2 = d
dφpφ(φ) and dv2 = sin(2kφ)dφ be the variables

of the integration by parts. Sincedu2 =
(

d2

dφ2 pφ(φ)
)

dφ and

v2 = − 1
2k cos(2kφ), we have

ck =

(

− 1

2k

)2
(

(

d

dφ
pφ(φ)

)

cos(2kφ)

∣

∣

∣

∣

π

φ=−π

−
∫ π

−π

(

d2

dφ2
pφ(φ)

)

cos(2kφ)dφ

)

=

(

− 1

2k

)2
d

dφ
pφ(φ)

∣

∣

∣

∣

π

φ=−π

−
(

− 1

2k

)2 ∫ π

−π

(

d2

dφ2
pφ(φ)

)

cos(2kφ)dφ.

(32)

Inferring from (31), we have

ck =

(

− 1

2k

)2
d

dφ
pφ(φ)

∣

∣

∣

∣

π

φ=−π

−
(

− 1

2k

)3 ∫ π

−π

(

d3

dφ3
pφ(φ)

)

sin(2kφ)dφ.

(33)

Inferring from (32), we have

ck =

(

− 1

2k

)2
d

dφ
pφ(φ)

∣

∣

∣

∣

π

φ=−π

−
(

− 1

2k

)4
d3

dφ3
pφ(φ)

∣

∣

∣

∣

π

φ=−π

−
(

− 1

2k

)4 ∫ π

−π

(

d4

dφ4
pφ(φ)

)

cos(2kφ)dφ.

(34)

At the 2M -th by-part integration forM ∈{1, 2, . . .}, we have
by induction

ck =

M
∑

m=1

(−1)m−1

(

− 1

2k

)2m
d2m−1

dφ2m−1
pφ(φ)

∣

∣

∣

∣

π

φ=−π

−
(

− 1

2k

)2M ∫ π

−π

(

d2M

dφ2M
pφ(φ)

)

cos(2kφ)dφ.

(35)

If pφ(φ) is differentiable up to2M times, the termd2M

dφ2M pφ(φ)
remains constant. We have

ck =

M
∑

m=1

(−1)m−1

(

− 1

2k

)2m
d2m−1

dφ2m−1
pφ(φ)

∣

∣

∣

∣

π

φ=−π

−
(

− 1

2k

)2M (
d2M

dφ2M
pφ(φ)

)∫ π

−π

cos(2kφ)dφ

=

M
∑

m=1

(−1)m−1

(

− 1

2k

)2m
d2m−1

dφ2m−1
pφ(φ)

∣

∣

∣

∣

π

φ=−π

.

(36)

It can be seen that ifd
2m−1

dφ2m−1 pφ(φ)
∣

∣

∣

π

φ=−π
is zero for allm∈

{1, 2, . . . ,M}, we haveck = 0.
Let u1 = pφ(φ) anddv1 = sin((2k − 1)φ)dφ be the vari-

ables of the integration by parts. Sincedu1 =
(

d
dφpφ(φ)

)

dφ

andv1 = − 1
2k−1 cos((2k − 1)φ), we have

sk = − 1

2k − 1

(

pφ(φ) cos((2k − 1)φ)|π
φ=−π

−
∫ π

−π

(

d

dφ
pφ(φ)

)

cos((2k − 1)φ)dφ

)

=
1

2k − 1
(pφ(π)− pφ(−π))

+
1

2k − 1

∫ π

−π

(

d

dφ
pφ(φ)

)

cos((2k − 1)φ)dφ.

(37)

Let u2 = d
dφpφ(φ) anddv2 = cos((2k − 1)φ)dφ be the vari-

ables of the integration by parts. Sincedu2 =
(

d2

dφ2 pφ(φ)
)

dφ

andv2 = 1
2k−1 sin((2k − 1)φ), we have

sk =
1

2k − 1
(pφ(π)− pφ(−π))

+
1

(2k − 1)2

(

(

d

dφ
pφ(φ)

)

sin((2k − 1)φ)

∣

∣

∣

∣

π

φ=−π

−
∫ π

−π

(

d2

dφ2
pφ(φ)

)

sin((2k − 1)φ)dφ

)

=
1

2k − 1
(pφ(π)− pφ(−π))

− 1

(2k − 1)
2

∫ π

−π

(

d2

dφ2
pφ(φ)

)

sin((2k − 1)φ)dφ.

(38)

Inferring from (37), we have

sk =
1

2k − 1
(pφ(π) − pφ(−π))−

1

(2k − 1)
3

d2

dφ2
pφ(φ)

∣

∣

∣

∣

π

φ=−π

− 1

(2k − 1)
3

∫ π

−π

(

d3

dφ3
pφ(φ)

)

cos((2k − 1)φ)dφ.

(39)
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Inferring from (38), we have

sk =
1

2k − 1
(pφ(π)− pφ(−π))−

1

(2k − 1)3
d2

dφ2
pφ(φ)

∣

∣

∣

∣

π

φ=−π

+
1

(2k − 1)4

∫ π

−π

(

d4

dφ4
pφ(φ)

)

sin((2k − 1)φ)dφ.

(40)

At the 2M -th by-part integration forM ∈{1, 2, . . .}, we have
by induction

sk =
M
∑

m=1

(−1)m−1

(

1

2k − 1

)2m−1
d2(m−1)

dφ2(m−1)
pφ(φ)

∣

∣

∣

∣

π

φ=−π

+
1

(2k − 1)
2M

∫ π

−π

(

d2M

dφ2M
pφ(φ)

)

sin((2k − 1)φ)dφ.

(41)

If pφ(φ) is differentiable up to2M times, the termd2M

dφ2M pφ(φ)
remains constant. We have

sk =

M
∑

m=1

(−1)m−1

(

1

2k − 1

)2m−1
d2(m−1)

dφ2(m−1)
pφ(φ)

∣

∣

∣

∣

π

φ=−π

+
1

(2k − 1)
2M

(

d2M

dφ2M
pφ(φ)

)∫ π

−π

sin((2k − 1)φ)dφ

=

M
∑

m=1

(−1)m−1

(

1

2k − 1

)2m−1
d2(m−1)

dφ2(m−1)
pφ(φ)

∣

∣

∣

∣

π

φ=−π

.

(42)

It can be seen that ifd
2(m−1)

dφ2(m−1) pφ(φ)
∣

∣

∣

π

φ=−π
is zero for allm∈

{1, 2, . . . ,M}, we havesk = 0.
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[5] M. K. Özdemir, E. Arvas, and H. Arslan, “Dynamics of spatial correla-
tion and implications on MIMO systems,”IEEE Commun. Mag., vol. 42,
no. 6, pp. S14–S19, June 2004.

[6] C. Cozzo and B. L. Hughes, “Space diversity in presence ofdiscrete
multipath fading channel,”IEEE Trans. Commun., vol. 10, no. 51, pp.
1629–1632, Oct. 2004.

[7] W. C. Y. Lee, “Effects on correlation between two mobile radio base
station antennas,”IEEE Trans. Commun., vol. 21, no. 11, pp. 1214–1224,
Nov. 1973.

[8] F. Adachi, M. T. Feeney, A. G. Williamson, and J. D. Parsons, “Cross-
correlation between the envelopes of 900 MHz signals received at a
mobile radio base station site,”IEE Proc.–Part F: Commun., Radar and
Signal Process., vol. 133, no. 6, pp. 506–512, Oct. 1986.

[9] J. Salz and J. H. Winters, “Effects of fading correlationon adaptive
arrays in digital mobile radio,”IEEE Trans. Veh. Technol., vol. 43, no. 4,
pp. 1049–1057, Nov. 1994.

[10] J. S. Sadowsky and V. Kafedziski, “On the correlation and scattering
functions of the WSSUS channel for mobile communications,”IEEE
Trans. Veh. Technol., vol. 47, no. 1, pp. 270–282, Feb. 1998.

[11] P. C. Eggers, “Angular propagation descriptions relevant for base station
adaptive antenna operations,”Wireless Person. Commun., vol. 11, no. 3,
pp. 3–29, Oct. 1999.

[12] J.-A. Tsai, R. M. Buehrer, and B. D. Woerner, “Spatial fading correlation
function of circular antenna arrays with Laplacian energy distribution,”
IEEE Commun. Lett., vol. 6, no. 5, pp. 425–434, May 2002.

[13] P. D. Teal, T. D. Abhayapala, and R. A. Kennedy, “Spatialcorrelation
for general distributions of scatterers,”IEEE Signal Processing Lett.,
vol. 9, no. 10, pp. 305–308, Oct. 2002.

[14] P. De Doncker, “Spatial correlation functions for fields in three-
dimensional Rayleigh channels,”Progress In Electromagnetics Research
(PIER), vol. 40, pp. 55–69, 2003.

[15] V. I. Piterbarg and K. T. Wong, “Spatial-correlation-coefficient at the
basestation, in closed-form explicit analytic expression, due to het-
erogeneously poisson distributed scatterers,”IEEE Antennas Wireless
Propagat. Lett., vol. 4, pp. 385–388, 2005.

[16] J.-A. Tsai and B. D. Woerner, “The fading correlation function of a
circular antenna array in mobile radio environment,” inProc. IEEE
Global Telecommun. Conf., vol. 5, San Antonio, TX, Nov. 2001, pp.
3232–3236.

[17] J. Zhou, K. Ishizawa, S. Sasaki, S. Muramatsu, H. Kikuchi, and
Y. Onozato, “Generalized spatial correlation equations for antenna arrays
in wireless diversity reception exact and approximate analyses,” inProc.
Int. Conf. Neural Netw. Signal Process., vol. 1, Nanjing, China, Dec.
2003, pp. 180–184.

[18] W. C. Jakes, Ed.,Microwave Mobile Communications, 2nd ed. Piscat-
away, NJ: Wiley-IEEE Press, 1994.

[19] L. Devroye,Non-Uniform Random Variate Generation. New York, NY:
Springer Verlag, 1986.

[20] J. E. Gentle,Random Number Generation and Monte Carlo Methods,
2nd ed. New York, NY: Springer Verlag, 2003.

[21] T. Trump and B. Ottersten, “Estimation of nominal direction of arrival
and angular spread using an array of sensors,”Signal Process., no. 1-2,
pp. 57–69, Apr. 1996.

[22] M. Bengtsson, “Antenna array signal processing for high rank data
models,” Ph.D. dissertation, Royal Institute of Technology, Stockholm,
Sweden, Dec. 1999.

[23] T. L. Fulghum, K. J. Molnar, and A. Duel-Hallen, “The Jakes fading
model for antenna arrays incorporating azimuth spread,”IEEE Trans.
Veh. Technol., vol. 51, no. 5, pp. 968–977, Sept. 2002.

[24] B. Tau Sieskul, C. Kupferschmidt, and T. Kaiser, “Spatial fading corre-
lation for semicircular scattering: Angular spread and spatial frequency
approximations,” inProc. 3rd Int. Conf. Commun. Electron. (ICCE
2010), Nha Trang, Vietnam, Aug. 2010, pp. 216–221.

[25] M. Abramowitz and I. A. Stegun,Handbook of Mathematical Functions
with Formulas, Graphs, and Mathematical Tables. New York, NY:
Dover Publications, 1972, tenth printing with corrections.

[26] G. N. Watson,A Treatise on the Theory of Bessel Functions, 2nd ed.
Cambridge, UK: Cambridge at the University Press, 1944.

[27] R. G. Vaughan, “Pattern translation and rotation in uncorrelated source
distributions for multiple beam antenna design,”IEEE Trans. Antennas
Propagat., vol. 46, no. 7, pp. 982–990, July 1998.

[28] T. Aulin, “A modified model for the fading signal at a mobile radio
channel,”IEEE Trans. Veh. Technol., vol. 28, no. 3, pp. 182–203, Aug.
1979.

[29] R. B. Ertel and J. H. Reed, “Angle and time of arrival statistics
for circular and elliptical scattering models,”IEEE J. Select. Areas
Commun., vol. 17, no. 11, pp. 1829–1840, Nov. 1999.

[30] K. I. Pedersen, P. E. Mogensen, and B. H. Fleury, “A stochastic model
of the temporal and azimuthal dispersion seen at the base station in
outdoor propagation environments,”IEEE Trans. Veh. Technol., vol. 49,
no. 2, pp. 437–447, Mar. 2000.

[31] Q. H. Spencer, B. D. Jeffs, M. A. Jensen, and A. L. Swindlehurst,
“Modeling the statistical time and angle of arrival characteristics of an
indoor multipath channel,”IEEE J. Select. Areas Commun., vol. 18,
no. 3, pp. 347–360, May 2000.

[32] A. Abdi, J. A. Barger, and M. Kaveh, “A parametric model for the
distribution of the angle of arrival and the associated correlation function
and power spectrum at the mobile station,”IEEE Trans. Veh. Technol.,
vol. 51, no. 3, pp. 425–434, May 2002.

[33] Y. Chen and V. K. Dubey, “Accuracy of geometric channel-modeling
methods,” IEEE Trans. Veh. Technol., vol. 53, no. 1, pp. 82–93, Jan.
2004.

[34] K. N. Le, “On angle-of-arrival and time-of-arrival statistics of geometric
scattering channels,”IEEE Trans. Veh. Technol., vol. 58, no. 8, pp. 4257–
4264, Oct. 2009.



SPATIAL FADING CORRELATION FOR LOCAL SCATTERING: A CONDITION OF ANGULAR DISTRIBUTION 9
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