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Abstract—In this paper, a comprehensive investigation of
multi-link spatial correlation properties for cooperative multiple-
input multiple-output (MIMO) wireless channels is presented.
The impact of interested and important parameters, e.g., local
scattering density (LSD) and environment-related parameters,
on multi-link spatial correlation properties is completely in-
vestigated. Some interesting observations are found and useful
conclusions are made. They are helpful for better understanding
cooperative MIMO channels and for setting up more purposeful
measurement campaigns.

I. INTRODUCTION

Cooperative MIMO technology groups multiple radio de-
vices to form virtual antenna arrays so that they can cooperate
with each other by exploiting the spatial domain of mobile
fading channels. Therefore, recently cooperative MIMO tech-
nology has been received much attention and employed in
many new wireless systems, e.g., vehicular communication
systems. As a new emerging technology, many research chal-
lenges in cooperative communications have to be addressed
before its wide deployment. Among them, how to practically
characterize cooperative MIMO channels is the fundamental
one for the better design of cooperative MIMO systems [1].

Various statistical properties of cooperative MIMO channels
for different scenarios have been investigated in many papers
[2]– [5]. However, the investigation of multi-link correlation
properties for cooperative MIMO channels is still in its infancy
and more comprehensive study is needed for completely
understanding cooperative MIMO channels.

In general, the multi-link spatial correlation consists of
large scale fading multi-link spatial correlation and small scale
fading multi-link spatial correlation. Compared with small
scale fading multi-link spatial correlations, large scale fading
multi-link spatial correlations have been widely investigated
and standardized in many standard channel models, e.g., 3rd
Generation Partnership Project (3GPP) Spatial Channel Model
(SCM) [6], [7] and Wireless World Initiative New Radio
Phase II (WINNER II) channel model [8]. Recently, a few
papers [9]– [12] have studied the small scale fading multi-
link spatial correlation and clearly shown its existence and
importance. More recently, in [13], we have proposed a unified

channel model framework for cooperative MIMO systems and
preliminarily investigated small scale fading multi-link spatial
correlations. The detailed and comprehensive investigation of
multi-link spatial correlations is not the focus of this paper
[13] and is lacking in the literature.

To fill the aforementioned gap, this paper first details the
channel model proposed in [13] and highlights the physical
meaning of key model parameters. Based on the developed
channel model, the impact of key model parameters on multi-
link spatial correlations will be comprehensively investigated
and some interesting observations and useful conclusions will
be given in this paper.

II. A GBSM FOR COOPERATIVE MIMO CHANNELS

In this section, the channel model first proposed in [13]
will be introduced in more detailed and the physical meaning
of key model parameters will be highlighted. Note that the
introduced model in this section is a theoretical reference
model rather than a simulation model [14]- [17].

The investigated scenario is a wideband cooperative relay
communication environment that includes three different links:
base station-relay station (BS-RS), RS-mobile station (MS),
and BS-MS. Fig. 1 shows the geometry of the cooperative
MIMO GBSM, combining the LoS components and scattered
components. To keep the readability of Fig. 1, the LoS
components are not shown. It is assumed that the BS, RS, and
MS are all equipped with 𝐴𝐵 = 𝐴𝑅 = 𝐴𝑀 = 2 uniform
linear antenna arrays. The local scattering environment is
characterized by the effective scatterers located on circular
rings. Suppose there are 𝑁1 effective scatterers around the
MS lying on a circular ring of radius 𝑅1𝑛1

≤ 𝜉𝑀𝑛1
≤ 𝑅1𝑛2

and
the 𝑛1th (𝑛1 = 1, ..., 𝑁1) effective scatterer is denoted by 𝑆𝑛1

.
Similarly, assume there are 𝑁2 effective scatterers around the
RS lying on a circular ring of radius 𝑅2𝑛1

≤ 𝜉𝑅𝑛2
≤ 𝑅2𝑛2

and the 𝑛2th (𝑛2 = 1, ..., 𝑁2) effective scatterer is denoted
by 𝑆𝑛2

. For the local scattering area around BS, 𝑁3 effective
scatterers lie on a circular ring of radius 𝑅3𝑛1

≤ 𝜉𝐵𝑛3
≤ 𝑅3𝑛2

and the 𝑛3th (𝑛3 = 1, ..., 𝑁3) effective scatterer is denoted by
𝑆𝑛3

. The parameters in Fig. 1 are defined in Table I.
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In the following, we will show the channel gains of the three
different links for the introduced cooperative MIMO GBSM.

A. BS-RS link
The channel gain of the BS-RS link between Antenna 𝑝3 at

the BS and Antenna 𝑝2 at the RS can be expressed as

ℎ𝑝3𝑝2 = ℎ𝐿𝑜𝑆𝑝3𝑝2 +
3∑
𝑖=1

𝑓3(𝑖)∑
𝑔=1

ℎ𝑖𝑔𝑝3𝑝2 (1)

where ℎ𝐿𝑜𝑆𝑝3𝑝2 denotes the LoS component and ℎ𝑖𝑔𝑝3𝑝2 represents
the 𝑔th 𝑖-bounced component with the following expressions

ℎ𝐿𝑜𝑆𝑝3𝑝2 =

√
𝐾𝑝3𝑝2Ω𝑝3𝑝2
𝐾𝑝3𝑝2 + 1

𝑒−𝑗2𝜋𝜆
−1𝜒𝑝3𝑝2 (2)

ℎ1𝑔
𝑝3𝑝2 =

√
𝜂1𝑔𝑝3𝑝2Ω𝑝3𝑝2
𝐾𝑝3𝑝2 + 1

lim
𝑁𝑔→∞

𝑁𝑔∑
𝑛𝑔=1

1√
𝑁𝑔

𝑒𝑗(𝜓𝑛𝑔−2𝜋𝜆−1𝜒𝑝3𝑝2,𝑛𝑔 )

(3)

ℎ2𝑔
𝑝3𝑝2 =

√
𝜂2𝑔𝑝3𝑝2Ω𝑝3𝑝2
𝐾𝑝3𝑝2 + 1

lim
𝑁𝑔1

,𝑁𝑔2
→∞

𝑁𝑔1
,𝑁𝑔2∑

𝑛𝑔1
,𝑛𝑔2

=1

1√
𝑁𝑔1𝑁𝑔2

× 𝑒𝑗(𝜓𝑛𝑔1
,𝑛𝑔2

−2𝜋𝜆−1𝜒𝑝3𝑝2,𝑛𝑔1
,𝑛𝑔2

) (4)

ℎ31
𝑝3𝑝2 =

√
𝜂31𝑝3𝑝2Ω𝑝3𝑝2
𝐾𝑝3𝑝2 + 1

lim
𝑁1,𝑁2,𝑁3→∞

𝑁1,𝑁2,𝑁3∑
𝑛1,𝑛2,𝑛3=1

1√
𝑁1𝑁2𝑁3

× 𝑒𝑗(𝜓𝑛1,𝑛2,𝑛3
−2𝜋𝜆−1𝜒𝑝3𝑝2,𝑛1,𝑛2,𝑛3) (5)

where 𝑔=1, 2, 3, {𝑔1, 𝑔2}={3, 2} for 𝑔=1, {𝑔1, 𝑔2}={3, 1} for
𝑔=2, and {𝑔1, 𝑔2}={1, 2} for 𝑔=3. In (2)–(5), 𝜒𝑝3𝑝2=𝜀𝑝3𝑝2 ,
𝜒𝑝3𝑝2,𝑛𝑔

=𝜀𝑝3𝑛𝑔
+𝜀𝑛𝑔𝑝2 , 𝜒𝑝3𝑝2,𝑛𝑔1

,𝑛𝑔2
=𝜀𝑝3𝑛𝑔1

+𝜀𝑛𝑔1
𝑛𝑔2

+𝜀𝑛𝑔2
𝑝2 ,

and 𝜒𝑝3𝑝2,𝑛1,𝑛2,𝑛3
=𝜀𝑝3𝑛3

+𝜀𝑛3𝑛1
+𝜀𝑛1𝑛2

+𝜀𝑛2𝑝2 are the travel
times of the waves through the link 𝐵𝑝3−𝑅𝑝2 , 𝐵𝑝3−𝑆𝑛𝑔

−𝑅𝑝2 ,
𝐵𝑝3−𝑆𝑛𝑔1

−𝑆𝑛𝑔2
−𝑅𝑝2 , and 𝐵𝑝3−𝑆𝑛3

−𝑆𝑛1
−𝑆𝑛2

−𝑅𝑝2 , respectively.
The symbols 𝐾𝑝3𝑝2 and Ω𝑝3𝑝2 designate the Ricean factor and
the total power of the BS-RS link, respectively. Parameters
𝜂1𝑔𝑝3𝑝2 , 𝜂2𝑔𝑝3𝑝2 , and 𝜂31𝑝3𝑝2 specify how much the single-, double-,
and triple-bounced rays contribute to the total scattered power
Ω𝑝3𝑝2/(𝐾𝑝3𝑝2+1) with

∑3
𝑔=1(𝜂

1𝑔
𝑝3𝑝2+𝜂2𝑔𝑝3𝑝2)+𝜂31𝑝3𝑝2 =1. The

phases 𝜓𝑛𝑔
, 𝜓𝑛𝑔1

,𝑛𝑔2
, and 𝜓𝑛1,𝑛2,𝑛3

are i.i.d. random variables
with uniform distributions over [−𝜋, 𝜋).

From Fig. 1 and based on the normally used assumption
min{𝐷1, 𝐷2, 𝐷3} ≫ max{𝛿1, 𝛿2, 𝛿3} [18] and the application
of the law of cosines in appropriate triangles, the distances
𝜀𝑝3𝑝2 , 𝜀𝑝3𝑛𝑔

, 𝜀𝑛𝑔𝑝2 , 𝜀𝑛1𝑛2
, 𝜀𝑛3𝑛2

, and 𝜀𝑛3𝑛1
in (2)–(5) can be

expressed as 𝜀𝑝3𝑝2 ≈ 𝐷3 − 𝛿3
2 cos(𝛽3 − 𝜃′) + 𝛿2

2 cos(𝛽2 − 𝜃′),
𝜀𝑝3𝑛𝑔

≈ 𝜉𝐵𝑛𝑔
− 𝛿3

2 cos(𝛽3 − 𝛼1𝑛𝑔
), 𝜀𝑛𝑔𝑝2 ≈ 𝜉𝑅𝑛𝑔

− 𝛿2
2 cos(𝛽2 −

𝛼2𝑛𝑔
), 𝜀𝑛1𝑛2

= [(𝜉𝑅𝑛1
)2 + (𝜉𝑅𝑛2

)2 − 2𝜉𝑅𝑛1
𝜉𝑅𝑛2

cos(𝛼2𝑛1
−

𝛼2𝑛2
)]1/2, and 𝜀𝑛3𝑛𝜚

= [(𝜉𝐵𝑛3
)2+(𝜉𝐵𝑛𝜚

)2−2𝜉𝐵𝑛3
𝜉𝐵𝑛𝜚

cos(𝛼3𝑛3
−

𝛼1𝑛𝜚
)]1/2 where 𝜉𝐵𝑛1

= (𝐷2
1 + (𝜉𝑀𝑛1

)2 + 2𝐷1𝜉
𝑀
𝑛1

cos𝛼1𝑛1
)1/2,

𝜉𝑅𝑛1
= (𝐷2

2 + (𝜉𝑀𝑛1
)2 + 2𝐷2𝜉

𝑀
𝑛1

cos(𝛼1𝑛1
+ 𝜃))1/2, 𝜉𝐵𝑛2

=
(𝐷2

3+(𝜉
𝑅
𝑛2
)2+2𝐷3𝜉

𝑅
𝑛2

cos(𝛼2𝑛2
− 𝜃′))1/2, 𝜉𝑅𝑛3

=(𝐷2
3+(𝜉

𝐵
𝑛3
)2−

2𝐷3𝜉
𝐵
𝑛3

cos(𝛼3𝑛3
− 𝜃′))1/2, 𝜉𝑅𝑛2

∈ [𝑅1𝑛2
, 𝑅2𝑛2

], 𝜉𝐵𝑛3
∈

[𝑅1𝑛3
, 𝑅2𝑛3

], 𝜚 = 1, 2, and 𝑔=1, 2, 3. Note that the AoD 𝛼3𝑛1
,

𝛼3𝑛2
, 𝛼3𝑛3

and AoA 𝛼2𝑛1
, 𝛼2𝑛2

, 𝛼2𝑛3
are independent for

double- and triple-bounced rays, while they are interdependent

BS

RS

MS

Fig. 1. The proposed cooperative MIMO GBSM.

TABLE I. DEFINITION OF PARAMETERS IN FIG. 2.

𝐷1, 𝐷2, 𝐷3 distances of BS-MS, RS-MS, and BS-RS, respectively
𝑅1𝑛1

, 𝑅2𝑛1
; 𝑅1𝑛2

, min and max radii of the circular rings around
𝑅2𝑛2

; 𝑅1𝑛3
, 𝑅2𝑛3

the MS, RS and BS, respectively
𝜃, 𝜃′ angles between the RS-MS link and BS-MS link, and

between the BS-RS link and BS-MS link, respectively
𝛿1, 𝛿2, 𝛿3 antenna element spacings of MS, RS and BS, respectively
𝛽1, 𝛽2, 𝛽3 orientations of the MS, RS and RS antenna arrays in

the x-y plane (relative to the x-axis), respectively
𝛼1𝑛𝑖

, 𝛼2𝑛𝑖
, azimuth angles of 𝑆𝑛𝑖

-MS, 𝑆𝑛𝑖
-RS, and 𝑆𝑛𝑖

-BS links
and 𝛼3𝑛𝑖

in the x-y plane (relative to the x-axis), respectively
𝜉𝐵𝑛1

, 𝜉𝐵𝑛2
, 𝜉𝐵𝑛3

distances 𝑑(BS,𝑆𝑛1
), 𝑑(BS,𝑆𝑛2

), and

𝑑(BS,𝑆𝑛3
), respectively

𝜉𝑅𝑛1
, 𝜉𝑅𝑛2

, 𝜉𝑅𝑛3
distances 𝑑(RS,𝑆𝑛1

), 𝑑(RS,𝑆𝑛2
), and

𝑑(RS,𝑆𝑛3
), respectively

𝜉𝑀𝑛1
, 𝜉𝑀𝑛2

, 𝜉𝑀𝑛3
distances 𝑑(MS,𝑆𝑛1

), 𝑑(MS,𝑆𝑛2
), and

𝑑(MS,𝑆𝑛3
), respectively

𝜀𝑝𝑖𝑛𝑔 (𝜀𝑛𝑔𝑝𝑖
), distances 𝑑(𝑝𝑖, 𝑆𝑛𝑔 ), 𝑑(𝑝𝑖, 𝑝𝑗), and

𝜀𝑝𝑖𝑝𝑗 , and 𝜀𝑛𝑔𝑛𝑘
𝑑(𝑆𝑛𝑔 , 𝑆𝑛𝑘

), respectively

for single-bounced rays. It is worth highlighting that scatterers
𝑆𝑛𝑔

around MS, RS, and BS are relevant to the angles 𝛼1𝑛1
,

𝛼2𝑛2
, and 𝛼3𝑛3

, respectively. Therefore, all other AoDs and
AoAs have to be related to the aforementioned three key
angles. By following the general method given in [18], the
relationship of the key angles with other AoAs and AoDs

of BS-RS link can be obtained as: sin𝛼3𝑛1
=

𝜉𝑀𝑛1

𝜉𝐵𝑛1

sin𝛼1𝑛1
,

sin(𝛼2𝑛1
+ 𝜃) =

𝜉𝑀𝑛1

𝜉𝑅𝑛1

sin(𝜃 + 𝛼1𝑛1
), sin(𝛼3𝑛2

− 𝜃′) =
𝜉𝑅𝑛2

𝜉𝐵𝑛2

sin(𝛼2𝑛2
− 𝜃′), and sin(𝛼2𝑛3

− 𝜃′) =
𝜉𝐵𝑛3

𝜉𝑅𝑛3

sin(𝛼3𝑛3
− 𝜃′).

B. BS-MS link

The channel gain of BS-MS link between antenna 𝑝3 at BS
and antenna 𝑝1 at MS can be expressed as

ℎ𝑝3𝑝1 = ℎ𝐿𝑜𝑆𝑝3𝑝1 +
3∑
𝑖=1

𝑓3(𝑖)∑
𝑔=1

ℎ𝑖𝑔𝑝3𝑝1 (6)



where ℎ𝐿𝑜𝑆𝑝3𝑝1 denotes the LoS component and ℎ𝑖𝑔𝑝3𝑝1 represents
the 𝑔th 𝑖-bounced component with the following expressions

ℎ𝐿𝑜𝑆𝑝3𝑝1 =

√
𝐾𝑝3𝑝1Ω𝑝3𝑝1
𝐾𝑝3𝑝1 + 1

𝑒−𝑗2𝜋𝜆
−1𝜒𝑝3𝑝1 (7)

ℎ1𝑔
𝑝3𝑝1 =

√
𝜂1𝑔𝑝3𝑝1Ω𝑝3𝑝1
𝐾𝑝3𝑝1 + 1

lim
𝑁𝑔→∞

𝑁𝑔∑
𝑛𝑔=1

1√
𝑁𝑔

𝑒𝑗(𝜓𝑛𝑔−2𝜋𝜆−1𝜒𝑝3𝑝1,𝑛𝑔 )

(8)

ℎ2𝑔
𝑝3𝑝1 =

√
𝜂2𝑔𝑝3𝑝1Ω𝑝3𝑝1
𝐾𝑝3𝑝1 + 1

lim
𝑁𝑔1

,𝑁𝑔2
→∞

𝑁𝑔1
,𝑁𝑔2∑

𝑛𝑔1
,𝑛𝑔2

=1

1√
𝑁𝑔1𝑁𝑔2

× 𝑒𝑗(𝜓𝑛𝑔1
,𝑛𝑔2

−2𝜋𝜆−1𝜒𝑝3𝑝1,𝑛𝑔1
,𝑛𝑔2

) (9)

ℎ31
𝑝3𝑝1 =

√
𝜂31𝑝3𝑝1Ω𝑝3𝑝1
𝐾𝑝3𝑝1 + 1

lim
𝑁1,𝑁2,𝑁3→∞

𝑁1,𝑁2,𝑁3∑
𝑛1,𝑛2,𝑛3=1

1√
𝑁1𝑁2𝑁3

× 𝑒𝑗(𝜓𝑛1,𝑛2,𝑛3
−2𝜋𝜆−1𝜒𝑝3𝑝1,𝑛1,𝑛2,𝑛3) (10)

where parameters 𝑔, 𝑔1, and 𝑔2 are the same as the ones in
(2)–(5). In (7)–(10), 𝜒𝑝3𝑝1 = 𝜀𝑝3𝑝1 , 𝜒𝑝3𝑝1,𝑛𝑔

= 𝜀𝑝3𝑛𝑔
+𝜀𝑛𝑔𝑝1 ,

𝜒𝑝3𝑝1,𝑛𝑔1
,𝑛𝑔2

=𝜀𝑝3𝑛𝑔1
+𝜀𝑛𝑔1

𝑛𝑔2
+𝜀𝑛𝑔2

𝑝1 , and 𝜒𝑝3𝑝1,𝑛1,𝑛2,𝑛3
=

𝜀𝑝3𝑛3
+𝜀𝑛3𝑛2

+𝜀𝑛2𝑛1
+𝜀𝑛1𝑝1 are the travel times of the waves

through the link 𝐵𝑝3−𝑀𝑝1 , 𝐵𝑝3−𝑆𝑛𝑔
−𝑀𝑝1 , 𝐵𝑝3−𝑆𝑛𝑔1

−𝑆𝑛𝑔2
−𝑀𝑝1 ,

and 𝐵𝑝3−𝑆𝑛3
−𝑆𝑛2

−𝑆𝑛1
−𝑀𝑝1 , respectively. The symbols

𝐾𝑝3𝑝1 and Ω𝑝3𝑝1 designate the Ricean factor and the total
power of the BS-MS link, respectively. Parameters 𝜂1𝑔𝑝3𝑝1 ,
𝜂2𝑔𝑝3𝑝1 , and 𝜂31𝑝3𝑝1 specify how much the single-, double-, and
triple-bounced rays contribute to the total scattered power
Ω𝑝3𝑝1/(𝐾𝑝3𝑝1 +1) with

∑3
𝑔=1(𝜂

1𝑔
𝑝3𝑝1 +𝜂2𝑔𝑝3𝑝1)+𝜂31𝑝3𝑝1 = 1.

The phases 𝜓𝑛1,𝑛3
is i.i.d. random variable with uniform

distributions over [−𝜋, 𝜋).
Similar to the BS-RS link, by applying of the law of

cosines in appropriate triangles, with the help of the normally
used assumption min{𝐷1, 𝐷2, 𝐷3} ≫ max{𝛿1𝛿2, 𝛿3}, we
have the following expressions of the desired distances as
𝜀𝑝3𝑝1 ≈ 𝐷1− 𝛿3

2 cos𝛽3 + 𝛿1
2 cos(𝛽1) and 𝜀𝑛𝑔𝑝1 ≈ 𝜉𝑀𝑛𝑔

−
𝛿1
2 cos(𝛽1 − 𝜙𝑛𝑔

) where 𝑔=1, 2, 3, 𝜉𝑀𝑛1
∈ [𝑅1𝑛1

, 𝑅2𝑛1
], 𝜉𝑀𝑛2

=√
𝐷2

2+(𝜉
𝑅
𝑛2
)2−2𝐷2𝜉𝑅𝑛2

cos𝜑𝑛2
with 𝜑𝑛2

= 2𝜋 − 𝜃′ − 𝛼2𝑛2
,

and 𝜉𝑀𝑛3
=
√

𝐷2
1+(𝜉

𝐵
𝑛3
)2−2𝐷1𝜉𝐵𝑛3

cos𝛼3𝑛3
. The expressions of

other interested distances 𝜀𝑝3𝑛1
, 𝜀𝑝3𝑛2

, 𝜀𝑝3𝑛3
, 𝜀𝑛3𝑛1

, 𝜀𝑛3𝑛2
,

and 𝜀𝑛2𝑛1
= 𝜀𝑛1𝑛2

have been given previously in the BS-RS
link. Similar to the BS-RS link, angles 𝛼1𝑛2

and 𝛼1𝑛3
need to

be related to any one of three key angles as sin(𝛼1𝑛2
+ 𝜃) =

𝜉𝑅𝑛2

𝜉𝑀𝑛2

sin(𝛼2𝑛2
+ 𝜃) and sin𝛼1𝑛3

=
𝜉𝐵𝑛3

𝜉𝑀𝑛3

sin𝛼3𝑛3
.

Similar to the BS-RS link, the above derived expressions of
the distances and angles are applicable to various basic scenar-
ios. For outdoor macro-cell and micro-cell scenarios, by using
the assumption min{𝐷1, 𝐷2, 𝐷3} ≫ max{𝜉𝑀𝑛1

, 𝜉𝑅𝑛2
, 𝜉𝐵𝑛3

}, the
following reduced expressions can be obtained as: 𝜉𝑀𝑛2

≈𝐷2−
𝜉𝑅𝑛2

cos𝜑𝑛2
with 𝜑𝑛2

= 2𝜋−(𝛼2𝑛2
+𝜃), 𝜉𝑀𝑛3

≈𝐷1−𝜉𝐵𝑛3
cos𝛼3𝑛3

,

𝛼1𝑛2
≈ 𝜋−𝜃− 𝜉𝑅𝑛2

𝐷2
sin(𝜃+𝛼2𝑛2

), and 𝛼1𝑛3
≈ 𝜋− 𝜉𝐵𝑛3

𝐷1
sin𝛼3𝑛3

.

C. RS-MS link

The channel gain of RS-MS link between antenna 𝑝2 at BS
and antenna 𝑝1 at MS can be expressed as

ℎ𝑝2𝑝1 = ℎ𝐿𝑜𝑆𝑝2𝑝1 +

3∑
𝑖=1

𝑓3(𝑖)∑
𝑔=1

ℎ𝑖𝑔𝑝2𝑝1 (11)

where ℎ𝐿𝑜𝑆𝑝2𝑝1 denotes the LoS component and ℎ𝑖𝑔𝑝2𝑝1 represents
the 𝑔th 𝑖-bounced component with the following expressions

ℎ𝐿𝑜𝑆𝑝2𝑝1 =

√
𝐾𝑝2𝑝1Ω𝑝2𝑝1
𝐾𝑝2𝑝1 + 1

𝑒−𝑗2𝜋𝜆
−1𝜒𝑝2𝑝1 (12)

ℎ1𝑔
𝑝2𝑝1 =

√
𝜂1𝑔𝑝2𝑝1Ω𝑝2𝑝1
𝐾𝑝2𝑝1 + 1

lim
𝑁𝑔→∞

𝑁𝑔∑
𝑛𝑔=1

1√
𝑁𝑔

𝑒𝑗(𝜓𝑛𝑔−2𝜋𝜆−1𝜒𝑝2𝑝1,𝑛𝑔 )

(13)

ℎ2𝑔
𝑝2𝑝1 =

√
𝜂2𝑔𝑝2𝑝1Ω𝑝2𝑝1
𝐾𝑝2𝑝1 + 1

lim
𝑁𝑔1

,𝑁𝑔2
→∞

𝑁𝑔1
,𝑁𝑔2∑

𝑛𝑔1
,𝑛𝑔2

=1

1√
𝑁𝑔1𝑁𝑔2

× 𝑒𝑗(𝜓𝑛𝑔1
,𝑛𝑔2

−2𝜋𝜆−1𝜒𝑝2𝑝1,𝑛𝑔1
,𝑛𝑔2

) (14)

ℎ31
𝑝2𝑝1 =

√
𝜂31𝑝2𝑝1Ω𝑝2𝑝1
𝐾𝑝2𝑝1 + 1

lim
𝑁1,𝑁2,𝑁3→∞

𝑁1,𝑁2,𝑁3∑
𝑛1,𝑛2,𝑛3=1

1√
𝑁1𝑁2𝑁3

× 𝑒𝑗(𝜓𝑛1,𝑛2,𝑛3
−2𝜋𝜆−1𝜒𝑝2𝑝1,𝑛1,𝑛2,𝑛3) (15)

where parameters 𝑔, 𝑔1, and 𝑔2 are the same as the ones in
(2)–(5). In (12)–(15), 𝜒𝑝2𝑝1 =𝜀𝑝2𝑝1 , 𝜒𝑝2𝑝1,𝑛𝑔

=𝜀𝑝2𝑛𝑔
+𝜀𝑛𝑔𝑝1 ,

𝜒𝑝2𝑝1,𝑛𝑔1
,𝑛𝑔2

=𝜀𝑝2𝑛𝑔1
+𝜀𝑛𝑔1

𝑛𝑔2
+𝜀𝑛𝑔2

𝑝1 , and 𝜒𝑝2𝑝1,𝑛1,𝑛2,𝑛3
=

𝜀𝑝2𝑛2
+𝜀𝑛2𝑛3

+𝜀𝑛3𝑛1
+𝜀𝑛1𝑝1 are the travel times of the waves

through the link 𝑅𝑝2−𝑀𝑝1 , 𝑅𝑝2−𝑆𝑛𝑔
−𝑀𝑝1 , 𝑅𝑝2−𝑆𝑛𝑔1

−𝑆𝑛𝑔2
−

𝑀𝑝1 , and 𝑅𝑝2−𝑆(𝑛2)−𝑆(𝑛3)−𝑆(𝑛1)−𝑀𝑝1 , respectively. The
symbols 𝐾𝑝2𝑝1 and Ω𝑝2𝑝1 designate the Ricean factor and
the total power of the RS-MS link, respectively. Parameters
𝜂1𝑔𝑝2𝑝1 , 𝜂2𝑔𝑝2𝑝1 , and 𝜂31𝑝2𝑝1 specify how much the single-, double-
, and triple-bounced rays contribute to the total scattered power
Ω𝑝2𝑝1/(𝐾𝑝2𝑝1+1) with

∑3
𝑔=1(𝜂

1𝑔
𝑝2𝑝1+𝜂

2𝑔
𝑝2𝑝1)+𝜂

31
𝑝2𝑝1=1.

From Fig. 1, it is clear that all the expressions of the desired
distances have been given previously in BS-RS and BS-MS
links except the distance 𝜀𝑝2𝑝1 with the following expression
𝜀𝑝2𝑝1 ≈ 𝐷2− 𝛿2

2 cos(𝛽2 + 𝜃) − 𝛿1
2 cos(𝛽1 − 𝜃) where the

assumption 𝐷2 ≫ max{𝛿2, 𝛿1} is utilized.
In the literature, different scatterer distributions have been

proposed to characterize the key angles 𝛼1𝑛1
, 𝛼2𝑛2

, and
𝛼3𝑛3

, such as the uniform, Gaussian, wrapped Gaussian, and
cardioid PDFs [19]. In this paper, the von Mises PDF [21]
is used, which is more generic and can approximate all the
aforementioned PDFs [18]. The von Mises PDF is defined as
𝑓(𝜙)

Δ
=exp[𝑘 cos(𝜙−𝜇)]/[2𝜋𝐼0 (𝑘)], where 𝜙∈ [−𝜋, 𝜋), 𝐼0(⋅) is

the zeroth-order modified Bessel function of the first kind,
𝜇∈[−𝜋, 𝜋) accounts for the mean value of the angle 𝜙, and 𝑘
(𝑘≥0) is a real-valued parameter that controls the angle spread
of the angle 𝜙. In this paper, for the key angles, i.e., the 𝛼1𝑛1

,
𝛼2𝑛2

, and 𝛼3𝑛3
, we use appropriate parameters (𝜇 and 𝑘) of

the von Mises PDF as 𝜇1 and 𝑘1, 𝜇2 and 𝑘2, and 𝜇3 and 𝑘3,
respectively.



D. Key Model Parameters

In [13], how to adjust key model parameters to make the
GBSM adaptable to different cooperative scenarios has been
clearly addressed. In this section, we will focus on highlighting
the physical meaning of key model parameters, which will
be useful for the investigation of the impact of these key
model parameters on multi-link spatial correlations in the next
section.

The main features of the introduced MIMO GBSM are
summarized in Table II. By properly adjusting the key model
parameters, the GBSM is suitable for 12 cooperative scenarios.
As shown in Table II, the key model parameters are the
number of local scattering environment 𝐼 , Ricean factors
𝐾𝑝3𝑝2 , 𝐾𝑝3𝑝1 , 𝐾𝑝2𝑝1 , and energy-related parameters 𝜂𝑖𝑔𝑝3𝑝2 ,
𝜂𝑖𝑔𝑝3𝑝1 , and 𝜂𝑖𝑔𝑝2𝑝1 . The parameter setting of 𝐼 is basically
based on basic scenario. For outdoor micro-cell, pico-cell, and
indoor scenarios, we assume that the BS, RS, and MS are all
surrounded by local scattering area as shown in Fig. 2 and
thus 𝐼 = 3 in this case. For outdoor Marco-cell scenario, the
BS is free of scatterers and thus 𝐼 = 2. For outdoor macro-
cell BS cooperation scenario, RS actually represents the other
BS, symbolled as BS2, and thus is free of scatterers as well.
In this case, we have the currently most mature cooperative
MIMO scheme: CoMP and the number of local scattering area
𝐼 = 1. The energy-related parameters specify how much the
different rays contribute to the total scattered power. Therefore,
the energy-related parameters determine the contribution of
scattered rays to the received power.

In general, the longer distance of the link and/or the higher

TABLE II. MAIN FEATURES OF THE COOPERATIVE MIMO GBSM.

The Cooperative MIMO GBSM

Links Three different links: BS-RS, RS-MS,
and BS-MS links. (can be easily
extended to include more links)

Scenarios

12 cooperative scenarios
Physical scenarios Application scenarios

Outdoor Macro-cell BS cooperation
Outdoor Micro-cell MS cooperation
Outdoor Pico-cell Relay cooperation
Indoor scenarios

Key

𝑘𝑝3𝑝2 𝜂1𝑔
𝑝3𝑝2/𝑝3𝑝1/𝑝2𝑝1

Parameters

𝐼 𝑘𝑝3𝑝1 𝜂2𝑔
𝑝3𝑝2/𝑝3𝑝1/𝑝2𝑝1

𝑘𝑝2𝑝1 𝜂31
𝑝3𝑝2/𝑝3𝑝1/𝑝2𝑝1
(𝑔 = 1, 2, 3)

The Ricean factor Energy-related
number of the BS- parameters that
of local RS link, BS-MS specify how much
scattering link, and the single-, double-
areas. RS-MS link, and triple-bounced

respectively. rays contribute to
the total scattered
power of the BS
-RS/BS-MS/
RS-MS link,
respectively.

By properly adjusting the key parameters,
the proposed cooperative MIMO GBSM
is suitable for 12 cooperation scenarios.

Fig. 2. Absolute values of spatial correlation functions between the BS-RS
link and BS-MS link for (a) the first single-bounced component 𝜌11

𝑝3𝑝2,𝑝
′
3𝑝1

;

(b) the third single-bounced component 𝜌13
𝑝3𝑝2,𝑝

′
3𝑝1

; (c) the third double-

bounced component 𝜌23
𝑝3𝑝2,𝑝

′
3𝑝1

; and (d) the triple-bounced component

𝜌31
𝑝3𝑝2,𝑝

′
3𝑝1

.

the local scattering density (LSD), the smaller the Ricean
factors and the larger the energy-related parameters of multi-
bounced components, i.e., the multi-bounced components bear
more energy than single-bounced components. Since the local
scattering area is highly related to the degree of link hetero-
geneity in cooperative MIMO systems as presented in [10],
[20], the LSD significantly affects the channel characteristics
and should be investigated. In general, the higher the LSD,
the lower the possibility that the devices (BS/MS/RS) share
the same scatterers. In this case, the cooperative MIMO
environments present lower environment similarity. Therefore,
the higher the LSD, the lower the environment similarity.

E. Multi-Link Spatial Correlations

Based on the introduced cooperative MIMO GBSM, the
multi-link spatial correlation functions can be derived for
non-isotropic scattering cooperative MIMO environments. The
normalized spatial correlation function between any two links
characterized by channel gains ℎ𝑝𝑞 and ℎ𝑝′𝑞′ , respectively, is
defined as [19]

𝜌𝑝𝑞,𝑝′𝑞′ =
E
[
ℎ𝑝𝑞ℎ

∗
𝑝′𝑞′

]
√

Ω𝑝𝑞Ω𝑝′𝑞′
(16)

where (⋅)∗ denotes the complex conjugate operation, E [⋅]
is the statistical expectation operator, 𝑝, 𝑝′ ∈ {1, 2, ...,𝑀𝑇 },
and 𝑞, 𝑞′ ∈ {1, 2, ...,𝑀𝑅}. Substituting corresponding channel
gains given in Sections II-A, B, and C into (16), we can
have the correlation function between any two links as the
expressions shown in [13] and thus omitted here for brevity.

III. NUMERICAL RESULTS AND ANALYSIS

In this section, the interested multi-link spatial correlations
will be numerically analyzed in detail. Without loss of gen-
erality, the spatial correlation properties between the BS-RS
link and BS-MS link are chosen for further investigation. The
parameters for the following numerical results are listed here
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Fig. 3. Absolute values of spatial correlation functions between the BS-
RS link and BS-MS link for (a) the single-bounced components and (b) the
double- and triple-bounce components.
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Fig. 4. Absolute values of spatial correlation functions between the BS-RS
link and BS-MS link for (a) the first single-bounced component 𝜌11

𝑝3𝑝2,𝑝
′
3𝑝1

;

(b) the third double-bounced component 𝜌23
𝑝3𝑝2,𝑝

′
3𝑝1

; and (c) the triple-

bounced component 𝜌31
𝑝3𝑝2,𝑝

′
3𝑝1

with different values of parameters 𝑘𝑔 and

𝜇𝑔 (𝑔 = 1, 2, 3).

or specified otherwise: 𝑓 = 2.4GHz, 𝐷1 = 𝐷3 = 100m,
𝑅1𝑛1

= 𝑅1𝑛2
= 𝑅1𝑛3

= 5m, 𝑅2𝑛1
= 𝑅2𝑛2

= 𝑅2𝑛3
= 50m,

𝛿3 = 𝛿2 = 𝛿1 = 0, 𝛽3 = 30∘, 𝛽2 = 𝛽1 = 60∘,
𝐾𝑝3𝑝2 = 𝐾𝑝′3𝑝1 = 0, 𝑘1 = 𝑘2 = 𝑘3 = 10, 𝜇1 = 120∘,
𝜇2 = 300∘, and 𝜇3 = 60∘.

A. Impact of Key Parameters on Multi-Link Spatial Correla-
tion

Fig. 2 illustrates the spatial correlation properties of dif-
ferent components in (27) as a function of 𝜃′ and 𝐷3. It
is obvious that high spatial correlations between the BS-RS
link and BS-MS link can occur at certain distances 𝐷3 and
certain values of angle 𝜃′ for different components. This again
demonstrates that small scale spatial fading correlation should
not be simply neglected as addressed in [9] and also highlights
the importance of the work presented in this paper.

In Fig. 3, we present the spatial correlation properties of
all scattered components in (27) with parameters 𝛿3 = 𝛿2 =
𝛿1 = 3𝜆 and 𝑘1 = 𝑘2 = 𝑘3 = 3. Fig. 3 clearly depicts
that the spatial correlation properties vary significantly for
different scattered components. More importantly, we notice
that the scattered component that includes more bounced rays
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Fig. 5. Absolute values of spatial correlation functions between the BS-RS
link and BS-MS link for (a) the first single-bounced component 𝜌11

𝑝3𝑝2,𝑝
′
3𝑝1

;

(b) the third double-bounced component 𝜌23
𝑝3𝑝2,𝑝

′
3𝑝1

; and (c) the triple-

bounced component 𝜌31
𝑝3𝑝2,𝑝

′
3𝑝1

with different values of parameters 𝐷3,

𝑅1𝑛𝑔 , and 𝑅2𝑛𝑔 (𝑔 = 1, 2, 3).

expresses lower spatial correlation properties. This is because
with more bounced rays, the component is related to more
local scattering areas and thus easier experiences higher degree
of link heterogeneity, resulting in lower link similarity for this
component.

Figs. 4 and 5 compare the spatial correlation properties of
different scattered components for different values of environ-
ment parameters 𝐷𝑔 , 𝑅1𝑛𝑔

, 𝑅2𝑛𝑔
, 𝑘𝑔 , and 𝜇𝑔 with 𝑔 = 1, 2, 3.

These environment parameters determine the distance among
BS, RS, and MS, and decide the size and distribution of local
scattering areas. It is clear that these environment parameters
significantly affect the spatial correlation properties of differ-
ent scattered components. From Fig. 4, we also observe that
the increase of value 𝑘𝑔 will enhance the spatial correlation.
With larger value of 𝑘𝑔 , the scatterers in local scattering area
are more concentrated and the received power mainly comes
from certain direction determined by 𝜇𝑔 . Therefore, in this
case, the spatial correlation tends to be larger, which also
agrees with the conclusion in [11]. Fig. 5 also shows that the
local scattering area with smaller size leads to higher spatial
correlation properties. Compared to the local scattering area
with larger size, the local scattering area with smaller size
means the effective scatterers are more concentrated and thus
results in higher spatial correlation properties. It also allows us
to conclude that compared to a narrowband cooperative MIMO
system, a wideband system has a high possibility to express
lower spatial correlation properties as the wider the system
band, the more likely the system experiences local scattering
areas with larger size.

In Fig. 6, the comparison of spatial correlation properties of
different scattered components for different values of antenna
element spacing 𝛿𝑔 and antenna array tilt angles 𝛽𝑔 with
𝑔 = 1, 2, 3 and parameters 𝑘1 = 𝑘2 = 𝑘3 = 3 is presented. It
is shown that both antenna element spacing and antenna array
tilt angle affect the spatial correlation properties of different
scattered components and the increase of antenna spacing
𝛿𝑔 will decrease spatial correlations. However, the impact of
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Fig. 6. Absolute values of spatial correlation functions between the BS-
RS link and BS-MS link for (a) the second single-bounced component
𝜌12
𝑝3𝑝2,𝑝

′
3𝑝1

; (b) the second double-bounced component 𝜌22
𝑝3𝑝2,𝑝

′
3𝑝1

; and (c)

the triple-bounced component 𝜌31
𝑝3𝑝2,𝑝

′
3𝑝1

with different values of parameters

𝛿𝑔 and 𝛽𝑔 (𝑔 = 1, 2, 3).

parameters 𝛿𝑔 and 𝛽𝑔 on spatial correlation properties tends to
be marginal for the scattered components with more bounced
rays.

B. Validation of the Introduced Cooperative MIMO GBSM

So far, based on Figs. 2–6 we have investigated in more
detail the spatial correlation properties of different scattered
components separately. In general, we find that the multi-
link spatial correlation increases with the increase of the
environment parameter 𝑘𝑔 , with the decrease of the size of
local scattering area, with the decrease of the value 𝑖 for a 𝑖-
bounced rays, and/or with the decrease of the antenna spacing
𝛿𝑔 . According to the above obtained observation and con-
clusions, we will investigate the spatial correlation properties
of the proposed cooperative MIMO GBSM in (16) and thus
validate the utility of the proposed cooperative MIMO channel
model. Without loss of any generality, the outdoor macro-cell
MS cooperation scenario and indoor MS cooperation scenario
are chosen for further investigation. As shown in Fig. 8,
three different LSD conditions are considered with parameters
𝛿3 = 𝛿2 = 𝛿1 = 3𝜆, i.e., high LSD, low LSD, and mixed LSD.

For outdoor macro-cell MS cooperation scenario, as men-
tioned in Section III, the BS is free of scatterers and the
RS actually represents the other MS, symbolled as MS2.
Therefore, we have the energy-related parameters related to
the local scatterers around BS to be equal to zero, i.e., 𝜂13𝑝3𝑝2 =
𝜂13𝑝′3𝑝1

= 𝜂21𝑝3𝑝2 = 𝜂21𝑝′3𝑝1
= 𝜂22𝑝3𝑝2 = 𝜂22𝑝′3𝑝1

= 𝜂31𝑝3𝑝2 = 𝜂31𝑝′3𝑝1
= 0,

and assume 𝐷1 = 𝐷3 = 1500m and 𝐾𝑝3𝑝2 = 𝐾𝑝′3𝑝1 = 0 due
to the large distance among BS, MS, and MS2. Considering the
basic criterion of setting key model parameters expressed in
Section III, we choose the other energy-related parameters as:
𝜂11𝑝3𝑝2 = 𝜂11𝑝′3𝑝1

= 𝜂12𝑝3𝑝2 = 𝜂12𝑝′3𝑝1
= 0.05 and 𝜂23𝑝3𝑝2 = 𝜂23𝑝′3𝑝1

=

0.9 for high LSD, and 𝜂11𝑝3𝑝2 = 𝜂11𝑝′3𝑝1
= 𝜂12𝑝3𝑝2 = 𝜂12𝑝′3𝑝1

= 0.2

and 𝜂23𝑝3𝑝2 = 𝜂23𝑝′3𝑝1
= 0.6 for low LSD. While for mixed LSD

case, we consider the scenario that the local scattering area
around MS presents low LSD and the one around MS2 shows
high LSD, and thus assume the energy-related parameters as:
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Fig. 7. Absolute values of spatial correlation functions between the BS-RS
link and BS-MS link for (a) the outdoor macro-cell MS cooperation scenario
and (b) the indoor MS cooperation scenario with different LSDs.

𝜂11𝑝′3𝑝1
= 𝜂12𝑝′3𝑝1

= 0.2, 𝜂23𝑝′3𝑝1
= 0.6, 𝜂11𝑝3𝑝2 = 𝜂12𝑝3𝑝2 = 0.1,

and 𝜂23𝑝3𝑝2 = 0.8. In general, the higher the LSD, the more
distributed and larger size the local scattering area, and thereby
the smaller the value of 𝑘𝑔 and the larger the value of
𝑅2𝑛𝑔

− 𝑅1𝑛𝑔
(𝑔 = 1, 2, 3). Therefore, we have the following

environment parameters as: 𝑘1 = 𝑘2 = 1, 𝑅1𝑛1
= 𝑅1𝑛2

= 5m,
and 𝑅2𝑛1

= 𝑅2𝑛2
= 200m for high LSD; 𝑘1 = 𝑘2 = 10,

𝑅1𝑛1
= 𝑅1𝑛2

= 5m, and 𝑅2𝑛1
= 𝑅2𝑛2

= 20m for low
LSD; and 𝑘1 = 10, 𝑘2 = 2, 𝜇1 = 60∘, 𝜇2 = 120∘,
𝑅1𝑛1

= 𝑅1𝑛2
= 5m, 𝑅2𝑛1

= 20m, and 𝑅2𝑛2
= 100m for

mixed LSD.

Similarly, for indoor MS cooperation scenario, the RS actu-
ally represents the other MS, symbolled as MS2. Considering
the small distance among BS, MS, and MS2, we assume
𝐷1 = 𝐷3 = 50 m. For mixed LSD case, we consider the sce-
nario that the local scattering areas around BS and MS present
low LSDs and the one around MS2 shows high LSD. The key
model parameters are chosen as follows: 𝐾𝑝3𝑝2 = 𝐾𝑝′3𝑝1 =
0.1, 𝜂11𝑝3𝑝2 = 𝜂11𝑝′3𝑝1

= 𝜂12𝑝3𝑝2 = 𝜂12𝑝′3𝑝1
= 𝜂13𝑝3𝑝2 = 𝜂13𝑝′3𝑝1

= 0.05,
𝜂21𝑝3𝑝2 = 𝜂21𝑝′3𝑝1

= 𝜂22𝑝3𝑝2 = 𝜂22𝑝′3𝑝1
= 𝜂23𝑝3𝑝2 = 𝜂23𝑝′3𝑝1

= 0.2, and
𝜂31𝑝3𝑝2 = 𝜂31𝑝′3𝑝1

= 0.25 for high LSD; 𝐾𝑝3𝑝2 = 𝐾𝑝′3𝑝1 = 3,
𝜂11𝑝3𝑝2 = 𝜂11𝑝′3𝑝1

= 𝜂12𝑝3𝑝2 = 𝜂12𝑝′3𝑝1
= 𝜂13𝑝3𝑝2 = 𝜂13𝑝′3𝑝1

= 0.3,
and 𝜂21𝑝3𝑝2 = 𝜂21𝑝′3𝑝1

= 𝜂22𝑝3𝑝2 = 𝜂22𝑝′3𝑝1
= 𝜂23𝑝3𝑝2 = 𝜂23𝑝′3𝑝1

=

𝜂31𝑝3𝑝2 = 𝜂31𝑝′3𝑝1
= 0.025 for low LSD; and 𝐾𝑝3𝑝2 = 0.5,

𝐾𝑝′3𝑝1 = 2.5, 𝜂11𝑝′3𝑝1
= 𝜂12𝑝′3𝑝1

= 𝜂13𝑝′3𝑝1
= 0.25, 𝜂21𝑝′3𝑝1

= 0.1,
𝜂22𝑝′3𝑝1

= 𝜂23𝑝′3𝑝1
= 𝜂31𝑝′3𝑝1

= 0.05, 𝜂11𝑝3𝑝2 = 𝜂12𝑝3𝑝2 = 𝜂13𝑝3𝑝2 = 0.05,
𝜂21𝑝3𝑝2 = 𝜂23𝑝3𝑝2 = 0.3, 𝜂22𝑝3𝑝2 = 0.1, and 𝜂31𝑝3𝑝2 = 0.15
for mixed LSD. The following environment parameters are
selected as: 𝑘1 = 𝑘2 = 𝑘3 = 1, 𝑅1𝑛1

= 𝑅1𝑛2
= 𝑅1𝑛3

=
2m, and 𝑅2𝑛1

= 𝑅2𝑛2
= 𝑅2𝑛3

= 25m for high LSD;
𝑘1 = 𝑘2 = 𝑘3 = 10, 𝑅1𝑛1

= 𝑅1𝑛2
= 𝑅1𝑛3

= 2m, and
𝑅2𝑛1

= 𝑅2𝑛2
= 𝑅2𝑛3

= 8m for low LSD; and 𝑘1 = 6,
𝑘2 = 2, 𝑘3 = 15, 𝜇1 = 60∘, 𝜇2 = 120∘, 𝜇3 = 240∘,
𝑅1𝑛1

= 𝑅1𝑛2
= 𝑅1𝑛3

= 2m, 𝑅2𝑛1
= 12m, 𝑅2𝑛2

= 20m,
and 𝑅2𝑛3

= 5m for mixed LSD.

Fig. 7 clearly shows that the LSD significantly affects the
spatial correlation properties. It is observed that the higher



the LSD, the lower the spatial correlation properties. This
is because that with a higher LSD, the local scattering area
is more distributed and presents larger size, resulting in the
received power comes from many different directions. Fig. 7
also illustrates that the indoor MS cooperation scenario has
larger spatial correlation properties than the outdoor macro-cell
MS cooperation scenario. This is basically resulted from the
appearance of a LoS component in the indoor MS cooperation
scenario due to the smaller distance among BS, MS, and
MS2. Therefore, we can conclude that a high multi-link spatial
correlation normally appears in a scenario with lower LSDs
and LoS components. More importantly, from the observation
in Fig. 3 and based on the constraints of the energy-related
parameters for cooperative scenarios with different LSDs, we
know that with a higher LSD, the multi-bounced components
bear more energy than single-bounced components and thus
the corresponding cooperative environment has a higher pos-
sibility to reveal a high degree of link heterogeneity, i.e., a
low degree of environment similarity. Therefore, the above
conclusion based on Fig. 7 is consistent with our intuition that
a low degree of environment similarity results in low multi-
link spatial correlations.

IV. CONCLUSIONS

This paper has comprehensively investigated multi-link spa-
tial correlation properties for cooperative MIMO channels via
a complete study of the impact of interesting and important
parameters on these multi-link spatial correlations. Numerical
results have shown that the antenna element spacings, environ-
ment parameters, and LSD have great impacts on multi-link
spatial correlation properties. It has also been demonstrated
that a high multi-link spatial correlation may exist if a cooper-
ative communication system has a relatively narrow bandwidth
and the underlying propagation environments have low LSDs
and LoS components.
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