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Abstract—In this paper, a novel unified channel model frame-
work is proposed for cooperative multiple-input multiple-output
(MIMO) wireless channels. The proposed model framework is
generic and adaptable to multiple cooperative MIMO scenar-
ios by simply adjusting key model parameters. Based on the
proposed model framework and using a typical cooperative
MIMO communication environment as an example, we derive
a novel geometry-based stochastic model (GBSM) applicable to
multiple wireless propagation scenarios. The proposed GBSM
is the first cooperative MIMO channel model that has the
ability to investigate the impact of the local scattering density
(LSD) on channel characteristics. From the derived GBSM, the
corresponding multi-link spatial correlation functions are derived
and numerically analyzed in detail.
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I. INTRODUCTION

CONVENTIONAL multiple-input multiple-output
(MIMO) technology, known as point-to-point MIMO,

has been widely used in many standards [1]– [3] due to its
ability to significantly enhance the performance of wireless
communication systems [4]– [5]. Research on cooperative
MIMO technologies has recently received much attention
[6]– [8]. Cooperative MIMO, also known as virtual MIMO
or distributed MIMO, groups multiple radio devices to
form virtual antenna arrays so that they can cooperate
with each other by exploiting the spatial domain of mobile
fading channels. As a new emerging technology, many
research challenges in cooperative communications have
to be addressed before the wide deployment. Detailed
knowledge about the underlying propagation channels and
the corresponding channel models are the fundamental to
meet those challenges for the better design of cooperative
MIMO systems [9].
Several papers have reported measurements of various sta-

tistical properties of cooperative MIMO channels for different
scenarios. A few indoor cooperative channel measurements
were reported in [10], where the cooperative nodes are all
static. Mobile multi-link measurements were presented in [11]
for indoor cooperative MIMO channels. Outdoor cooperative
MIMO channel measurements were addressed in [12] and
[13] for static nodes and mobile nodes, respectively. All these
measurement campaigns concentrated on the investigation of
the channel characteristics of individual links for different
scenarios, such as path loss, shadow fading, and small scale
fading. Unlike conventional point-to-point MIMO systems,
cooperative MIMO systems consist of multiple radio links
that may exhibit strong correlations, e.g., base station (BS)-
BS, BS-relay station (RS), RS-RS, RS-mobile station (MS),
BS-MS, and MS-MS links. The correlation of multiple links
exists due to the environment similarity arising from common
shadowing objects and scatterers contributing to different links
and can significantly affect the performance of cooperative
MIMO systems. The investigation of the correlations between
different links is rare in the current literature.
The multi-link correlation consists of large scale fading

correlation and small scale fading correlation. Only a few
papers have analyzed and modeled large scale fading cor-
relations, including shadow fading correlation, delay spread
correlation, and azimuth correlation. The 3rd Generation
Partnership Project (3GPP) Spatial Channel Model (SCM)
[14], the Wireless World Initiative New Radio Phase II
(WINNER II) channel model [15], and the IEEE 802.16j
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channel model [16] all investigated and modeled large scale
fading correlations of different links for multiple scenarios.
However, as mentioned in [17], these correlation models are
not consistent and a unified correlation model for large scale
fading is necessary. Recently, in [18] a unified framework
that can investigate both static and dynamic shadow fading
correlations was proposed for indoor and outdoor-to-indoor
scenarios. There are even fewer papers available investigating
small scale fading correlations. In [19], the authors proposed a
multiuser MIMO channel model focusing on the investigation
of the impact of surface roughness on spatial correlations.
In [17], a preliminary investigation on spatial correlations
for coordinated multi-point (CoMP) transmissions was re-
ported. The investigation on spatial correlations of multi-
link propagation channels in amplify-and-forward (AF) relay
systems was reported in [20]. However, all the aforementioned
investigations on multi-link spatial correlations are scenario-
specific. For example, [19] only modeled the scenario where
scatterers are located in streets, [17] only focused the CoMP
scenario, and [20] only investigated the AF relay scenario.
A unified channel model framework to investigate multi-
link small scale fading correlations for different scenarios is
therefore highly desirable.

To fill the aforementioned gap, this paper proposes a unified
channel model framework for cooperative MIMO systems and
investigates spatial correlations of different links in multiple
scenarios. The main contributions and novelties of this paper
are listed as follows.

1) We propose a wideband unified channel model frame-
work that is suitable to mimic different links in coop-
erative MIMO systems, such as the BS-BS/RS/MS link,
RS-RS/MS link, and MS-MS link. Due to different local
scattering environments around BSs, RSs, and MSs, a
high degree of link heterogeneity or variations is expected
in cooperative MIMO systems. In this paper, we are
interested in various cooperative MIMO environments
which can be classified based on the physical scenarios
and application scenarios. The physical scenarios include
outdoor macro-cell, micro-cell, pico-cell, and indoor sce-
narios. Each physical scenario further includes 3 appli-
cation scenarios, i.e., BS cooperation, MS cooperation,
and relay cooperation. Therefore, 12 cooperative MIMO
scenarios are considered in this paper and the proposed
framework can be adapted to the 12 scenarios by simply
adjusting key model parameters.

2) Taking a cooperative relay system, which includes three
links (BS-RS, RS-MS, and BS-MS), as an example, we
show how to apply the proposed channel model frame-
work and derive a novel geometry-based stochastic model
(GBSM) for multiple physical scenarios. The proposed
GBSM is the first cooperative MIMO channel model that
has the ability to mimic the impact of the local scattering
density (LSD) on channel characteristics.

3) From the proposed GBSMs and taking the spatial cor-
relation between the BS-RS link and the BS-MS link
as an example, we further derive the multi-link spatial
correlation functions.

II. A UNIFIED COOPERATIVE MIMO CHANNEL MODEL

FRAMEWORK

Cooperative MIMO channel measurements [18], [21] have
clearly demonstrated that the degree of link heterogeneity
in cooperative MIMO systems is highly related to local
scattering environments around different devices. Therefore,
the cooperative MIMO model framework needs to reflect the
influence of different local scattering environments on the
link heterogeneity for different scenarios while keeping the
acceptable model complexity.
Let us now consider a general wideband cooperative MIMO

system where all nodes are surrounded by local scatterers and
a link between Node A and Node B is presented as shown
in Fig. 1. It is assumed that each node can be in motion and
is equipped with L antenna elements. The proposed unified
channel model framework expresses the channel impulse re-
sponse (CIR) between the pth antenna in Node A and the qth
antenna in Node B as the superposition of line-of-sight (LoS)
and scattered rays

hpq (t, τ) = hLoSpq (t, τ) +
I∑
i=1

fI (i)∑
g=1

higpq (t, τ) (1)

where I ≥ 1 is the number of related local scattering areas,
fI(i) = I!

(I−i)!·i! denotes the total number of i-bounced com-
ponents, and higpq (t, τ) represents the gth scattered component
consisting of i-bounced rays. For example, h21

pq (t, τ) denotes
the first double-bounced component. It is worth noting that
the parameter fI(i) is obtained not purely based on the
number of related local scattering areas, but also according
to the following practical criterion: the i-bounced waves are
always bounced by i scatterers located in different local
scattering areas from far to near relative to the receiver. Based
on this practical criterion, some i-bounced components are
not necessarily to be considered, which makes the proposed
model more practical. For the cooperative communication
environment shown in Fig. 1 with I=4, the proposed model
framework consists of the LoS component, f4(1)=4 single-
bounced components, f4(2)=6 double-bounced components,
f4(3)=4 triple-bounced components, and f4(4)=1 quadruple-
bounced component. While other multi-bounced components
that violate the aforementioned practical criterion are not
included in the proposed model framework, such as the
Ap − SB − SC −Bq double-bounced component.
In the proposed model framework (1), the LoS component

of the CIR is deterministic and can be expressed as [22]

hLoSpq (t, τ)=

√
KpqΩpq
Kpq + 1

e−j2πλ
−1χpqej2πf

A
maxt cos(αLoS

pq −γA)

×ej2πfB
maxt cos(φLoS

pq −γB)δ(τ − τLoS) (2)

where χpq is the travel path of the LoS waves through the
link between Ap and Bq (Ap−Bq link), τLoS denotes the LoS
time delay, and λ is the wave length with λ = c/f where c is
the speed of light and f is the carrier frequency. The symbols
Kpq and Ωpq designate the Ricean factor and the total power
of the Ap−Bq link, respectively. Parameters fAmax and fBmax
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Fig. 1. Geometry of a unified cooperative MIMO channel model framework.

are the maximum Doppler frequency with respect to Node A
and Node B, respectively, γA and γB are the angles of motion
with respect to Node A and Node B, respectively, and αLoSpq

and φLoSpq denote the angles of arrival/departure of the LoS
path with respect to Node A and Node B, respectively. The
scattered component of the CIR in (1) can be shown as [22]

higpq (t, τ)=

√
ηigpqΩpq
Kpq + 1

lim
{Ng

k}i
k=1→∞

{Ng
k}i

k=1∑
{ng

k}i
k=1=1

1√∏i
k=1N

g
k

×ej
„
ψ{n

g
k
}i

k=1
−2πλ−1χ

pq,{n
g
k
}i

k=1

«

×ej2πf
A
maxt cos

„
α

pq,{n
g
k
}i

k=1
−γA

«

×ej2πf
B
maxt cos

„
φ

pq,{n
g
k
}i

k=1
−γB

«
δ(τ − τ{ng

k}i
k=1

) (3)

where Ng
k is the number of effective scatterers in the kth local

scattering area with respect to the gth i-bounced component,
{χpq,ng

k
}ik=1 is the travel path of the gth i-bounced waves

through the Ap−Bq link, {τng
k
}ik=1 denotes the time delay of

the multipath components. The phases {ψnk
}ik=1 are indepen-

dent and identically distributed (i.i.d.) random variables with
uniform distributions over [−π, π) and determined by scatter-
ers {SnK}ik=1, {Xnk

}ik=1 represents Xn1 , Xn2 , Xn3 , ..., Xni ,
and {αpq,ng

k
}ik=1 and {φpq,ng

k
}ik=1 denote angles of ar-

rival/departure of a i-bounced path with respect to Node A and
Node B, respectively. Here, ηigpq is a energy-related parameter
specifying how much the gth i-bounced rays contribute to the
total scattered power Ωpq/(Kpq+1). Note that energy-related
parameters satisfy

∑I
i=1

∑fI (i)
g=1 ηigpq=1.

It is clear that the proposed unified channel model frame-
work in (1) can naturally include the impact of local scattering
area on channel characteristics with the help of properly
choosing fI(i) i-bounced components. Note that parameter
fI(i) is related to the number of related local scattering
areas I , which is determined by physical environments, out-
door macro-cell, micro-cell, pico-cell, and indoor. This means
by properly adjusting the parameter I , the proposed model
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framework is suitable for different basic cooperative environ-
ments. Furthermore, the proposed model framework can model
multiple links with different degrees of link heterogeneity
due to different application scenes (e.g., BS cooperation, MS
cooperation, and relay cooperation) for a typical cooperative
environment by simply adjusting the Ricean factor Kpq and
energy-related parameters ηigpq . How to properly set these key
model parameters, i.e., I , Kpq , ηigpq , will be explained in the
next section.

III. A NEW MIMO GBSM FOR COOPERATIVE RELAY
SYSTEMS

Without loss of generality, this section considers a wide-
band cooperative relay communication environment that in-
cludes three different links: BS-RS, RS-MS, and BS-MS, to
implement the proposed cooperative MIMO channel model
framework. Note that the designed cooperative MIMO GBSM
can be easily extended to other cooperative MIMO scenarios
with multiple relays. The RS can be another BS for BS
cooperation or another MS for MS cooperation. In order to
propose a generic cooperative MIMO GBSM that is suitable
for the aforementioned 12 cooperative scenarios, we assume
that the BS, RS, and MS are all surrounded by local scatterers.
Fig. 2 shows the geometry of the proposed cooperative MIMO
GBSM, combining the LoS components and scattered compo-
nents. To keep the readability of Fig. 2, 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. 2 are defined in Table I.
As this paper only focuses on the investigation of multi-

link spatial correlations (not time or frequency correlations),
we will neglect t and τ in (1) for the proposed channel model
framework to simplify notations. Due to the page limit, the
spatial correlation properties between the BS-RS link and BS-
MS link are chosen as an example for detailed investigation.
Therefore, in the following, we will show the channel gains of
the BS-RS link and BS-MS link for the proposed cooperative
MIMO GBSM.

A. BS-RS(MS) link

The channel gain of the BS-RS(MS) link between antenna
p3 at the BS and antenna p2 at the RS(p1 at the MS) can be
expressed as

hp3p2(p1) = hLoSp3p2(p1)
+

3∑
i=1

f3(i)∑
g=1

higp3p2(p1)
(4)

TABLE I
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
ξB

n1
, ξB

n2
, ξB

n3
distances d(BS,Sn1 ), d(BS,Sn2 ), and
d(BS,Sn3), respectively

ξR
n1
, ξR

n2
, ξR

n3
distances d(RS,Sn1 ), d(RS,Sn2), and

d(RS,Sn3), respectively
ξM

n1
, ξM

n2
, ξM

n3
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

where hLoSp3p2 and h
LoS
p3p1 denote the LoS component of the BS-

RS link and the BS-MS link, respectively, and higp3p2 and h
ig
p3p1

represent the gth i-bounced component of the BS-RS link and
the BS-MS link, respectively, with the following expressions

hLoSp3p2(p1)
=

√
Kp3p2(p1)Ωp3p2(p1)

Kp3p2(p1) + 1
e−j2πλ

−1χp3p2(p1) (5)

h1g
p3p2(p1)

=

√√√√η1g
p3p2(p1)

Ωp3p2(p1)

Kp3p2(p1) + 1
lim

Ng→∞

Ng∑
ng=1

1√
Ng

×ej(ψng−2πλ−1χp3p2(p1),ng ) (6)

h2g
p3p2(p1)

=

√√√√η2g
p3p2(p1)

Ωp3p2(p1)

Kp3p2(p1) + 1
lim

Ng1 ,Ng2→∞

Ng1 ,Ng2∑
ng1 ,ng2=1

× 1√
Ng1Ng2

e
j

“
ψng1 ,ng2

−2πλ−1χp3p2(p1),ng1 ,ng2

”
(7)

h31
p3p2(p1)

=

√
η31
p3p2(p1)

Ωp3p2(p1)

Kp3p2(p1) + 1
lim

N1,N2,N3→∞

N1,N2,N3∑
n1,n2,n3=1

× 1√
N1N2N3

ej(ψn1,n2,n3−2πλ−1χp3p2(p1),n1,n2,n3) (8)

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 (5)–(8), χp3p2(p1)=
εp3p2(p1), χp3p2(p1),ng

=εp3ng+εngp2(p1), χp3p2(p1),ng1 ,ng2
=

εp3ng1
+εng1ng2

+εng2p2(p1), and χp3p2(p1),n1,n2,n3 = εp3n3+
εn3n1(n2)+εn1n2 +εn2(n1)p2(p1) are the travel times of the
waves through the link Bp3−Rp2(Mp1), Bp3−Sng−Rp2(Mp1),
Bp3 −Sng1

−Sng2
−Rp2(Mp1), and Bp3 −Sn3−Sn1(Sn2)−

Sn2(Sn1)−Rp2(Mp1), respectively. The symbols Kp3p2(p1)

and Ωp3p2(p1) designate the Ricean factor and the total power
of the BS-RS(MS) link, respectively. Parameters η1g

p3p2(p1)
,

η2g
p3p2(p1)

, and η31
p3p2(p1)

specify how much the single-, double-,
and triple-bounced rays contribute to the total scattered power
Ωp3p2(p1)/(Kp3p2(p1)+1) with

∑3
g=1(η

1g
p3p2(p1)

+η2g
p3p2(p1))+

η31
p3p2(p1)

=1. The phases ψng , ψng1 ,ng2
, and ψn1,n2,n3 are i.i.d.

random variables with uniform distributions over [−π, π).
From Fig. 2 and based on the normally used assumption

min{D1, D2, D3} � max{δ1, δ2, δ3} [22] and the application
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of the law of cosines in appropriate triangles, the distances in
(5)–(8) can be expressed as εp3p2 ≈ D3 − δ3

2 cos(β3 − θ′) +
δ2
2 cos(β2 − θ′), εp3p1 ≈ D1−δ3

2 cosβ3 + δ1
2 cos(β1), εp3ng ≈

ξBng
− δ3

2 cos(β3 − α1ng ), εngp2 ≈ ξRng
− δ2

2 cos(β2 − α2ng ),
εngp1 ≈ ξMng

− δ1
2 cos(β1 − φng ), εn1n2 = [(ξRn1

)2+(ξRn2
)2−

2ξRn1
ξRn2

cos(α2n1−α2n2)]1/2, and εn3n� = [(ξBn3
)2+(ξBn�

)2−
2ξBn3

ξBn�
cos(α3n3−α1n�)]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+(ξRn2

)2+2D3ξ
R
n2

cos(α2n2 − θ′)]1/2, ξRn3
=

[D2
3+(ξBn3

)2−2D3ξ
B
n3

cos(α3n3 − θ′)]1/2, ξRn2
∈ [R1n2 , R2n2 ],

ξBn3
∈ [R1n3 , R2n3 ], � = 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 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 [22], the relationship of the key angles with
other AoAs and AoDs of BS-RS link can be obtained as:
sinα3n1 =

ξM
n1
ξB

n1
sinα1n1 , sin(α2n1 + θ) =

ξM
n1
ξR

n1
sin(θ + α1n1),

sin(α3n2 − θ′) =
ξR

n2
ξB

n2
sin(α2n2 − θ′), and sin(α2n3 − θ′) =

ξB
n3
ξR

n3
sin(α3n3 − θ′). The channel gain of the RS-MS link can

be similarly obtained and omitted here for brevity.
In the literature, different scatterer distributions have been

proposed to characterize the key angles α1n1 , α2n2 , and α3n3 ,
such as the uniform and Gaussian PDFs [23]. In this paper,
the von Mises PDF [24] is used, which is more generic and
can approximate all the aforementioned PDFs [22]. 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.

B. Adjustment of Key Model Parameters

The proposed cooperative MIMO GBSM is adaptable to
the above mentioned 12 cooperative scenarios for this in-
terested typical cooperative MIMO environment by adjusting
key model parameters. From previous section, we know that
these important model parameters are the number of local
scattering environment I , Ricean factors Kp3p2 , Kp3p1 , Kp2p1

that denotes the Ricean factor of the RS-MS link, and energy-
related parameters ηigp3p2 , η

ig
p3p1 , and η

ig
p2p1 that is the energy-

related parameter of the RS-MS link. 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.
In this case, the channel model can also be obtained from
the proposed model by setting the energy-related parameters
related to the local scatterers around BS equal to zero, e.g.,
for BS-RS link, the channel model can be obtained from (4)
by setting η13

p3p2 = η21
p3p2 = η22

p3p2 = η31
p3p2 = 0. 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. Similarly, the channel model with I = 1
can also be obtained from the proposed model by setting
the energy-related parameters related to the local scatterers
around BS and RS(BS2) equal to zero. It is clear that the
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proposed GBSM can be adaptable to different basic scenarios
by setting relevant energy-related parameters equal to zero.
Therefore, the key model parameters of the proposed GBSM
actually are reduced as the Ricean factors and energy-related
parameters. The basic criterion of setting these key model
parameters is summarized as following: the longer distance
of the link and/or the higher the 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 [18],
[21], 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.
For macro-cell scenarios, the Ricean factor Kp3p1 is very

small or even close to zero due to the large distance D1.
Under the condition of BS cooperation scenes, Ricean factor
Kp2p1 is similar to Kp3p1 due to the similar distances of D1

and D2. While the BS-RS link is disappeared and replaced
by wired link. In this case, we only have single bounced
components, i.e., η11

p3p1 and η11
p2p1 . For MS/RS cooperation

scenes, RS/MS actually represents the other MS/RS and is
symbolled as MS2/RS2. In this case, Ricean factor Kp3p2

is similar to Kp3p1 due to the similar distances of D1 and
D3. Since the large value of distances D1 and D3, for the
BS-MS/BR2 link and BS-MS2/RS link, the impact of LSD
on channel characteristics is small and in general the double-
bounced rays bear more energy than single-bounced rays, i.e.,
{η21
p3p1 , η

21
p3p2} > {η11

p3p1 , η
12
p3p1 , η

11
p3p2 , η

12
p3p2}. While for the

MS/RS2-MS2/RS link, due to the small distance of D2 the
impact of LSD is significant. For a low LSD, the scatterers
are sparse and thus more likely single-bounced rays rather
than double-bounced rays, i.e., {η11

p2p1 , η
12
p2p1} > η21

p2p1 , and
Ricean factor Kp2p1 is large. For a high LSD, the double-
bounced components bear more energy than single-bounced
components, i.e., η21

p2p1 > {η11
p2p1 , η

12
p2p1} and Ricean factor

Kp2p1 is smaller than that in the low LSD. Similar to macro-
cell scenarios, the key model parameters setting for other 9
cooperative scenarios with the consideration of different LSDs
can be easily obtained by following the aforementioned basic
criterion and thus omits here for brevity.

IV. MULTI-LINK SPATIAL CORRELATION FUNCTIONS

In this section, based on the proposed cooperative MIMO
GBSM and considering the spatial correlation between the
BS-RS link and the BS-MS link as an example, we will
derive the multi-link spatial correlation functions 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 [25], [26]

ρpq,p′q′ =
E

[
hpqh

∗
p′q′

]
√

ΩpqΩp′q′
(9)

where (·)∗ denotes the complex conjugate operation, E [·] is
the statistical expectation operator, p, p′ ∈ {1, 2, ...,MT}, and
q, q′ ∈ {1, 2, ...,MR}. Substituting (4) into (9), we have the
correlation function between BS-RS link and BS-MS link as

ρp3p2,p′3p1=ρ
LoS
p3p2,p′3p1

+
3∑
g=1

(ρ1g
p3p2,p′3p1

+ρ2g
p3p2,p′3p1

)+ρ31
p3p2,p′3p1

(10)

with

ρLoSp3p2,p′3p1
=

√
Kp3p2Kp′3p1

(Kp3p2 + 1)
(
Kp′3p1 + 1

)ej2πλ−1
“
χp′

3p1
−χp3p2

”

(11)

ρ1g
p3p2,p′3p1

=

√√√√ η1g
p3p2η

1g
p′3p1

(Kp3p2 + 1)
(
Kp′3p1 + 1

) ∫ π

−π

∫ R2ng

R1ng

×ej2πλ−1
“
χp′

3p1,g−χp3p2,g

”
Qgf(∅g)d∅gd	g

(12)

ρ2g
p3p2,p′3p1

=

√√√√ η2g
p3p2η

2g
p′3p1

(Kp3p2 + 1)
(
Kp′3p1 + 1

) ∫ π

−π

∫ π

−π

∫ R2ng1

R1ng1∫ R2ng2

R1ng2

Qg1g2f(∅g1)f(∅g2)ej2πλ
−1χp′

3p1,g1,g2

×e−j2πλ−1χp3p2,g1,g2d∅g1d∅g2d	g1d	g2 (13)

ρ31
p3p2,p′3p1

=

√√√√ η31
p3p2η

31
p′3p1

(Kp3p2 + 1)
(
Kp′3p1 + 1

) ∫ π

−π

∫ π

−π

∫ π

−π∫ R2n1

R1n1

∫ R2n2

R1n2

∫ R2n3

R1n3

Q123e
j2πλ−1

“
χp′

3p1,1,2,3−χp3p2,1,2,3

”

×f(∅1)f(∅2)f(∅3)d∅1d∅2d∅3d	1d	2d	3 (14)

where {∅g}3
g=1 = {φ1, α2,2, α1,3} are the continu-

ous expressions of the discrete expressions of angles
α1n1 , α2n2 , α3n3 , respectively, and εp′3ng

≈ ξBng
+

δ3
2 cos(β3 − α1ng ), χp′3p1,g = χp′3p1,ng

, χp3p2,g =
χp3p2,ng , χp′3p1,g1,g2 = χp′3p1,ng1 ,ng2

, χp3p2,g1,g2 =
χp3p2,ng1 ,ng2

, χp′3p1,1,2,3 = χp′3p1,n1,n2,n3 , and χp3p2,1,2,3 =
χp3p2,n1,n2,n3 with α1n1 , α2n2 , and α3n3 being replaced
by φ1, α2,2, and α1,3, respectively. Parameters f(∅g) =
exp[kg cos(∅g−μg)]/[2πI0 (kg)], {	g}3

g=1 = {ξMn1
, ξR2n2

, ξB1n3
},

Qg = 2�ng

R2
2ng

−R2
1ng

, Qg1g2 =
4�ng1

�ng2
(R2

2ng1
−R2

1ng1
)(R2

2ng2
−R2

1ng2
)
,

Q123 = 8�n1�n2�n3
(R2

2n1
−R2

1n1
)(R2

2n2
−R2

1n2
)(R2

2n3
−R2

1n3
)
, and parameters

g, g1, and g2 are the same as the ones in (5)–(8). Note that in
(27) other correlation terms are equal to zero and thus omitted.
These omitted correlation terms contain the integral of random
phases ψng , ψng1 ,ng2

, or ψn1,n2,n3 . Since the random phases
fulfill the uniform distribution over the range of [π,−π), the
integral of the random phases in the range of [π,−π) is equal
to zero. Therefore, other correlation terms with the value of
zero are omitted in (27). Other two multi-link correlation
functions can be similarly derived and thus omitted here for
brevity.
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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.

V. NUMERICAL RESULTS AND ANALYSIS

In this section, the derived spatial correlation properties
between the BS-RS link and BS-MS link will be numerically
analyzed in detail. The parameters for the following numerical
results are listed here 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◦.
In Fig. 3, we present the spatial correlation properties of

all scattered components in (10) 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
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.
To validate the utility of the proposed cooperative MIMO

channel model, Fig. 4 investigates the spatial correlation
properties of the proposed cooperative MIMO GBSM in (10).
Without loss of any generality, the outdoor macro-cell MS
cooperation scenario is chosen for further investigation. As
shown in Fig. 4, 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, 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., η13

p3p2 = η13
p′3p1

= η21
p3p2 = η21

p′3p1
= η22

p3p2 =
η22
p′3p1

= η31
p3p2 = η31

p′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: η11

p3p2 = η11
p′3p1

= η12
p3p2 =

η12
p′3p1

= 0.05 and η23
p3p2 = η23

p′3p1
= 0.9 for high LSD, and
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Fig. 4. Absolute values of spatial correlation functions between the BS-RS
link and BS-MS link for the outdoor macro-cell MS cooperation scenario
with different LSDs.

η11
p3p2 = η11

p′3p1
= η12

p3p2 = η12
p′3p1

= 0.2 and η23
p3p2 = η23

p′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: η11

p′3p1
= η12

p′3p1
=

0.2, η23
p′3p1

= 0.6, η11
p3p2 = η12

p3p2 = 0.1, and η23
p3p2 = 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.
Fig. 4 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. 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 coop-
erative environment has a higher possibility to reveal a high
degree of link heterogeneity, i.e., a low degree of environment
similarity. Therefore, the above conclusion based on Fig. 4 is
consistent with our intuition that a low degree of environment
similarity results in low multi-link spatial correlations.

VI. CONCLUSIONS

This paper has proposed a novel unified cooperative MIMO
channel model framework, from which a novel GBSM has
been further derived. The proposed multiple-ring GBSM is
sufficiently generic and adaptable to a wide variety of co-
operative MIMO propagation scenarios. More importantly,
the proposed GBSM is the first model that is capable of
investigating the impact of LSD on channel statistics. From the
proposed GBSM, the multi-link spatial correlations have been
derived and numerically evaluated. Numerical results have
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shown that the LSD has great impact on multi-link spatial
correlation properties. It has also been demonstrated that a
high multi-link spatial correlation may exist if the underlying
propagation environments have low LSDs.
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