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Abstract

In this paper, a novel uni�ed channel model framework is proposed for cooperative multiple-input
multiple-output (MIMO) wireless channels. The proposed model framework is generic and adaptable to

multiple cooperative MIMO scenarios 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 �rst 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. Numerical results indicate that some key channelmodel parameters have signi�cant impacts on

the resulting spatial correlation functions. The proposedcooperative MIMO channel model framework,
GBSM, and the derived spatial correlation properties are helpful for better understanding cooperative

MIMO channels and for setting up more purposeful measurement campaigns.

Index Terms

Cooperative MIMO channels, geometry-based stochastic model, spatial correlation, non-isotropic

scattering, Ricean fading.
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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], [2] due to its abilityto signi�cantly enhance the performance

of wireless communication systems [3], [4]. Research on cooperative MIMO technologies has recently

received much attention [5]– [11]. 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.Due to the advantages of cooperative MIMO

technology, such as improving coverage and cell edge throughput, it has been employed in some new

wireless systems, e.g., cognitive radio networks [12], vehicular communication systems [13], and physical

layer security systems [14]. Note that the cooperation of the grouped devices does not mean that the base

station (BS) and mobile station (MS) have to be in reach of each other. Some devices can be treated

as relays to help the communication between the BS and MS. As anew emerging technology, many

research challenges in cooperative communications have tobe 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 [15].

Several papers have reported measurements of various statistical properties of cooperative MIMO

channels for different scenarios. A few indoor cooperativechannel measurements were reported in [16],

[17], where the cooperative nodes are all static. Mobile multi-link measurements were presented in [18] for

indoor cooperative MIMO channels. Outdoor cooperative MIMO channel measurements were addressed in

[19], [20] and [21]– [23] 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., BS-BS, BS-relay station (RS), RS-RS, RS-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 signi�cantly 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 correlations, including shadow fading

correlation, delay spread correlation, and azimuth correlation. The 3rd Generation Partnership Project

(3GPP) Spatial Channel Model (SCM) [24], the Wireless WorldInitiative New Radio Phase II (WINNER
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II) channel model [25], and the IEEE 802.16j channel model [26] all investigated and modeled large

scale fading correlations of different links for multiple scenarios. However, as mentioned in [27], these

correlation models are not consistent and a uni�ed correlation model for large scale fading is necessary.

Recently, in [28] a uni�ed 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 [29], the authors proposed a multiuser MIMO

channel model focusing on the investigation of the impact ofsurface roughness on spatial correlations. In

[27], a preliminary investigation on spatial correlationsfor coordinated multi-point (CoMP) transmissions

was reported. The investigation on spatial correlations ofmulti-link propagation channels in amplify-and-

forward (AF) relay systems was reported in [30]. However, all the aforementioned investigations on

multi-link spatial correlations are scenario-speci�c. For example, [29] only modeled the scenario where

scatterers are located in streets, [27] only focused the CoMP scenario, and [30] only investigated the AF

relay scenario. A uni�ed channel model framework to investigate multi-link small scale fading correlations

for different scenarios is therefore highly desirable.

To �ll the aforementioned gap, this paper proposes a uni�ed 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 uni�ed channel model framework thatis suitable to mimic different links

in cooperative 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 classi�ed based on the physical scenarios

and application scenarios. The physical scenarios includeoutdoor macro-cell, micro-cell, pico-cell,

and indoor scenarios. Each physical scenario further includes 3 application 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 framework and derive a novel

geometry-based stochastic model (GBSM) for multiple physical scenarios. The proposed GBSM is

the �rst cooperative MIMO channel model that has the abilityto mimic the impact of the local
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scattering density (LSD) on channel characteristics.

3) From the proposed GBSMs, we further derive the multi-linkspatial correlation functions that can

signi�cantly affect the performance of cooperative MIMO communication systems.

4) The impact of some important parameters, such as antenna element spacings and the LSDs, on multi-

link spatial correlations in different scenarios is then investigated. Some interesting observations and

conclusions are obtained, which can help better understandcooperative MIMO channels and thus

better design cooperative MIMO systems.

The remainder of this paper is outlined as follows. Section II proposes the new uni�ed channel model

framework for cooperative wireless MIMO channels. The derivation of a new GBSM for wideband coop-

erative MIMO Ricean fading channels is given in Section III.In Section IV, based on the proposed GBSM,

the multi-link spatial correlation functions are derived.Numerical results and analysis are presented in

Section V. Finally, conclusions are drawn in Section VI.

II. A U NIFIED COOPERATIVE MIMO CHANNEL MODEL FRAMEWORK

Cooperative MIMO channel measurements [23], [28], [31] 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 re�ect the in�uence 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 NodeA and NodeB is presented as shown in Fig. 1. It is assumed

that each node can be in motion and is equipped withL antenna elements. The proposed uni�ed channel

model framework expresses the channel impulse response (CIR) between thepth antenna in NodeA and

the qth antenna in NodeB as the superposition of line-of-sight (LoS) and scattered rays

hpq (t; � ) = hLoS
pq (t; � ) +

IX

i =1

f I (i )X

g=1

hig
pq (t; � ) (1)

whereI � 1 is the number of related local scattering areas,f I (i ) = I !
(I � i )! �i ! denotes the total number ofi -

bounced components, andhig
pq (t; � ) represents thegth scattered component consisting ofi -bounced rays.

For example,h21
pq (t; � ) denotes the �rst double-bounced component. It is worth noting that the parameter

f I (i ) is obtained not purely based on the number of related local scattering areas, but also according

to the following practical criterion: thei -bounced waves are always bounced byi scatterers located in

different local scattering areas from far to near relative to the receiver. Based on this practical criterion,
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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 withI =4, the proposed

model framework consists of the LoS component,f 4(1)=4 single-bounced components,f 4(2)=6 double-

bounced components,f 4(3)=4 triple-bounced components, andf 4(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 theAp � SB � SC � Bq double-bounced component.

In the proposed model framework (1), the LoS component of theCIR is deterministic and can be

expressed as [32]

hLoS
pq (t; � ) =

s
K pq
 pq

K pq + 1
e� j 2�� � 1 � pq ej [2�f A

max t cos( � LoS
pq �  A )+2 �f B

max t cos(� LoS
pq �  B )] � (� � � LoS ) (2)

where� pq is the travel path of the LoS waves through the link betweenAp andBq (Ap� Bq link), � LoS

denotes the LoS time delay, and� is the wave length with� = c=f wherec is the speed of light andf

is the carrier frequency. The symbolsK pq and
 pq designate the Ricean factor and the total power of the

Ap� Bq link, respectively. Parametersf A
max and f B

max are the maximum Doppler frequency with respect

to NodeA and NodeB , respectively, A and  B are the angles of motion with respect to NodeA and

Node B , respectively, and� LoS
pq and � LoS

pq denote the angles of arrival/departure of the LoS path with

respect to NodeA and NodeB , respectively. The scattered component of the CIR in (1) canbe shown

as [32]

hig
pq (t; � ) =

s
� ig

pq
 pq

K pq + 1
lim

f N g
k gi

k =1 !1

f N g
k gi

k =1X

f ng
k gi

k =1 =1

1
q Q i

k=1 N g
k

ej
�

 f n g
k g i

k =1
� 2�� � 1 � pq; f n g

k g i
k =1

�

� ej
h
2�f A

max t cos
�

� pq; f n g
k

g i
k =1

�  A

�
+2 �f B

max t cos
�

� pq; f n g
k

g i
k =1

�  B

� i

� (� � � f ng
k gi

k =1
) (3)

whereN g
k is the number of effective scatterers in thekth local scattering area with respect to thegth

i -bounced component,f � pq;ng
k
gi

k=1 is the travel path of thegth i -bounced waves through theAp� Bq link,

f � ng
k
gi

k=1 denotes the time delay of the multipath components. The phasesf  nk gi
k=1 are independent and

identically distributed (i.i.d.) random variables with uniform distributions over[� �; � ) and determined

by scatterersf SnK gi
k=1 , f X nk gi

k=1 representsX n1 ; X n2 ; X n3 ; :::; X n i , andf � pq;ng
k
gi

k=1 and f � pq;ng
k
gi

k=1

denote angles of arrival/departure of ai -bounced path with respect to NodeA and NodeB , respectively.

Here, � ig
pq is a energy-related parameter specifying how much thegth i -bounced rays contribute to the

total scattered power
 pq=(K pq+1) . Note that energy-related parameters satisfy
P I

i =1
P f I (i )

g=1 � ig
pq=1 .

It is clear that the proposed uni�ed channel model frameworkin (1) can naturally include the impact

of local scattering area on channel characteristics with the help of properly choosingf I (i ) i -bounced
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components. Note that parameterf I (i ) is related to the number of related local scattering areasI , which is

determined by physical environments, outdoor macro-cell,micro-cell, pico-cell, and indoor. This means

by properly adjusting the parameterI , the proposed model framework is suitable for different basic

cooperative environments. 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 K pq and energy-related parameters� ig
pq. How to properly set these key model parameters, i.e.,I ,

K pq, � ig
pq, will be explained in the next section where the proposed uni�ed cooperative channel model

framework is implemented for a typical cooperative MIMO application scenario.

III. A N EW MIMO GBSM FOR COOPERATIVE RELAY SYSTEMS

Without loss of generality, this section considers a wideband cooperative relay communication en-

vironment that includes 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 orderto propose a generic cooperative MIMO

GBSM that is suitable for the aforementioned 12 cooperativescenarios, 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 components. 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 areN1 effective scatterers around

the MS lying on a circular ring of radiusR1n1 � � M
n1

� R1n2 and then1th (n1 = 1 ; :::; N1) effective

scatterer is denoted bySn1 . Similarly, assume there areN2 effective scatterers around the RS lying on

a circular ring of radiusR2n1 � � R
n2

� R2n2 and then2th (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 � � B
n3

� R3n2 and then3th (n3 = 1 ; :::; N3) effective scatterer is denoted bySn3 . The parameters

in Fig. 2 are de�ned in Table I.

As this paper only focuses on the investigation of multi-link spatial correlations (not time or frequency

correlations), we will neglectt and � in (1) for the proposed channel model framework to simplify

notations. In the following, we will show the channel gains of the three different links for the proposed

cooperative MIMO GBSM.
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A. BS-RS link

The channel gain of the BS-RS link between Antennap3 at the BS and Antennap2 at the RS can be

expressed as

hp3 p2 = hLoS
p3 p2

+
3X

i =1

f 3 (i )X

g=1

hig
p3 p2

(4)

where hLoS
p3 p2

denotes the LoS component andhig
p3 p2 represents thegth i -bounced component with the

following expressions

hLoS
p3 p2

=

s
K p3 p2 
 p3 p2

K p3 p2 + 1
e� j 2�� � 1 � p 3 p 2 (5)

h1g
p3 p2

=

s
� 1g

p3 p2 
 p3 p2

K p3 p2 + 1
lim

N g !1

N gX

ng =1

1
p

Ng
ej ( n g � 2�� � 1 � p 3 p 2 ;n g ) (6)

h2g
p3 p2

=

s
� 2g

p3 p2 
 p3 p2

K p3 p2 + 1
lim

N g 1 ;N g 2 !1

N g 1 ;N g 2X

ng 1 ;n g 2 =1

1
p

Ng1 Ng2

ej ( n g 1 ;n g 2
� 2�� � 1 � p 3 p 2 ;n g 1 ;n g 2 ) (7)

h31
p3 p2

=

s
� 31

p3 p2

 p3 p2

K p3 p2 + 1
lim

N 1 ;N 2 ;N 3 !1

N 1 ;N 2 ;N 3X

n1 ;n 2 ;n 3 =1

1
p

N1N2N3
ej ( n 1 ;n 2 ;n 3 � 2�� � 1 � p 3 p 2 ;n 1 ;n 2 ;n 3 ) (8)

where g = 1 ; 2; 3, f g1; g2g = f 3; 2g for g = 1 , f g1; g2g = f 3; 1g for g = 2 , and f g1; g2g = f 1; 2g for

g = 3 . In (5)–(8), � p3 p2 = "p3 p2 , � p3 p2 ;n g = "p3 ng + "ng p2 , � p3 p2 ;n g 1 ;n g 2
= "p3 ng 1

+ "ng 1 ng 2
+ "ng 2 p2 , and

� p3 p2 ;n 1 ;n 2 ;n 3 = "p3 n3 + "n3 n1 + "n1 n2 + "n2 p2 are the travel times of the waves through the linkBp3 � Rp2 ,

Bp3 � Sng � Rp2 , Bp3 � Sng 1
� Sng 2

� Rp2 , andBp3 � Sn3 � Sn1 � Sn2 � Rp2 , respectively. The symbolsK p3 p2

and 
 p3 p2 designate the Ricean factor and the total power of the BS-RS link, respectively. Parameters

� 1g
p3 p2 , � 2g

p3 p2 , and � 31
p3 p2

specify how much the single-, double-, and triple-bounced rays contribute to the

total scattered power
 p3 p2 =(K p3 p2+1) with
P 3

g=1 (� 1g
p3 p2+� 2g

p3 p2 )+ � 31
p3 p2

=1 . The phases ng ,  ng 1 ;n g 2
, and

 n1 ;n 2 ;n 3 are i.i.d. random variables with uniform distributions over [� �; � ).

From Fig. 2 and based on the normally used assumptionminf D1; D2; D3g � maxf � 1; � 2; � 3g [32]

and the application of the law of cosines in appropriate triangles, the distances"p3 p2 , "p3 ng , "ng p2 , "n1 n2 ,

"n3 n2 , and"n3 n1 in (5)–(8) can be expressed as

"p3 p2 � D3 �
� 3

2
cos(� 3 � � 0) +

� 2

2
cos(� 2 � � 0) (9)

"p3 ng � � B
ng

�
� 3

2
cos(� 3 � � 1ng ) (10)

"ng p2 � � R
ng

�
� 2

2
cos(� 2 � � 2ng ) (11)

"n1 n2 = [( � R
n1

)2 + ( � R
n2

)2 � 2� R
n1

� R
n2

cos(� 2n1 � � 2n2 )]1=2 (12)
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"n3 n% = [( � B
n3

)2 + ( � B
n%

)2 � 2� B
n3

� B
n%

cos(� 3n3 � � 1n%)]1=2 (13)

where � B
n1

=
q

D 2
1 + ( � M

n1
)2 + 2D1� M

n1
cos� 1n1 , � R

n1
=

q
D 2

2 + ( � M
n1

)2 + 2D2� M
n1

cos(� 1n1 + � ), � B
n2

=
q

D 2
3+( � R

n2
)2+2D3� R

n2
cos(� 2n2 � � 0), � R

n3
=

q
D 2

3+( � B
n3

)2� 2D3� B
n3

cos(� 3n3 � � 0), � R
n2

2 [R1n2 ; R2n2 ],

� B
n3

2 [R1n3 ; R2n3 ], %= 1; 2, andg=1 ; 2; 3. Note that the AoD� 3n1 , � 3n2 , � 3n3 and AoA� 2n1 , � 2n2 , � 2n3

are independent for double- and triple-bounced rays, whilethey are interdependent for single-bounced

rays. It is worth highlighting that scatterersSng around MS, RS, and BS are relevant to the angles� 1n1 ,

� 2n2 , and� 3n3 , respectively. Therefore, all other AoDs and AoAs have to berelated to the aforementioned

three key angles. By following the general method given in [32], the relationship of the key angles with

other AoAs and AoDs of BS-RS link can be obtained as:sin � 3n1 =
� M

n 1

� B
n 1

sin � 1n1 , sin(� 2n1 + � ) =
� M

n 1

� R
n 1

sin(� + � 1n1 ), sin(� 3n2 � � 0) =
� R

n 2

� B
n 2

sin(� 2n2 � � 0), andsin(� 2n3 � � 0) =
� B

n 3

� R
n 3

sin(� 3n3 � � 0).

Note that the above derived distances and angles have general expressions and thus are suitable for vari-

ous basic scenarios. For outdoor macro-cell and micro-cellscenarios, the assumptionminf D1; D2; D3g �

maxf � M
n1

; � R
n2

; � B
n3

g, which is invalid for outdoor pico-cell scenario and indoorscenario, is ful�lled.

Therefore, for outdoor macro-cell and micro-cell scenarios, we have the following reduced expressions:

"n1 n2 � D2, "n3 n2 � D3, "n3 n1 � D1, � B
n1

� D1+ � M
n1

cos� 1n1 , � R
n1

� D2+ � M
n1

cos(� 1n1 + � ), � B
n2

�

D3+� R
n2

cos(� 2n2 � � 0), � R
n3

� D3� � B
n3

cos(� 3n3 � � 0), � 3n1 �
� M

n 1

D 1
sin � 1n1 , � 2n1 � 2� � � +

� M
n 1

D 2
sin(� + � 1n1 ),

� 3n2 � � 0�
� R

n 2

D 3
sin(� 2n2 � � 0), and � 2n3 � � + � 0�

� B
n 3

D 3
sin(� 3n3 � � 0).

B. BS-MS link

The channel gain of BS-MS link between antennap3 at BS and antennap1 at MS can be expressed as

hp3 p1 = hLoS
p3 p1

+
3X

i =1

f 3 (i )X

g=1

hig
p3 p1

(14)

where hLoS
p3 p1

denotes the LoS component andhig
p3 p1 represents thegth i -bounced component with the

following expressions

hLoS
p3 p1

=

s
K p3 p1 
 p3 p1

K p3 p1 + 1
e� j 2�� � 1 � p 3 p 1 (15)

h1g
p3 p1

=

s
� 1g

p3 p1 
 p3 p1

K p3 p1 + 1
lim

N g !1

N gX

ng =1

1
p

Ng
ej ( n g � 2�� � 1 � p 3 p 1 ;n g ) (16)

h2g
p3 p1

=

s
� 2g

p3 p1 
 p3 p1

K p3 p1 + 1
lim

N g 1 ;N g 2 !1

N g 1 ;N g 2X

ng 1 ;n g 2 =1

1
p

Ng1 Ng2

ej ( n g 1 ;n g 2
� 2�� � 1 � p 3 p 1 ;n g 1 ;n g 2 ) (17)

h31
p3 p1

=

s
� 31

p3 p1

 p3 p1

K p3 p1 + 1
lim

N 1 ;N 2 ;N 3 !1

N 1 ;N 2 ;N 3X

n1 ;n 2 ;n 3 =1

1
p

N1N2N3
ej ( n 1 ;n 2 ;n 3 � 2�� � 1 � p 3 p 1 ;n 1 ;n 2 ;n 3 ) (18)
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where parametersg, g1, andg2 are the same as the ones in (5)–(8). In (15)–(18),� p3 p1 = "p3 p1 , � p3 p1 ;n g =

"p3 ng + "ng p1 , � p3 p1 ;n g 1 ;n g 2
= "p3 ng 1

+ "ng 1 ng 2
+ "ng 2 p1 , and � p3 p1 ;n 1 ;n 2 ;n 3 = "p3 n3 + "n3 n2 + "n2 n1 + "n1 p1 are

the travel times of the waves through the linkBp3 � M p1 , Bp3 � Sng � M p1 , Bp3 � Sng 1
� Sng 2

� M p1 , and

Bp3 � Sn3 � Sn2 � Sn1 � M p1 , respectively. The symbolsK p3 p1 and 
 p3 p1 designate the Ricean factor and

the total power of the BS-MS link, respectively. Parameters� 1g
p3 p1 , � 2g

p3 p1 , and� 31
p3 p1

specify how much the

single-, double-, and triple-bounced rays contribute to the total scattered power
 p3 p1 =(K p3 p1 +1) with
P 3

g=1 (� 1g
p3 p1+� 2g

p3 p1 )+ � 31
p3 p1

=1 . The phases n1 ;n 3 is i.i.d. random variable with uniform distributions over

[� �; � ).

Similar to the BS-RS link, by applying of the law of cosines inappropriate triangles, we have the follow-

ing expressions of the desired distances with the help of thenormally used assumptionminf D1; D2; D3g �

maxf � 1� 2; � 3g

"p3 p1 � D1�
� 3

2
cos� 3 +

� 1

2
cos(� 1) (19)

"ng p1 � � M
ng

�
� 1

2
cos(� 1 � � ng ) (20)

whereg=1 ; 2; 3, � M
n1

2 [R1n1 ; R2n1 ], � M
n2

=
q

D 2
2+( � R

n2
)2� 2D2� R

n2
cos' n2 with ' n2 = 2 � � � 0� � 2n2 , and

� M
n3

=
q

D 2
1+( � B

n3
)2� 2D1� B

n3
cos� 3n3 . The expressions of other interested distances"p3 n1 , "p3 n2 , "p3 n3 ,

"n3 n1 , "n3 n2 , and"n2 n1 = "n1 n2 have been given previously in the BS-RS link. Similar to the BS-RS link,

angles� 1n2 and� 1n3 need to be related to any one of three key angles assin(� 1n2 + � ) =
� R

n 2

� M
n 2

sin(� 2n2 + � )

andsin � 1n3 =
� B

n 3

� M
n 3

sin � 3n3 .

Similar to the BS-RS link, the above derived expressions of the distances and angles are applicable

to various basic scenarios. For outdoor macro-cell and micro-cell scenarios, by using the assumption

minf D1; D2; D3g � maxf � M
n1

; � R
n2

; � B
n3

g, the following reduced expressions can be obtained as:� M
n2

�

D2� � R
n2

cos' n2 with ' n2 = 2 � � (� 2n2 + � ), � M
n3

� D1� � B
n3

cos� 3n3 , � 1n2 � � � � �
� R

n 2

D 2
sin(� + � 2n2 ),

and � 1n3 � � �
� B

n 3

D 1
sin � 3n3 .

C. RS-MS link

The channel gain of RS-MS link between antennap2 at BS and antennap1 at MS can be expressed as

hp2 p1 = hLoS
p2 p1

+
3X

i =1

f 3 (i )X

g=1

hig
p2 p1

(21)

where hLoS
p2 p1

denotes the LoS component andhig
p2 p1 represents thegth i -bounced component with the

following expressions



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, NO. YY, MONTH 2011 10

hLoS
p2 p1

=

s
K p2 p1 
 p2 p1

K p2 p1 + 1
e� j 2�� � 1 � p 2 p 1 (22)

h1g
p2 p1

=

s
� 1g

p2 p1 
 p2 p1

K p2 p1 + 1
lim

N g !1

N gX

ng =1

1
p

Ng
ej ( n g � 2�� � 1 � p 2 p 1 ;n g ) (23)

h2g
p2 p1

=

s
� 2g

p2 p1 
 p2 p1

K p2 p1 + 1
lim

N g 1 ;N g 2 !1

N g 1 ;N g 2X

ng 1 ;n g 2 =1

1
p

Ng1 Ng2

ej ( n g 1 ;n g 2
� 2�� � 1 � p 2 p 1 ;n g 1 ;n g 2 ) (24)

h31
p2 p1

=

s
� 31

p2 p1

 p2 p1

K p2 p1 + 1
lim

N 1 ;N 2 ;N 3 !1

N 1 ;N 2 ;N 3X

n1 ;n 2 ;n 3 =1

1
p

N1N2N3
ej ( n 1 ;n 2 ;n 3 � 2�� � 1 � p 2 p 1 ;n 1 ;n 2 ;n 3 ) (25)

where parametersg, g1, andg2 are the same as the ones in (5)–(8). In (22)–(25),� p2 p1 = "p2 p1 , � p2 p1 ;n g =

"p2 ng + "ng p1 , � p2 p1 ;n g 1 ;n g 2
= "p2 ng 1

+ "ng 1 ng 2
+ "ng 2 p1 , and � p2 p1 ;n 1 ;n 2 ;n 3 = "p2 n2 + "n2 n3 + "n3 n1 + "n1 p1 are

the travel times of the waves through the linkRp2 � M p1 , Rp2 � Sng � M p1 , Rp2 � Sng 1
� Sng 2

� M p1 , and

Rp2� S(n2 )� S(n3 )� S(n1 )� M p1 , respectively. The symbolsK p2 p1 and
 p2 p1 designate the Ricean factor and

the total power of the RS-MS link, respectively. Parameters� 1g
p2 p1 , � 2g

p2 p1 , and� 31
p2 p1

specify how much the

single-, double-, and triple-bounced rays contribute to the total scattered power
 p2 p1 =(K p2 p1 +1) with
P 3

g=1 (� 1g
p2 p1+ � 2g

p2 p1 )+ � 31
p2 p1

=1 .

From Fig. 2, 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"p2 p1 with the following expression"p2 p1 � D2� � 2

2 cos(� 2 +

� ) � � 1

2 cos(� 1 � � ) where the assumptionD2 � maxf � 2; � 1g is utilized.

In the literature, different scatterer distributions havebeen proposed to characterize the key angles

� 1n1 , � 2n2 , and� 3n3 , such as the uniform, Gaussian, wrapped Gaussian, and cardioid PDFs [33]. In this

paper, the von Mises PDF [34] is used, which is more generic and can approximate all the aforementioned

PDFs [32]. The von Mises PDF is de�ned asf (� ) �=exp[k cos(� � � )]=[2�I 0 (k)], where� 2 [� �; � ), I 0(�)

is the zeroth-order modi�ed Bessel function of the �rst kind, � 2 [� �; � ) accounts for the mean value of

the angle� , andk (k� 0) is a real-valued parameter that controls the angle spread of the angle� . In this

paper, for the key angles, i.e., the� 1n1 , � 2n2 , and� 3n3 , we use appropriate parameters (� andk) of the

von Mises PDF as� 1 andk1, � 2 andk2, and � 3 andk3, respectively.

D. Adjustment of Key Model Parameters

The proposed cooperative MIMO GBSM is adaptable to the abovementioned 12 cooperative scenarios

for this interested 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

environmentI , Ricean factorsK p3 p2 , K p3 p1 , K p2 p1 , and energy-related parameters� ig
p3 p2 , � ig

p3 p1 , and� ig
p2 p1 .
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The paramter setting ofI 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 thusI = 3 in this case. For outdoor Marco-cell scenario, the BS is freeof scatterers and thus

I = 2 . In this case, the channel model can also be obtained from theproposed model in (4), (14), and (21)

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 � 13
p3 p2

= � 21
p3 p2

= � 22
p3 p2

= � 31
p3 p2

= 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 areaI = 1 . Similarly, the channel model withI = 1 can

also be obtained from the proposed model in (4), (14), and (21) by setting the energy-related parameters

related to the local scatterers around BS and RS(BS2) equal to zero. It is clear that the 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 higherthe 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 thelocal scattering area is highly related to

the degree of link heterogeneity in cooperative MIMO systems as presented in [23], [28], [31], the LSD

signi�cantly 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 factorK p3 p1 is very small or even close to zero due to the large

distanceD1. Under the condition of BS cooperation scenes, Ricean factor K p2 p1 is similar toK p3 p1 due

to the similar distances ofD1 andD2. While the BS-RS link is disappeared and replaced by wired link.

In this case, we only have single bounced components, i.e.,� 11
p3 p1

and � 11
p2 p1

. For MS/RS cooperation

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

factor K p3 p2 is similar to K p3 p1 due to the similar distances ofD1 and D3. Since the large value of

distancesD1 and D3, for the BS-MS/BR2 link and BS-MS2/RS link, the impact of LSDon channel

characteristics is small and in general the double-bouncedrays bear more energy than single-bounced

rays, i.e.,f � 21
p3 p1

; � 21
p3 p2

g > f � 11
p3 p1

; � 12
p3 p1

; � 11
p3 p2

; � 12
p3 p2

g. While for the MS/RS2-MS2/RS link, due to the

small distance ofD2 the impact of LSD is signi�cant. For a low LSD, the scatterersare sparse and thus
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more likely single-bounced rays rather than double-bounced rays, i.e.,f � 11
p2 p1

; � 12
p2 p1

g > � 21
p2 p1

, and Ricean

factor K p2 p1 is large. For a high LSD, the double-bounced components bearmore energy than single-

bounced components, i.e.,� 21
p2 p1

> f � 11
p2 p1

; � 12
p2 p1

g and Ricean factorK p2 p1 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. The main featuresof the proposed cooperative MIMO GBSM

have been summarized in Table II.

IV. M ULTI -LINK SPATIAL CORRELATION FUNCTIONS

In this section, based on the proposed cooperative MIMO GBSMin Section III, we will derive the

multi-link spatial correlation functions for non-isotropic scattering cooperative MIMO environments. The

spatial correlation properties between any two of the aforementioned three links, i.e., BS-RS link, BS-MS

link, and RS-MS link, will be investigated. The normalized spatial correlation function between any two

links characterized by channel gainshpq andhp0q0, respectively, is de�ned as

� pq;p0q0 =
E

�
hpqh�

p0q0

�

p

 pq
 p0q0

(26)

where(�) � denotes the complex conjugate operation,E [�] is the statistical expectation operator,p; p0 2

f 1; 2; :::; M T g, and q; q0 2 f 1; 2; :::; M R g. Substituting (4) and (14) into (26), we have the correlation

function between BS-RS link and BS-MS link as

� p3 p2 ;p0
3 p1 = � LoS

p3 p2 ;p0
3 p1

+
3X

g=1

(� 1g
p3 p2 ;p0

3 p1
+ � 2g

p3 p2 ;p0
3 p1

) + � 31
p3 p2 ;p0

3 p1
(27)

with

� LoS
p3 p2 ;p0

3 p1
=

s
K p3 p2 K p0

3 p1

(K p3 p2 + 1)
�
K p0

3 p1 + 1
� ej 2�� � 1

�
� p 0

3 p 1
� � p 3 p 2

�

(28)

� 1g
p3 p2 ;p0

3 p1
=

vu
u
t � 1g

p3 p2 � 1g
p0

3 p1

(K p3 p2 + 1)
�
K p0

3 p1 + 1
�

Z �

� �

Z R2n g

R1n g

ej 2�� � 1
�

� p 0
3 p 1 ;g � � p 3 p 2 ;g

�

Qgf (; g)d; gd= g

(29)

� 2g
p3 p2 ;p0

3 p1
=

vu
u
t � 2g

p3 p2 � 2g
p0

3 p1

(K p3 p2 + 1)
�
K p0

3 p1 + 1
�

Z �

� �

Z �

� �

Z R2n g 1

R1n g 1

Z R2n g 2

R1n g 2

Qg1 g2 f (; g1 )f (; g2 )

� ej 2�� � 1
�

� p 0
3 p 1 ;g 1 ;g 2

� � p 3 p 2 ;g 1 ;g 2

�

d; g1 d; g2 d= g1 d= g2 (30)

� 31
p3 p2 ;p0

3 p1
=

s
� 31

p3 p2
� 31

p0
3 p1

(K p3 p2 + 1)
�
K p0

3 p1 + 1
�

Z �

� �

Z �

� �

Z �

� �

Z R2n 1

R1n 1

Z R2n 2

R1n 2

Z R2n 3

R1n 3

Q123

� ej 2�� � 1
�

� p 0
3 p 1 ; 1 ; 2 ; 3 � � p 3 p 2 ; 1 ; 2 ; 3

�

f (; 1)f (; 2)f (; 3)d; 1d; 2d; 3d= 1d= 2d= 3 (31)
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where f; gg3
g=1 = f � 1; � 2;2; � 1;3g are the continuous expressions of the discrete expressionsof angles

� 1n1 , � 2n2 , � 3n3 , respectively, and"p0
3 ng � � B

ng
+ � 3

2 cos(� 3 � � 1ng ), � p0
3 p1 ;g = � p0

3 p1 ;n g , � p3 p2 ;g = � p3 p2 ;n g ,

� p0
3 p1 ;g1 ;g2 = � p0

3 p1 ;n g 1 ;n g 2
, � p3 p2 ;g1 ;g2 = � p3 p2 ;n g 1 ;n g 2

, � p0
3 p1 ;1;2;3 = � p0

3 p1 ;n 1 ;n 2 ;n 3 , and � p3 p2 ;1;2;3 =

� p3 p2 ;n 1 ;n 2 ;n 3 with � 1n1 , � 2n2 , and � 3n3 being replaced by� 1, � 2;2, and � 1;3, respectively. Parame-

ters f (; g) = exp[ kg cos(; g� � g)]=[2�I 0 (kg)], f= gg3
g=1 = f � M

n1
; � R

2n2
; � B

1n3
g, Qg = 2= n g

R2
2n g

� R2
1n g

, Qg1 g2 =
4= n g 1

= n g 2

(R2
2n g 1

� R2
1n g 1

)( R2
2n g 2

� R2
1n g 2

) , Q123 = 8= n 1 = n 2 = n 3

(R2
2n 1

� R2
1n 1

)( R2
2n 2

� R2
1n 2

)( R2
2n 3

� R2
1n 3

) , and parametersg, g1, andg2 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 ng ,  ng 1 ;n g 2
, or  n1 ;n 2 ;n 3 . Since

the random phases ful�ll the uniform distribution over the range of[�; � � ), the integral of the random

phases in the range of[�; � � ) is equal to zero. Therefore, other correlation terms with the value of zero

are omitted in (27).

Performing the substitution of (4) and (21) into (26), we canobtain the correlation function between

BS-RS link and RS-MS link as

� p3 p2 ;p0
2 p1 = � LoS

p3 p2 ;p0
2 p1

+
3X

g=1

(� 1g
p3 p2 ;p0

2 p1
+ � 2g

p3 p2 ;p0
2 p1

) + � 31
p3 p2 ;p0

2 p1
(32)

with

� LoS
p3 p2 ;p0

2 p1
=

s
K p3 p2 K p0

2 p1

(K p3 p2 + 1)
�
K p0

2 p1 + 1
� ej 2�� � 1

�
� p 0

2 p 1
� � p 3 p 2

�

(33)

� 1g
p3 p2 ;p0

2 p1
=

vu
u
t � 1g

p3 p2 � 1g
p0

2 p1

(K p3 p2 + 1)
�
K p0

2 p1 + 1
�

Z �

� �

Z R2n g

R1n g

ej 2�� � 1
�

� p 0
2 p 1 ;g � � p 3 p 2 ;g

�

Qgf (; g)d; gd= g

(34)

� 2g
p3 p2 ;p0

2 p1
=

vu
u
t � 2g

p3 p2 � 2g
p0

2 p1

(K p3 p2 + 1)
�
K p0

2 p1 + 1
�

Z �

� �

Z �

� �

Z R2n g 1

R1n g 1

Z R2n g 2

R1n g 2

Qg1 g2 f (; g1 )f (; g2 )

� ej 2�� � 1
�

� p 0
2 p 1 ;g 1 ;g 2

� � p 3 p 2 ;g 1 ;g 2

�

d; g1 d; g2 d= g1 d= g2 (35)

� 31
p3 p2 ;p0

2 p1
=

s
� 31

p3 p2
� 31

p0
2 p1

(K p3 p2 + 1)
�
K p0

2 p1 + 1
�

Z �

� �

Z �

� �

Z �

� �

Z R2n 1

R1n 1

Z R2n 2

R1n 2

Z R2n 3

R1n 3

Q123

� ej 2�� � 1
�

� p 0
2 p 1 ; 1 ; 2 ; 3 � � p 3 p 2 ; 1 ; 2 ; 3

�

f (; 1)f (; 2)f (; 3)d; 1d; 2d; 3d= 1d= 2d= 3 (36)

where"p0
2 ng � � R

ng
+ � 2

2 cos(� 2 � � 2ng ), � p0
2 p1 ;g = � p0

2 p1 ;n g , � p0
2 p1 ;g1 ;g2 = � p0

2 p1 ;n g 1 ;n g 2
, and � p0

2 p1 ;1;2;3 =

� p0
2 p1 ;n 1 ;n 2 ;n 3 with � 1n1 , � 2n2 , and � 3n3 being replaced by� 1, � 2;2, and � 1;3, respectively.
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The substitution of (14) and (21) into (26) results in the correlation function between BS-MS link and

RS-MS link as

� p3 p1 ;p2 p0
1

= � LoS
p3 p1 ;p2 p0

1
+

3X

g=1

(� 1g
p3 p1 ;p2 p0

1
+ � 2g

p3 p1 ;p2 p0
1
) + � 31

p3 p1 ;p2 p0
1

(37)

with

� LoS
p3 p1 ;p2 p0

1
=

s
K p3 p1 K p2 p0

1

(K p3 p1 + 1)
�
K p2 p0

1
+ 1

� ej 2�� � 1
�

� p 2 p 0
1
� � p 3 p 1

�

(38)

� 1g
p3 p1 ;p2 p0

1
=

vu
u
t � 1g

p3 p1 � 1g
p2 p0

1

(K p3 p1 + 1)
�
K p2 p0

1
+ 1

�
Z �

� �

Z R2n g

R1n g

ej 2�� � 1
�

� p 2 p 0
1 ;g � � p 3 p 1 ;g

�

Qgf (; g)d; gd= g;

(39)

� 2g
p3 p1 ;p2 p0

1
=

vu
u
t � 2g

p3 p1 � 2g
p2 p0

1

(K p3 p1 + 1)
�
K p2 p0

1
+ 1

�
Z �

� �

Z �

� �

Z R2n g 1

R1n g 1

Z R2n g 2

R1n g 2

Qg1 g2 f (; g1 )f (; g2 )

� ej 2�� � 1
�

� p 2 p 0
1 ;g 1 ;g 2

� � p 3 p 1 ;g 1 ;g 2

�

d; g1 d; g2 d= g1 d= g2 (40)

� 31
p3 p1 ;p2 p0

1
=

s
� 31

p3 p1
� 31

p2 p0
1

(K p3 p1 + 1)
�
K p2 p0

1
+ 1

�
Z �

� �

Z �

� �

Z �

� �

Z R2n 1

R1n 1

Z R2n 2

R1n 2

Z R2n 3

R1n 3

Q123

� ej 2�� � 1
�

� p 2 p 0
1 ; 1 ; 2 ; 3 � � p 3 p 1 ; 1 ; 2 ; 3

�

f (; 1)f (; 2)f (; 3)d; 1d; 2d; 3d= 1d= 2d= 3 (41)

where"p0
1 ng � � M

ng
+ � 1

2 cos(� 1 � � ng ) with � 1n1 , � 2n2 , and � 3n3 being replaced by� 1, � 2;2, and � 1;3,

respectively.

For outdoor macro-cell and micro-cell BS cooperation and RScooperation scenarios, based on the

assumptionminf D1; D2; D3g � maxf � M
n1

; � R
n2

; � B
n3

g correlation functions in (29)–(31), (34)–(36), and

(39)–(41) can be further simpli�ed and expressed in Appendix A. Based on the derived general spatial

correlation functions, the spatial correlation functionsfor other scenarios can be easily obtained by

following the key model parameters setting criterion explained in previous section.

V. NUMERICAL RESULTS AND ANALYSIS

In this section, the derived multi-link spatial correlation functions in Section IV will be numerically

analyzed in detail. Without loss of generality, the spatialcorrelation 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 or speci�ed otherwise:f = 2 :4GHz, D1 = D3 = 100m, R1n1 = R1n2 = R1n3 = 5m,

R2n1 = R2n2 = R2n3 = 50m, � 3 = � 2 = � 1 = 0 , � 3 = 30 � , � 2 = � 1 = 60 � , K p3 p2 = K p0
3 p1 = 0 ,

k1 = k2 = k3 = 10, � 1 = 120� , � 2 = 300� , and � 3 = 60 � .



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, NO. YY, MONTH 2011 15

A. Impact of Key Parameters on Multi-Link Spatial Correlation

Fig. 3 illustrates the spatial correlation properties of different components in (27) as a function of� 0

andD3. It is obvious that high spatial correlations between the BS-RS link and BS-MS link can occur

at certain distancesD3 and certain values of angle� 0 for different components. This again demonstrates

that small scale spatial fading correlation should not be simply neglected as addressed in [27] and also

highlights the importance of the work presented in this paper.

In Fig. 4, we present the spatial correlation properties of all scattered components in (27) with

parameters� 3 = � 2 = � 1 = 3 � andk1 = k2 = k3 = 3 . Fig. 4 clearly depicts that the spatial correlation

properties vary signi�cantly 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.

Figs. 5 and 6 compare the spatial correlation properties of different scattered components for different

values of environment parametersDg, R1ng , R2ng , kg, and � g 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 signi�cantly affect the spatial correlation

properties of different scattered components. From Fig. 5,we also observe that the increase of value

kg will enhance the spatial correlation. With larger value ofkg, the scatterers in local scattering area

are more concentrated and the received power mainly comes from certain direction determined by� g.

Therefore, in this case, the spatial correlation tends to belarger, which also agrees with the conclusion in

[29]. Fig. 6 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. 7, the comparison of spatial correlation propertiesof different scattered components for different

values of antenna element spacing� g and antenna array tilt angles� g 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� g will decrease spatial correlations. However, the impact ofparameters� g and � g on spatial

correlation properties tends to be marginal for the scattered components with more bounced rays.
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B. Validation of the Proposed Cooperative MIMO GBSM

So far, based on Figs. 3–7 we have investigated in more detailthe spatial correlation properties of dif-

ferent scattered components separately. In general, we �ndthat the multi-link spatial correlation increases

with the increase of the environment parameterkg, with the decrease of the size of local scattering area,

with the decrease of the valuei for a i -bounced rays, and/or with the decrease of the antenna spacing � g.

According to the above obtained observation and conclusions, we will investigate the spatial correlation

properties of the proposed cooperative MIMO GBSM in (27) andthus 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 � 3 = � 2 = � 1 = 3 � , i.e., high LSD, low

LSD, and mixed LSD.

For outdoor macro-cell MS cooperation scenario, as mentioned 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.,� 13
p3 p2

= � 13
p0

3 p1
= � 21

p3 p2
=

� 21
p0

3 p1
= � 22

p3 p2
= � 22

p0
3 p1

= � 31
p3 p2

= � 31
p0

3 p1
= 0 , and assumeD1 = D3 = 1500m andK p3 p2 = K p0

3 p1 = 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:� 11
p3 p2

= � 11
p0

3 p1
=

� 12
p3 p2

= � 12
p0

3 p1
= 0 :05 and � 23

p3 p2
= � 23

p0
3 p1

= 0 :9 for high LSD, and� 11
p3 p2

= � 11
p0

3 p1
= � 12

p3 p2
= � 12

p0
3 p1

= 0 :2

and� 23
p3 p2

= � 23
p0

3 p1
= 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 aroundMS2 shows high LSD, and thus assume

the energy-related parameters as:� 11
p0

3 p1
= � 12

p0
3 p1

= 0 :2, � 23
p0

3 p1
= 0 :6, � 11

p3 p2
= � 12

p3 p2
= 0 :1, and� 23

p3 p2
= 0 :8.

In general, the higher the LSD, the more distributed and larger size the local scattering area, and thereby

the smaller the value ofkg and the larger the value ofR2ng � R1ng (g = 1 ; 2; 3). Therefore, we have

the following environment parameters as:k1 = k2 = 1 , R1n1 = R1n2 = 5m, andR2n1 = R2n2 = 200m

for high LSD; k1 = k2 = 10, R1n1 = R1n2 = 5m, andR2n1 = R2n2 = 20m for low LSD; andk1 = 10,

k2 = 2 , � 1 = 60 � , � 2 = 120� , R1n1 = R1n2 = 5m, R2n1 = 20m, andR2n2 = 100m for mixed LSD.

Similarly, for indoor MS cooperation scenario, the RS actually represents the other MS, symbolled

as MS2. Considering the small distance among BS, MS, and MS2,we assumeD1 = D3 = 50 m. For

mixed LSD case, we consider the scenario 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:

K p3 p2 = K p0
3 p1 = 0 :1, � 11

p3 p2
= � 11

p0
3 p1

= � 12
p3 p2

= � 12
p0

3 p1
= � 13

p3 p2
= � 13

p0
3 p1

= 0 :05, � 21
p3 p2

= � 21
p0

3 p1
=
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� 22
p3 p2

= � 22
p0

3 p1
= � 23

p3 p2
= � 23

p0
3 p1

= 0 :2, and � 31
p3 p2

= � 31
p0

3 p1
= 0 :25 for high LSD; K p3 p2 = K p0

3 p1 = 3 ,

� 11
p3 p2

= � 11
p0

3 p1
= � 12

p3 p2
= � 12

p0
3 p1

= � 13
p3 p2

= � 13
p0

3 p1
= 0 :3, and � 21

p3 p2
= � 21

p0
3 p1

= � 22
p3 p2

= � 22
p0

3 p1
= � 23

p3 p2
=

� 23
p0

3 p1
= � 31

p3 p2
= � 31

p0
3 p1

= 0 :025 for low LSD; andK p3 p2 = 0 :5, K p0
3 p1 = 2 :5, � 11

p0
3 p1

= � 12
p0

3 p1
= � 13

p0
3 p1

=

0:25, � 21
p0

3 p1
= 0 :1, � 22

p0
3 p1

= � 23
p0

3 p1
= � 31

p0
3 p1

= 0 :05, � 11
p3 p2

= � 12
p3 p2

= � 13
p3 p2

= 0 :05, � 21
p3 p2

= � 23
p3 p2

= 0 :3,

� 22
p3 p2

= 0 :1, and � 31
p3 p2

= 0 :15 for mixed LSD. The following environment parameters are selected as:

k1 = k2 = k3 = 1 , R1n1 = R1n2 = R1n3 = 2m, andR2n1 = R2n2 = R2n3 = 25m for high LSD;

k1 = k2 = k3 = 10, R1n1 = R1n2 = R1n3 = 2m, andR2n1 = R2n2 = R2n3 = 8m for low LSD; and

k1 = 6 , k2 = 2 , k3 = 15, � 1 = 60 � , � 2 = 120� , � 3 = 240� , R1n1 = R1n2 = R1n3 = 2m, R2n1 = 12m,

R2n2 = 20m, andR2n3 = 5m for mixed LSD.

Fig. 8 clearly shows that the LSD signi�cantly 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. 8 also illustrates that the indoor MS cooperation scenario

has larger spatial correlation properties than the outdoormacro-cell MS cooperation scenario. This is

basically resulted from the appearance of a LoS component inthe 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. 4 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 possibility to reveal a high degree of link heterogeneity, i.e., a low degree of environment

similarity. Therefore, the above conclusion based on Fig. 8is consistent with our intuition that a low

degree of environment similarity results in low multi-linkspatial correlations.

VI. CONCLUSIONS

This paper has proposed a novel uni�ed cooperative MIMO channel model framework, from which

a novel GBSM has been further derived. The proposed multiple-ring GBSM is suf�ciently generic and

adaptable to a wide variety of cooperative MIMO propagationscenarios. More importantly, the proposed

GBSM is the �rst 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 shown that the antenna element spacings, environment parameters, and LSD

have great impacts on multi-link spatial correlation properties. It has also been demonstrated that a high
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multi-link spatial correlation may exist if a cooperative communication system has a relatively narrow

bandwidth and the underlying propagation environments have low LSDs and LoS components.

APPENDIX

A. THE REDUCED EXPRESSIONS OF SPATIAL CORRELATION

For outdoor macro-cell and micro-cell BS cooperation and relay cooperation scenarios, the assumption

minf D1; D2; D3g � maxf � M
n1

; � R
n2

; � B
n3

g is applicable. In this case, by using trigonometric transfor-

mations, the equality
�R

� �
ea sin c+ bcoscdc = 2 �I 0

� p
a2 + b2

�
[35], and the results in [32], the spatial

correlation between BS-RS link and BS-MS link in (29)–(31) can be reduced as

� 1g
p3 p2 ;p0

3 p1
=

vu
u
t � 1g

p3 p2 � 1g
p0

3 p1

I 0f kgg(K p3 p2 + 1)
�
K p0

3 p1 + 1
� ejC 11

Z R2n g

R1n g

ejE 11

I 0f
p

(A1g)2 + ( B 1g)2gQgd= g (42)

� 2g
p3 p2 ;p0

3 p1
=

vu
u
t � 2g

p3 p2 � 2g
p0

3 p1

I 0f kg1 gI 0f kg2 g(K p3 p2 + 1)
�
K p0

3 p1 + 1
� ejC 2g

�
Z R2n g 1

R1n g 1

Z R2n g 2

R1n g 2

ejE 2g

I 0f
q

(A2g
1 )2 + ( B 2g

1 )2gI 0f
q

(A2g
2 )2 + ( B 2g

2 )2gQg1 g2 d= g1 d= g2 (43)

� 31
p3 p2 ;p0

3 p1
=

s
� 31

p3 p2
� 31

p0
3 p1

I 0f k1gI 0f k2gI 0f k3g(K p3 p2 + 1)
�
K p0

3 p1 + 1
� ejC 31

�
Z R2n 1

R1n 1

Z R2n 2

R1n 2

Z R2n 3

R1n 3

ejE 31

I 0f
q

(A31
M )2 + ( B 31

M )2g

� I 0f
q

(A31
R )2 + ( B 31

R )2gI 0f
q

(A31
B )2 + ( B 31

B )2gQ123d= 1d= 2d= 3 (44)

whereC11 = C11
p � 2�� � 1� 3 cos� 3 with C11

P = � 2�� � 1[D2+ � 2

2 cos(� 2+ � )], E 11 = E 22 = 2 �� � 1� M
n1

,

A11 = A22
1 � j 2�� � 1� 3 sin � 3

� M
n 1

D 1
, B 11 = B 22

1 = � j 2�� � 1[ � 1

2 cos� 1 � � M
n1

+
� 2 � M

n 1

2D 2
sin(� 2 + � ) sin � ] +

k1 cos� 1 C12 = C12
P + 2 �� � 1� 3 cos(� 3 � � 0)] with C22

P = 2 �� � 1[D2 + � 1

2 cos(� 1 + � )], E 12 =

E 21 = � 2�� � 1� R
n2

, A12 = A21
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� R
n 2

D 3
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2 cos� 1 � � 2
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2D 2
sin(� 1 + � ) cos� ]+ k2 sin � 2, B 21
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E 31 = E 11 � E 12, A31
M (R) = � j 2�� � 1 � 3(2)

2 sin � 3(2) + kn1(2) sin � n1(2) , B 31
M (R) = � j 2�� � 1 � 3(2)

2 cos� 3(2) +

kn1(2) cos� n1(2) , A31
B = j 2�� � 1� 3 sin � 3 + k3 sin � 3, B 31

B = j 2�� � 1� 3 cos� 3 + k3 cos� 3.

Similarly, we can reduced the spatial correlation between BS-RS link and RS-MS link in (34)–(36) as
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For BS-MS link and RS-MS link, the spatial correlation between them shown in (39)–(41) can be

reduced as
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TABLE I. DEFINITION OF PARAMETERS INFIG. 2.

D 1 ; D 2 ; D 3 distances of BS-MS, RS-MS, and BS-RS, respectively

R1n 1 ; R2n 1 ; R1n 2 ; min and max radii of the circular rings around the MS, RS

R2n 2 ; R1n 3 ; R2n 3 and BS, respectively

�; � 0 angles between the RS-MS link and BS-MS link,

and between the BS-RS link and BS-MS link, respectively

� 1 ; � 2 ; � 3 antenna element spacings of MS, RS and BS, respectively

� 1 ; � 2 ; � 3 orientations of the MS, RS and RS antenna arrays in the x-y

plane (relative to the x-axis), respectively

� 1n i ; � 2n i ; azimuth angles ofSn i -MS, Sn i -RS, and

and � 3n i Sn i -BS links in the x-y plane (relative to the x-axis), respectively

� B
n 1

; � B
n 2

; � B
n 3

distancesd(BS,Sn 1 ), d(BS,Sn 2 ), andd(BS,Sn 3 ), respectively

� R
n 1

; � R
n 2

; � R
n 3

distancesd(RS,Sn 1 ), d(RS,Sn 2 ); andd(RS,Sn 3 ), respectively

� M
n 1

; � M
n 2

; � M
n 3

distancesd(MS,Sn 1 ), d(MS,Sn 2 ); andd(MS,Sn 3 ), respectively

" p i n g (" n g p i ), " p i p j , and" n g n k distancesd(pi ; Sn g ), d(pi ; pj ), andd(Sn g ; Sn k ), respectively
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TABLE II. M AIN FEATURES OF THEPROPOSEDCOOPERATIVE MIMO GBSM.

The Proposed 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 Parameters

kp3 p2 � 1g
p3 p2 =p3 p1 =p2 p1

I kp3 p1 � 2g
p3 p2 =p3 p1 =p2 p1

kp2 p1 � 31
p3 p2 =p3 p1 =p2 p1

(g = 1 ; 2; 3)

The number of Ricean factor of Energy-related parameters

local scattering the BS-RS link, that specify how much

areas. BS-MS link, and the single-, double-, and

RS-MS link, triple-bounced rays

respectively. 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 for12 cooperation scenarios.



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, NO. YY, MONTH 2011 24

��

BS

DS

CS

AS

A

B

C

D

A�X�K

B�X
�K

C�X�K

D�X�K

p

q

��

LoS Component : ( , )LOS
p q pqA B h t �W�o ��

i=1, Single-bounced 

Components 

11 12

13 14

: ( , )      : ( , )

: ( , )      : ( , )

p B q pq p C q pq

p D q pq p A q pq

A S B h t A S B h t

A S B h t A S B h t

�W �W

�W �W

�o �o �o �o

�o �o �o �o

i=2, Double-bounced 

Components 

21 22

23 24

25 26

: ( , )      : ( , )

: ( , )      : ( , )

: ( , )      : ( , )

p A B q pq p A C q pq

p A D q pq p D B q pq

p D C q pq p C B q pq

A S S B h t A S S B h t

A S S B h t A S S B h t

A S S B h t A S S B h t

�W �W

�W �W

�W �W

�o �o �o �o �o �o

�o �o �o �o �o �o

�o �o �o �o �o �o

��

i=3, Triple-bounced 

Components 

31 32

33 34

: ( , )      : ( , )

: ( , )      : ( , )

p A D B q pq p A D C q pq

p A C B q pq p D C B q pq

A S S S B h t A S S S B h t

A S S S B h t A S S S B h t

�W �W

�W �W

�o �o �o �o �o �o �o �o

�o �o �o �o �o �o �o �o

i=4, 

Quadruple-bounced

Components 

41: ( , )p A D C B q pqA S S S S B h t�W�o �o �o �o �o ��

��

Fig. 1. Geometry of a uni�ed cooperative MIMO channel model framework.
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Fig. 2. The proposed cooperative MIMO GBSM.
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Fig. 3. Absolute values of spatial correlation functions between the BS-RS link and BS-MS link for (a) the �rst single-bounced
component� 11

p3 p2 ;p 0
3 p1

; (b) the third single-bounced component� 13
p3 p2 ;p 0

3 p1
; (c) the third double-bounced component� 23

p3 p2 ;p 0
3 p1

;
and (d) the triple-bounced component� 31

p3 p2 ;p 0
3 p1

.
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Fig. 4. 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.



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, NO. YY, MONTH 2011 28

0 20 40 60 80 100 120 140 160
0

0.5

1

(a)

r p 1p 2,p
' 1p 3

11

 

 

0 20 40 60 80 100 120 140 160
0

0.5

1

(b)

r p 1p 2,p
' 1p 3

23

 

 

0 20 40 60 80 100 120 140 160
0

0.2

0.4

(c)
Angle q' between the BS-RS link and BS-MS link

r p 1p 2,p
' 1p 3

31

k
1
=k

2
=k

3
=0 k

1
=k

2
=k

3
=3 k

1
=k

2
=k

3
=10 k

1
=k

2
=k

3
=10, m

1
=300°,m

1
=120°,m

1
=240°

Fig. 5. Absolute values of spatial correlation functions between the BS-RS link and BS-MS link for (a) the �rst single-bounced
component� 11
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; (b) the third double-bounced component� 23
p3 p2 ;p 0

3 p1
; and (c) the triple-bounced component� 31
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3 p1

with different values of parameterskg and � g (g = 1 ; 2; 3).
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component� 11
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with different values of parametersD 3 , R1n g , andR2n g (g = 1 ; 2; 3).
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Fig. 7. Absolute values of spatial correlation functions between the BS-RS link and BS-MS link for (a) the second single-
bounced component� 12
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Fig. 8. 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.


