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Abstract

In this paper, a novel uni ed channel model framework is mregd for cooperative multiple-input
multiple-output (MIMO) wireless channels. The proposeddeidramework is generic and adaptable to
multiple cooperative MIMO scenarios by simply adjusting keodel parameters. Based on the proposed
model framework and using a typical cooperative MIMO comination environment as an example,
we derive a novel geometry-based stochastic model (GBSil)cable to multiple wireless propagation
scenarios. The proposed GBSM is the rst cooperative MIM@ruaiel model that has the ability to
investigate the impact of the local scattering density (L.8bB channel characteristics. From the derived
GBSM, the corresponding multi-link spatial correlatiométions are derived and numerically analyzed
in detail. Numerical results indicate that some key chanmadel parameters have signi cant impacts on
the resulting spatial correlation functions. The proposedperative MIMO channel model framework,
GBSM, and the derived spatial correlation properties alpfhkefor better understanding cooperative
MIMO channels and for setting up more purposeful measur¢mempaigns.

Index Terms

Cooperative MIMO channels, geometry-based stochasticeinsgatial correlation, non-isotropic
scattering, Ricean fading.
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. INTRODUCTION

Conventional multiple-input multiple-output (MIMO) tenblogy, known as point-to-point MIMO, has
been widely used in many standards [1], [2] due to its abtlitysigni cantly enhance the performance
of wireless communication systems [3], [4]. Research orpeaative MIMO technologies has recently
received much attention [5]- [11]. Cooperative MIMO, alsmivn as virtual MIMO or distributed MIMO,
groups multiple radio devices to form virtual antenna asrag that they can cooperate with each other
by exploiting the spatial domain of mobile fading chann&lge to the advantages of cooperative MIMO
technology, such as improving coverage and cell edge tiwmmutg it has been employed in some new
wireless systems, e.g., cognitive radio networks [12]jaglar communication systems [13], and physical
layer security systems [14]. Note that the cooperation efgiouped devices does not mean that the base
station (BS) and mobile station (MS) have to be in reach oheatber. Some devices can be treated
as relays to help the communication between the BS and MS. Aswaemerging technology, many
research challenges in cooperative communications habe taddressed before the wide deployment.
Detailed knowledge about the underlying propagation chEnand the corresponding channel models
are the fundamental to meet those challenges for the bettegmd of cooperative MIMO systems [15].

Several papers have reported measurements of varioustistdtiproperties of cooperative MIMO
channels for different scenarios. A few indoor cooperatitannel measurements were reported in [16],
[17], where the cooperative nodes are all static. Mobiletisink measurements were presented in [18] for
indoor cooperative MIMO channels. Outdoor cooperative Mighannel measurements were addressed in
[19], [20] and [21]— [23] for static nodes and mobile nodesectively. All these measurement campaigns
concentrated on the investigation of the channel chaiatiter of individual links for different scenarios,
such as path loss, shadow fading, and small scale fadingkdJobnventional point-to-point MIMO
systems, cooperative MIMO systems consist of multipleaaidiks that may exhibit strong correlations,
e.g., BS-BS, BS-relay station (RS), RS-RS, RS-MS, BS-M3J BIS-MS links. The correlation of
multiple links exists due to the environment similarity simg from common shadowing objects and
scatterers contributing to different links and can sigantly affect the performance of cooperative MIMO
systems. The investigation of the correlations betweeierdifit links is rare in the current literature.

The multi-link correlation consists of large scale fadirgrelation and small scale fading correlation.
Only a few papers have analyzed and modeled large scalegfadimelations, including shadow fading
correlation, delay spread correlation, and azimuth cati@l. The 3rd Generation Partnership Project
(3GPP) Spatial Channel Model (SCM) [24], the Wireless Wamitiative New Radio Phase Il (WINNER
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II) channel model [25], and the IEEE 802.16j channel modé [@ll investigated and modeled large
scale fading correlations of different links for multipleemarios. However, as mentioned in [27], these
correlation models are not consistent and a uni ed cori@lamodel for large scale fading is necessary.
Recently, in [28] a unied framework that can investigatettbestatic and dynamic shadow fading
correlations was proposed for indoor and outdoor-to-imdecenarios. There are even fewer papers
available investigating small scale fading correlatidms[29], the authors proposed a multiuser MIMO
channel model focusing on the investigation of the impadwface roughness on spatial correlations. In
[27], a preliminary investigation on spatial correlatidos coordinated multi-point (CoMP) transmissions
was reported. The investigation on spatial correlationsoli-link propagation channels in amplify-and-
forward (AF) relay systems was reported in [30]. Howevel,tlaé aforementioned investigations on
multi-link spatial correlations are scenario-speci c.rrexample, [29] only modeled the scenario where
scatterers are located in streets, [27] only focused the Eebknario, and [30] only investigated the AF
relay scenario. A uni ed channel model framework to invgate multi-link small scale fading correlations
for different scenarios is therefore highly desirable.

To Il the aforementioned gap, this paper proposes a uni édrmnel model framework for cooperative
MIMO systems and investigates spatial correlations ofediffit links in multiple scenarios. The main

contributions and novelties of this paper are listed a¥ail

1) We propose a wideband uni ed channel model framework ihauitable to mimic different links
in cooperative MIMO systems, such as the BS-BS/RS/MS ling;AS/MS link, and MS-MS link.
Due to different local scattering environments around B$Ss, and MSs, a high degree of link
heterogeneity or variations is expected in cooperative MIs§stems. In this paper, we are interested
in various cooperative MIMO environments which can be ¢ladsased on the physical scenarios
and application scenarios. The physical scenarios inatudeoor macro-cell, micro-cell, pico-cell,
and indoor scenarios. Each physical scenario further dedu3 application scenarios, i.e., BS
cooperation, MS cooperation, and relay cooperation. Thexe12 cooperative MIMO scenarios
are considered in this paper and the proposed framework eaamdhpted to the 12 scenarios by
simply adjusting key model parameters.

2) Taking a cooperative relay system, which includes thieks|(BS-RS, RS-MS, and BS-MS), as
an example, we show how to apply the proposed channel moalefvork and derive a novel
geometry-based stochastic model (GBSM) for multiple ptalsicenarios. The proposed GBSM is

the rst cooperative MIMO channel model that has the ability 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-lggatial correlation functions that can
signi cantly affect the performance of cooperative MIMOmmunication systems.

4) The impact of some important parameters, such as antéemamt spacings and the LSDs, on multi-
link spatial correlations in different scenarios is theveistigated. Some interesting observations and
conclusions are obtained, which can help better understangerative MIMO channels and thus

better design cooperative MIMO systems.

The remainder of this paper is outlined as follows. Sectlgoréposes the new uni ed channel model
framework for cooperative wireless MIMO channels. The wiron of a new GBSM for wideband coop-
erative MIMO Ricean fading channels is given in SectionlilSection IV, based on the proposed GBSM,
the multi-link spatial correlation functions are derivédlimerical results and analysis are presented in

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

1. A UNIFIED COOPERATIVE MIMO CHANNEL MODEL FRAMEWORK

Cooperative MIMO channel measurements [23], [28], [31]ehelearly demonstrated that the degree of
link heterogeneity in cooperative MIMO systems is highliated to local scattering environments around
different devices. Therefore, the cooperative MIMO modahfework needs to re ect the in uence of
different local scattering environments on the link hegeneity for different scenarios while keeping the
acceptable model complexity.

Let us now consider a general wideband cooperative MIMOesysthere all nodes are surrounded by
local scatterers and a link between Noéleand NodeB is presented as shown in Fig. 1. It is assumed
that each node can be in motion and is equipped Wwitmtenna elements. The proposed uni ed channel
model framework expresses the channel impulse responB) fEtween thgth antenna in Nodé& and

the gth antenna in Nod® as the superposition of line-of-sight (LoS) and scattessc r

O
Moo (t ) = hpe® (6 )+ hg, () )
i=1 g=1
wherel  1is the number of related local scattering ardagi,) = —--— denotes the total number bf

@ nri
bounced components, ah, (t; ) represents thgth scattered component consistingi dfounced rays.

For examplehgé (t; ) denotes the rst double-bounced component. It is worthngpthat the parameter
fi (i) is obtained not purely based on the number of related loctesing areas, but also according
to the following practical criterion: thé-bounced waves are always bouncedibgcatterers located in

different local scattering areas from far to near relativehe receiver. Based on this practical criterion,
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somei-bounced components are not necessarily to be considefgdh wnakes the proposed model
more practical. For the cooperative communication envitent shown in Fig. 1 with =4, the proposed
model framework consists of the LoS componédn(1)=4 single-bounced componentg(2)=6 double-
bounced component§,(3)=4 triple-bounced components, ahg(4)=1 quadruple-bounced component.
While other multi-bounced components that violate theefogntioned practical criterion are not included
in the proposed model framework, suchas#e Sg Sc Bg double-bounced component.

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

expressed as [32]
s

K i 1 i A Los B Los
LoS (4. — P PG, j2 2f A, teos( A)+2 B, tcos( 8
hpe (6 )= Koq+ 1 e’ nel ol ) ol il s) ()

where ,q is the travel path of the LoS waves through the link betwagrandBq (A, Bgq link), Los
denotes the LoS time delay, andis the wave length with = c=f wherec is the speed of light anfl

is the carrier frequency. The symbds,y and pq designate the Ricean factor and the total power of the
Ap By link, respectively. Parametefs,, andf 2, are the maximum Doppler frequency with respect
to NodeA and NodeB, respectively, o and g are the angles of motion with respect to Nodleand
Node B, respectively, and ;3> and 13° denote the angles of arrival/departure of the LoS path with
respect to Nodé\ and NodeB, respectively. The scattered component of the CIR in (1) maishown

as [32]

S !
i fNYOL -
. g N)(gk—l 1 ] ‘ ) »
hl[?q (tl ) = M Ilm qu] fngglkﬂ 2 pq:anngl
Kpg+ 1 tNgg, 1 . i g
- fndgi., =1 k=1 Nk

h [

j 2f A, tcos gy A t2f B tcos .04 N

e' PO N gy pa: 0 Ghy ( angL=l) (3)

whereNE is the number of effective scatterers in tkih local scattering area with respect to th
i-bounced componertt, q:n gk, is the travel path of theth i-bounced waves through tt#e, B link,
f nggik=1 denotes the time delay of the multipath components. Theq:ﬂﬁas;.kg}(zl are independent and
identically distributed (i.i.d.) random variables withiform distributions ovef{ ; ) and determined
by scatterer$ S, gl , Xn, g, representXn,;Xn,; Xn,: 15 Xn,, andf pqnedi; andf pqno gl
denote angles of arrival/departure of-aounced path with respect to Nodeand NodeB, respectively.
Here, fogq is a energy-related parameter specifying how muchgthei-bounced rays contribute to the
total scattered power pq=(K pg+1) . Note that energy-related parameters satIiDstg1 i fg':(li) E’qzl.

It is clear that the proposed uni ed channel model framewiorkl) can naturally include the impact

of local scattering area on channel characteristics withltelp of properly choosing, (i) i-bounced
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components. Note that paramete(i) is related to the number of related local scattering areasich is
determined by physical environments, outdoor macro-caltro-cell, pico-cell, and indoor. This means
by properly adjusting the parameter the proposed model framework is suitable for differentibas
cooperative environments. Furthermore, the proposed hfcateework can model multiple links with
different degrees of link heterogeneity due to differenpleyation scenes (e.g., BS cooperation, MS
cooperation, and relay cooperation) for a typical coopeanvironment by simply adjusting the Ricean
factor K oq and energy-related paramete&. How to properly set these key model parameters, li.e.,
K pgs }?q, will be explained in the next section where the proposedednéooperative channel model

framework is implemented for a typical cooperative MIMO Bggtion scenario.

[lIl. ANEwW MIMO GBSM FOR COOPERATIVE RELAY SYSTEMS

Without loss of generality, this section considers a widwbaooperative relay communication en-
vironment that includes three different links: BS-RS, RS§;Mand BS-MS, to implement the proposed
cooperative MIMO channel model framework. Note that theigleed cooperative MIMO GBSM can be
easily extended to other cooperative MIMO scenarios withtipia relays. The RS can be another BS
for BS cooperation or another MS for MS cooperation. In ordepropose a generic cooperative MIMO
GBSM that is suitable for the aforementioned 12 cooperagenarios, we assume that the BS, RS,
and MS are all surrounded by local scatterers. Fig. 2 shoewg#@ometry of the proposed cooperative
MIMO GBSM, combining the LoS components and scattered comapts. To keep the readability of
Fig. 2, the LoS components are not shown. It is assumed thadB#) RS, and MS are all equipped with
Ag = Ar = Ay =2 uniform linear antenna arrays. The local scattering emnrent is characterized
by the effective scatterers located on circular rings. ®gppthere aré\N; effective scatterers around
the MS lying on a circular ring of radiuRyp, ,'Y'l Rin, and thenjth (n; = 1;:::;N4) effective
scatterer is denoted b§,,. Similarly, assume there afé, effective scatterers around the RS lying on
a circular ring of radiuRyy, ,Ffz R2n, and thensth (n2 = 1;::1; No) effective scatterer is denoted
by S,,. For the local scattering area around B effective scatterers lie on a circular ring of radius
Ran, ,‘?3 Rsn, and thensth (n3 = 1;:::; N3) effective scatterer is denoted I84,. The parameters
in Fig. 2 are de ned in Table I.

As this paper only focuses on the investigation of multklgpatial correlations (not time or frequency
correlations), we will neglect and in (1) for the proposed channel model framework to simplify
notations. In the following, we will show the channel gairigite 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 Antepgat the BS and Antenngy, at the RS can be

expressed as

x@ X0
hP3P2 = hl[;g[?z + hlpg3pz (4)
i=1 g=1

where hr';g’ﬁz denotes the LoS component ahE3pz represents thgth i-bounced component with the

following expressions

S
K ; 1
hLoS — Ps P2 P3Pze j2 P3p2 (5)
PaP2 KP3P2 +1
s ____
hlg — ééqu P2 |im ’ B 1 el( ng 2! papang) (6)
Psp: N
k2 Kpsp, +1 Ngl1 ny=1 Ng
s
2 N ;NQZ
g X 1 . .
h29 = _PsP2 Pspz lim pié( ngyng, 2 p3p2n g1 g; ) (7
Psp2 K +1 Ng,Ng, 1 Ng N
p3p2 1 2 ngl;ngzzl 01 [¢7]
s
31 N1yd2:N3 _
hglp — p3p2 P3P lim p 1 el( ninang 2 ' p3pP2in 1:n 2in 3) (8)
3 M2 . .
Kpsp, 1 NiN2iNsi1 S N1N>N3

whereg=1;2;3, fo1;009=3;2g for g=1, fgi;09=f3;1g for g=2, andfg;;g.g= f1;2g for
g=3.1In (5)—8), psp> = "papzr psp2ing = "pengt ngpar  pspainging, = peng; T nging, + ng,p.. @nd

pspainiinains = psnst nsnat 'nin,t 'n,p, are the travel times of the waves through the IBf Rp,,
Bp, Sn, Rp. Bp Sn,, Sn

and ,,p, designate the Ricean factor and the total power of the BSHRS despectively. Parameters

Rp,, andBp, Sn, Sn, Sn, Rp,, respectively. The symbols

92

éfpz, ggpz, and [3,31[)2 specify how much the single-, double-, and triple-bounaggs rcontribute to the
P
total scattered power p,p, =(K p,p,+1) With S’:l( 29t B9y 30,=1. The phasesy,, n,, mn,, and

n.:n,:n, are i.i.d. random variables with uniform distributions oye ; ).
From Fig. 2 and based on the normally used assumptiof D1;D,;D3g maxf 1; 2; 39 [32]

and the application of the law of cosines in appropriatengias, the distanc€$,p,, "p.ng» "ngpz+ "ninzs

"nan,» and"n.n, in (5)—(8) can be expressed as

"p3p2 Dj 53 cos( 3 () + 52 cos( 2 (b (9)
mn 3

psng rl?g > cos( 3 1ng) (20)
"nep2 Eg 52 cos( 2 2ng) (12)

", = r?l)z"'( 52)2 2 51 ri cos( 2n, 2nz)]1=2 (12)
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" = ()2 m)? 28 5,C0S(an, 1) (13)

q
\évhere B = D2+( M)2+2D; ) cos %In“ Ro= D3+( M)2+2Dy Mcos(1n, + ), & =
D§+( I!"I?z)2+2D3 52 COS( 2n2 ()’ 53 = D§+( 53)2 2D3 53 COS( 3”3 ()' I!]?z 2 [R1n2;R2n2]’

B 2 [Rin,;Ron,], %= 1;2, andg=1;2; 3. Note that the AoD 3n,, 3n,, 3n, and AOA 2n,, 2n,, 2n,

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

rays. It is worth highlighting that scattere®_ around MS, RS, and BS are relevant to the anglgs,
on,» and 3, , respectively. Therefore, all other AoDs and AoAs have todbated to the aforementioned

three key angles. By following the general method given 2),[8he relationship of the key angles with

M

other AoAs and AoDs of BS-RS link can be obtained si&t 35, = —tSin 15, SIN( 2n, + ) =

Note that the above derived distances and angles have gerprassions and thus are suitable for vari-
ous basic scenarios. For outdoor macro-cell and microscelharios, the assumptioninf D1; D5; D3g

maxt M; R B g, which is invalid for outdoor pico-cell scenario and indasgenario, is ful lled.

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

n mn mn B M R M B
nin; D21 N3Nz D3l NnaNg Dlv ni D1+ ni Ccos 1ng» ny D2+ ni COS( 1n, + )l n,
M

M
Dat ncos( 20, 9, R D3 Bcos(an, 9 30, $-SIN 1, 20, 2 +FEsin( + 1),

a, 0 gEsin( 2, 9 and o, + 0 gEsin( s, 9.
B. BS-MS link
The channel gain of BS-MS link between antemaaat BS and antennp, at MS can be expressed as
x X0
hp3p1 = hlﬁ?&l + hlpg3p1 (14)
i=1 g=1

where hb?;i denotes the LoS component ah@sp1 represents th@th i-bounced component with the

following expressions
S

K ; 1
hLOS - PsP1 PsP1 e j2 P3P1 (15)
Pap1 Kpsp, +1
s
Mg = R en g prd(re 2 *pmn) (16)
psp N~
' KP3P1 +1 N1 ng=1 Ng
s
2 Ngy:Ng,
(o] X 1 . 1
h29 = _PsP1 Psps lim pié( ngyngy 2 p3pin g1 g; ) a7
P3p: K + 1 Ng,iNg,11 Ng, N
P3P1 1 2 ngl;ngzzl 01"V 02
s
31 N1z:Ns :
h3l — Psp:  PsP: lim B 1 el( ningng 2 ' papyninaing) (18)
PsP1 Kpsp, 1 NijN2iNa'L N1NoN3

Nginz;nz=1
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where parameterg, g1, andg, are the same as the ones in (5)—(8). In (15)—(18)s,= "psp.»  pspiing=

psng t Ngpis Pspiing g, = Psngy T ngyng, T ng,prs AN ppiiniinaing = “psnst nan, t nony t nyp, are

the travel times of the waves through the liBg, My, Bp, Sy, My, Bp, Sn,, Sn,, Mp,, and

92

Bp, Sn, Sn, Sn, My,, respectively. The symbols,,, and p,p, designate the Ricean factor and

the total power of the BS-MS link, respectively. Parametgfs,, 5%,, and 3%,

single-, double-, and triple-bounced rays contribute ® tibtal scattered powerp,p, =(Kp,p, +1) with
P3

o= 1( popiF p3p1)+ 3,,=1. The phases p, n, is i.i.d. random variable with uniform distributions over
[

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

specify how much the

ing expressions of the desired distances with the help aidhmally used assumptianinf D1; D»; D3g

maxf 1 2, 30

" 0spr D, 3 cos 3+ 1 cos( 1) (29)
2 2
"nepr f'\‘/!; El cos( 1 ngy) (20)

q
Wher%gzl;z; 3, M 2 [Run;Ron, ], M= DZ+( R)2 2D, R cos' p, with' p, =2 0 5, and

M= D%+ B)? 2D B cos 3,,. The expressions of other interested distari§gs,, "p.n,» "psns»

"nanys nan,, @Nd"n,n, = "n,n, have been given previously in the BS-RS link. Similar to tf&BS link,

angles 1, and 15, need to be related to any one of three key anglesrgs 1, + ) = ;z sin( 2n,+ )
andsin 1, = :%sin 3n; -

Similar to the BS-RS link, the above derived expressionshefdistances and angles are applicable
to various basic scenarios. For outdoor macro-cell anda¥getl scenarios, by using the assumption

minfD1;D2;D3g  maxf Y; R; B g, the following reduced expressions can be obtained ¥s:

D, Rcos n,with' n,=2 (2n,+ ), M D1 P cos z,, 1, D"z sin( +  2n,),

B
and 1p, E;j sin 3,

C. RS-MS link

The channel gain of RS-MS link between antepaat BS and antennp, at MS can be expressed as

@ ()
— hLOS hig

hpz Pr ™ Yp2ps P2p1 (2 1)

i=1 g=1
where hr';fﬁl denotes the LoS component ahEZpl represents thgth i-bounced component with the

following expressions
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s
K i 1
hLOS — P2P1 pzple j2 pap1 (22)
P2p
o Kp2p1 +1
T X
19 g )
hig, = PR Eh g Tl (g 2 ) (23)
1
Kpp, +1 Ngl1 ny=1 Ng
s
2 NgyiNg,
9 X 1 . L
h29 = _P2P1 P2Py lim pié( ngpngy 2 Pzpl?"gl?”gz) (24)
PPy Kop,p, +1 NgiNg,!1 N, N
P2 P 1:Ng2 Ny Mg, =1 0. Ng,
s
31 N1yd2:Ns .
hil = P2p1 PP b L gCamans 2 % ormansns) (25)
2 M1 . .
szp1 +1 NiiNzNs!l Nyingna=1 N1N>N3

where parameters, g;, andg, are the same as the ones in (5)—(8). In (22)—(28)p, = "p.p.+  papring =

pangt ngpir  papringying, = pangy M ging, ¥ ng,pes @A popiniinging = Mpanat Mnanat Mnany t Mnup, are
the travel times of the waves through the liRg, My, Rp, Sy, My, Rp, Sn,, Sn,, My, and
Rp, S("2) sa) s) M, | respectively. The symbol§p,,, and p,p, designate the Ricean factor and
the total power of the RS-MS link, respectively. Parametgfs,, 33, and 3, specify how much the
single-, double-, and triple-bounced rays contribute ® tibtal scattered powerp,p, =(Kp,p, +1) with
i g=1( ol o)t H.=1.

From Fig. 2, it is clear that all the expressions of the déstistances have been given previously in
BS-RS and BS-MS links except the distarigg, with the following expressiofiy,p, D2 % cos( 2+

) =cos(1 ) wherethe assumptiod, maxf »; 19 is utilized.

In the literature, different scatterer distributions hdween proposed to characterize the key angles
in,s 2n,, and 3n,, such as the uniform, Gaussian, wrapped Gaussian, andicaRIDFs [33]. In this
paper, the von Mises PDF [34] is used, which is more genedccan approximate all the aforementioned
PDFs [32]. The von Mises PDF is de ned &6 )=exp[kcos( )H2I o(k)], where 2[ ; ), 1o()
is the zeroth-order modi ed Bessel function of the rst kind2[ ; ) accounts for the mean value of
the angle , andk (k 0) is a real-valued parameter that controls the angle sprette@ngle . In this
paper, for the key angles, i.e., the,,, 2n,, and sz,,, we use appropriate parametersgndk) of the

von Mises PDF as; andki, 2 andky, and 3 andks, respectively.

D. Adjustment of Key Model Parameters

The proposed cooperative MIMO GBSM is adaptable to the aboationed 12 cooperative scenarios
for this interested typical cooperative MIMO environmemnt &djusting key model parameters. From
previous section, we know that these important model patenh@are the number of local scattering

environment , Ricean factor& p,p,, Kp,p,, Kp,p,» @and energy-related parametefs,, pop., and pp, -
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The paramter setting afis basically based on basic scenario. For outdoor micripfieb-cell, and indoor
scenarios, we assume that the BS, RS, and MS are all surrdinydiecal scattering area as shown in
Fig. 2 and thud = 3 in this case. For outdoor Marco-cell scenario, the BS is @egcatterers and thus
| = 2. Inthis case, the channel model can also be obtained froprdposed model in (4), (14), and (21)
by setting the energy-related parameters related to thed smatterers around BS equal to zero, e.g., for
BS-RS link, the channel model can be obtained from (4) byrgett}3, = 21, = 22 = 31 =0.
For outdoor macro-cell BS cooperation scenario, RS agtuefiresents the other BS, symbolled as BS2,
and thus is free of scatterers as well. In this case, we haveutrently most mature cooperative MIMO
scheme: CoMP and the number of local scattering bred . Similarly, the channel model with=1 can
also be obtained from the proposed model in (4), (14), aniil§@Isetting the energy-related parameters
related to the local scatterers around BS and RS(BS2) equaro. It is clear that the proposed GBSM
can be adaptable to different basic scenarios by settieyapt energy-related parameters equal to zero.
Therefore, the key model parameters of the proposed GBSWalhciare reduced as the Ricean factors
and energy-related parameters. The basic criterion ahgetiese key model parameters is summarized as
following: the longer distance of the link and/or the higkiee LSD, the smaller the Ricean factors and the
larger the energy-related parameters of multi-bouncedpom@nts, i.e., the multi-bounced components
bear more energy than single-bounced components. Sincledhkescattering area is highly related to
the degree of link heterogeneity in cooperative MIMO systexs presented in [23], [28], [31], the LSD
signi cantly affects the channel characteristics and dticae investigated. In general, the higher the
LSD, the lower the possibility that the devices (BS/MS/RBare the same scatterers. In this case, the
cooperative MIMO environments present lower environmemilarity. Therefore, the higher the LSD,
the lower the environment similarity.

For macro-cell scenarios, the Ricean fadtqy,, is very small or even close to zero due to the large
distanceD ;. Under the condition of BS cooperation scenes, Ricean faClp,, is similar toK,,, due
to the similar distances db; andD,. While the BS-RS link is disappeared and replaced by winekl li

In this case, we only have single bounced components, &, and 1L, . For MS/RS cooperation

P2p1
scenes, RS/MS actually represents the other MS/RS and isadfgnl as MS2/RS2. In this case, Ricean
factor K p,p, is similar to K, due to the similar distances @, and D3. Since the large value of
distancesD; and D3, for the BS-MS/BR2 link and BS-MS2/RS link, the impact of LSID channel
characteristics is small and in general the double-boumagsl bear more energy than single-bounced
rays, i.e.f 21 3L g> f oho 32 oh,i 5%,0. While for the MS/RS2-MS2/RS link, due to the
small distance oD, the impact of LSD is signi cant. For a low LSD, the scatterare sparse and thus
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more likely single-bounced rays rather than double-bodmegs, i.e.f 3% ; 32 g> 2 . and Ricean

factor Kp,p, is large. For a high LSD, the double-bounced components ineae energy than single-

@2l 11 . 12
bounced components, i.egs > f 55 o5

LSD. Similar to macro-cell scenarios, the key model paransesetting for other 9 cooperative scenarios

g and Ricean factoK p,, is smaller than that in the low

with the consideration of different LSDs can be easily aitdi by following the aforementioned basic
criterion and thus omits here for brevity. The main featwéshe proposed cooperative MIMO GBSM

have been summarized in Table II.

[V. MULTI-LINK SPATIAL CORRELATION FUNCTIONS
In this section, based on the proposed cooperative MIMO GB®8ection Ill, we will derive the
multi-link spatial correlation functions for non-isotripscattering cooperative MIMO environments. The
spatial correlation properties between any two of the af@mtioned three links, i.e., BS-RS link, BS-MS
link, and RS-MS link, will be investigated. The normalizgahsal correlation function between any two
links characterized by channel gaihg, andhyeqe, respectively, is de ned as
PaPe = JﬁiE quhpoqo (26)
pg PP
where() denotes the complex conjugate operatifr,] is the statistical expectation operatprp° 2
f1,2;:::M1g, andq;d 2 f1;2;::;; Mrg. Substituting (4) and (14) into (26), we have the correfatio
function between BS-RS link and BS-MS link as

LoS ><3 19 2g 31
PsP2iPPr T psp2;p3ps ( pspoiplps T pgpz;pgpl) PaP2;PIPL (27)
g=1
with
S
LoS = — Kp3szpSp1 é'Z RS TR PP (28)
P3P2;P3P1
: (Kp3p2 + 1) Kpgpl +1
\
ﬁ 1g 19 Z Z Rong )
o o = il g b e Quf (g)d; gd=g
P3P2;P3P1 (Kp3pz + 1) Kpgpl +1 Ring
29
M Z Z Z )
29 29 R R
29 _ {J PPz pIp, N Nz Q f( )f ( )
0%p; 0:02' v s ' Q2
P3P2;P3P1 (Kp3p2 + l) Kpgpl +1 Ring, Ring,
ei2 1 pdp1i91i92  P3P2i91i92 dodwd=ad= (30)
S » i O [e13 92
31 31 Z Z 7Z Z Z Z
3L - PsP2 pIp: Rz2n; © Ran, < Rang Ozs
P3P2;P3P1
: (Kpspz + 1) Kp8p1 +1 Rin;  Rin, Ring

@2 etes penin £ (0 () (5 3)d; 1) o0 30= 10= 0= 3 (31)
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wheref; gggzl = f 1; 22; 1.30 are the continuous expressions of the discrete expreseioasgles
; B - —
1n;» 2n,s  3ns, F€Spectively, antipon, ng T 3 COS(3  1ng)s pSpiig =  plpiingr PsPaig = PsPaiNgs

PG = pSPiiNg, Mgyt PsPaiGiiG: = PsPeiNey Mgyt POPLi2i3 = plpuiniinzngs @nd pop123 =
pspainiinaing WIth 10, 2n,, @and 3, being replaced by 1, 22, and 13, respectively. Parame-

Cy — . _ 3 - M. R . B _ 2=y —

tersf(; g) =exp[kgcostg g)IH2 ! o(kg)l, = gGg=1 = T n\5 2n,0 10,0 Qg = RZ,. R Qg =
4=ng; =ng, — 8=n,1=n,=ny

Ry R, (R R%.) Q128™ (R R RGBT, (RE, RGo)

2ng; 2ng, 2ny 2n, 2n3

the same as the ones in (5)—(8). Note that in (27) other ativalterms are equal to zero and thus omitted.

and parameterg, gi, andg, are

These omitted correlation terms contain the integral oticam phases ,,, Of n,inzn,- Since

Ngy Mgy *
the random phases ful Il the uniform distribution over thenge off ; ), the integral of the random
phases in the range ¢f ) is equal to zero. Therefore, other correlation terms withtalue of zero
are omitted in (27).

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

BS-RS link and RS-MS link as

) = LoS 0 >@ ( 19 + 2g ) 31 o (32)
PsP2:P2 P2 PsP2;P2P1 PsP2;P3P1 PsP2;P3P1 PsP2;P2P1
g=1
with
S
LoS = — Kp3PzKp2p1 ej2 Yo%y pap2 (33)
P3P2;PzP1
? (Kpgp, +1) Kpgp, +1
\
ﬁ o L Z Zg,, o
19 _ 3P2 pyp: eJ pdp1ig pP3P2ig Q f( d: .d=
Pap2;pIp: of G g)d; gd=g
et (Kpgp, +1) Kpgp, +1 Ring
(34)
\
u
2 2 Z Z Z Z
{’J pgpz 3 Rangy = Rang,
sgpz'p"m = PP Qoo f G a)f G o)
i (Kp3p2 + 1) Kp2p1 +1 Rlng1 Rlng2
e]2 ! PSP1g1ig2  P3P29192 - d=. d= (35)
S r Q1Y Q2 o] 02
31 3&" Z Z Z Z Ran Z R2n2 Z R2n3
31 o = P3Pz p3;p1 Q123
P3P2;P; P
S (Kp3p2 + 1) Kpgpl +1 Rin, Rin, Ring
j2 1 o o
e Plontize ParaER f () (5 2)f (; 3)d; 10; 2d; 3d=10=20=3 (36)
" R - — —
where"non, o+ 300S(2  2n,)s plpig T ppung: POPuiGiige = PYpuing;ing, s &Nd pop;1:2:3 =

ppiiniinzins With an,,  2n,, @and 3,, being replaced by 1, 22, and 1.3, respectively.
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The substitution of (14) and (21) into (26) results in theretation function between BS-MS link and
RS-MS link as

LoS X 19 29 31
PapipeP = pspuipp T ( Papuipzpl pspl;pzp‘{)"' P3P1;P2p? (37)
g=1
with
S
LoS — KI03I01KDZDC1J eiz Yopeg  pspa (38)
P3pP1;P2p
EARE (Kp3p1+1) szp?+1
V
19 _ 3P1 p2py eJ pgpg;g pP3P1:g Qf . d d_ .
= of ()¢ gk=;
PspP1;P2P7 (Kp3p1 + l) szpg +1 Ring
y (39)
u
29 {J [2)39[)1 Sgpo Z Z zZ Rzngl z Rzngz
PsPLip2pl K +1) K ; +1 Quug.f (0)f (g.)
( P3p1 ) P2p? Ring, Ring,
ejZ ! p2pi91i92  P3P19192 - d=. d= 40
S 'O 02 e} o2 ( )
31 31 _ Z Z Z Zg, ZRy,, %R,
31 ) = PsP1 p2pj Q123
P3pP1;P2p
I (Kp3p1 + 1) Kprg + 1 Rlnl R1n2 R1n3
j 2 1 o oo
g7 T embas () () (;9)dh1d; o sd=10=50=4 (41)

where" pop, r’Y'g + 2 cos( 1 ng) With  1n,, 2n,, and zn, being replaced by 1, 22, and i3,
respectively.

For outdoor macro-cell and micro-cell BS cooperation and d®@8peration scenarios, based on the
assumptiorminfD1;D2;D3g  maxf M; R: B g correlation functions in (29)—(31), (34)-(36), and
(39)—(41) can be further simpli ed and expressed in Appgndli Based on the derived general spatial
correlation functions, the spatial correlation functidies other scenarios can be easily obtained by

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

V. NUMERICAL RESULTS AND ANALYSIS

In this section, the derived multi-link spatial correlatifunctions in Section IV will be numerically
analyzed in detail. Without loss of generality, the spatiadrelation properties between the BS-RS link
and BS-MS link are chosen for further investigation. Theapaeters for the following numerical results
are listed here or specied otherwisk:= 2:4GHz, D; = D3 = 100m, R1n, = Rin, = Rip, = 5m,
Ron, = Ron, = Ran, =50m, 3= .= 1=0, 3=30, 2= 1=60,Kpp = Kpp, =0,
ki = ko= k3=10, =120, »,=300,and 3=60 .
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A. Impact of Key Parameters on Multi-Link Spatial Corredati

Fig. 3 illustrates the spatial correlation properties dfedent components in (27) as a function J¥
andDj. It is obvious that high spatial correlations between theRESlink and BS-MS link can occur
at certain distanceB ; and certain values of anglé for different components. This again demonstrates
that small scale spatial fading correlation should not Ibepsi neglected as addressed in [27] and also
highlights the importance of the work presented in this pape

In Fig. 4, we present the spatial correlation properties lbfseattered components in (27) with
parameters3 = ,= ;=3 andk; = ko = k3 = 3. Fig. 4 clearly depicts that the spatial correlation
properties vary signi cantly for different scattered coomgnts. More importantly, we notice that the
scattered component that includes more bounced rays egsr&sver spatial correlation properties. This
is because with more bounced rays, the component is relat@dite local scattering areas and thus easier
experiences higher degree of link heterogeneity, reguitiniower link similarity for this component.

Figs. 5 and 6 compare the spatial correlation propertiesfigirent scattered components for different
values of environment parameteDy;, Rin,, R2n,, Kg, and g with g = 1;2;3. These environment
parameters determine the distance among BS, RS, and MS eaidkdhe size and distribution of local
scattering areas. It is clear that these environment paeasnsigni cantly affect the spatial correlation
properties of different scattered components. From Figwé,also observe that the increase of value
kg will enhance the spatial correlation. With larger valuekgf the scatterers in local scattering area
are more concentrated and the received power mainly coroes dertain direction determined by.
Therefore, in this case, the spatial correlation tends tager, which also agrees with the conclusion in
[29]. Fig. 6 also shows that the local scattering area witlalkmn size leads to higher spatial correlation
properties. Compared to the local scattering area withelasige, the local scattering area with smaller
size means the effective scatterers are more concentratethas results in higher spatial correlation
properties. It also allows us to conclude that compared t@arsowband cooperative MIMO system, a
wideband system has a high possibility to express lowerapadrrelation properties as the wider the
system band, the more likely the system experiences loedlesing areas with larger size.

In Fig. 7, the comparison of spatial correlation propertiedifferent scattered components for different
values of antenna element spacingand antenna array tilt angleg, with g = 1;2;3 and parameters
ki = k» = kg = 3 is presented. It is shown that both antenna element spacidgaatenna array tilt
angle affect the spatial correlation properties of différgcattered components and the increase of antenna
spacing 4 will decrease spatial correlations. However, the impacpafametersy and 4 on spatial

correlation properties tends to be marginal for the scadt@omponents 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 de&a#patial correlation properties of dif-
ferent scattered components separately. In general, wehatdthe multi-link spatial correlation increases
with the increase of the environment paramédgrwith the decrease of the size of local scattering area,
with the decrease of the valiidor ai-bounced rays, and/or with the decrease of the antennangpaci
According to the above obtained observation and conclgsiae will investigate the spatial correlation
properties of the proposed cooperative MIMO GBSM in (27) #ng validate the utility of the proposed
cooperative MIMO channel model. Without loss of any gerigrahe outdoor macro-cell MS cooperation
scenario and indoor MS cooperation scenario are choseruftdref investigation. As shown in Fig. 8,
three different LSD conditions are considered with paramet; = ,= ;=3 ,i.e., high LSD, low
LSD, and mixed LSD.

For outdoor macro-cell MS cooperation scenario, as meetiam Section Ill, the BS is free of scatterers
and the RS actually represents the other MS, symbolled as M&efore, we have the energy-related
parameters related to the local scatterers around BS to b& &m zero, i.e., 33, = 18 = 21 =

' Psp2 pSp1 P3P2

g 0= 22 = 2 = 3 = 31 =0,and assum®; = D3 = 1500m andKp,p, = Kpgp, = 0

PIPr — PsP2 T p§pr T PsP2 T pips
due to the large distance among BS, MS, and MS2. Considdimgasic criterion of setting key model

parameters expressed in Section Ill, we choose the othegyenglated parameters as,lp, = pip, =

12 —- 12 — - 23 — 23 _—n- R 11 —- 11 - 12 —- 12 — Q-
psp2 —  pdp. T 0:05 and psp2 —  pdp: T 0:9 for hlgh LSD, and psp2 —  pdpr T PsP2 T pIpr T 0:2

and gf’pz = Sg?’pl = 0:6 for low LSD. While for mixed LSD case, we consider the scem#hnat the local
scattering area around MS presents low LSD and the one aldd&2dshows high LSD, and thus assume
the energy-related parameters g8, = &, =0:2, 75, =0:6, 5, = 32, =0:1,and 73 =08
In general, the higher the LSD, the more distributed andelasize the local scattering area, and thereby
the smaller the value dfy and the larger the value d&2,, Rin, (9 = 1;2;3). Therefore, we have
the following environment parameters &s:= ko = 1, R1y, = Rip, =5m, andR2y, = Ra,, = 200m
for high LSD; k; = ko =10, Rin, = R1n, =5m, andR2,, = Rzy, =20m for low LSD; andk; = 10,
k=2, 1=60, =120, Rin, = Rin, =5m, Rzy, =20m, andRy,, = 100m for mixed LSD.
Similarly, for indoor MS cooperation scenario, the RS aliyueepresents the other MS, symbolled
as MS2. Considering the small distance among BS, MS, and M82assuméd; = D3 = 50 m. For
mixed LSD case, we consider the scenario that the localestait areas around BS and MS present

low LSDs and the one around MS2 shows high LSD. The key modeinpeters are chosen as follows:

Kpop =01 1 - 1 - 12 - 12 - 13 _ 13 - 0:05 21 — 21 —
3 M1 = . (]

KP3P2 = psp2 —  pIpr T P3Pz T pIpr T P3Pz T pips psp2 —  pIpr T
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2 _ 2 _ 23 _ 23 _Q- 31 _— 31 _—pn- : . _ _
pip: = P T e = mp 0:2, and pp: = plpn 0:25 for high LSD; Kp,p, = Kpop, = 3,
11 - 1 - 12 - 12 - 18 - 18 -3 gpd 2L = 21 = 22 - 22 - 238 _
P3p2 pP3p1 P3p2 p3p: Psp2 p3p: it P3p2 p3p1 Pap2 p3p: Psp2

23 - 31 - 31 —(- . —n- _ 9. 11 - 12 - 13 —
Bp: = pepe = pp = 0:025for low LSD; andKp,p, = 0:5, Kpop, =235, o, = pdy = pop, =
X 21 _ Q- 2 _ 23 _ 31 —Q- 11 - 12 _— 13 — Q- 21 - 23 _Q-

0:25, Rp = 0:1, B T M T e T 0:05 5, = pip = ppe = 0:05 5 = 5, =013

52, =0:1,and 31, =0:15for mixed LSD. The following environment parameters areestd as:
ki = ko = ks =1, Rin, = Rin, = Rin, = 2m, andR2n, = Ron, = R2n, = 25m for high LSD;
ki = ko = k3 =10, R1p, = Rin, = Rin, = 2m, andRan, = Ran, = Ron, = 8m for low LSD; and
ki =6,ky=2,k3=15, 1=60, =120, 3=240, Rin, = Rin, = Rin, =2mM, Ry, = 12m,
R2n, =20m, andR2,, = 5m for mixed LSD.

Fig. 8 clearly shows that the LSD signi cantly affects theaipl correlation properties. It is observed
that the higher the LSD, the lower the spatial correlatioopprties. This is because that with a higher
LSD, the local scattering area is more distributed and itsdarger size, resulting in the received power
comes from many different directions. Fig. 8 also illustgathat the indoor MS cooperation scenario
has larger spatial correlation properties than the outdoacro-cell MS cooperation scenario. This is
basically resulted from the appearance of a LoS componetfiginndoor MS cooperation scenario due
to the smaller distance among BS, MS, and MS2. Therefore aweonclude that a high multi-link spatial
correlation normally appears in a scenario with lower LSBd BoS components. More importantly, from
the observation in Fig. 4 and based on the constraints of leegg-related parameters for cooperative
scenarios with different LSDs, we know that with a higher LLSBe multi-bounced components bear
more energy than single-bounced components and thus thesponding cooperative environment has
a higher possibility to reveal a high degree of link hetermgty, i.e., a low degree of environment
similarity. Therefore, the above conclusion based on Figs 8onsistent with our intuition that a low

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

V1. CONCLUSIONS

This paper has proposed a novel uni ed cooperative MIMO dehmodel framework, from which
a novel GBSM has been further derived. The proposed muitipte GBSM is suf ciently generic and
adaptable to a wide variety of cooperative MIMO propagasoenarios. More importantly, the proposed
GBSM is the rst model that is capable of investigating thepawt of LSD on channel statistics. From
the proposed GBSM, the multi-link spatial correlations éndneen derived and numerically evaluated.
Numerical results have shown that the antenna elementrgmacénvironment parameters, and LSD

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

bandwidth and the underlying propagation environment&hew LSDs and LoS components.

APPENDIX

A. THE REDUCED EXPRESSIONS OF SPATIAL CORRELATION

For outdoor macro-cell and micro-cell BS cooperation arayreooperation scenarios, the assumption
minfD1;D,; D3g rlgaxf MR Bgis appli(F:)abIe. In this case, by using trigonometric transfo
mations, the equality esinc+bcoscqge = 2 | o " a2+ B? [35], and the results in [32], the spatial

correlation between BS-RS link and BS-MS link in (29)-(3a&nde reduced as
Vv

ﬁ égp log z Rang p
9 = 2 Psbr dC”  FEf (AL9)2+ (B19)2gQ,d=4 (42
PsPz;Ps P |Of kgg(K Psp2 + 1) Kpgp1 +1 Ring 0 ( ) ( ) gQg 9 ( )
i
4 29 2g
29 :P PsP2_ pSp gC?
P3P2;P3P1 I of kglg| of kgzg(Kpspz + l) Kpgpl +1

R2ngl z Rzng2 i 20 q 202 202 q 20v0 200
€= lof  (AT)Z2+(B17)%0lof  (A57)2+(B57)29Qq,g,d=g,d=g, (43)

Ring;  Ring,
S

31 31
31— PsP2_pSp: jc 3
P3P2.P3P1 | of ka0l of Kogl of kag (K pyp, +1) Kopgp, +1

Z Ran Z Ran, Z Ran g

iE 31 q
5 T lof  (ARHZ+(B3hH?g
Rlcril Rin,  Rung

q
lof  (AZH2+(B&)2glof (AZ)2 +(B2Y)29Q1030=10=20=3 (44)

whereC = C}1 2 ! gjcos zwith Cit= 2 IDp+fcos(o+ )], EM=E?2=2 1M

M M
1 2 ng

11 — p22 1. o n 11 - p22 — 1 M ; ;
A=A )2 3sin g+, B =Bf*= j2 [5cos 1 g + 5gtsin( 2+ )sin ]+

kicos ;1 C*2 = CF2+2 lgcos(s 9] with C32 =2 IDp+ 4cos(1+ )], E? =

R
E2t= 2 IR,OAY%=AFl j2 lgasin(3  9gtcos OB =Bft+j2 !g3sin( 3

%Dizsin 0cCc¥ =2 I4cos; cos(® )] C3 EB¥ = E?=E®2=0, AB =

B B
Agt+j2 [P sin 0 Sgesin g+ 5gesin(®  p)cos 4, BB = Bgt+j2 [P cos?®

B
B 2 1y qin( O - 21 - (12 1 21 — 1 R o -
ns 205 Sin( 2)sin 9, c2t = Cci? 2 1€C0s 1, AfT = |2 [ Rsin +2sin o+

R R
5= Sin( 1+ )cos ]+ kasin 5, Bft=j2 [£cos » [ cos+gzsin( i+ )sin ]+ kacos o,

2D,
B
A3l = A22=j2 1 sin 15 + kasin 3, B2l = B%? = kscos 3, C?2=Ct 2 1 ;cos 4,

M
A= j2  #sin 1+ ggsin( 2+ )cos ]+ kgsin 1, C# = c*+2  [gcos g4 cos(3

(ﬁ], E23 = EL1 4+ E12' A%3= Af,'l+12 1735"1 3D2Ai' B]2_3= B'C\%Al 12 1 I[\]/IUA%3= Al2

j2 1 ;Diz sin( 1+ )cos ,B¥ = A2 j2 1 ;Diz sin( 1+ )sin ,C3 =2 1D; Dy,
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31_ g1l 12 A31  — 1 : - 31— 1
E¥=E" EXAGR = 2 58I 32)+ Kny, SIN ny, Byiry = 12 “2-cos 3+
Knyo COS ny, , At=j2 1gsin g+ kssin 3, B3t=j2 1 3cos 3+ kscos .

Similarly, we can reduced the spatial correlation betwe8rRES link and RS-MS link in (34)—(36) as

V
ﬁ %gp " £ Rang g
1g - 3P2 paps d e JEY f  (R19)2 + ( B10)2 d=. (45
PP ofkeg (Ko, + 1) Ko + 1 - of (AM9)2+(B19)°gQqd=¢ (45)
V
u 29 29
29 — {J PPz pIp, ei@21
PsP2;p2ps lof kg, Ol of Kg, 0 (K pyp, + 1) Kpop, +1

Z q q
Ran:l Ranz ) 21
e| E lOf (‘ :ig)z + ( gjz_g)zgl Of (‘ igg)z + ( ggg)ngglgz d: O d: 02 (46)

Ring, Ring,
S

31 31
3L - PaP2_pops j &
PsP2:P2P1 l of kagl of Kogl of kag (K pyp, +1) Kopgp, +1

Z R2n1 Z R2n2 Z R2n3 - q
&5 1of (A2 +(BYH%g

q
lof  (R3L2+(B3Y)2glof (A&31)2+ (B31)29Q1230d=1d=2d=3 47)

R1n1 Rlnz R1n3
q

where€ = €' 2 l,cos(o+ )with€t= 2 !D; Jcos g, EM=g2=2 M
&1 = g2 2 “D—;Mlsin( 2+ )cos , B = B22 j2 12D—§Alsin( > + )sin €2 =

2  lDy+ 4cos(1+ )+ $cos(z 9 €3 EZ=0, A&2= &Z+j2 1[ R sin +—52 sm( o+

R
R «in O : h 12 - @314 i
Jcos  Fsin ? 2sin( 3 5Z COS 9, B2 = B3+ j2
R
Rcos % 3sin( 3 932 = €21 2 1 ,cos(? 2), B3 = Efl = 2 1B,
B B
RB = £+ j2 1esin(®  p)cos O BB = Bft j2 lgiesin(? p)sin O €2 =
B
1 21 — 1 in : : 21 — 1 B
2 [D1+ +cos 1], &' = j2 [ -5 4sin 3]+ kssin 3, Bft = j2 [ &
3cos 3]+ kgcos 3, A3t = A3 = j2  l,sin o+ kpsin o, BEt = B3 = j2  1,cos o+
kocos o, €2 = €t 2 lcos(? ), A%?
B
B22= j2 l[71003 1+ N1+ kicos 1, &2 =j2 1sin(® )gicos + kssin 3, B2 =

ji2 lsin(% 23 s ssin + kzcos 3, € =2 D3 Dy, B = B PBY, 'anl(s) =

M
j2 1[71 sin 1+ 733in 3D"—i]+ kysin 1,

j2  12sin g+ knm) sin ny @Ml(B) = j2 13 cos g4y + Kny COS ny -
For BS-MS link and RS-MS link, the spatial correlation beéwethem shown in (39)-(41) can be

reduced as
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i
u 1g 1g Z g q
g F PoPt_pops g€ ERY (k)2 + (B19)29Q,d=, (48
opp Toikog (Kop +1) Ko 7 1 o of (AM9)=+(B19)2gQqd=4 (48)
i
u 29 2g
29 , = t PsPr_p.pj ot
p3p1;p2pl IOf kglgl Of kgzg(K p3p1 + 1) szp? + l
Z q q
Rang, Rang, . )
IO 1of  (ABO)2+ (B29)2glof (K92 + (B29)29Qg,q,d=g,d=g,  (49)
Rlng:l Rlng2
s
31 31
31 PsP: p.p} ei@31
PP pzpl IOf klgl 0f k29| Of k39(Kp3p1 + 1) szp‘{ +1

Z Ran Z R2n2 Z R2n3

q
¢ "Hof (A2 + (B

Rlnl Rlnz R1n3

q
lof  (REH2+(BE)2g10f  (AZH2+(B3)29Qu0a0=1d=20=3 (50)
where® =2 1[Dy+ 2cos( + ) Di+4cos 3], B =0, Rll= A2+ j2 12 sm( 2+
)cos + -4 sin 3D1] Bl = B22+j2 1[ 2 M2 ”1 Lsin( o+ )sin ,€2= 02 2 1cos( 1+
), Bi2= pRB=p 1R k2= gz | —1D;z sin(  )cos 12 = B2 j2  1itesin( ¢
ysin , @3 =862 2 1, cos 4, @13 =B2= 2 1B AB=ARZ+j2 11D—ZB3$in 1,
B3 = B2 = j2 1Bcos® —SDE: sin(©  2)sin %+ 2cos 3] + kscos s, @21 = 63

1

2D

+

2 lh(cos p+cos( 1+ ), B2 =@3= P2y P 1= j2

)cos +£sin o]+ kasin B2l= j2 I R cos + ”2 2 sin( 1+ )sin + % cos 2]+ kzcos 2,

B
Rl=j2  Iggrsin i+ sin g+ kesin g, é’%l:jz [ R+ 3cos al+ kscos 3, %=
2 Ds+ 2cos(® )], A= RP= ML =j2 1isin 1+ kesin 4, B22= BP = B3 =
B
j2 1icos i+kicos 1, A= j2  gsin 3+ B sin % Fesin(©  ;)cos 9+ kssin g,

©8=2 1 D3+ $cos(s ‘)] RZ = j2  1zsin o+ Rsin % 2sin( 3 ‘)55 cos 9+

kosin 2,83%= j2 !Zcos # R cos O 5sin( 3 ()D”Z sin Ykocos o, ®1=2  1D; Dyl
31 - i 1 20 qj 31 — 1 2
/‘?R(B) j2 98N o1y + Knye SN nye @R(B) j2 9 COS 51y + Knyy COS nyy -
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TABLE |. DEFINITION OF PARAMETERS INFIG. 2.

D1;D2;D3 distances of BS-MS, RS-MS, and BS-RS, respectively
Rin;;R2n;; Rin,; min and max radii of the circular rings around the MS, RS
R2n,; RingiRang 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, 25 3 orientations of the MS, RS and RS antenna arrays in the x-y

plane (relative to the x-axis), respectively

in;; 2n;, azimuth angles o6n, -MS, Sp; -RS, and
and 3p, Sh, -BS links in the x-y plane (relative to the x-axis), respestiy
BB B, distancesd(BSSn, ), d(BSSn,), andd(BSSn,), respectively

R.R.R distancesd(RSSn, ), d(RSSh,); andd(RSSn,), respectively

M. M. M distancesd(MS,Sn, ), d(MS,Sn,); andd(MS,Sn,), respectively

"ping ("ngpi ), "pip;» @and"ngn, | distancesd(pi; Sngy), d(pi;pj), andd(Sng; Sn, ), respectively
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TABLE Il. MAIN FEATURES OF THEPROPOSEDCOOPERATIVEMIMO GBSM.

The Proposed Cooperative MIMO GBSM

Three different links: BS-RS, RS-MS, and BS-MS links. (can

Links _ _ _
be easily extended to include more links)
12 cooperative scenarios
Physical scenarios Application scenarios
) Outdoor Macro-cell BS cooperation
Scenarios _ )
Outdoor Micro-cell MS cooperation
Outdoor Pico-cell Relay cooperation
Indoor scenarios

k 1
Pap2 P3P2=PsP1=P2 P1
| k 29
Pap1 P3P2=PsP1=P2 P1
k 31
P2P1 P3P2=PsP1=P2P1
(9=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
Key Parameters _ _
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 exabige

MIMO GBSM is suitable forl2 cooperation scenarios.
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Fig. 1. Geometry of a uni ed cooperative MIMO channel modeiriework.
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Fig. 2. The proposed cooperative MIMO GBSM.
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Fig. 3. Absolute values of spatial correlation functionsn@en the BS-RS link and BS-MS link for (a) the rst singletinzed
; (c) the third double-bounced componerjgpz;pgpl;

11 . H H
component pap2:pdp1’ (b) the third single-bounced componerﬂ;@pz;pgpl,

and (d) the triple-bounced componerﬁgpz;pgpl.
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component éipzngpl; (b) the third double-bounced componerﬁgpz;pgpl; and (c) the triple-bounced componeng;

with different values of parametekg and 4 (g=1;2;3).
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Fig. 8. Absolute values of spatial correlation functionsAmen the BS-RS link and BS-MS link for (a) the outdoor maced-
MS cooperation scenario and (b) the indoor MS cooperatiema@o with different LSDs.



