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Abstract—A three-dimensional (3-D) reference model is pro- using the “two-ring” geometrical model in [7], the refer-
posed for multiple-input multiple-output (MIMO) mobile-to-  ence models for narrowband multiple-input multiple-output
mobile (M-to-M) multipath-fading channels. From this model, (MIMO) M-to-M channels have been proposed in [8], [9]. The

a closed-form joint space-time correlation function is derived for . g
a 3-D non-isotropic scattering environment. Two sum-of-sinusoids simulation models for narrowband MIMO M-to-M channels

based 3-D simulation models for MIMO M-to-M multipath- ~have been provided in [10], [11].
fading channels are proposed. The statistics of the simulation  All previously reported models assume that the fields inci-
models are verified by simulation. Finally, these simulation mod- dent on theT, or R, antennas are composed of a number of
els are used to evalgate the.effectlof the space-time correlatlonwaves travelling only in th@orizontalplane. This assumption
on the outage capacity of uniform linear antenna arrays and to . lid onlv f tai . t | H
compare the capacities of linear, circular, and spherical antenna IS va '. only or certain QnVIronmen S, e'gj’ rural areas. How-
arrays. ever, it seems inappropriate for urban environments where the
Index Terms— Mobile-to-mobile channels, three-dimensional ;FX andlex anttinnatke]lrrays are gﬁengoﬁ:.wd InSCIO?te prgXImlty
scattering environment, sum-of-sinusoids based channel simula- 0 and lower than e.surro_un Ing buridings. >caftere X vyaves
tors, antenna arrays, capacity analysis. may propagate by diffraction from the edges of buildings
down to the street and, thus, not necessarily travel horizon-
tally. In contrast, this paper proposes a three-dimensional
|. INTRODUCTION (3-D) reference model for MIMO M-to-M multipath fading
OBILE-to-mobile (M-to-M) communications play anchannels_. First, we introducetevo-cylinder3-D geom_etrlcal
S|0r0|oagat|on model for MIMO M-to-M channels that includes

important role in mobile ad-hoc wireless networks) i ts int wo-di ional (2-D del
intelligent transportation systems, and relay-based cellular ngltt_ava ion components into our two-dimensional (2-D) mode

works. M-to-M communication systems are equipped with IO\R’roposed n [.9]' The two-cylmder model can be considered
elevation antennas with both the transmittt) and receiver 25 aN extension of thelone-cyllnder model'for .cellular F-to-
(Rx) in motion. To successfully design M-to-M systems',vI channels_proposed in [12], [13]. By taking |r_1to ac_count
a detailed knowledge of the multipath fading channel a 8°a'_ _scattermg around both i, andRX_, and by mclu_dmg

its statistical properties is required. Early studies of singlgpb'“ty of both theT_" and_ R, we obtain our two-cylinder
input single-output (SISO) M-to-M fading channels have beéﬂOdel' Then, by using this model, we propose a new 3.'D
reported by Akki and Haber [1], [2]. They proposed a mathé-eference mod'el'. From thg 3-D refergnce model, we derive
matical reference model and showed that the received envel&o‘élo_se{j'fo_rm joint s_pace-u_me correlation functpn_ for a 3-D
of SISO M-to-M channels is Rayleigh faded under ncm_"I,]éw_on-|sotrop|c scattering environment. Seve_ral eX|st|r_lg 2-D M-
of-sight conditions, but the statistical properties differ fron-M. 2-D F-to-M and 3-D F-to-M correlation functions are
cellular fixed-to-mobile (F-to-M) channels with elevated bagg/!0Wn to be special cases of our 3-D MIMO M-to-M space-
station antennas that are free of local scattering. Simulati e correlation function. Hovyever, as .shown later, not "’?” of
models for SISO M-to-M channels have been reported in [ =D and 3-D F-to-M correlation fu_nctlons can be Obt"?"”ed
[5]. Channel measurements for SISO narrowband mobile-to2m OUr 3-D MIMO M-to-M space-time correlation function.

mobile communications have been reported in [6]. Recentlt%,-rhe refgrence model assumes an infinite number of scat-
rers, which prevents practical implementation. Hence, we
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obtained for cellular F-to-M channels (with fixed, elevatedcatterer is denoted l:SI(Tm). Similarly, around the receively
base station antennas), where increadtagantenna element fixed omnidirectional scatterers lie on the surface of a cylinder
spacing beyond) andT, antenna element spacing beyand with radius R,, and then'" receive scatterer is denoted by
has a negligible effect on the capacity [7]. Second, we stu@%”). The parameters in Fig. 1 are defined in Table I.

the effect of antenna orientation angles on the outage capacityit is assumed that the radi, and R, are much smaller
When the radio propagation environment is characterized than the distanc®, i.e., max{R;, R,} < D (local scattering
2-D isotropic scattering, the orientations of tHE, and Ry condition). Furthermore, it is assumed that the distabcks
antenna arrays in the - y plane are observed to have nesmaller thartdR, R, Lr/(A(LT — 1)(Lg — 1)) (channel does
influence on the capacity. This property of M-to-M channels isot experience keyhole behavior [16]), whexedenotes the

in contrast to cellular F-to-M channels, where thebroadside carrier wavelength. Finally, it is assumed that the spacing
antenna arrays (array elements placed onythexis) andR,  between two antenna elements®t and Ry, dr(p,p) and
inline antenna arrays (array elements placed orutheaxis) dg(q,q), are much smaller than the radit, and R, i.e.,
provide higher capacity than thi, andRy broadside antenna max{dr(p,p),dr(q,q)} < min{R;, R,}.

arrays [14], [15]. When the radio propagation environment ic

characterized by 2-Dhon-isotropic scattering, the optimum z .7

capacity depends on the relative angle betweenTth€R,) P """

antenna array and the orientation of local scatterers around |

T, (Ry). Furthermore, our results show that if the availab "
area in thexr - y plane is insufficient for the antenna arra
realization, the antenna array can be vertically tilted witho
a significant capacity loss. The results also show that the Z
models actually underestimate available capacity. Finally,
compare the capacities of linear, circular, and spherical ante
arrays. The results show that if volume available for anten
array realization is constrained, circular antenna arrays pla
in the = - y plane will provide the highest capacity.

The remainder of this paper is organized as follows. S¢ *
tion 1l describes the system geometry and presents the 3-D
erence model for MIMO M-to-M channels. Section Il presen
the derivation of the closed-form joint space-time correlatic °Y
function for 3-D non-isotropic scattering. Section IV presen _
the 3-D SoS deterministic and statistical simulation modefS% E'ngfeﬁ}]gge?e"mg:t'sca' model for MIMO M-to-M channels witl =
Section V briefly reviews MIMO channel capacity, evaluates” '
the effect of the space-time correlation on the outage Capac“bbserving Fig. 1 and using results in [7], [8], the distances
of ULAs, and compares the capacities of uniform lineay,  €5ms Emn» €ng» @Nde,, can be expressed as functions of

circular, and spherical antenna arrays. Finally, Section \[ﬁz random anglea(m) a?n) ﬂ(m) andﬁ(”) as follows:
provides some concluding remarks. TR R

R X

R P . p) - m
€p/p,m ﬁ — d(A(T27/p3 Or) sin @ZJ(Tp/p) sin B(T )
Il. A 3-D REFERENCEMODEL FORMIMO _cosfp’ i
MOBILE-TO-MOBILE CHANNELS — d(AP) Or) cos 6%/ cos PP cos o™ cos AU

This paper considers a narrowband MIMO communication — d(Agf’/ﬁ? Or)sin 95?/’3) cos wé”/’” sin a(Tm) cos 55@)’ 1)

system with Ly transmit andLg receive omnidirectional

antenna elements. Both the transmittér, X and receiver R, (a/@) i (8/@) i a(n)
x nale = —d(AR’" 0

(R,) are in motion and are equipped with low elevation ™4 7~ (AR Or)sinyp = sin

antennas. The radio propagation environment is characterized

by 3-D scattering with non-line-of-sight (NLoS) propagation

cos ﬁl(%n

d(ASg/[iZ OR) cos 9523/@ cOS wg/q) cos ag) cos ﬂl(;)

conditions between th&, and R.. The MIMO channel is  — d(AY/% 0g)sin 68%/? cos 4/ sin o cos 17, (2)

described by anLg x Ly matrix H(t) = [hi;(t)]r %1, Of

complex low-pass faded enyelopes. € A \/D2 + (hy — hR)2 ~ D, 3)
Fig. 1 shows our two-cylinder model for a MIMO M-to-

M channel with Ly = Lp = 2 antenna elements. Thiswherep € {1,...,Lr}, ¢ € {1,...,Lg}, and parameters

elementary2 x 2 antenna configuration will be used later tcd(Agf’/pz Or) and d(A;g/qE Or) denote distances (positive
construct linear, circular, and spherical multielement antensealars) between thg'" transmit antenna element and the
arrays. The two-cylinder model defines two cylinders, orzenter of theT, antenna array and thg" receive antenna
around theél'y and another around tHe,, as shown in Fig. 1. element and the center of tlig, antenna array, respectively.
Around the transmitter)/ fixed omnidirectional scatterers lie From the 3-D geometrical model, we observe that the
on the surface of a cylinder of radid, and them!” transmit waves from thel, antenna elements impinge on the scatterers
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TABLE | 7j§D7jo’rRr/ cos ﬂgl)+j27”dgi cos ag;) cos ﬁg)

b = e
DEFINITION OF PARAMETERS INFIGURE 1. g
I sinay) cos B i %rdly) sin 1) @)
D The distance between the centers of the Tx and Rxdeyk. ’
R, R The radius of the Tx and Rx cylinder, respectively.
dr (P’ 5) The spacing betweepIh and ﬁlh antenna elements at the Tx d%) = d(Ag?), OT) COS 95?) COS wg?), (8)
dg(q,q) The spacing betweeu;wth and 'dth antenna elements at the Rx
(P) (a) i h . th A
&, oy The azimuth angle of thg" transmit andq™ receive antenna (p) (p) . n(p) (p)
element (relative to theaxis), respectively. dTy - d(AT ) OT) s 9T Cos wT ) (9)
z//%p), w,gq) The elevation angle of théh transmit andqIh receive antenna
element (relative to they plane), respectively. (p) (p) . (p)
VI, VR The velocities of the Tx and Rx, respectively. de = d(AT ,Or) sin wT s (10)
Y. VR The moving directions of the Tx and Rx, respectivel
(m) _(n) The azimuth angles of departure (AAoD) and the a#inangles
ar” ,a ; !
T "R of arrival (AAoA), respectively. dgg) = d(ASg), OR> CcOos 95;3) CcOos ng)a (11)
ﬁ%m) ﬂ(n) The elevation angles of departure (EAoD) and tlevation b
'R angles of arrival (EA0A), respectively.
Epms €Bms €mno The dist d (p) g(m) d (P) o(m d (m) S(n) (q) _ (q) . (q) (q)
oo S | The disances lat S _)), (AP 5], alsi™.s). & = (AR, 0r)sin 8 cos iy, (12)
w3 als, AQ). andd(s, AR
, h The distancesl OT and d|O ,O;; , respectively. .
Pr: P or o1 enaefon o) 49 = d(AY 0g)siny?. (13)

() 4) (p) i th
located on theT, cylinder and scatter from the scattererg Zginr;‘iettzrriigﬁr;adgéminnc: (riglzatisget(f?r?erd::r;itt?a%;f;nttheina
located on thek,, cylinder before they arrive at tHe, antenna ray, whereas paramet etg) 19 andd® are coordinates
elements. In contrast to NLoS cellular F-to-M channels whef&' &' o i ot TRy R, ©
single-bounced waves are prevalent, in NLoS urban M-to-ff the ¢ receive antenna element relative to the center
channels the double-bounced waves are dominant. In the £DRx antenna array. Note that these parameters depend on
reference model, the number of local scatterers around'the @ntenna array configuration and can be positive or negative

andR, is infinite. Consequently, the received complex faddgumbers. In this paper, we focus on the uniform linear antenna
envelope of the IinkAg’?) _ Agg) is arrays(ULA), the uniform circular antenna arrays (UCA), and

the spherical antenna arrays. For ULAs, the coordinates of

M N )
L [ 1 (m) (m)> ( (n) (n> antenna elements are defined as follows:
Ppg(t) _1\4,11{71200 MN;; Gp (aT Br 7 )Gelag 5 Bg /)

1
T /Ry = i(LT/R +1—2p(q))dr, R cos Op/p cos P/ r, (14)
x e~J 2% (et €mntena)Fibmn 327 frmax cos(al™ —yp) cos BT

(n)
R

% 6j27rtmeax cos(a ' —vYR) cos ﬁgl) (4)

1 .
’ d%//qj)zy = §(LT/R +1—2p(q))dr/rsin 01, g cos Y7/, (15)
where frmax = vr/A and frmax = vg/A are the max-
imum Doppler frequencies associated with flig and R, (v/a) 1 .
respectively, and7, (o, B{™) and G,(al, 87 denote  dr./r. = 5(Lr/r+1=2p(q))dr/RSi0Y1/R, (16)
) b L

the antenna patterns of tp e transmit and," receive antenna , o dr/r denotes the spacing between two adjacent an-
element, respectively. Since omnidirectional antenna elemept ; : :

. . efnna elements at the transmitter/receidey;r describes the
are assumed (i.e., antenna patterns can be normalized to one

the antenna patterns are omitted in further analvsis. It %I ntation of all transmit/receive antenna elements in the
P ysis. 1t y plane (relative to ther - axis), andiyr,r describes

. . xr -
assumed that the azimuth and e_Ievat|on angles qf departH]rg elevation angle of all transmit/receive antenna elements,
(AAoDs and EAoDs) and the azimuth and elevation angl?«glative to thex - y plane. For UCAs, the coordinates of

of arrival (AAoAs and EA0As) are random variables. Sincgntenna elements are defined as follows:
all rays are double-bounced, the angles of departure are '

independent from the angles of arrival [16]. Finally, it is 2L ) — Py COS (27rp(Q)> cos r 17)
assumed that the phases,,, are random variables uniformly Ta/Ra Lr/r ’
distributed on the interval-=, 7) and independent from the

angles of departure and angles of arrival. /e . (2mp(q) " (18)
Using (1) - (3), the complex faded envelope in (4) can be T,/R, — TT/RSM Lrr CoSYr/R;
rewritten as
M N (p/q) :

1 ; d = 19

hpq(t) = " 1]{[11’1 Z Z ap,m bn,q eJ¢mn (5) Tz/Rz TT/R sin 17Z]T/R7 ( )
IN=oe VMN S22 wherery,r denotes the radius of the transmit/receive antenna

w27t Tmax cos(af" —r) cos 7+ frmax cos(ay’ —yr) cos 3] array circle andyr,r describes the elevation angle of all

transmit/receive antenna elements, relative tosthey plane.

where - P, Finally, for spherical antenna arrays, the coordinates of an-
Qpm = e IXRPIR R/ cos By iR cos g™ cos By tenna elements are defined as follows:
22 4P sin o™ cos BY™ 522 dP) sin g™ (p/q) (p/9) (p/a)
% 6] x Ao, sin .’ cos By I\ Or, sin B (6) dTI/Rx = rT/R CcOS QT/R COS wT/R R (20)
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(p/q) (p/a)

d%//q};y = T7/R sim9T/R cos wT/R , (21) and aR- In this paper, we use t.he von Mis.es pdf pec;ausp it
approximates many of the previously mentioned distributions
JP0 . (p/a) 22 and leads t_o closed_-form_solunons for many useful situations.
T:/R: rT/RSIM YT R (22) The von Mises pdf is defined as [20]
wherery, r denotes the radius of the transmit/receive spherical 1
antenna arrayagf’/g) denotes the azimuth angle of thah o) = 27y ) P [k cos(0 — )], (26)
0

transmit ¢** receive) antenna element relative to the axis,
andy{/2) denotes the elevation angle of thié transmit ¢ where ¢ € [-m,7), Io( - ) is the zeroth-order modified
receive) antenna element relative to the y plane. Bessel function of the first kindy € [—m,7) is the mean
angle at which the scatterers are distributed in the y
I11. SPACE-TIME CORRELATION FUNCTION OF THE3-D  plane, and: controls the spread of scatterers around the mean.
REFERENCEM ODEL Prior work uses several different scatterer distributions, such as

\A)%niform [22], cosine [13], and Gaussian [23], to characterize
I

Assuming a 3-D non-isotropic scattering environment, .
9 P 9 e random elevation angleég and 3g. Here, we use the pdf

now derive the space-time correlation function of the comp
faded envelope described in (5). The normalized space-ti g’]

correlation function between two complex faded envelopes - ‘<l o ) 10 |< om < T
hpq(t) and hg(t) is defined as flo) = { om 2em) STt 2
0 , otherwise
E [hpq(t)hss(t +7)] _ _ _
Rpqpqlt] = B (ORI ENh (2] (23) because it matches well the experimental data in [18]. Parame-
\/ [1Ppg (8) 2B 15 ()] ter ¢,,, is the absolute value of the maximum elevation angle

where( - )* denotes the complex conjugate operatiBh,. ] and lies in the rang®€° < ¢,, < 20° [18]. Such elevation
is the statistical expectation operater,p € {1,...,Lr}, angles are typical for the “street-canyon” type of propagation
andgq,G € {1,...,Lr}. Using (5) and (23), the space-time[24], which is prevalent in mobile-to-mobile communications
correlation function can be written as where both theT, and R, are in motion and equipped

| M N with low elevation antennas (e.g., two cars driving through
Rpqpilt) = lim  — > ZE[%,m bng @, b5 (24) streets). Note that elevation angles betweehand80° have

) M,N—oc0 . been observed for “over the roof” propagation [24], which is

—3277 Frumax 00s(aS™ —7) cos BY™ + Frmax cos(al) —yg) cos B4 characteristic for fixed-to-mobile communications where the
¢ ] base-station is elevated above the roofs of the buildings.

Since the number of local scatterers in the reference modef3y g(]jroupmg dthﬂe1 terms ,'[n. (.25) nto dthosethcor?te:mmg
described in Section Il is infinite, the discrete AAoDg,"”, 7 an Ar_and those containing: and g, the inte-
EAoDs, 5™, AAoAs, o). and EAoAs, 5, can be re- grals in (25) reduce to the product of two double inte-
placed 7Wi{h ;:ontinuoijs I;a}ldom variabléfTRQ, ag, and grals, because the random anglas and fr are inde-

’ T R -
B with joint probability density functions (pdfsf(ar, gr) Pendent from the random angles; and Gx. By denot

and f(ag, Br), respectively. We assume that the azimuth ar%g the von Mises pdf for theT, and Ry azimuth an-

m=1n=1

elevation angles are independent of each other, and thus, 1he. as flar) = explbr cos(ar — pr)]/@mlo(kr)) and

€ .
. ar) = explkrcos(ar — pur)]/(2rlo(kr)), respectively,
joint pdfs f(ar,fr) and f(ag, Sr) can be decomposed to . : )
_f (ar)f(Br) and f (_aR) f(Br), re_spectively. This assumptionalr:adS Zif?zz())tﬁgwai(ig;;?;;: a;))( /?ZETR; :AZV;EEIS) T
Eet)rzs\;\(/er(ij'ctg: :;(perlmental data in [17], [18]. Hence, (24) C7rcos(wﬁR/(me))/(MRm), respectively, using trigonomet-
ric transformations, and the equalitf” exp{asin(c) +

Ryo s5olr] :/BR"” BT"”/7r /g—jszmax cos(ar—r) cos fr(pg)  beos(c)hde = 2mlo(va? +1?) [25, eq. 3.338-4], the space-
pa-pa Bl ~Brid ) ”time correlation function becomes
_ _ 1
o« & 927 Frmaxcos(an—yr)cos Br+i 5 dif Peos arcos fr+dff Psin fr By, 7 B\ med XA sinpr
cam g (pP)g 0. 0.9 ! Ryq.55l7] = cs|—— ) ————
« e] QT"thfy' dsin ar icos [3T+d§% dcos QR CcOS BR+d§?; dsin aprcosfr Pq,Pq r. 9 ﬂTm 46Tm,
i2m g(a@) G
¥ IR f00) (80) f (0n) F(Br)dar dBrdandB, Io (V& T3P cosBr) /f’ (w B )
p 5 5 5 5 X T cos | =
Where dg?,P) — dg?) _ dglf), d%ﬂp) — d%) _ d¥)1 dglfvp) — IO(kT) *ﬁRm 2 5Rm
% )" o G ; Y e 2m (0.0 5
d’(I{)z) B d’(;)z)' dgg;q) = dggq)» o dg—z’ dguq) = dgj o dggj, X We'deRz oin IO( 22 +w2 cos ﬁR) dﬂ (28)
d%’z"” — dggz) - dgz), and 37,, and g, are the non-negative 40R,, Io(kr) o

maximum elevation angles of the scatterers aroundithand
Ry, respectively. ) . . . ] .

Several different scatterer distributions, such as unifonlgﬂdau;ﬁ)/k B ]‘%TfT“‘aX cosyT + kr €08 pr/ cosfir, y =
[19], von Mises [20], Gaussian, and Laplacian [21], are uséd™dr, /A = J27T frmaxsinyr + krsin ur/ cos br, z =
in prior work to characterize the random azimuth anglgs j27rd§§;q)/)\ — J27T fRmax COSYR + kRr cos ur/ cos fr, w =

where parameters, y, z, and w are defined ast =



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. XX, MONTH YEAR 5

]27rd(q’q /A= 27T fRmax SIN YR + kg sin up/ cos Br. TO ob- maximum elevation angleSr,, = (g, = 80° (the largest
tain the space-time correlation function for 3-D MIMO M-to-elevation angles found in the literature [24]). The results show
M channels, the integrals in (28) must be evaluated numettiat there is still a relatively small discrepancy between the
cally, because they lack closed-form solutions. However, singspace-time correlation functions in (28) and (34).
Or and Bz are small angles, i.efr,Br < 20°, using the Several existing 2-D M-to-M correlation functions are spe-
small angle approximationss 87, cos Br ~ 1, sin 87 ~ By, cial cases of the 3-D MIMO M-to-M space-time correla-
andsin 8r =~ (g, the space-time correlation function can bdéion function in (34). The temporal correlation function for
approximated as SISO M-to-M channelsJy (27 frmaxT) Jo (27 fRmaxT) [1] iS
obtained withky = 5, = 0 (2-D isotropic scattering around
o (V ri + y%) Io (\/ 27+ w%) Ty), kr = Br, = 0 (2-D isotropic scattering arourigl,), and
Rpq.palt] =~ Io(kr) Io(kg) (29) dr = dg = 0 (single-antennd’, andR,), whereJy( - ) is the
- T Br e 0?5 zeroth-order Bessel function of the first kind. Similarly, assum-
cos | =—>— Tdg ing 2-D isotropic scattering, the spatial correlation function
/_ 40, (2 B, )
By m ™ for MIMO M-to-M channels Jo(2rdr /\) Jo(2mdR/)\) [26],
« /ZBRm m oS (ﬂﬁR> el 27‘d<q q)ﬁRdﬂR is obtained withkr = kr = 0, ﬂTm = ﬂRm = = Yp =
B, 40R,, 2 Br,, " 0, andT = 0. Finally, the space-time correlation function
where parameters,, y;, z,, andw; are for MIMO M-to-M channels, assuming 2-D non-isotropic

scattering, Io(v/22 + y2)Io(v/22 + w?2) /(Io(k7) 1o (kr)) [9]

w1 = j20dP /N — 207 frmax cos yr + kr cos pr, (30)  is obtained with3r,, = g, = ¢r = yr = 0.
_ 038
yi = j27rd§f; P) /A — J20T frmax Sinyr + k7 sin pr, (31) | —e—Exact Re{R,, (0} for B, =B, =20°
0.6 —— Approx. Re{R,,,, (1)} for B, =B, =20°
R \§ R 1 —-%--Exact  Re{R,,,, (0} for B, =B =80
2 = ]Qﬂ'd(é]wq) /A — J27T fRmax COSYR + kR cos ur, (32) 0.4-_ - AppIOX, RelRe (0} or B o o83
_ 0.2
w1 = jQﬂdgg;q)//\ - j27TTmeax sin YR + kR sin HR- (33) 00 T [~ AN S

Finally, solving the integrals in (29), the space-time correlatio

function becomes
Iy (\/ ri + y%)

Io(kr) ]
cos (30r,d¢7) To (VT + 2 )cos (¥hr, ) T T 1 T T 3w

x 4By AP 2 4B dlD 2 : Normalized Time Delay [f, 1]
1- ("}) Io(kr) |1 - (";)
@
To illustrate the validity of the approximate space-time cor-

relation function in (34), we compare it with the numerically ] e Exact | IMR,,,,(0} for B, =, =20
obtained space-time correlation function in (28). Fig. 2 showss o.- ‘ ——— Approx. Im{R,, ,,(0} for B, =, =20°
‘ Al

-0.2 4

-0.4 -

Space—Time%orrelation Function

RpqpalT] = R} ~[T]RR~[T] ~ (34) -0.6—-

0.8

the real and imaginary part of the space-time correlation funcg
tions in (28) and (34) obtained assuming a uniform linear arrayf
with L = Lr = 2 antenna elements and the paramefers-
dR:05)\ GT :eR—ﬂ'/4 wT—’(/JR—27T/3 ’}/T—QOO
vr = 40°, pr = 70°, ur = 20°, andkr = kr = 20. Results
show excellent agreement between the space-time correlatigh-02 -
functions in (28) and (34) for the maximum elevation anglesuj 044
Or,, = Pr,, = 20°. The similar results can be obtained§
for the maximum elevation angles smaller th2aef. Since ¢ 067
such elevation angles are typical for M-to-M communications, g , : , : , : , : ,
the space-time correlation function of the M-to-M channel 0 2 4 6 8 10
impulse response can be characterized using (34). If “over Normalized Time Delay [f
the roof” propagation occurs, which is characteristic of F-to-

M communications, and the maximum elevation angles are (b)

larger than20°, the approximations used to obtain (34) d The real (a) and imaginary (b) part of the normalized space-time
not hold any more. To illustrate the discrepancy betweee%remon functions in (28) and (34).

the exact and approximate space-time correlation functions,

Fig. 2 also shows the real and imaginary part of the space-Similarly, several existing F-to-M correlation functions can
time correlation functions in (28) and (34) obtained for thbe obtained by simplifying the the 3-D MIMO M-to-M space-

1 —>— Exact Im{R,, ,,(0)} for B, =B, =80
0.4 A '

Approx. Im{R,,, ()} for B, =P, =80°

0.2+

0.0i‘

. Correlation

Tmax ]
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time correlation function in (34) or (28). For example, thes 10
Clarke’s temporal correlation functiofy (27 frmax7) [27] can %]

be obtained from (34) using the parametéjs= Gz, =0 o 0.8+
(2-D isotropic scattering arounBly), frmax = dr =dg =0 § 0.7
(stationaryTy, single-antennd’, and R,), and no scattering § 064
aroundTy (setkr = frmax = dr = 0 to cancel one of the & 1

0.

Bessel functions). Expressions for other temporal correlatio% .
functions based on the one-ring model [20] and based on t@o"'f
one-cylinder model [13], [28] can be similarly obtained using3 °3
(34) and (28), respectively. Finally, assuming 2-D isotropi% 0.2+
scattering, the spatial correlation function for single-inpug o4
multiple-output (SIMO) F-to-M channeldy(2rdgr/A) [14], 00 L ' .
can be obtained from (34) withy = kg = 0, 81, = 0 1 2
Br, = %r = 0, dr = 0, and7 = 0. However, general- d(1.2)A
ized expressions for 2-D and 3-D MIMO F-to-M space-time, . . . , .

. . . ig. 3. The normalized spatial correlation functions of two uniformly and
correlation funCt_|ons cannot F)e Obtam_ed frqm the 3-D MIM ertically spaced antennas at tfig, for several maximum elevation angles
M-to-M space-time correlation functions in (34) or (28)8r,,.

For example, the 2-D MIMO F-to-M space-time correlation

function exp(j2ndz cos0r/N1o (v/23 +13) /To(kr) [20],
wherezs = j2ndg cos 0g/A— 7277 f Rmax COS Yr+KR COS LR,
Yo = J2mdr Asin Op /A +j27d g sin O — j27T f Rmax SIn YR+
krsinugr, and A = R,/D, cannot be obtained from (34). ]
Similarly, the 3-D MIMO F-to-M space-time correlation func- %-20—
tions in [13], [28] are not special cases of (28). The underlyin@_ﬁ_‘
reason is that the distance traversed by a ray in a doublg-
bounced M-to-M channel is significantly different from the§-so-
distance traversed by a ray in a single-bounced F-to-M charg
nel, leading to different parameters in the space-time correl%ﬁssf
tion functions. Conversely, the 3-D MIMO M-to-M space-time §.4o-
correlation functions in (34) or (28) are not straightforward®
extensions of the F-to-M space-time correlation functions in ;> ——_ T — r—— r—— 11— 111
[20], [13], [28]- Doppler Frequency f [Hz]

The 2-D space-time correlation function for M-to-M chan-
nels suggests that two Vertica”y p|aced antennas are cong- 4. The normalized simulated and measured [6] Doppler power spectra.
pletely correlated and no diversity gain is available. However,
the 3-D space-time correlation function shows that vertically
placed antennas can have small correlations and provide V- 3-D SIMULATION MODELS FORMIMO
considerable diversity gain. To illustrate this, Fig. 3 shows the MOBILE-TO-MOBILE CHANNELS
spatial correlation functions of two uniformly and vertically The reference model described in Section 1l assumes an
spaced antennas at thi, for several maximum elevation infinite number of scatterers, which prevents practical im-
anglesfr,, . Other parameters used to obtain curves in Fig.@ementation. Here, we design simulation models with a
arelp =", 0r = 0r = 0,7 = 7/2,%r = 0,77 =78 =0, " finite number of scatterers, while still matching the statistical

and kr = kr = 0. As the maximum elevation anglér, properties of the reference model.

increases froml® to 20°, the correlation between the two Using the reference model in (5) with a finite number

antennas reduces dramatically. of scatterers and assuming 3-D non-isotropic scattering, the

Finally, Fig. 4 compares the Doppler power spectral densq llowina f P ; for th ; |
(D-psd) of the complex faded envelope in (5) with the meqlgdzglgavelfgggon 's considered for the received complex

sured SISO narrowband D-psd in [6]. The D-psd is defined as
the Fourier transform of space-time correlation function and 1 MoN ,
\/7 Z Zap,m bn,q e](i)mn (35)
MN ‘= —

|

o

Simulated Doppler-psd
¢ Measured Doppler-psd

[y
o
1

| Density [dB]

is calculated as5,q,55[f] = F {Rpqpql7]} = F{RI (7]} © Twalt) =

f{RﬁQ[T]}, where® denotes convolution. Parameters used h m(fn)”

to obtain simulation results in Fig. 4 arB, = L, = 1, x (/2™ frmaxcos(ar™ —yr)cosf
Brm = Brm = 15°, Or = Or = w/4, Yr = Yp = 7/3, . .
vr =0, yr = 10°, kr = kr = 3.3, ur = 0, ug = =, and Where parameters,, ,, and b, , are defined in (6) and (7).
frmax = frRmax = 100 Hz. The measured results are takeffhe angles of departurey”™ and 8", and the angles of
from Fig. 7(a) (urban environment) of [6]. The close agreemeatrival, ag) and ﬁgb), are random variables and the angles
between the theoretical and empirical curves confirms té departure are independent from the angles of arrival. The

utility of the proposed narrowband model. phasesp,,, are also random variables uniformly distributed

i
YR) COS ,61(;)
)

(m) (n) _
T R

+fRmax cos(a
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on the interval[—7,7) and independent from the angles ag) = F3! (”_0'5>’ (44)
of departure and angles of arrival. The AAoDsgf”), and Na
the AAOAS, a%’f), are modeled using the von Mises pdfs .
flar) = exp [y cos(ar — pr)]/(2nTo(kr)) and f(og) = 0~ 2 ogin (‘” o 1), (45)
exp [kr cos(ar — pr)])/(2nlo(kRr)), respectively. They are ™ E
generated as follows:
m - 2 . (2k—1
a(T) = FTl(T]m), (36) ﬁ}(%k) = ﬁRmarcsm( —1), (46)
™ NE
o = FY(6,), @7) form=1,.... Ma,n=1,...,Na,i=1,.... Mg, k =
] ., L...,Ng, respectively.

for m =1,...,M, n =1,...,N. Function Fr/p( - ) For M, N — oo, our deterministic model can be shown

denotes the inverse function of the von Mises cumulatifg eynibit properties of the reference model. The space-time
distribution function (cdf) and can be evaluated using metheg ra|ation function of the complex faded envelope in (40)
in [29]. Parametersy,, and 4, are independent randommyaiches the approximate space-time correlation function in
variables (ur)uformly distributed o the intervl, 1). The (34) The derivation of the space-time correlation function of
EAoDs, ;", and the EA0As 3", are modeled using the the complex faded envelope in (40) is omitted for brevity.

pdfs f(Br) = mcos(wfr/(2pr,,))/(40r,.) and f(Br) =  Fig. 5 shows the real part of the space-time correlation
mcos(7Br/(20r,,))/(40r,,), respectively, and are generatedynction for the deterministic model with/, = 30, Mp = 5,
as follows: N4 = 30, and Np = 5 scatterers and a uniform linear
m)y 201, . antenna array witlh = Lr = 2 antennas. Other parameters
T - Tawsm(b’” -b, (38) used to obtain the curves in Fig. 5 atlp = dg = 1),
23 9T=9R27/31¢T=¢R=W/417T:W/617R:77/121
51(%1) — o aresin(2¢, — 1), (39) Or, = Br, = 15°, andkr = kr = 0. Fig. 5 does not
m show the imaginary part of the space-time correlation function
form=1,...,M,n =1,...,N, wherey,, and ¢, are because it is zero fokr = kr = 0. The results show that
independent random variables uniformly distributed on thie space-time correlation function of the deterministic model
interval (0, 1). closely matches the theoretical one in the range of normalized

For the maximum elevation angle$,, and (g, in the time delays0 < frmaxTs < 5. The deterministic model can
range0° < fr,.,08r,, < 20° the elevation angles can bematch the theoretical one over a wider range of normalized
approximated usingosﬁ(Tm)7cos6§%") ~ 1, sinﬁ(Tm) ~ ﬁ(Tm), time delays if a larger number of scatterers is used in the
and sin 87 ~ B\, Then, the complex faded envelope irsimulation model.

(35) can be approximated as 03

) Ma, Mg Na,Ng ] Re{R,, ,(1)} Reference model
—e—Re{R,,.,(1)} Deterministic model
hpg(t) 8 —— Cpm.ildn kg (40) 5 o02- 211
Pq p,m,i%n,k,q S v
VMaMgNANE mzizl zk;I g
h R i 5
« I2Tt fTmax cos(al™ =1 )+ frmax cos(@ T —YR)+ibm, i n,k L0l
) 8
3
where MgsMgp = M, NaNg = N, parameters:, ,,, and g 007
dn.1.q are defined as 3
L 0.1
27 (D (p) (m) _ 4P gin o(™) _ g® gip g =
—j 3 [S+Re—dy) cosann ’ —dy) sinog ) —d sin 5] =
Cp,m,i —e L2 t Tx T Ty T T T ’(41) z
§ 0.2
27 [ D (a) (n) _ g(q) o (n) (@) ;i g(k)
_ o IF[5+Rr—dy cosap’ —dp’ sinayp’ —dp sin By"] n
dn,kﬂl =e ) R R Ry R R R ’(42) 03 ' . ' : ' : '
(0/a)  (p/q) (p/a) - ; 0 2 oo 6 8
and dp IR dTy IR, andde /R, are defined as in (8) - (13). Normalized Time Delay [f, 1]

A. Deterministic and Statistical 3-D MIMO M-to-M Simu|a_Fig.5. The real part of the space-time correlation function of the deterministic
tié)n Models and reference models.

First, we propose an ergodic statistical (deterministic) peterministic simulators are often used because they are
model. This model has only the phases ;.. as random easy to implement and have short simulation times. However,
variables and needs only one simulation trial to obtain the dgrey do not reflect actual channel realizations because their
sired statistical properties. We use the complex faded envelap@tterers are placed at specific sights for all simulation trials.
in (40) and generate the AAoDs, AAOAs, EAoDs, and EAOABy allowing both the phases and Doppler frequencies to be
as follows: random variables, our deterministic model can be modified to

(m) 1 (m — 0.5> better model the fading processes. Furthermore, this new (sta-
M = Ff , (43)

My tistical) model matches statistical properties of the reference
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model over a wider range of normalized time delays, while V. NUMERICAL ANALYSIS OF M-TO-M CHANNEL

at the same time requiring a smaller number of scatterers. CAPACITY

The statistical properties of the statistical model vary for |, his section, we first briefly review the MIMO channel

each simulation t_rial, but will converge to desire_d_ ensembt%pacity and show that our simulation models can be used to

averaged properties when averaged over a sufficient NUMRBEE)| . ate M-to-M channel capacity. Then, we evaluate the effect

of simulation trials. , of the space-time correlation on the outage capacity of uniform
We use the complex faded envelope in (40) and genergie.,: antenna arrays. Finally, we compare the capacities of

the AAoDs, AAoAs, EAODs, and EA0As as follows: uniform linear, uniform circular, and spherical antenna arrays

m _ Os—1 ; ) X
Oé(T ) Pyt (m + 04 ) 7 (47) to determine the best antenna configuration.
My
) o1 (1t Va—1 ) A. Review of MIMO Channel Capacity
R = R Ny ’ The instantaneous channel capacity {iit/s/Hz) of a
_ stochastic MIMO channel, under an average transmit power
Y = 26T o esin <2(Z +]\ZE -1 1> . (ag) constraintis [7], [10]
T E
P
C(t) = log det(IL —i—HtHH(t>7 (51)
(k) 26Rm . 2(k + ﬂ)E — 1) ( ) 2 R Lt ( ) )
Br’ = —=arcsin| ———=—1]), (50) o _
m Ng where it is assumed that;r > Lg, the transmitter has

form=1,....Ma,n=1,...,Na, i =1,...,Mg, kK = no channel knowledge, and the receiver has perfect channel
1,...,Ng, respectively. The parametefis, 14, 0z, andvyz  knowledge. In (51)H(t) = [hi;(t)|LaxL, IS the Lg x Ly
are independent random variables uniformly distributed on theatrix of complex faded envelopeg, - )" denotes the
interval [0, 1). transpose conjugate operatiatgt( - ) denotes the matrix

For arbitrary number of scatterers, i.e., afy, N, our determinantl; . istheLr x Lg identity matrix, andp is the
statistical model can be shown to exhibit properties of thaverage signal-to-noise ratio (SNR). In this paper, the ergodic
reference model. The derivation of the space-time correlatioapacity of a MIMO channel is defined as the expectation of
function of the complex faded envelope in (40) is omitted fdhe instantaneous capacity over time, i.e.,
brevity.

Fig. 6 shows the real part of the space-time correlation E[C(¢)] = E {log2 det (ILR + LpH(t)HH(t)ﬂ .(52)
function for the statistical model witd/, = 20, Mg = 3, T
N4 = 20, and N = 3 scatterers, Ny, = 50 simulation In the practice, the outage capacity is often used to characterize
trials and an uniform linear antenna array with = L = 2  the properties of the MIMO channel. Here, the outage capacity
antennas. Other parameters are the same as in Fig. 5. The is associated with an outage probabilRy,; which gives

the probability that the instantaneous channel capaCityalls

(1)} Reference model below C,y.
(1)} Statistical model There are several ways to generate the channel matrix
H. One way is to use the simulation models proposed in
Section IV. The elements of the channel matrix can be
obtained directly, using (40). We will refer to these models
. as the deterministic and statistical physical models. The other
way is to generate the channel matrix as a product of the
white channel matrix and the square root of desired correlation
matrix. We will refer to this model as the non-physical model.
The non-physical model generates the M-to-M channel matrix
] as [16]
o ' ' ' ' ' ' ' H = (Rg[0)'*G(Rr[0))"?, (53)

0 2 4 6 8

Normalized Time Delay [f . . . .
zed 1l Y [frn] where G is an Lr x Lp stochastic matrix with complex

Fig. 6. The real part of the space-time correlation function of the statisticglauss_ian i.i.d. entrieg, - )1/2 denotes the matri_x square root

and reference models. The curves are obtained using paranigtersdz = operation,( - )* denotes the transpose operation, &gl[0)]

I\ b0p = 0p = /3, Y7 = ¢r = 7/4, 97 = 7/6, 7r = 7/12,  and Ry[0] are theLr x Ly receive andLy x Lg transmit

BTNL = ﬁRm =15°, kT = kR =0, LT = LR =2, MA = 20, ME =3, I t t H t I Th | t f t :

N4 =20, and N = 3 scatterers, an@Vgtat = 50 simulation trials. correlalion matrices, respeclively. The elements ol matrices
R[0] andR[0] are obtained using (34).

results in Figs. 5 and 6 show that the space-time correlationHere we compare the ergodic capacities obtained using the

function of the statistical model matches that of the referenoen-physical and physical models. Fig. 7 shows the ergodic

model over a wider range of normalized time delays, i.ecapacity against SNRy, for several uniform linear antenna

0 < frmaxIs < 10, compared to the space-time correlatioarrays {+ = Lr = 2, Ly = Lr = 4, and Ly = Lr = 6).

function of the deterministic model. The parameters used to obtain the curves in Fig. 70are-

0.3

Re{R
—e— Re{R

0.2 1 22,11

22,11

0.1

0.0+

-0.1

-0.2 4

Space-Time Correlation Function
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Or = 7/4, Y7 = Yr = 76, yv = 0, ygp = 20°, Br,, = al ‘ |
Br,, = 15° kr =kr =5, ur = 7/2, andur = 37/2. The 121 /

spacing between two adjacent antenna elements af .trend 1

R, is chosen to b@.5)\. The deterministic simulation model 0. /
usesM4 = N4 = 60, andMg = Ng = 5 scatterers, whereas .~ | /;(.

the statistical simulation model usédy = N4 = 20, and < ° }
. . . 1 /
Mg = Ni = 3 scatterers andVy., = 50 simulation trials. 2 g /f./‘
Results show good agreement between the non-physical a(r;gj7‘ { L
physical models. Vi
6 ///.
] —=—d_=0.1A —e—d_=0.2\
80 R R
{— Non-physical model ®] dR:O.S)\ —— dR:l)\
70 L. . ***dR—Z)\ *D*dR—S)\
|~ Deterministic physical model 4 ; T : 7 :
0 —+— Statistical physical model 0 2 oy 2 6 8 10

Fig. 8. The outage capacity as a function of spacing betwee'thand
Rx antenna array elements.

E [C] [bit/s/Hz]

Fig. 9 shows the influence of tHE, andR, antenna array
orientations on the capacity whén, and R, antenna arrays
are placed in thex - y plane. To analyze antenna array

13

p [dB] 12 : S A — :
i v_//V’J’—’
Fig. 7. Comparison of the ergodic capacities obtained using the non-physical u | /,,/ —
model and the deterministic and statistical physical models. 10 -
e
Fol — = /; TS G ———
g ) /./,/:;//A’/
S 8
B. Effect of Space-Time Correlation on Outage Capacity OI)E ; '.é/
ULAS ] —0— 8,20 k;=k,=0 x 8,290 k,=k =0
. . . . 6 4—8,.=0°, k;=k,=10 ——0,=10°, k,=k =10
In this section, the effect of the space-time correlation e 0 =20° K=k =10 —=— 8 =30° k =k =10
. . . . . R 'O R R T R
on the outage capacity of ULAs is investigated. In all sim- °7] v =45° K=k =10 —o—8 =90° K=k =10
. . . R ' R R PT R
ulations, the outage capacity/,,; is calculated for al% 4 . ———
outage probability and the statistical physical model is used ° 0 20 30 409 [0]50 g 70 8 90
.

to calculate the outage capacity. The coordinates of antenna
elements at théerl, and Ry are galculat.ed using equationsFig_ 9. The outage capacity as a function of fie and R
(14) - (16). A normalized sampling perioffrmaxZs = 0.01  orientationsfr andéx.

(fTmax = frmax are the maximum Doppler frequencies and

T, is the sampling period) is used in all simulations. Finallyprientations only in ther - y plane, the elevation anglesr

the statistical physical model useds = N4 = 20, and and+r are set to zero. The parameters used to obtain the
Mg = Ng = 3 scatterers andV,,; = 50 simulation trials. curves in Fig. 9 areyr = g = 20°, O = 0 = w/4,

Fig. 8 shows the outage capacity as a function of the spacitg = dg = 1A, p = 15 dB, Ly = Lg = 3, ur = 0°
between thely and R antenna array elements. Parameteend ur = 180°. From Fig. 9, we can observe that when 2-D
used to obtain the curves in Fig. 8 at¢ = yg = 20°, isotropic scattering is assumell{ = kr = 0), orientations
Or = 0g = ©/4, Yr = Yr = ©/3, Br,, = Pr, = 15°, of the Ty and R, antenna arrays have no influence on the
p =15dB, Ly = Lg = 3, ur = 0° pgr = 180°, and capacity. Note that this property of M-to-M channels is in
kr = kg = 10 (non-isotropic scattering environment). Wecontrast to cellular F-to-M channels (with elevated base station
can observe that increasing antenna element spadingsxd antennas), wher&, broadside antenna array&-(= 90°) and
dr from 0.1 to 2X increases the capacity froénbit/s/Hz to R inline antenna arrays9g = 0°) provide higher capacity
12 bit/s/Hz. However, increasing antenna element spacingsan T, and R, broadside antenna arrays [14], [15]. When
dr anddgr beyond2)\ has a negligible effect on the capacity2-D non-isotropic scattering is assuméd- (= kg = 10), we
These results differ from results obtained for cellular F-to-Man observe that the outage capacity is the lowest for inline
channels (with fixed, elevated base station antennas), whamtéenna arrays and the highest for broadside antenna arrays.
increasing thek, antenna element spaciag; beyondsA and Increasing antenna anglés andfr from 0° to 45° increases
the T antenna element spacidg beyond2\ has a negligible capacity by4.1 bit/s/Hz. However, a further increase of
effect on the capacity [7]. antenna angle®r andfr from 45° to 90° increases the outage

antenna array
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capacity by only0.8 bit/s/Hz. On the other hand, if local underestimate available capacity.
scatterers are centered around the axis, (i.e.,ur = 90°

and up = 270°) the outage capacity will be the lowest for %17 3
broadside antenna arrays and the highest for inline antenna’? ]
arrays. This implies that the optimum capacity depends on 109+ .
the relative angle between tfig. antenna array and the local 108+
scatterers around th&, i.e., ur — 67, and on the relative — 107 e v <
angle between th&, antenna array and the local scattererss 1064 - g —
around theR,, i.e., "R — OR. 510,5 ] — S— —

Fig. 10 shows the influence of th&, and R, antenna 0210,4' . et .
elevation angles on the outage capacity. The parameters useg); ] ... —— - :: ER:;
to obtain the curves in Fig. 10 argr = vg = 20°, O = 02 oot —A—a:"zm
Or = 7/2, Br,, = Br,, = 15° p=15dB, Lt = L = 3, 101 " —v—BR::15
ur = 0° and ug = 180°. From Fig. 10, observe that when 106 By =20
isotropic scattering in the: - y plane is assumedkf = "0 2 4 6 8 10 12 1 16 18 20 2
kr = 0) and the distances between antenna array elements B [°]

aredr = dg = 0.2), increasing antenna angles- and g

from 0° to 45° has a small influence on the outage capacityig. 11. The outage capacity as a function of the maximum elevation angles
A further increase in the antenna elevation angles drasticatly,, andgg,,.

decreases the capacity. When the distance between antenna

array elements is increased tyr = dr = 1), increasing
anglesyr andiyg from 0° to 70° has a small influence on the
outage capacity. Furthermore, when non-isotropic scatteriRg
. . t
in the z - y plane is assumedkt = kr = 10) and the _ ) _
distances between antenna array elementglare dp = 1), In the previous section, the effect of the space-time correla-
increasing antenna angles and« from 0° to 45° decreases tion on the outage capacity of ULAs was investigated. Here,
the outage capacity by only.4 bit/s/Hz. A further increase We compare the capacities of uniform linear, circular, and
of antenna elevation angles drastically decreases the outggBerical antenna arrays. Again, the outage capdcity is
capacity. Fig. 10 implies that if available area in the- y calculated for &% outage probability and the physical model
plane is not sufficient for the antenna array realization, th& used to calculate the outage capacity. In all simulations,
antenna array can be moderately tilted without significant lo@shormalized sampling perioirmax7s = 0.01 is used and

Comparison of Linear, Circular, and Spherical MIMO
enna Configurations

of Outage Capacity_ MA ': NA.: 20, and ME = NE =3 SC.at.tel’eI’.S anwstat =
50 simulation trials are used in the statistical simulation model.
T e — I The angles of motion for th&'y and R are chosen to be
u I “\\:Ais S ~yr = vr = 40°. The maximum elevation angles are chosen
R S to besr,, = Br,, = 15°. The number of transmit and receive
107 \>§<§;; antennas is set thr = Lr = 8. Finally, isotropic scattering
_ 2 is assumed in the - y plane, i.e.kr = kr = 0.
< s The coordinates of the ULA elements are calculated as
g ] e in the previous section. The azimuth and elevation angles
5 ) ‘ e l I used for the ULA aref;r = 0g = n/4 and ¢ = ¢r =
O 6 —=—y=0° k=k,=10, d,=d =1r —@—y=45", k =k =10, d,=d =1} . . . .
] a0, k b =10, 6,20 1r 7Ok k10, 6 e arcsin(1/v/3), respectively. The coordinates of the circular

5 —+—y,=80° k

=10, d,=0,=1h —%— 4=90", k;=k =10, d =t =1 antenna array elements at tiilg andR, are calculated using

=0, d,=d_=1A o ,=0°, k;=k =0, d,=d =0.21

A % gt kom0, d =T 70" Kook =0, d 020 equations (17) - (19). The elevation angles used for the circular
3| O TS0 Kok it O 490" ko0, 00D ' ' antenna arrays ar¢r = r = arcsin(1/v/3). Finally, the
0 10 20 30 4 s e 70 8 9 coordinates of the spherical antenna array elements at the
W [°] T, and R, are calculated using equations (20) - (22). The

azimuth and elevation angles used for the spherical antenna
arrays are9§f’) = 2mp/Ly, 0&5” = 27p/Ly, 9%?) = 2mq/Lg,
Gg) = 271G/Lr, andyr = p = +arcsin(1//3).

Finally, Fig. 11 shows the capacity as a function of the There are two ways to compare antenna arrays. One main-
maximum elevation angle$: andgg,, . The parameters usedtains an equal spacing between two adjacent antenna elements
to obtain the curves in Fig. 11 arer = vz = 20°, 6+ = in the uniform linear, circular, and spherical antenna arrays.
Op = w/4, Yr = g = 7/3, dr = dg = 1)\, p = 15 dB, The other designs uniform linear, circular, and spherical an-
Ly = Lg =3, ur = 0°, ug = 180°, andkr = kg = 10. tenna arrays to occupy the same volume.

Observe that by increasing maximum elevation angles First, we assume that the spacings between two adjacent
and fr,, from 1° to 20° the outage capacity increases by upntenna elements of the uniform linear, circular, and spherical
to 1 bit/s/Hz. This result implies that the 2-D models actuallyantenna arrays are equal, iér, = dg = 0.5X andry = rp =

Fig. 10. The outage capacity as a function of the andRx antenna array
elevationsyr andvg.
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0.5A/(2sin(7/8)). Fig. 12 shows the outage capacity againstpacity than spherical antenna arrays by atloutt/s/Hz.
SNR, p, for several uniform linear, circular, and sphericaTilted circular and spherical antenna arrays have similar outage
antenna arrays when isotropic scattering is assumed inthye capacity, and a much higher outage capacity than non-tilted
plane ¢r = kr = 0). As expected, non-tilted/(z = v = 0) and tilted ULAs. From Fig. 13 we can conclude that if the
and tilted ()7 = r = arcsin(1/+v/3)) ULAs have a higher available volume for antenna array realization is constrained,
outage capacity than non-tilted and tilted circular and sphericatcular antenna arrays placed in the y plane will provide
antenna arrays because their non-adjacent antenna elemtrgighest outage capacity.
are placed further apart compared to circular and spherical

antenna arrays. When isotropic scattering is assumed in the* e Non-ilted circular array
x - y plane, the orientations of ULAs have no influence on the 35_- —e— Spherical array

capacity, and hence, ULAs will always provide higher capacity = | — Tilted circular array /.2;

than circular and spherical antenna arrays. Note that when non-so-{ —~ Non-lted linear array |

isotropic scattering is assumed in the y plane &7, kg > 0), — —=— Tited linear anay ./1/' P
. . . . N /,/ Y

ULAs have higher capacity than circular and spherical antenrfa 2° v

arrays only if the ULA orientation angle8; and 0 are EZO' -?/ é/'

chosen to maximize the relative angles betweenTheand = /k?'/,/:/ -

R« antenna arrays and the local scatterers around'thand 15 : /l/ivf e

Ry, i.e., ur — 07 and ur — 6g, respectively. If the angles - ;?’Z-;V;./

ur — 07 and ur — Or are known to a reasonable accuracy, 1 L %I?x/‘

it is advantageous to deploy uniform linear antenna arrays | &£F°

with optimized angle®r andfg. Otherwise, circular antenna o 2 a4 & 8 10 12 14 16 18 20

arrays may be a better choice because they will provide more p [dB]

a consistent outage capacity.
Fig. 13. The outage capacity against SNR,for several uniform linear,

circular and spherical antenna arrays occupying equal volume. The curves are

45 . :
{ —=— Non-tilted linear array obtalr(l‘ekd UE”;{Q p_aramete‘lﬁ« =79r =40° dr =dr =1\, Ly = Lgr =
404 —+— Tilted linear array . 8, andkr = kg = 0.
1 —*— Non-tilted circular array _///
354 —a— Tilted circular array a P * L
. 1 —e— Spherical array !/ oy VI. CONCLUSIONS
N A
< // /'// ‘// In this paper, the “two-cylinder” geometrical propagation
3% Pt o model is introduced. Based on this geometrical model, the
= ) + — . .
S . /-; A o 3-D reference model for MIMO M-to-M multipath-fading
A * .
1 o 6;/ = channels is proposed. From the reference model, the closed-
1 .. . . .
° AT A e form joint space-time correlation function for a 3-D non-
1 /=?‘/A P . . . . . .
10 D e isotropic scattering environment is derived. Furthermore, the
: gﬁ/o/' * deterministic and statistical SoS simulation models for MIMO
o 2 4 & 8 10 12 14 16 18 2 M-to-M multipath-fading channels are proposed. The statistics

p [dB] of the simulation models are verified by simulation. Finally,
‘ ‘ _ _ _ these simulation models are used to evaluate the effect of the
Fig. 12 The outage capacity against SNRfor several uniform linear, snace-time correlation on the outage capacity of uniform linear

circular, and spherical antenna arrays having equal spacing between two .. . .
adjacent antenna elements. The curves are obtained using parameters antenna arrays and to compare the capacities of linear, circular,

yr =40°, dy =dg =1\, Ly = Lr = 8, andky = kr = 0. and spherical antenna arrays.
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