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Abstract—We present a new model for multiple-input-multiple-  gain, andinterference canceling gairin addition to these ad-
output (MIMO) outdoor wireless fading (_:hannels and their ca- vantages, MIMO links can offer a so-calledltiplexing gairby
e v o bont Sty s 3, Opening paralelspatalcata ipes ofchamnels wihin th same
model, and allows us tg investigate the behgvior of chann'e.l ;:a- frequency band "?‘t no addit_ional power expenditure. _In the pres-
pacity as a function of the scattering radii at transmitter and re- €Nnce of rich multipath leading to antenna decorrelation and full
ceiver, distance between the transmit and receive arrays, and an- channel rank, MIMO links offer capacity gains that are propor-
tenna beamwidths and spacing. We show how MIMO capacity is tional to the minimum of the number of transmit and receive
governed by spatial fading correlation and the condition number  antennas [10]. These gains can be achieved using spatial multi-
of the channel matrix through specific sets of propagfit_lon parame- plexing algorithms (a.k.a. “BLAST")[1], [2], [8], [9], [26], [27].
ters. The proposed model explains the existence of “pinhole” chan- In th fch | K ts t bust
nels which exhibit low spatial fading correlation at both ends of the nthe presence of channel rank 10Ss one resorts to more robus
link but still have poor rank properties, and hence, low ergodic ca- lower rate transmission techniques based on space—time codes
pacity. In fact, the model suggests the existence of a more general[16], [17], [28].
family of channels spanning continuously from full rank i.i.d. to 1) Previous Work and Open Problem#lthough a pro-
'OWI‘(r?Qr‘T danehr?clg Cﬁ‘isisé:"’g dsig?:?aeic?tu;diilirl:ﬂeliﬂ fgrcqsgl]cé}gg;‘ri%h found understanding of MIMO channels is crucial in selecting
ran , , - - - - -
show that even at Ior?g rar?ges, higf} chgnnel rank can easily be sus-pmper signaling _St_rategles in MIMO wireless net\.NorkS’ the
tained under mild scattering conditions. Finally, we validate our literature on realistic MIMO channel models remains scarce.
results by simulations using ray tracing techniques. Connections Measurements of outdoor MIMO channels have been reported
with basic antenna theory are made. in [18]-[21] without always providing insights into the relation

Index Terms—Antenna arrays, channel capacity, channel between the _channe_l structure, the cor_respon(_jing capacity, and
modeling, diversity, multiple-input—multiple-output channels, the propagation environment. For the line-of-sight (LOS) case,
smart antennas, space-time coding, spatial multiplexing. specific arrangements of antenna arrays at the transmitter and
the receiver maximizing the orthogonality between antenna
signatures (and hence, the capacity) have been reported in
[15]. A detailed treatment of array gain and capacity of MIMO

HE PROSPECT of extraordinary improvements in the cghannels for the case where both the transmitter and the re-
pacity of wireless networks has drawn considerable ateiver know the channel can be found in [7]. In the fading case,
tention to multiple-input—-multiple-output (MIMO) communi- previous studies have mostly been confined to independent and
cation techniques. MIMO methods make use of multi-elemeijakentically distributed (i.i.d.) Gaussian channels, an idealistic
antenna arrays at both the transmit and the receive side aissumption where the entries of the channel matrix are modeled
radio link to drastically improve the capacity over more tradias independent complex Gaussian random variables (see, e.g.,
tional single-input—-multiple-output (SIMO) systems (with mul{10]). The influence of spatial fading correlation at either the
tiple antennas typically being used at the base station only) [fflrnsmit or the receive side of a wireless MIMO radio link has
[5], [8], [27]. SIMO channels can providdiversity gain, array been addressed in [22], [23], and [27]. While the models used
in [22] and [27], for example, are simple and allow us to gain
insight into the impact of propagation conditions on MIMO
capacity, they assume that only spatial fading correlation is
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» Under what conditions do we get a high-rank MIMO Il. CAPACITY OF MIMO CHANNELS AND MODEL
channel (and hence, high capacity)? CLASSIFICATION

* What is a simple analytical model describing the capacity In this section, we briefly review the capacity formula for

: ) 4
behavior of outdoor MIMO wireless chan.nels accurat-erMIMo channels, and we present a novel classification of MIMO

2) .Summ.ary of Contributions and Relation to Previoug,annels. Throughout the paper, we restrict our discussion to

Work: In this paper, we address the above-mentioned qu&Sa frequency-flat fading case, and we assume that the trans-

tions, and more generally, problems related to the pr.ed'Ct'?rﬂtter has no channel knowledge, whereas the receiver has per-
of the capacity of outdoor MIMO channels. We start with ther

. . ; . -fect channel knowledge.
oretical model concepts and illustrate their capacity behavior.
We then suggest a simple classification of MIMO channel .
and devise a MIMO channel model which is general enougfi Capacity of MIMO Channels

to encompass many cases of practical relevance. The channdéh what follows, we assumg&’ transmit andM receive an-
model used in [22] and [27] does not encompass importd@nnas. The instantaneous capacity (in b/s/Hz) of a stochastic
propagation scenarios such as the uncorrelated low-rank &dMO channel under an average transmit power constraint is
correlated low-rank channel models presented in Section given by [1], [5]

Another difference in the present channel model is that cor-

relation is allowed at both the transmitter and the receiver. C = log, [det (IM +2u H*)} (1)
Finally, a fundamental difference between the new model and N

previous models proposed in the literature is that the impaghereH is the M x N channel matrixI;; denotes the iden-
of spatial fading correlation and channel rank are decouplqu matrix of sizeM, andy is the average signal-to-noise ratio
although not fully independent. This allows us, for example, {&NR) at each receiver antenna. The element @ire circu-

describe MIMO channels with uncorrelated spatial fading gt symmetric complex Gaussiawith zero mean and unit
the transmitter and the receiver, but reduced channel rank (%??/ance i.e[H],n o ~ CN'(0, ) form=1,2, ..., M, n =

hence, small ergodic capacity). Such channels will be referr d2 _N. Note that since is random . will be random

to as.“pin_hole" C*.“'?‘””e's’ and have ir_1dependen.tly been Shoﬁ’?v&ell. Assuming a piece-wise constant fading model (block-
to arise in specific roof-top diffraction scenarios [6] [24]faTing model) and coding over many independent fading inter-

We demonstrate that the pinhole channel is, in fact, a spegia s3 C, = £4{C} will be the Shannon (in this case, ergodic)

m%mt())err Ol?zmt:lcnh bfrct):depr cla?jsno;Mltl\i/lg rlslha\:\rlmelrs.\/id capacity of the random MIMO channel [5]. In practice, the cu-
: ) ganization of th€ Fape ection 1, We provide a ., |ative distribution function (cdf) of is often used to char-
brief review of the capacity formula for MIMO channels, fol-

lowed by a new classification of MIMO fading channels. Seca_ctenze the outage properties of the MIMO channel [4].

tion 11l is devoted to the case of deterministic MIMO channel

in a green field (i.e., nonscattering) environment and preserits
a simple condition guaranteeing high rank (and hence, high caWe shall next introduce a new classification of MIMO fading
pacity). Connections with well-known single antenna theory rehannels. Although these models are theoretical in nature, this
sults are made. In Section IV, we turn to scattering situatiopaper demonstrates them to be special cases in a broad and con-
and introduce a stochastic channel model describing the tauous family of MIMO channels with practical relevance.

pacity behavior as a function of the wavelength, the scattering « uncorrelated high-rank (UHR, a.k.a., i.i.d.) model: The
radii at the transmitter and the receiver, the distance between elements oH are i.i.d.CA(0, 1).

transmit and receive arrays, antenna beamwidths, and antenna yncorrelated low-rank (ULR) (or “pinhole”) model:
spacing. The impact of each of these parameters on capacityis g = g, g* whereg,, and g;, are independent
interpreted and studied. Our model suggests that full MIMO ca-  yecejve and transmit fading vectors, respectively, with
pac_l_ty gain can be a_chleved for very realistic values of scattenn_g gra ~ CN(0, Ty;) andgy, ~ CN(0, Ty ). In this model,

radii, antenna spacing, and range. Moreover, we show that in every realization oH has rank 1, and therefore, although
general, antenna spacing has only a limited impact on capacity. spatial diversity is present, ergodic capacity must be

We use the new model to predict high- and low-rank behavior  gynected to be less than in the UHR model since there is
of MIMO channels with potentially uncorrelated antenna fading multiplexing gain. Intuitively, in this case, the diversity

at thg transmit and receive sides. We find that channels such aS order is equal tanin(M, N).
the pinhole channel occur at large distances between transmitter, Correlated low-rank (CLR) modeH = g,.,g%, u,,u’
- rrdtxe rr e

and receiver and will rarely be observed in practice (except for whereg,, ~ CN'(0, 1) andgr, ~ CA(0, 1) are inde-

fth?hpelcxulllar situation desicrlbed_;n [%] and [24]?' Intetrestmght/h pendent scalar variables, and, andu., are fixed deter-
inthe case {1.e., one fransmit and one receive antenna, the ministic vectors of sizéd/ x 1 andN x 1, respectively, and

i S o o Semsam s, Wi unt s entie. This model il o dversiy
. yleigh fading N . ' or multiplexing gain whatsoever, just receive array gain.

are validated by comparing the capacity obtained from the new

stoc_hastlc channel model with a ray trac_mg-_based channel_ SiMe, superscript stands for Hermitian transpose.

ulation where each scatterer and path is Slmlj"ated' We f'”,d E*—a'AcircularIy symmetric complex Gaussian random variable is a random vari-

good match between the two models over a wide range of Sillite = (x + jy) ~ CA(0, ¢2), wherez andy are i.i.d.A(0, 02/2).

ations. Finally, we conclude in Section VI. 3¢ stands for the expectation with respect to the random channel.

Model Classification
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Fig. 3. N-input M -output MIMO green field model.
additional loss in capacity, which can be seen from the cdf of the
3x3 CLR channel in Fig. 1. From Fig. 2, we can conclude that
-4 the Ix1 LR model (double Rayleigh) yields less capacity than
the 1x 1 HR model (Rayleigh) for a wide range of outage rates.
: - : ; ' This is due to the intuitive fact that a double Rayleigh channel
Lo, TBA0LR. L BBUER v AR o4 will fade twice as often as a standard Rayleigh channel.
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Fig. 1. ULR model shows the impact of rank loss on capacity. CLR channel |n this section, we derive conditions guaranteeing an HR

loses both multiplexing and diversity gains. MIMO channel in a green field (or LOS) environment. Con-
1 __ Capacly Distibuton o Theorstcal SISO Chamnele st 1003 SNA centrating on the ideal nonscattering nonfading case (i.e.,
: : ' ' LT : deterministic channels), we suggest that rank properties are
osf peeeeoq - governed by simple geometrical propagation parameters. The
oel S | results below are applicable in flat/rural wireless deployments.
, , We shall see later in the paper that our findings suggest
207— B RN e 1 guidelines for the fading case as well.
%06_ A AN O SN S T S _ Considering the N transmitter, M receiver setup de-
g . / §/_/ 5 : scribed in Fig. 3, we assume bore-sight propagation from
§°-5-' R st / ....... Dt e 4 the transmlt_array to _the receive array. In add|t|0n, we as-
4 S mER : : S | sume the signal radiated by thi¢h transmit antenna to
gg“‘ AN : : impinge as a plane wave on the receive array at an angle of
T S T { 6,. This assumption is justified when the antenna aperture
v : : is much smaller than the rangg. Finally, using the same
R A 1 assumption, the effect of path loss can be ignored. Denoting
0'1_,/_z'.,.7‘(f,, SIS U S STt TP the signature vector induced by tlith transmit antenna as
_/;.,.’ : | ‘ ‘ l h, = [16727;']' sin (6;)d. /X .. 8727rj(]\/[71) sin (Gl)dr/)\]T' where
% 1 2 s 7 5 6 7 8 s ) is the wavelength, and, andd,. are the transmit and receive

Capacity in bps/Hz . . | h h h h
Fig. 2. Capacity curves for thexil HR (Rayleigh) and &1 LR (double antenna spacing, respectively, we ha¥e= [h; hy --- hy].

Rayleigh) channels. The double Rayleigh channel has worsened fadihgeé common phase shift due to the distangebetween
statistics. transmitter and receiver has no impact on capacity and is,
therefore, ignored. Clearly, when tite (I = 1,2,..., N)
We also define the following single-antenna models to whiqfll other parameters being fixed) approach zero we find that
we extend the “low rank” (LR) and “high rank” (HR) conceptsH approaches the all-ones matrix, and therefore, has rank

* 1x1 HR, defined by the UHR model withf = N = 1, 1. In practice, this happens for large ranfge As the range

also known as Rayleigh fading channel. decreases, linear independence between the signatures starts to
* 1x1 LR, defined by the ULR or CLR model with/ = build up. We choose to use the full orthogonality between the
N = 1 (double Rayleigh channel). signatures of adjacent pairs of transmit antennas as a criterion

Note that the low-rank models (ULR, CLRxI LR) above for the receiver to be able to separate the transmit signatures
do not use the traditional normal distribution for the entries a¥ell, implying high capacity. This condition reads
H, but instead the product of two Gaussian variables. This type M1
o_fdist_ribution will be shown later to occur in important practical (hy, hyp) = Z 2milsin(0i) —sin(@)Im(de/A) — o (2)
situations. ’

The above models exhibit very different capacity behavior.
The cdf of the corresponding capacities is depicted in FigsFPr practical values of?, d;, andd,., orthogonality will occur
and 2 forp = 10 dB. Fig. 1 clearly shows the impact of rankfor small6;. We can, therefore, sein 6, ~ (I — 1)d;/R (I =
loss on capacity. The loss in the3 ULR case is due to the factl; 2; - .., V). Consequently, condition (3) can be rewritten as
that there is only one spatial data pipe. However, in this case, M1
much of thediversity gainis preserved because the antennas Z e2mim(did, /AR) _ ©)
still fade in an uncorrelated fashion. Antenna correlation causes =

m=0
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which implies e o
ded, _ A T )
tWr Z Ay (4) "/,/ ’/,,/
R M - e
,”’&/ « e .
Note that this is not sufficient to achieve exact orthogonality - N\ T
although for a large number of receive antennas it teifidto r1—<1 ‘\ ®
be sufficient. In practice, for larger values of antenna spacin™ ~—< E o, ®
[larger than that imposed by (4)], the transmit antennas canf: —< /
into the grating lobes of the receive array, in which case, orthor MRXs e 7 T —— ®
onality is not realized. Interestingly, (4) can be rewritten into 2 e
/\ dt (5) \\\\\\\ “\\.\.\ \\\\\\\ .
Md, = R ®
which can be reinterpreted in terms of basic antenna theory . @

follows [25]. The angular resolution of the receive array (in-
versely proportional to the aperture in wavelengths) should E@ 4. Propagation scenario for SIMO fading correlation. Each scatterer
nsmits a plane-wave signal to a linear array.

less than the angular separation between two neighboring trans-

mitters. Of course, a similar condition in terms of transmit res- ) )

olution can be obtained by enforcing orthogonality between the SIMO Fading Correlation Model

rows of H. We consider a linear receive array &f omnidirectional an-

In a pure LOS situation, orthogonality can only be achievadnnas with spacingd,.. A number of distributed scatterers in
for very small values of rangB. For example, at a frequency offront of the array act as ideal reflectors (i.e., perfect omnidirec-
2 GHz with M = 3, a maximum ofR = 20 m is acceptable for tional scatterers) of a signal which eventually impinges on the
1 m antenna spacing. Note that the orthogonality condition (dceive array. The plane-wave directions of arrival (DOAs) of
depends on the number of receive antentaenly. This is so, these signals span an angular spread.ofidians (see Fig. 4).
since we are seeking separability of only the two closest transBi#veral distributions can be considered for the DOAs, including
antennas. Clearly, linear independence of adjacent transmit aniform, Gaussian, Laplacian, etc. [12]-[14]. The addition of
tenna signatures is a necessary (but not sufficient) condition tiifferent plane-waves causes space-selective fading at the re-
the global channel matriF to have full rank. We show later ceive antennas. It is well known that the resulting fading corre-
in the paper how the guideline (4) extends nicely to scatteriigtion is governed by the angle spread, the antenna spacing, and
scenarios. the wavelength. The receive array response védcttan conse-

quently be modeled as

IV. DISTRIBUTED SCATTERING MIMO M ODEL h ~CN (0, Ry, q,) Or equivalentlyh = R, / 2.8 with

We now turn to the case of non-line-of-sight (NLOS) chan- g ~CN(0, I) ©
nels, where fading is induced by the presence of scatterers. Wieere Ry, 4. is the M x M receive correlation matrix.
purposes of this section are the following: Different assumptions on the statistics of the DOAs will yield

« to develop a stochastic MIMO channel model that capturégferent expressions foRy, a4, [12]-{14]. For uniformly
separately theliversityandrank properties as suggesteddistributed DOAs, we find [12], [14]

by Figs. 1 and 2; ((S—1)/2)

« to suggest how the guideline offered by (4) for LOS chanTRer_dr] = 1 Z o—2mi(k—m)d, cos ((x/2)+6,:)
nels can be extended to fading channels upon appropriate =~ " S i=—((5=1)/2)
redefinition ofd, andd,.. (7)

In the following, for the sake of simplicity, we consider the efwhereS' (odd) is the number of scatterers with corresponding
fect of near-field scatterers only, i.e., scatterers which are eith@PAs?0,. ;. For “large” values of angle spredd and/or antenna
in the vicinity (typically a few tens to hundreds of meters awaydPacingd.., Re, . 4, Will converge to the identity matrix, which
of the transmitter or the receiver. We ignore remote scatteregé/es uncorrelated fading. For “small” valuestpf d.,., the cor-
assuming that the path loss will tend to limit their contribution téelation matrix becomes rank deficient (eventually rank one),
the overall channel. In addition, because local scatterers intf@using (fully) correlated fading. For the sake of simplicity, we
duce multipath length differences which are small comparedft¢thermore assume the mean DOA to be orthogonal to the array
the transmit—receive range, we assume that the quasi-comrfie#re sight). Some comments on this model are now in order.
path attenuation can be factored out of the channel and focuse Impact of Directional Antennas: If directional antennas
on microscopic (Rayleigh) fading only. We also limit this par- are used instead of omnidirectional antennas, the effec-
ticular study to a frequency-flat fading channel. The benefit of  tive angle spread perceived by the array can be obtained
multipath delay spread in terms of increasing the rank richness by intersecting the scattering angle spread with the main
of the channel was demonstrated in [3] and [27]. lobes of the antennas. In what follows, the directionality of
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Fig. 5. Propagation scenario for fading MIMO channel. We assume plane-wave propagation. Scatterers are ideal reflectors.

antennas is accounted for by selecting the effective angkceive scatterers as a uniform array of sensors and using the
spread properly. correlation model of (6), we find
» Spatial Fading Correlation at the Transmitter: The

model provided in (6) can readily be applied to an array Yn ~CN(0, Ro, 2p,/5) Or equivalently

of transmit antennas with corresponding antenna spacing Yn = Régwr/sgn with
and signal departure angle spread. gn ~CN(0, Ig). 8)

) For uncorrelated transmit antennas, $he N matrix describing
B. MIMO Correlated Fading Model the propagation between tié transmit antennas and tisere-

We now turn to the NLOS MIMO case by considering th&®'ve scatterers simply writes
propagation scenario depicted in Fig. 5. The propagation path 1/2
between the two arrays is obstructed on both sides of the link Y =[yiy2 - ynl =Ry op /sG ©)
by a set of significant near-field scatterers (such as buildin

and large objects) referred to as transmit or receive scatter E?re G = [81 82 gn]is anS x N iid. Rayleigh
glng matrix. However, there is generally correlation between

Scatterers are modeled as omnidirectional ideal reflectors. ﬁ . o )
the transmit antennas because of finite angle spread and insuf-

extent of the scatterers from the horizontal axis is denotd#,as .. ; Theref . del
andD,., respectively. When omnidirectional antennas are us [%'sgrtnzgtenna spacing. Therefore, a more appropriate mode

D; and D,. correspond to the transmit and receaa@attering
radius respectively. On the receive side, the signal reflected by

the scatterers onto the antennas impinge on the array with an an-

gular spread denoted By, wheref,. is a function of the distance 12 . . .
between the array and the scatterers. Similarly, on the transi‘mereRf)udi Its' theN x N m?t(rjpf c?hntrtC)Ihng tr.]tef transrf’n%an-
side we define an angular spre&din general, using directional enna correlation as suggested in the transmit form of (6).

antennas instead of omnidirectional antennas will tend to de—z) MIMO Model: Like the transmit scatterers, the receiver

crease the effective values B, andD, and hence, the angularsc:atterers are assumed to ideally reradiate the captured energy.

spreads. The scatterers are assumed to be located sufficie ﬁfhown in Fig. 5, a set of plane waves, with total angle spread

far from the antennas for the plane-wave assumption to ho ﬁ Impinge on the receive array. Denoting the distance between
We furthermore assume tha} < R andD,. < R (local scat- thesth ;catte_rer and theith receive an'tenna as, m, the vect_o r
tering condition). of received signals from theth transmit antenna can be written

1) Signal at the Receive Scattererdle assume scatterers as
on both sides, wheré is an arbitrary, large enough number e~ 2mjdi /A . g—2mids /A
for random fading to occur (typically > 10 is sufficient). . .
The exact locations of the scatterers are irrelevant here. Every Zn = B a Yn: (11)
transmit scatterer captures the radio signal and reradiates it in | e 2midi m /X —2mids, /X
the form of a plane wave toward the receive scatterers, which are &
viewed as an array ¥ virtual antennas with average spacing
2D,./S, and as such, experience an angle spread defined @yllecting all receive and transmit antennas according te
tan(fs/2) = D;/R. We denote the vector signal originatingz; z» --- zy], we obtain the following MIMO channel model:
from the nth transmit antenna and captured by theeceive
scatterers ag, = [y1.n Y2.n --- Ys.n)" . Approximating the 7 =dY. (12)

Y= Régwr/s Gy R;{,Qdi (10)

e
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o, Scatterring

S Narrow pipe

Fig.6. Example of pinhole realization. Reflections around the base transmitter

stations and subscribers cause locally uncorrelated fading. However, because the

scatter rings are too small compared to the separation between the two rings, the
channel rank is low.

The problem with the expression in (12) is the explicit use of de-
terministic phase shifts in the matrii which makes the model
inconvenient. The simple equivalence result below allows us to
getrid of this inconvenience and obtain a fully stochastic, hence
simpler, MIMO channel model.

Lemma: For S — oo, Z = ®Y has the same pdf as

;/2(1 G,Y, whereG, is an i.i.d. Rayleigh fading matrix of
sizeM x S.

Proof: See the Appendix. O

After proper power normalizatidrand replacingy” by (10),

we obtain the following simple MIMO transfer function:

1

1, _R1/2 G, RY?
VS

H= /S brdr 05,

op, sGiRY % (19)

C. Interpretation and the Pinhole Channel

The model suggested in (13) lends itself to several interesting
interpretations, explaining the effect of propagation parameters
on the capacity behavior of MIMO channels.

» Our model is symmetric in structure, which was to be ex-

pected from the scenario considered. .

» The spatial fading correlation between the transmit an-
tennas, and therefore, the transmit diversity gain, is gov-
erned by the deterministic matrRe 4, and hence, im-

plicitly by the local transmit angle spread the transmit

antenna beamwidth and spacing. On the receive side, the
fading correlation is similarly controlled by the receive
angle spread, antenna beamwidth, and antenna spacing
throughR;?dT

« Assume that fading is uncorrelated at both sides of the
link (i.e., Ry,.q, = In andRyg_ 4. = Ias). Equation
(13) shows that it is nevertheless well possible to have
a rank-deficient MIMO channel with reduced capacity.

Such a channel is dubbed a pinhole channel because scat-

tering (fading) energy travels through a very thin air pipe,
preventing channel rankfrom building up. In practice, this
occurs when the rank (R 2D /s drops caused by, e.g.,
large transmit—receive rangé or small D;, or D,., or
both. An example of a quasi-pinhole channel is illustrated
in Fig. 6. This nicely extends the analysis carried out in
the green field case (4) and is confirmed by simulations in

4H is normalized such that the channel energy is independent of the number
of scatterers.
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Section V. Note thaD, andD,. play a role analogous if
andd,., respectively, in the green field case. Also, this ob-
servation suggests that additional scatterers lying between
the transmit and receive array and not contributing to in-
creased scattering angle spread will not contribute to ca-
pacity. Conversely, potential remote scatterers with signif-
icant impact on the total channel energy will increase the
effective value o, and quickly help build up additional
capacity.

Equation (13) suggests how, in the scattering case, the rank
behavior of the MIMO channel is governed by the scat-
tering radii and by the range, not by the physical antenna
spacing. Scatterers can be viewed as virtual antenna ar-
rays with very large spacing and aperture. Measurements
of scattering radii around 100 m in typical urban settings
have been reported in [13].

The physical antenna spacing has limited impact on the
capacity, unless it is very small, rendering antennas corre-
lated, or very large so that it impacts the scattering radius
itself. Antennas will remain close to uncorrelated with just
A/2 spacing for a reasonably high local angle spread/an-
tenna beamwidth. Note that if scattering is absent at one
end of the link, the relevant parameter on that particular
end driving the MIMO rank becomes the antenna spacing,
which then must be greatly increased in order to achieve
high rank. Of course, one may use dual-polarized antennas
to remove the need for scatterers, because dual-polariza-
tion tends to make the channel matrix orthogonal, but this
limits the system to a capacity doubling one at most.
When either the transmit or the receive antennas are fully
correlated due to small local angle spread, the rank of the
MIMO channel also drops. In this situation, tHeversity
and multiplexing gains vanispreserving only theeceive
array gain Note that there is no transmit array gain, since
we assumed that the channel is unknown at the transmitter.
From the above remarks, it follows that antenna corre-
lation causes rank loss but the converse is not true. Our
model is, therefore, more general than previously reported
models.

The new model contains thproduct of two random
Rayleigh distributed matricesThis is in contrast with

the traditional Rayleigh MIMO model of [1] and [10].
Depending on the rank oRG/ 2D, /" the resulting
MIMO fading statistics ranges smoothly from Gaussian
to product of two independent Gaussians.

—In the HR region, Rg/ 2D, /S becomes an identity
matrix. Using the central limit theorem, the product
G,.G; approaches a single Rayleigh distributed
matrix, which justifies the traditional model in that
particular case.

—In the LR (i.e., rank one) reglonRg 2D,/ is
the all-ones matrix. The MIMO channel becomes
Ré{,drg”? nget/_ 4,» an outer product of two vec-
tors with independent transmit and receive Rayleigh
fading vectors. In this case, we have no multiplexing
gain, but there is still diversity gain with the exact
amount depending on the transmit and receive fading
correlation.



1932 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 50, NO. 12, DECEMBER 2002

Comparison of CDF Curves Comparison of CDF Curves for a 1x1 system @10dB SNR
1 T T o 1 T T T T T T T
-.- MIMQ Channel Model 1x1 double Raylelgh (theoretlcal) : el
— RayTraclng Channal (dash-doﬂed) : .
0.9k o R - 09f - i
... UHR Uncorrelated ngh Rank :
ULR Uncorrelated Low Rank
0.8 N 08 oo N i
07 07k RIS . : : i
@ : /8 1x1 Raylelgh (thsoreucal)
3 2 : S * (dash-dotied)
§0.6 ................................. §0.6-~-' R 7 RRREEE :
@ © : yan :
M L i :
%‘0.5 %‘05-‘.,‘ Jii R RIEILE SLTEEIEE SRR i
& 3 .7 ! :
© o4 Ooab i SRR b 4
- g% 'y :
O a Channel Model (continuous)
0.3 0.8 it T R R R R YRR SRTPRRPPPY .
02 02k R TR SRS i
oabo Y onb A SRR S S i
Z 1 1 I | | 1 1
0 00 1 2 3 4 5 6 7 8
Capacity in Bit/Sec/Hz Capacity in Bit/Sec/Hz
Fig. 7. Capacity cdf obtained with MIMO model for three sets of parameterSig. 8. Capacity cdf obtained for thexl model. We use two sets of
From lefttoright. Set 1D, = D, = 30 m,R = 1000km. Set2:D, = D, =  parameters from left to right. Set D, = D,. = 30 m, R = 1000 km. Set 2:

50 km, R = 50 km. Set 3:D, = D,. = 100 m, R = 5 km. The theoretical D; = D, = 100 m, R = 5 km.
ULR and UHR models are plotted for comparison (dotted lines).

Validation of Formula Predicting Knee in Capacity Curve (D, =D,)

— In practice, depending on local angle spread and a *° ' § ? T f j ! ? !
tenna spacing, the model will range smoothly from | . Lo Lo . o SRR SRS S SN S
CLR to UHR. L

—In the 1x1 case, meaningfu| HR and LR models 75t froreneens . - SIS s . Ca;‘)acniy'Cu'r\:/e o
can still be defined taking into account the rank o ‘ ‘ ‘ R=j0km :
R1/22D /s- The HR model is the traditional Rayleigh Nos |
channel. The LR model has “double Rayleigh” distri-z ool o 10 .
bution with capacity behavior worse than Rayleigh az 4 =3
was shown earlier. § Bl i URPTOS RTINS O -

— The model does not suggest the existence of a “corr - , : v : : :
lated HR” MIMO channel. which corresponds to intu- *° s R o - S e
ition. sl |

V. NUMERICAL EVALUATION a5k s T S _
In order to verify our new model, we use a comparison witl 4 S S S O VO W—,
[ 10 20 30 40 50 60 70 80 90 100
an explicit ray-tracing model. In every simulation, 500 inde D, (m)

pendent Monte-Carlo realizations of the ray-tracing channel diig- 9. Average (ergodic) capacity as a functiorfaf = D,.. The rangei? is
generated. The capacity distribution predicted by the proposfgad to 10 km. Capacity builds up quickly as the scattering radius increases.
stochastic MIMO model for various values of the key model pa-
rameters is compared to that achieved by the actual ray trac#th of the Monte-Carlo experiments. The capacity distribution
model with the same parameters. predicted by our channel model for the corresponding set of pa-
The ray tracing model follows the scenario depicted in Fig. gameters is plotted alongside for comparison. This process was
In all examples, we used = 20 transmit and receive scat-carried out for three separate sets of control parameters, cov-
terers which are randomly distributed around a line perpendigring the region between the UHR and the ULR models. The
ular to thex axis. However, we found that the final capacity reresults are depicted in Fig. 7. Fig. 8 illustrates the impact of the
sults are insensitive to the particular location of the scatterers,agk of Rl 2213 on the capacity in the 11 case. The pro-
long asD;, D, and the angular spreads remain fixed. We usgghsed channel model predicts the capacity distribution up to one
M= N = 3and placed the scatterers at a distafgdrom  p/s/Hz in all cases, and becomes almost exact as we approach
the transmit array an&,. from the receive array. For simplifi- yHR and ULR regions.
cation, we usé?; = R, = D; = D, in all simulations in order  Finally, another validation is aimed at predicting the HR be-
to maintain a high local angle spread and hence, low antemiiior of the channel using an extension of (4). Fig. 9is a plot of
correlation. The frequency was set to 2 GHz and the SNR wagodic (average) capacity for varyidg, = D, with R fixed
10 dB. To introduce random fading, we use sfedindom per- at 10 km. A possible generalized HR prediction formula is

turbations of the transmit and receive antenna array positions in
2D; 2D, R)\

SSmall enough not to affect the values of the scattering radii. N—-1M-=1 M

(14)
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where2D; /(N —1) can be interpreted as the maximum spacinghere G,. is an M x S i.i.d. Rayleigh distributed matrix.

achieved byV virtual antennagdistributed over the distance ofHence, for largeS, we haveZ ~ R,/*, G,XU*G,R;/>
2D;. These virtual antennas are obtained by mapping the phinally, '

01, ds”

the distribution of G, is unchanged if we

ical antennas onto the scatterers. Similar to (4), (14) can be reaiight-multiply G, by the unitary matrixU, resulting in

terpreted in terms of basic antenna theory as stating that the is< R}/, G, R,/

olution of one of the two virtual arrays must be less than the
angle of separation between neighboring virtual antennas on the
other side. This formula predicts the HR region to start around

1/2
93,2DT/SGtR9t7dt' O
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(3]

VI. CONCLUSION [4]

We introduced a model for describing the capacity behavior
of outdoor MIMO channels. The new model describes the [®]
effects of certain propagation geometry parameters in LOS angg
fading (NLOS) situations. Moreover, it allows the study of the
behavior of channel rank as a function of antenna spacing and
range in LOS situations, or more practically, as a function of [7]
scattering radius and the range in fading situations. The model
predicts excellent performance outdoors for very reasonablet8
values of scattering radius, and exhibits small sensitivity of
MIMO channel rank to antenna spacing. We pointed out the
existence of pinhole channels for which antennas are perfectl;}gl
decorrelated at the transmitter and the receiver, and yet the
rank properties are poor and hence, capacity will decreasé?
This typically occurs for very large values of the ranffe
Finally, we validated our stochastic channel model throughti]

comparisons with a ray tracing model. [12]

APPENDIX

PROOF OF THELEMMA [13]

1/2 _ . . N
1L(;t Ry "5p, s = UXU” be the eigen-decomposition of 114
Reé 2D, /5" According to (10) and (12)

[15]

Z=®Y = PUSU'G/R;/>, . (15)

Assuming thafS is large enough and the receive scatterer posiLlG]
tions are random (with all scatterer locations following the same
distribution, and the scatterer positions varying in an indepeni”]
dent fashion from scatterer to scatterer), the central limit the-
orem applied tof = ®U vyields [F],, s ~ CN(0, 1). The
correlation between the rows &f is governed by the receive [18]
angle spread, and the antenna spacing throuBl_ 4, [12].

The columns of' all have the same distribution. Furthermore,
using the unitarity olU, it follows that the columns df are un- g,
correlated and hence, independent. We therefore have the equiv-
alence in distribution (20]

F~R)/”, G, (16)
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