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Abstract

Accurate characterization of multiple-input multiple-output (MIMO) fadiftannels is an important prerequisite
for the design of multi-antenna wireless communication systems. In thisr,papingle-bounce two-ring statistical
model for time-varying MIMO flat fading channels is proposed. In thedsl, both the base and mobile stations
are surrounded by their own ring of scatterers. For the proposeelmadlosed-form expression for the spatio-
temporal cross-correlation function between any two subchannelsii®deassuming single-bounce scattering. The
new analytical expression includes several key physical paranafténgerest such as the mean angle-of-departure,
the mean angle-of-arrival, the associated angle spreads and thieeDgmead in a compact form. The model includes
many existing correlation models as special cases. Its utility is demonsbytaccomparison with collected MIMO

data in terms of the spatio-temporal correlations, level crossing ra¢eage fade duration, and the instantaneous
mutual information.

Index Terms

Channel Modeling, Multiple Input Multiple Output (MIMO), Multi-Antenna Sgms, Level Crossing Rate (LCR),

Average Fade Duration (AFD), Spatio-Temporal Cross-Correlat®CC), Instantaneous Mutual Information and
Rayleigh Fading.

I. INTRODUCTION

The utilization of antenna arrays at the base station (B8lam mobile station (MS) in a wireless communication

system increases the capacity linearly wittn (N, Ng), whereNr and Ny are numbers of transmit (Tx) and receive
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(Rx) antenna elements, respectively, provided that thér@mwent is sufficiently rich in multi-path components
[1][2]. The significant increase of channel capacity wagjioglly reported for uncorrelated subchanhdls][2].
However, later it was realized that the correlation amorgcheannels can significantly affect capacity [3]-[6] and
other system performance metrics [7]-[10]. For an overvidwMIMO channel models, the readers can refer to
[11]-[14] and references therein. In this paper, we comesmtbon statistical modeling of time-varying MIMO ftat
fading channels and verify the utility of the proposed modal comparison with different sets of data.

In a typical macrocell, the BS is elevated and receives teasiwithin a narrow beamwidth, whereas the MS is
surrounded by local scatterers. MIMO modeling of this tgpimacrocell environment is investigated in [3], where a
closed-form expression for the MIMO spatio-temporal crosgelation (STCC) is derived, assuming non-isotropic
scattering around the MS. However, in outdoor microcelld smdoor picocells, both the BS and MS are normally
surrounded by local scatterers. Clearly, the MIMO macioeeldel of [3] cannot be used for such environments.
For this situation, we need a double-directional channetlehgsee [15] and [16], where the double-directional
concept is introduced and some measurements results aiequh

In this paper the space-time model of [3] is extended by agdinother ring of scatterers around the BS in
order to facilitate a new and mathematically tractable MIBOCC model needed for analytical calculations and
system design, for example, array optimization [17]. Wd ta newly extended model th&ngle-bounce two-
ring model since only single-bounce rays are considered. Theopeal model includes [3] and some other existing
correlation models as special cases. Note that the propoedd| belongs to the class of double-directional channel
models since it includes angular information at both the B8 ®S. Most importantly, the proposed parametric
model provides a compact analytical form for MIMO STCC innterof several key physical parameters of the
channel. It also avoids the technical difficulties of the loletbounce two-ring model (e.g. [18]) discussed in [11].
The parametric nature of the model makes it adaptable toiatyasf propagation environments, and its compact
mathematical form is convenient for both analytical stach@d numerical calculations. Finally, comparison of the
model with the data collected at Helsinki University of Teology (HUT) [19][20] and Brigham Young University
(BYU) [21][22] confirms the utility of the model in real enginments in terms of mutual information, several types
of correlations, level crossing rate (LCR) and average fagdation (AFD).

The rest of the paper is organized as follows. Bhgle-bounce two-ring model is presented in Section Il. The
closed-form expression for the spatio-temporal crosgetation function between any two subchannels is derived
in Section Ill. Section 1V includes data processing and petar estimation techniques. In Section V, we compare
the proposed model with measured data from HUT and BYU, whigteils are given in Appendix Il and lIl.
Finally, concluding remarks are provided in Section VI.

Notation: ||-|| . is reserved for the Frobenius norifa)' for the matrix Hermitian,(-)” for the matrix transpose,

1In this paper, each subchannel represents the radio linkeleet each Tx/Rx pair of antennas with the time-varying gai2jn

20nly the flat fading is considered here since the MIMO freqyeselective fading channel can be converted into sevextatatiing channels
by the orthogonal frequency division multiplexing (OFDMEhmique.



Fig. 1. Geometrical configuration of ax 2 channel with local scatterers around the MS and BS, with songgesbounce rays shown in the

forward channel.

(-)* for the complex conjugatek|-] for the mathematical expectation, andor /—1. I, denotes then x m
identity matrix, and[A],,, ., is the (m,n)™ element of the matrixA. ¢ € [m,n] with integersm and n implies
that¢ is an integer such that < ¢t < n, whereast € [z1, z2) with real z; and z; denotes that is real such that
z1 < t < z3. min(z,y) andmax(z, y) indicate the minimum and maximum of realandy, respectively. veA)

stacks all the columns of the matriX into one tall column vector.

Il. THE PROPOSEDSTATISTICAL MODEL

For a linear time-varying flat fading’z x Ny MIMO system, the input-output relationship can be written a

P
r(t) = NLTX

In (1) Pry is the total emitted power from the Tx antenna arrd@¥(¢)];, = hi,(t), hiyp(t) denotes the complex

H(t)s(t) + e(t). @)

baseband equivalent channel gain betweerpthéransmitter and™ receiver.r(t) = [ry(t),72(t), -+ ,7n, (t)]7 is

the received signal vector at timtes(t) = [s1(t), s2(t), - -, sn;- (t)]7 is the transmitted symbol vector frond, Tx

antennas at time such that each element sft) has unit powere(t) = [e1(t), ea(t), - -, en, (t)]T is the additive
white Gaussian noise (AWGN) vector with the covariance madli= Ele(t)e'(t)] = Puoiseln,; [3], where Pyoise

is the average noise power at each Rx antenna element.

The geometry of the proposed model is shown in Fig. 1 f@ a2 channel where scatterers local to the BS
and MS are modeled to be distributed on two separate rings k& difference between our model and the other
two-ring model [11] is that only single-bounce rays are édered, and multiple bounces are treated as secondary
effects. This avoids the problem of the double-bounce tiwg-model discussed in [11], facilitates the derivation

of closed-form results, and proves to be a useful approximathen compared with measured data.



In Fig. 1, the forward channel (from the BS to the MS), the M&eiees single-bounce rays from the scattefer
around the MS (shown by dotted lines) and the scattéfearound the BS (shown by dash-dotted line3)is the
distance between the MS and BB and R’ are the radii of the scattering rings around the MS and B®eaiely,
and oy, and gy, are the directions of the subarr@s,-BS, with element spacing,,, and subarrayMS;-MS,,
with element spacing,,,, respectively. For the frequency flat subchannel between the antenna etsig, and
MS;, hi,y(t) denotes the time-varying complex baseband equivalentnehayain. Mathematical representation of

the superposition of rays at the MS results in the followirgression for the channel géin

hup(t) = /'y Z N exp [ﬂf’k (gpk + &) + 927 fp cos(py, — ’Y)t}

N
S, > exp[m (sm+§”)+yzwacos(¢ M, @
=1

where the first and second summations correspond to the B&1&ndngs, respectively. From (2), it is clear that
the angle of arrival (AoA) and angle of departure (AoD) plag interrelation between trgéngle-bounce two-ring
model in Fig. 2 and the channel transfer funct#if¢) in (1).

In (2), €, is the power transmitted through the subcharB) —MS;, i.e., Qy, = E[|hy,[?], 7' andn show the
respective contributions of scatterers around BS and M§;josuch thaty’ + n=1, N and N’ are numbers of
scatterers around the MS and BS, respectively. The posiindom variableg; and g; represent the amplitudes
of the waves scattered by; and Sj,, which also include the antenna gains¢atand ¢, and; andq;, are the
associated phase shifts. Furthermore, as shown in Fig) 2nd ¢, are AoD’s of the waves that impinge dfj,
and S;, whereasp) and¢; are AoAs of the waves scattered froff and.S;. £, and¢,,, functions of¢;, are
the lengths ofBS,-S; and BS,-S;, links, respectively, whereag,, and ¢, ., functions ofy}, are the lengths of
S,.-MS; and S;.-MS,,, links. Other¢’s can be easily identified in Fig. 2 and their functional tielaships are given
in (26a)-(26h). Finally\, fp, andy are the wavelength, maximum Doppler frequency, and thetiire of the MS
motion, respectively.

The sets{g;} ¥, and{g, }\¥', consist of mdependent positive random variables withdimériances, independent
of {4}, and{y}} N . We assumdy; } ¥, and{y;} Y are independent and identically distributed (i.i.d) ramdo
variables with uniform distributions ove, 2r). We also setv—' >~ E[¢2] =1 and N~ "N E[¢2] =1,
which result in the desired identi||h,, (¢)[*] = Q. The second moments of, Vi andgj,, Vk will be discussed
in Section Ill. According to Fig. 2¢; is a function ofg; and ¢}, is a function of¢}, therefore, onlyg), and ¢,

are independent angular variables. In what follows, we galthe AoD, andg; the AoA.

3Note thatagp = apg + ™, 0 < q, Bmi = Bim + T, 1 < m, dpqg = bgp = 0,Vp,q, andd;,, = dp,; > 0, VI, m, with p, q,1,m being
positive integers.
4To save space, only non line-of-sight (NLOS) components ansidered in (2). It can be easily extended to include the-difisight (LOS)

component by introducing Riciak factor if the number of scatters is large, in the same way as]in [3



Fig. 2. Detailed version of Fig. 1.

Il. THE MIMO SPATIO-TEMPORAL CROSSCORRELATION

Based on the independent properties;o$, g;’s, ¢;'s and;’s, the normalized STCC between two subchannel

gainshy,(t) and h,,,(t), defined ai, 1mq(7) = Elhi, (t + 1)k, (0)]/ 1/ QipQing 5, can be asymptotically written
as
N/

. 1-—- 2m
Pip.ma(T) :lelinoo( N/n) > E[gi] exp [—Jy(éék €l Gt —Ehom) + 327 cO8( 0}, — )7
k=1

N
—&-Nliinm % ZE[QE] exp [—J%(Spi—iqi+fﬂ —&im)+12mfpcos(p; — 7)7'} )

=1
For largeN’ and N, the small amounts of power received fra#f) and S; are proportional taV'~'E [¢;?] and
N~'E[g?], respectively. They are also equal to the infinitesimal pewtarough the differential anglesy’ and
d¢ with probabilities fizs(¢},)d¢’ and fus(¢:)de¢, respectively. This implies thaV'—'E[g;?] = fss(¢},)d¢’ and
N7'E[¢?] = fus(¢:)d¢, where fzs(-) is the probability density functions (PDF) of the AoD, arfigs(-) is the
PDF of the AoA. To simplify the notation, we define= ¢}, vy = ¢;, v = ¢}, andw = ;. Therefore, (3) can be

reduced to the following integral form
T 2, ’ / /
Pip,mq(T)=(1 —77)/ exp {— T(f’” —&qu 80— Em) + 927 fp cos(v — 7)7} fas(z)dx

+ n/ exp [— ﬂTﬂ(fpy —Eqy+Ey1 —Eym) + 927 fp cos(y — 7)7} Mas(y)dy, (4)

where¢”s depend ony,, and¢{'s depend onp, according to Fig. 2.
For any givenfzs(-) and fys(+), (4) can be calculated numerically, using the trigonorodtrnction relationships

given in (26a)-(26h), (30a) and (30b). Note that (4) inckideo parts, the first one corresponds to the STCC

5This definition is the same as the one in [3}rifis replaced by—r.



contributed by the scattering ring around the BS, and therskés from the scattering ring around the MS.
In order to further simplify (4), similarly to [3], the assytions of D > max(R’, R), R’ > 6,, and R > dy,,
are mad& With these assumptions and the identities given in (2B8&J, (4) can be approximated by

™

Pip.mq(T) = (1 —n)/ exp{j27r [6pq cos(0pg — @) + dipm, cos(v — ﬂlm)] /A + 927 fp cos(v — W)T}st (z)dz

-7

+7 / ﬁexp{ﬂﬂ [6pq coS(0pg — W) + digm cos(y — Bim) | /A + 727 fp cos(y — V)T}st(y)dy- ®)

—T

The details of the derivation are given in Appendix I.
In this paper, we consider the empirically-verified von Misengular PDF [23] for both the AoD and AdA
They are given by

exp[k’ cos(z — )]

fes(x) = 2o (W) , x€]0,2m), (6a)
fus(y) = “PEEEEILy co.2m) (6b)

In (6a) and (6b)Jx(z) = X [ €7 cos(k#)df is the k™ order modified Bessel function of the first kind, and
1 account for the mean AoD and mean AoA, respectively, ahdnd x (> 0) control the angular spreads of the
AoD and AoA, respectively. Ik = ' = 0, both PDF’s in (6) simplify toi, which represents isotropic scattering.
As will be seen in Appendix I, the mathematical form of the Wises PDF is convenient for analytic calculations
and derivations of closed-form expressions.

Based on (30a), (30b), (33) and the assumptioab> max(R’, R), the following closed-form expression for

the spatio-temporal cross-correlation is derived in Agjpet

—J(b m m . .
Plp,mq(T) ~ (1 —77) =P [ ]( l 32?5,[) oo 7)] Iy ({KJQ — a?A"? sin? V= blZmAIQ sin? Bim — CzQ)q

— 2Dy, Cpg A SIN Oy SN By, + 2a A" sInY(Cpg SIN g + by A" 810 By,) — 926 [aA sin p siny — by, A’ sin By,

. 1 exp(JCpq COS
X sin 1’ — ¢pq cOS(Qpg — '“/)]}2) T UW

X (asiny — by Sin Bim ) + 2abim, cos(Bim — ) — J2k[a cos(pu—") —bim, cos(Bim — 1) — Cpg A sin g sin ) }%) .
(7)

Here we havey = —27 fpT, by, = 2wdy /X @ndeyy = 26,4/ A Furthermore2A’ is the maximum angle spread

I ({F&2 —a? b}, — ciqAQ sin® apg + 2¢pq A sin ayy,

at the MS, determined by the scattering ring around the B®il&ily, 2A is the maximum angle spread at the
BS, dictated by the scattering ring around the MS. Note tiptsa closed-form STCC function between any two

subchannels of a MIMO system with arbitrary array configore, i.e., Tx and Rx arrays do not have to be linear.

5These assumptions can be justified in many propagation sosrairpractical interest. In certain picocell propagatiomi@nments, however,
D > max(R’, R) may not strictly hold. This may result in some discrepancieséen the model and measured data in some cases, as discussed
in Subsection V-E.

7In this paper, no preassumption is made about the antennangatte fact,g;’s and g;’s include the Tx and Rx antenna gains, and the
angular PDF’s in (6a) and (6b) include the effect of antenaidepns.



In what follows, we show many existing correlation modela t& considered as special cases of (7).

« If there is no scatterer around the BS as in a macroeeh=(1), the first half of (7) disappears, and the
remaining part is the same as (12) in [3], wheis changed to —7. It implies that (7) includes the model of
[3] and subsequently other models listed in [3] as specis¢sa

« With [ = m andp = ¢, the temporal autocorrelation of the subchanigl(t) can be derived from (7) as

IO(\/,%’2 — a2A?sin? y — 2k'a\ sin p’ sin 'y)
IQ(I{/)

p(7) = (1—n) exp(ya cos )

nI()(\//iQ —a® — 2ka cos(y—v))

e . ®

+

wherep(T) = p1p.ip(7), Vi, p. If n =1, (8) reduces to the model of [23].

— With » = 1 andx = 0 (isotropic scattering around the MS), (8) simplifies to thellvknown Clarke’s
temporal correlation model, i.eJy(27 fp7) [24], where Jy(-) is the Bessel function of the first kind of
order zero.

« When the MS does not move, for example, in indoor environmems getsfp = 0. This reduces (7) to the

following spatial correlation betweehy, and i,

—J3bim cos Bim
Pip.mg = (1-1) eITIO ({/{’2—b12mA'2 sin? 6lm—C§q—2blmequ Sin apg sin B +26" [brm A' sin By,
0

. 1 eJCpq COS Opq . . X
X it g1’ + Cpg c08(apg — 1)} 2) T UWI(J({Hz — by, — €2y A7 SIN g — 2bp Cpg A SN g SiD By

+ 726[bim coS(Bim — 1) +Cpg A sin apq sin p]}i). 9
— With isotropic scattering around both the BS and MS £ x = 0), and parallel linear arraysyf, =
Bim = 5,9, q,1,m), the spatial correlation in (9) further simplifies to

Pip,mq = (1=n)Jo (blmA/Jr Cpq) +1Jo(bim + Cqu)- (10)

* With p = ¢ andn = 1, (10) reduces tQ;p .mp = Jo(27di, /). It is the spatial correlation at the MS
in a macrocell [24].
% On the other hand, with = m andn = 1, (10) simplifies top;, 1, = Jo(A2md,,/A). It is the spatial

correlation at the BS in a macrocell [25].

IV. DATA PROCESSING ANDPARAMETER ESTIMATION

This section explains how the raw data are processed andheopatameters of the proposed model are estimated.

A. Normalization

First it is necessary to do some power normalization. In,[26# normalization is done according H(¢) =
VNrNrH(t)/ |H(t)| » for eacht, t € [1,T], whereH(t) is a snapshot of the channel matrix at time instari



Y4 v

Moving|Direction
Rx,

3~ 144° v~ 90°
T R ¢ s N ‘
Xl 90 : L,
Tx* 2 d>—
g 72° Rx,

njexyulueiqe

Fig. 3. Estimatingx, 3 and~ by a comparison of Figs. 12 and 13 with Fig. 1.

is the total number of snapshots, ajfH(t)| = \/ZlN:Rl Zgil |hip(t)|2. Note thatH(t) denotesH(¢T;) andT;

is the sampling period. To simplify notations, is dropped in this section. In [27], normalization is inteddo
~ 2

guarantee the so-called unit single-input single-out@IsQ) gain, i.e.T~! Zthl HH(t)HF = NrNg, therefore,

the normalization is done according to

~ NrNpT
H(t) = | ——F T Hp), te[1,T) 11
D=5 ™ e -

According to our correlation model in (7), each individuabshannel has unit power. On the other hand, the above
two normalization methods do not result in unit power forteaabchannel. Hence, in this paper, normalization is
performed such that each subchannel has unit variance aadvean, i.e.,

iy () = M) = gy (12)

Olp
where i, and o7, are the estimated mean and variance of Bs-MS; subchannel. They are calculated from
{hup (1)} according torin, = T4 3 hup(t) andGt, = T4 521y hup(t) =

B. Parameter Estimation

First we need to determine and 3, the directions of BS and MS arrays, respectifeljhe direction of the MS
motion v and the Doppler driftfp in the HUT data needs to be obtained as well, whereas the fix@édnvthe
BYU data does not neeg and fp.

« For the HUT data, a comparison of Figs. 12 and 13 with Fig. giv= 7, 8 = %’T and~y = Z. To obtain

5
these angles, first andy axes were chosen in the horizontal and vertical directicespectively, similarly to
Fig. 1, and were redrawn on Fig. 12. This results in Fig. 3. Mparison of Fig. 3 with Fig. 1 reveals that
the BS array is parallel to the axis, so,a = gg. 0 can be determined similarly d44° = 180° — (90 — 54)°,
based on thé&4° angle shown in Fig. 3. A further comparison of Fig. 3 with Figshows that the mobile

is moving parallel to they axis in the positive direction. Thereforg,= 7. The data is taken over 4rm

8ln BYU measurements, both the Tx and Rx arrays are linear, andHtfiT data used in this paper is2ax 2 channel taken from a large
MIMO system. Therefore, in both measurement setups we baye= o, p < g and Gy, = 3, I < m.

9Note that based on our convention, thiss indeeda;2 (refer to footnote 8). As described in footnote 3, one camﬂmlnse%’r for aia.
Therefore, based on our conventien= 7 is the only choice in Fig. 3.



route in Unioninkatu Street, at the intersection with Rankadu Street, as shown in Fig. 18 = 2.872 Hz,
which is derived in Appendix Il. Note that only a small seati@= 20m) around Rauhankatu Street is used.
Therefore, the estimated, 5 and~ is a fair approximation for all locations sin@®m is small compared to
the distancel50m.

« Similarly, « = 168° and 3 = 78° are obtained for the BYU data according to Figs. 1 and 14.

To estimate the rest of the parametefs= (A, A’ k, s/, u, 1’,n), of the model, a nonlinear least-squares

correlation fitting approach is used, via a numerical searahr the parameter space. This is explained below.
For the BYU dataA is estimatet’ by fitting the spatial MIMO correlation matriR(A), whose elements are

given by (9), to the estimated spatial correlation makRix

K:argn}inHﬁ—R(A)Hi. (13)

R =T"'3 [, h(t)h'(t) with h(t) = veqH(t)). R(A) = E[h(t)h!(t)] such thatR(A)];4n, (p—1).m-+ Na(a—1)
= pip.mq, L, mE[1, Ng], p,q € [1, Nr]. Note that the expectation is taken over AoA and AoD as show{#), and
Pip,mq IS given by (9). FurthermoréR(A) is a Nr Ng x Ny Nr Hermitian block Toeplitz with Toeplitz blocks (H-
BTTB) matrix. It hasNy x Ny blocks and each block is aNz x Ny square matrix. A matrix is BTTB if it§i, j)"
block is a function of(i —j) and the(i, j)™" block itself is a Toeplitz matrix. More discussion on BTTB tniees can
be found in [29]. The Hermitian property is due to the Heraritsymmetry of the spatio-temporal cross correlation
Plp,mq(T) @roundr = 0. The BTTB structure comes from the fact thag ,.q(7) = p(1+i) (p+5),(m+i) (g+5) (T) Vi, J-
By taking advantage of the H-BTTB structure Bf A), the numerical search in (13) can be performed much faster,
especially for largeNy and Nr.

Similarly, for the HUT data,A is estimated by fitting the spatio-temporal MIMO correlatimatrix R(A, k),
whose elements are determined by (7), to the estimatedgjeatiporal correlation matrif{(k)

Tmax
~

A= argn}{n Z
k=0
where 7., is set to4 in the numerical searéh R(k) = T~ Y1, h(t + k)h'(t), k € [0, Tmax). R(A, k) =

Elh(t + k)h'(¢)] such thatfR(A, k)14 Np(p—1),m+Na(g—1) = Pip,maq(k), I, meE[1, Ng] andp, ¢ € [1, Nr]. Note that

2
F

R(k) - R(A, k)H , (14)

Pip.mq(k) denotespy, ., (kT;) given by (7). In addition, it is clearly seen th&(A,0) is an H-BTTB matrix,
whereas fork # 0, R(A, k) is a BTTB matrix. In a similar manner to (13), the parametercle in (14) can be
sped up using the BTTB structure B(A, k).

It is clear from (9) that ifx and i/ are the outcomes of the search in (13);,, — 1t and 2«,, — 1’ are valid
parameters as well and result in the same numerical valug®)oOn the other hand, if’ is the search result of
(14), 20,y — 1’ gives the same numerical value for (7) as well. All these &rgambiguities should be considered

with the real propagation environments when looking at #erch results of (13) and (14). Moreover, for the HUT

10The function in (13) is very complex since it depends diree variables. The same observation applies to (14). Finttie optimal
estimates is not the focus of this paper. This is a separaie ishich is recently studied in [28].

1According to Appendix Il,mmax = 4 corresponds to}%s.
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TABLE |

ESTIMATED PARAMETER SETS FOR THEHUT AND BYU DATA

AlA|R|® |l w |7
Apur | 2| = |17 | 2 | o= | 17 | o7
Apwo | 2| 2|0 fo5] 0 | 5% |02

data, the non-uniform antenna patterns [20, Fig. 2] were et isidered when searching for paramétenally,
the estimated parameter sets for the HUT and BYU data aremest in Table I.

V. COMPARISON OF THEPROPOSEDMODEL WITH COLLECTED DATA

This section presents the comparison of the proposed moitlel collected data in terms of various aspects
of fading channels such as the statistical distributionropktude, phase, in-phase/quadrature components, kpatia

temporal, and spatio-temporal correlations, level cragsite, average fade duration, and MIMO mutual information

A. Satistical Distribution of the Data

When deriving the compact spatio-temporal cross-cormiaéixpression in (7), it has been assumed that the
numbers of local scatterers around both the BS and MS are lmgugh. This translates into complex Gaussian
distribution for each subchannél,(t) according to the central limit theorem [30]. To verify thihe data is
normalized according to (12) such that each subchanneldrasraean with unit variance. As shown in Fig. 4, the
real and imaginary parts @f; (¢) of the HUT data are Gaussian. Furthermore, the empiricalitative distribution
functions (CDF) of the amplitude and phase are Rayleigh amfibun, respectively. The same types of plots are

observed for other HUT subchannels, as well as the BYU data as reported in [31, p. 162] and [32, Fig. 5].

09
Real and Imaginary Parts:
08
07
0.6
Amplitude

05

04

Cummulative Distribution Function (CDF)

—O— - Empirical CDF of Real Part
© - Empirical CDF of Imag Part
x - Empirical CDF of Amplitude|
& - Empirical CDF of Phase
—©6— Theoretical Gaussian CDF | |
—s— Theoretical Rayleigh CDF
—%— Theoretical Uniform CDF
I 1 1
1 2 3 4

0
Normalized Level

Fig. 4. Empirical and theoretical distributions bf1(¢) in the HUT data.
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B. Spatial Correlations

Here we consider four different types of spatial correlatice., parallel, crossing, transmit, and receive cofrela

tions, defined by

paratiel = E[hup ()BT ) oy ()], (15a)
Perossing = Elhip (t) R (1)), (15b)
prx 2 Elhip ()i, (1), (15¢)
e 2 Elhup(6)hy ()] (150)

In a2 x 2 channel, it can be shown that

Pparatie2E[h11 () R3e ()] = p11.22, (16)
Perossing=E[h12(t)h3;(1)] = p12,21, (17)
prx=Elhi1 ()hiz ()] = Elha1 (t)h35(t)] = pi1,12 = pai,e2, (18)
prx=E[h11 (8)h31 (1)] = E[h12(t)h35(1)] = p11,21 = pi2,2a. (19)

For the HUT data, the model correlations are obtainedpgsfici, Pcrossing: PTx: Prx)=(0.01, 0.2, 0.5, 0.02)
by pluggingfoUT from Table | into (9), whereas the empirical correlations €.04, 0.1, 0.6, 0.08) by processing
the normalized data. For the BYU data, the same type of casgrafor the above four correlations in terms of
element spacing is shown in Fig. 5. The utility of the modeleigealed by the close agreement between the model

and empirical spatial correlations.

——Empirical ——Empirical
4 New Modej 4 New Mode|

08 0.8
Sog S o4
504 8 0.4
= 4

0.2 2 0.2

o o

o
of

0.5 1 15 2 0.5 1 15 2
Element Spacing in Wavelengths Element Spacing in Wavelengths

——Empirical 7 —— Empirical
4 New Mode| 4 New Mode|
0.8 0.8
. g
3 0.6 O 0.6
= =
2 <
= @
5 0.4 8 0.4
o (8]
0.2 0.2 A,
4
[0 0’

o

0.5 1 15 2 0.5 1 15 2
Element Spacing in Wavelengths Element Spacing in Wavelengths

Fig. 5. Comparison of four different types of spatial cortielas of the new MIMO model with the corresponding empiricatretations of
the BYU data collected on 11/07/00.
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Temporal Auto-Correlation of Subchannel hy(t)
1.5 T T T

—— Empirical
> New Mode

Real Part

0.5-

Temporal Auto-Correlation
(=]
7

\ Imag Part
-0.5- e ; 1
VA >
-1 4
-1.5 1 | | 1 | |
0 1 2 3 4 5 6

Fig. 6. The autocorrelation df11(t), defined byE[h11(t + 7)h}, (t)]. New model and HUT data.

C. Spatio-Temporal Cross-Correlations

Fig. 6 shows the empirical autocorrelation of the subchhbring(¢) for the HUT data, together with the
autocorrelation of the model obtained by pluggifgyr of Table I into (8). The spatio-temporal cross-correlasion
of the HUT data betweeh;; (t) & hi2(t), and betweerh5(t) & h11(t), respectively, are shown in Figs. 7 and 8,
where the cross-correlation of the model is plotted by stultistg Anur of Table I into (7). The difference between
the model cross-correlations in Figs. 7 and 8 is duetp = a1 + 7, as explained in footnote 3. Clearly, the

model provides a close fit to the empirical spatio-tempocatedations.

Spatio-Temporal Cross-Correlation of Subchannels hyy(t) & hia(t)

1.5 T T T T T —
—— Empirical
> New Mode
1 i
0.5+ q

Imag Part

Spatio-Temporal Cross-Correlation

Fig. 7. The spatio-temporal cross-correlation betwaen(t) and hi2(t), defined byE[h11(t 4+ 7)h],(t)]. New model and HUT data.
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Spatio-Temporal Cross-Correlation of Subchannels hio(t) & hi1(t)
1.5 T T T T T
—— Empirical
> New Mode

1 4

Imag Part

Spatio-Temporal Cross-Correlation

-1 : R

Fig. 8. The spatio-temporal cross-correlation betwges(t) and hi1(t), defined byE[h12(t + 7)h], (t)]. New model and HUT data.

D. Level Crossing Rate and Average Fade Duration

LCR and AFD of the signal envelope are two important tempatalistical features which provide useful
information on the dynamic behavior of time-varying fadiogannels. To calculate the LCR and AFD of a
subchannel, one needs its temporal autocorrelation. Bhggven in (8). Withy = 7 in the HUT measurement
campaign, (8) reduces to

(177])[0(\//1’2— a?A’”2 — 92k'aA’ sin u’) 7}[0(\//12 —a? — )2kasin u)

,0(7') = Io(li/) + I()(Ii) : (20)
The k™ spectral momensB;, is defined by [33]

_ d*p(7)

B = et | oo D
which is also required for calculating LCR and AFD. From (20)d (21) we obtain

By =1, (22a)

_ / /o / :
B, — 27Tfp[(1 I (k ),A sing’ nli (k) smu], (22b)

Io(K") Io(k)
) I (k) cos(2p) ) I (k") cos(2u’)
— 42 F2 2 1 . 2 2 7

By =4m fD{n {Sm W+ aloln) + (1 —=n)A"™ [sin“y + L) S (22c)

The theoretical LCR and AFD at the given threshelébr Rayleigh fading are respectively given by [33]

By —B? .-
Ny (r) = | =——Fre™", (23)

VT (6T2 - 1)
rv/By =B}

and

tip(r) = (24)
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Fig. 9. LCR and AFD ofhas(t). New model and HUT data.

where |h| denotes the amplitude of any subchannel.

By plugging the estimated parameter dafur of Table | into (23) and (24), the LCR and AFD of the model
are compared in Fig. 9 with the empirical LCR and AFD|bf,(t)|, versusr. The close match for this and three
other subchannels, not shown due to space limitation, @srtfie ability of the model in capturing the dynamics

of the channel.

E. CDF of Instantaneous Mutual Information

In this subsection, we focus on the instantaneous mutuatrirdtion (IMI) under equal-power transmission to
verify our proposed model. Assuming that the channel mai(x) is known at the receiver but not at the transmitter,
with the MIMO channel characterized in (1), the IMI under algpower transmission, in bits/s/Hz, is given by [2]

PTx

Z(t) =log,det | In, + —————
( ) €2 ( N NTPNoise

H<t>H*<t>) , (25)

wheredet(+) is the matrix determinant. Note that at any time instadi(¢) is a random variable, and its distribution
depends on the distribution of the random malfxt)H (¢). In this paper, we compare the empirical distribution
of the MIMO IMI of the data, with the distribution predicted lour proposed model, where the SNRPry/ Pyoise

is set t0o20dB in (25). In Figs. 10 and 11, three different CDFs of IMI aretfed for the HUT and BYU
data, respectively. The “Empirical” IMI is calculated ugi25) directly from the collected snapshdte(¢)}7_;.
However, for each of the other IMIs, first a zero-medp x Ny Gaussian matrixH;p with i.i.d elements is
generated for each such thathp = vec(H,p) and E[h”DhﬂD] = In.n.. The “lID” IMI CDF is obtained by

insertingH,p into (25). To obtain the “New Model” IMI CDF, the following messary steps are done.

« For the HUT data, the correlated matrix-valued random m®E¥t) is generated using the spectral method
[34], based on (7) an(zAkHUT of Table I, and then plugged into (25).
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Fig. 10. Distributions of the IMI: HUT data.

For the BYU data, the colored Gaussian vedﬁc(ﬁgyu) is built according toh(KBYU) = R(KBYU) hyp,

where,/R(fxBYU) is the Cholesky matrix OR(KBYU), R(A) is defined in Subsection 1V-B, anﬁBYU
is given in Table I. Then the channel matrﬂ(fxgyu) is generated fronh(fxBYU> = vec(H(KBYU)) and

substituted in (25).
According to Figs. 10 and 11, the model fits the HUT data wetiwigver, the match to the BYU data is not as

good as the HUT data. This may be partly because the assumptis- max(R’, R) does not strictly hold for the

scenarios where the BYU data was collected.
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Fig. 11.

Distributions of the IMI: BYU data.
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VI. CONCLUSION

In this paper, a parametric statistical MIMO model is pragbs/here both the base and mobile stations experience
local scattering. The model yields a closed-form and ma#tmally-tractable expression for the spatio-temporal
cross-correlation between any two subchannels of a MIMQesyswith arbitrary transmit and receive array
configurations. The model includes some key physical cHapaemeters such as the mean angle-of-departure
and angle-of-arrival, angle spreads, maximum Dopplerneeqy, sizes of the local scattering rings, and the relative
contribution of BS and MS local scatterers.

The proposed model is general enough to include, as spexsalsc most existing correlation models such as
the MIMO model of [3], Lee’s spatio-temporal correlation deb and Clarke’s classical spatial/temporal correlation
model with isotropic scattering. Comparison of the modethwautdoor and indoor collected data, in terms of
spatial correlations, temporal autocorrelations, sg@imporal cross-correlations, level crossing rates,amefade
duration, and the distribution of mutual information hasndestrated the flexibility of the model in describing
real-world propagation environments. The proposed madgdported by empirical observation, provides a useful

channel characterization required for efficient design p@dormance prediction of multi-antenna transceivers.
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APPENDIX |

DERIVATION OF (5) AND (7)

Based on the application of the law of cosines in approptigaagles in Fig. 2 we obtain

& =00, /4+R? 0,4 R cos(apg—1), (26a)
5;2I:6§q/4+R’2+6qu’ cos(apg — ), (26Db)
§h=diy /442 =& dim co8(v—Bim), (26¢)
& =i | A4E7 +E ] dim cos(0—Bim), (26d)
127y25127q/4+§§_£y‘5pq cos(apg —w), (26e)
2 =02/ A+ 246, 0pg cOS(apg — ), (26)
& =dp, 4+ R*—dim R cos(y— Bim), (269)
=i A+ R? +dy R cos(y—Bum), (26h)

where to simplify the notation, we usefor ¢, y for ¢;, v for ¢}, w for ¢;, &, for &, and¢, for &;.
The following identity can be obtained by subtracting (26iom (26a)
, —20,qR cos(apg—)
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With the assumption of’ >> 4,,, we have¢,, + ¢, ~ 2R, therefore, (27) reduces to

f;m — Efw R —0pq cos(Qpg — T). (28)

By applying the same reasoning to (26c¢)-(26h) and using #iseiraptionsD > max(R’, R) and R > dj,,

which imply &, + &, = 28, &y + &gy = 2&y, and &y, + £,m =~ 2R, we obtain the following approximations

5;01 - §;m ~ _dlm COS(U - 5lm>7 (29&)
Epy — Eqy = —0Opq cos(apg — W), (29b)
&yt — Eym = —dpm cos(y — Bim)- (29c)

Substitution of (28) and (29) into (4) results in the intégepresentation (5).

Now we apply the law of sines to the triangl®$S; O andO’S;0, respectively, to obtain the following identities

D R
= 30
sin(v —x)  sin(r —v)’ (302)
D __f (30b)

sin(y —w)  sinw’
From Fig. 2, it is clear thatr — v < A/, w < A, A’ = arcsin %, and A = arcsin %. Based on the assumption
D > max(R', R), we conclude that\’ andA, and consequently —v andw are small quantities. This observation,

together withsin e =~ ¢ whene is small, allow us to derive the following approximationsrfr (30a) and (30b)
va1— A'sing, (31a)
w A~ Asiny. (31b)

Furthermore, usingine ~~ ¢ and cose =~ 1 when e is small, together with (31a) and (31k)s(v — G;,,) and

cos(apq — w) can be approximated as
cos(v — Bim) & — cos Bim + A’ sin B, sin z, (32a)
c08(Qpg — W) R COS Qpg + A sin apg siny. (32b)
By plugging (6b), (6a), (32a) and (32b) into (5), and caltintathe two integrals according to [35, 3.338-4]

/ exp(zsin @ + y cos 0)df = 2nl, (\/ x? + y2) , (33)

—T

the general spatio-temporal cross-correlation in (7) camlitained, after some algebraic manipulations.

APPENDIXII
HUT DATA

Fig. 12 shows the layout of the location where the HUT dataoitected. The2 x 2 measurement setup and
four subchannels are shown in Fig. 13(a), whereas the caafign of the Rx array is presented in Fig. 13(b). The
Tx and Rx element spacings are given @y = A andd,, = 2.785), respectively. The mobile speed (st m/s,
which with the 2.154 GHz carrier frequency result ifip, = v/\ = 2.872Hz. There arel’ = 1342 snapshots of
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Fig. 13. The measurement setup for the HUT data.

the channel matri#(t), and any two adjacent snapshots are separategl loyspace, equivalent to 87.05 ms in
time. Further details of the data and measurement setup edaulnd in [19] and [20]. The pathloss is removed
from the data by least-squares fitting ol @" order polynomial in the dB domain, and the power normalirais

performed according to (12).

APPENDIX I
BYU DATA

For the data collected ohl /07/00 at BYU, the room layout is shown in Fig. 14. Both the Tx and Reags are
linear, each with 10 monopole elements axtl spacing, at the carrier frequency 2f2 GHz. The Tx array was
placed at 4 different locations in room 484, whereas the Rxyawas placed at 6 different locations in room 400.
There are 24 Tx-Rx location configurations, 20 data sets gaatibn, and 124 snapshots of thé x 10 channel

matrix per data set. Power normalization of each data setdeas according to

- h t) — i
Pioe.set.ip(t) = loc"’”et’lgl( ) T“’C’“t’lp,set €[1,20],1,p € [1,10],¢ € [1,124], (34)
oc,set,lp

whereloc is the location indeX1-1,---,1.6,2.1,--- ,2.6,3.1,--- ,3.6,4.1,--- , 4.6}, set is the data set index at

each location, andisoc. set,ip aNAGL,. .., are the estimated mean and variance of the subchagy(e) in the set™
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Fig. 14. The room layout where the BYU data is collected. ka figure, “_L_» denotes 10 antenna elements are numberegj'{%.

data set at théoc™ location. Because of the fixed Tx and Rx and stationary enwikent we havef, = 0 Hz. More

measurement information can be found in [31, Chap. 6-7] 834 where this data set is labeled d$%10(a)".
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