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Abstract—The multivariate complex normal distribution is We alleviate these difficulties by applying a simultane-
often employed as a tractable and convenient model for MIMO ous transmit/receive beamformer to explore the differences
wireless systems. Several models may result depending on hOWtheoetween multivariate complex normal MIMO models with

covariance matrix is specified, i.e. power or complex envelope cor- ither wer or mplex envel rrelation and either
relation and full or separable (Kronecker) correlation. This paper ~EIth€r power or compiex envelope correlation and eithe

investigates the differences of the various models by applying a full or separable (Kronecker) covariance. The beamforming
joint transmit/receive beamformer to recent wideband MIMO  approach provides a compelling physical interpretation that
radio channel measurements at 5.2 GHz. It is found that the demonstrates how the various models influence the multipath
Kronecker model, especially for power correlation, significantly - gictyre of the modeled channel. Application of the method
alters the joint beamformer spectrum. A multipath clustering to recent wideband indoor MIMO measurements demonstrates
model is applied whose parameters are estimated directly from . . X
the measured data. The clustering model is able to match capacity how the models may distort the true channel behavior. Finally,
pdfs, and resulting simulated joint beamformer spectra look we apply a diffuse spectrum estimation technique to obtain
more realistic than those generated with conventional separable parameters for a path-based clustering model. The model gen-
correlation functions. erates full covariance matrices, whose simulated channels look
more realistic than those generated with simple conventional
correlation functions.

Early studies of multiple-input multiple-output (MIMO)
wireless channels focused on the independent and identically Il. CoMPLEX NORMAL MODELS
distributed (i.i.d.) complex normal model due to simplicity Since the purpose of this work is to analyze the various
and the lack of real MIMO channel information [1]. Latermultivariate complex normal MIMO models, a brief treatment
studies have considered the effect of spatial correlation [2], [3} the fundamental distribution and simplifying assumptions
The Kronecker correlation model [4] assumes that the chanfielkonvenient.
covariance matrix is a separable product of transmit and re-
ceive covariances, given by either complex or power envelopfe Complex Normal Distribution

correlation. Such descriptions are attractive, since previousa multivariate complex-normal distributed random vector

results from diversity studies may be applied. These modelgs the probability density function (pdf)

have been validated by comparing the statistics of aggregate 1

metrics, such as channel capacity or channel eigenvalues [5]. f(x) = —= exp[—(x — W R (x — p)], (1)
Three main deficiencies are evident in previous work in ™ |R|

this area. First,_although_multivariat_e comple_x normal mode\}%ere{.}H is conjugate transposR, is the covariance matrix,
are widely applied, the differences in the various models hayg is the dimensionality ofR, and u is the mean ofx.

received little attention. Second, these statistical models ¥FBnsider a MIMO system withV; transmit antennas and

often presented without any physical interpretation of thﬁ'R receive antennas, whos§j x N channel matrixH is

channel's multipath behavior. Third, very litle mention issmposed of zero-mean complex-normal distributed elements.

made of how to generate realistic covariance matrices, asfigs covariance of thejth andk(th elements o is
from computing them directly from measured data or using

possibly over-simplistic correlation functions. Rijee = E{Hi;H},}, (2)

I. INTRODUCTION



whereE {-} is expectation. To writR as a standard covari-u; = Re{ax} and v, = Im{as}, the complex normal
ance matrix, we normally leh = Vec{H}, whereVec{-} is distribution may also be represented by the 4-variate real
the vector (or column stacking) operation, and comfte- Gaussian vectofu; u, v v2]7 with covariance matrix

E {hh}. This stacking operation is equivalent to defining R R 0 B

the row ¢’) and column k') indices to bei’ =i+ (j — 1)Ng 1 7,12 1,12

and k' = k + (¢ — 1) Np. Ro— | fre Bn SR 0 ) )
Since the full covariance is afNg Nt) x (Ng Nz) matrix, 2 R T2 R 1 5’12
the number of parameters may be prohibitive from a modeling 1,12 0 R,12 22

perspective. Two important simplifying assumptions reducene power correlation of théith and ¢th elements of the
the number of independent paramete3sparabilityassumes complex normal vector is
that the full covariance matrix may be written as a product

. . . . _ 2 2 2 2
of transmit covarianceRr) and receive covariancéR(z) or Rpxe = E{|ax*|ac®} — E {Jax[*}E {|ac|}
Rijxe = Rr.xRr ¢ For such channels, the transmit and =E{(u} +vi)(uj +v7)} — 4E {u} }E {uj }
;escelve covariances can be computed from the full covariances = 4E? {upue} + 4E? {upe}, @)

| Nn | Nr where the identityes { A2B?} = E {A?}E { B>} +2E? {AB}
Ry = — ZRki,kja RRij = = ZR’L"W’“ (3) (true for arbitrary real Gaussian random variablesind B)
St B 1 and the structure of (7) were used. The magnitude squared of

wherea and 3 are chosen such that the complex envelope correlation is

Nr Nr |Riel* = |E {ugur} + E {vpve}
af =3 > Rikokts @ + 5(~E {urve} + E {opug})
_ o =1 _kz:l = 4E? {upue} + 4E? {ugvy}, 9)
This assumption is equivalent to the Kronecker model, ] i
whereR = Rp @ Ry, Rg = o 'E HHH} RI = andthereforeRp = |R|?. Thus, for a given power correlation

. H 97\ 1/2 . Rp, we have a family of compatible complex envelope
BT'E{H"H}, a = = (E{HHHF}) » where{-}" is  correlations. For simplicity, we leR = /Rp, where /-
matrix transpose. is element-wise square root, to obtain the complex-normal
Shift-invarianceassumes that the covariance matrix is onlgovariance matrix for a specified power correlation.
a function of antenna displacement (not absolute antenna
location) and holds for special array structures such as uni- Ill. CHANNEL MEASUREMENTS
form linear arrays in the presence of far-field scattering. TheFigure 1 depicts the measurement scenario for the data
relationship between the full covariance and shift-invarianiescribed in this paper. Channel matrices were measured in the
covariance Rg) is Electrical Engineering Building on the Vienna University of
Ry = Reir ) Technology Campus at 5.2 GHz [6]. The transmitter cor_lsisted
skl = ARSi—k =t of a positionable monopole antenna on a 20xd) grid
The combination of separability and shift-invariance allowsith /2 inter-element spacing. The receiver employed a
full covariance matrices to be generated from existing corrgdirectional 8-element uniform linear array (ULA) provided by
lation functions such as Jakes’ model. T-Systems Nova GmbH, having.4\ inter-element spacing
B. Power and Complex Envelope Correlation and a 3 dB t_)eamwidth of20°. The_ channel was probed at
: Nr=193 equi-spaced frequency bins spanning 120 MHz of
A zero-mean multivariate complex-normal distributed vegandwidth. The transmitter assumed a single fixed location in
tor x is completely characterized by the covariance matrixhallway. The receive array assumed many different locations
R = E{xx"}. We refer to the covariance computationn several offices connected to this hallway, as well as three
E {xx"} as thecomplex envelope correlatianethod. Much possible orientations: (D1)° (due south), (D2)-120°, and
of the research in antenna diversity has involved the me#®3) —240°. The data set for locatioX and orientationt” is
surement of power without phase, leading to plwaver enve- referred to herein aX'Y. For each data sely3=130 channel
lope correlationRp = E {(|x|> — pp)(|x|> — pp)*'}, where matrices with Ny-=8 transmitters andVz=8 receivers were
pp = E{|x[?}, and| - | is an element-wise absolute valueformed by moving a virtual 8-element ULA over the 20x10
Interestingly, for a zero-mean complex-normal distributiogrid. The channel matrices for each data set were stacked into
with covarianceR, the power correlation matrix is simplya single Ng N7 x NgNg matrix H.
Rp = |R|?, where| - | is element-wise absolute value. This A multivariate complex normal distribution at each location
can be seen by considering a bivariate complex normal vecterplausible, since small movement only affects the phases
[a1 az]T with covariance matrix of the multipath components (not the overall multipath struc-
ture), leading to small-scale Rayleigh fading. Three complex
normal models were considered by specifying three different
covariance matrices: (1) full covariance [FC] and separable
where all Ry, are real scalars, and subscripis and I Kronecker covariance with either (2) complex envelope corre-
correspond to real and imaginary parts, respectively. Lettitation [KCE] or (3) power envelope correlation [KPE]. The full

Ry Rpi12 —jRr12
R = . ’ ’ 6
Rpj2+ jRr12 Ry ’ ©)
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H y j L candidates for MIMO channel modeling? We feel that capacity
7‘R o alone is not sufficient to judge the accuracy of a MIMO
o [ ool ul channel model. Matching capacity only requires matching the
B [ 280 H behavior of the eigenvalues of the channel, which ignores
D2 D3 64 ° the structure contained in the eigenvectors. The eigenvectors
vy | R L contain key information about the directional propagation
f” ), e © o | of multipath components, which we refer to asultipath
‘ J RX3 RX6 RX9 structure If a proposed model does not capture this multipath
| A [] structure, it may b_e Who_lly. madequate; for mode_lmg physical
e © o antenna systems in realistic propagation scenarios.
O o ma ma | To provide a graphical view of the multipath structure
— | described by the various complex normal models, we propose
axs ® ® the use of a joint transmit/receive beamformer. We define the
i Fr Rx10 Rx12 || joint transmit/receive steering vectatog, ¢r) as
7 ‘ [ 1
a(¢r, ¢r) = ar(¢r) @ ar(or), (10)
Fig. 1. Measurement Scenario . . .
where the standard separate transmit/receive steering vectors
are
covariance matrix for a fixed receive location was computed aq(dq) = explik(xqospq +ygsingg)],  (11)

by considering each of th¥» frequency bins andVs channel | voo iheith transmit or receive antenna is located at coordi-

realizations as samples of a single distribution and computifgse (a.iy0.0), k is the free-space wavenumber, ang and
N2l Nyl ’

_ -1 H i
R = I(NSNF)I E{HH | }. The Kronecker cov(zjirlfance ;OrqST are receive and transmit azimuth angle, respectively. Many
complex envelope correlatiomR(,) was computed from the jqine heamforming spectra could be considered based on

full covariance according to (3). Finally, the Kronecker covar he joint steering vector, but for simplicity, we chose the
ance for power envelope correlatioR  p) was computed as Fourier spectrum, defined as

Rip = [Ri|. ;
IV. CAPACITY COMPARISONS M(¢r, ér) = a(¢r, é7)" R a(ér, ¢7), (12)

Capacity was computed for each data set with the watdyhich is normalized to obtain a maximum value of unity.
filling solution assuming an average single-input single-output Figure 2 depicts a histogram of the percent absolute mean
(SISO) SNR of 20 dB. All three of the considered complegITor of the KCE spectrum compared to the FC (true) spec-
normal models produced capacity pdfs that were very closetfgm, indicating error ranging from about 10% to 60%. Next
the capacity pdfs of the actual data. To illustrate accuracy We consider three interesting cases, exhibiting the lowest error
capacity on a set-by-set basis, average absolute deviation W), typical error (28%), and the largest error (59%).
computed ag) = (1/NS)ZJ:LS1 lears — casl/|cas|, where Figure 3 depicts data set 16D1, exhibiting the smallest
N is the number of data sets and;, and c,, are the deviation of the KCE spectrum. The good match results
modeled and actual mean capacity for datasseespectively. because _only a single transmit direction is important, causing
The percent deviation for the three models was only (1) 0.49he covariance to be nearly separablg. We see also that the KPE
(2) 2.7%, and (3) 0.6%, indicating that all the complex norm&nodel tends to focus the spectrum into a single path, due to

5D2, a case with more typical error. We see that although the
V. JOINT TRANSMIT/RECEIVE BEAMFORMER KCE spectrum bears strong similarity to the true FC spectrum,

Since the complex normal models are able to predict capatrarp peaks tend to be smoothed out and small artifact peaks
ity statistics quite well, are all of these channel models goade created. Finally, Figure 5 shows data set 13D2, exhibiting
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Fig. 3. Spectra for the various models for data set 16D1, exhibiting tikég. 4. Spectra for the various models for data set 5D2, exhibiting typical
lowest error. error.

the poorest match. The true spectrum shows that we have thnek response may be written as a sum of propagating plane
important propagation paths, and that each transmit directioaves. For the indoor channel, however, these models may be
maps to one and only one receive direction. The KCE spectramippled by diffuse scattering mechanisms. Even worse, there
illustrates the main problem with the Kronecker model. Bynay be so many arrivals that the limited temporal and spatial
forcing the spectrum to be separable, each transmit directi@solution of realistic probing systems prohibits identification
is coupled with each receive direction, substantially alterirgf all of the propagation paths, leading to a channel that is
the joint spectrum. effectively diffuse.

These observations lead to two important conclusions re-The opposite philosophy of assuming discrete arrivals is to
garding the complex normal models. First, for systems wigkssume that the underlying arrivals are diffuse. That is, the
good angular discrimination (many antenna elements), tdigectional channel response is characterized by a continu-
KCE model may significantly alter the multipath structur@us power spectrum, and under small-scale fading conditions
present. Second, by discarding phase information, the KPgnall movement or frequency sweep), no permanent phase
model fails to retain any of the multipath structure. Thedelationship exists between power propagating in distinct di-
conclusions indicate the need for improved complex normegctions.
models that represent the detailed multipath structure correctiWe applied a new diffuse estimation technique (to be treated
without the complexity of the FC model. in a later publication) to obtain cluster parameters for each data

set. The key parameters to be obtained from the estimated

V1. COVARIANCE GENERATION WITH THE SVAMODEL  c|ysters are the distribution on cluster departure and arrival

In the absence of measurement data, how does one constamgile, cluster decay constamy)(and cluster angular spread at
realistic covariance matrices? The joint spectra of the indowansmit ¢r) and receive{g). Cluster departure angle at the
data in this paper exhibit between one and five main propadeansmitter was found to favor propagation down the hallway,
tion paths (or clusters of paths), favoring path-based modelsd was approximated with a pdf proportional |tes(6)],
such as the one presented in [7]. In this section, clusters feith 0° as due south. Cluster arrival angle appeared to have
each data set are identified with a diffuse estimation technidjiile directional preference, and was approximated with a
and combined to estimate the SVA model parameters. Theiform distribution. A simple average was taken of the cluster
resulting model matches the capacity pdf for the data aaggular spread at transmit and receive to obtain= 11°
generates more realistic joint spectra than standard correlatod o = 17°. The cluster decay constant was obtained by

functions such as Jakes’ model. considering the three strongest clusters for each location and
o applying maximum likelihood assuming the Poisson arrival
A. Cluster Estimation process and exponential cluster decay. This process resulted

The double-directional channel is a powerful concept fon I" = 1.5.
system-independent channel modeling. Usually a discrete reFigure 6 depicts the capacity pdf of all the measured data
sponse is assumed, meaning that the double-directional chesmpared with the SVA model with the specified extracted
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Fig. 5. Spectra for the various models for data set 13D2, exhibiting tikég. 7. Joint spectra for Jakes’ model and two random realizations of the
highest error. SVA model.
0.12 I\‘/l ‘ g receive directions. The two random realizations of the SVA
casure model, on the other hand, look more like spectra obtained
> 0.10 from measured channels. Only a few paths, or arrival/departure
@ clusters, support power transfer through the channel.
(0] .
a 0.08 VII. CONCLUSION
= 0.05 | This paper has presented indoor measurements taken at
® the Vienna University of Technology Campus at 5.2 GHz
‘§ and applied a joint transmit/receive beamformer to show
a 003 limitations of the Kronecker model with either complex or
_ A\ power envelope correlation. A diffuse spectrum estimation
0.00 — ‘ ‘ ‘ scheme was used to obtain parameters for the SVA model
15 20 25 30 35 40 45 50 P !

which was able to match capacity pdfs of the data and produce

Capacity bits/s/Hz realistic joint spectra.
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