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ABSTRACT 

In MIMO wireless communication using space-time coding 
techniques, it is impotant to understand chnnel characteristics 
so that optimum coding schemes, aray conigurations, and per
formance analysis can be developed. Increasingly, understanding 
of MIMO channels is being aided by direct channel probing ex
periments to measure transfer matrix, H. An altenate channel 
representation based on propagating ray parameters has many ad
vantages. We propose an algorithm to compute high precision es
timates of channel ray parameters directly rom H measurements. 
Examples are presented where rays e identiied, and departure 
angles, arival angles, and complex path gains are estimated. 

1. INTRODUCTION 

As the ield of Multiple Input, Multiple ouput (MIMO) wireless 
communications develops, with its promise of dramatic capacity 
improvements, it becomes important to understand the character
istics of the real-world MIMO channel. Accurate channel models 
based on channel probing measurements are cucial in develop
ing new space-time coding schemes and analyzing their perfor
mance. A number of researchers are reporting experiments where 
the MIMO channel trnsfer matrix, H, is being measured for spe
ciic antenna arrays [I, 2]. In other work, a specular scattering 
parametric ray model is adopted and probing systems have been 
used to estimate individual ray parameters [3,4, 5, 6]. 

These two representations are both useul for channel prob
ing, and each has advantages. H is eminently usable in design
ing space-time coding schemes and channel capacity calculations. 
From an experimental channel probing perspective, H is easier 
to measure directly (and in less time) han are the ray parameters 
[I, 2, 7, 3]. However, the parametric ray model, which we des
inate C(" 9), is more closely tied to the physical channel prop
erties. It is a lower dimensional representation, and is therefore 
better suited for parameric, or statistical channel modeling eforts 
The ray model is easily interpreted in tems of the physical scatter
ing objects present in a channel. Perhaps more impontly, given 
C(>, 9), it is possible to compute H for any aray coniguration, 
not just the one used in probing measurements (3). 

This paper presents an algoithm which can compute, rom an 
obseved H marix, precision estimates of the underlying ray de
paure and arrival angles and path gains. Some researchers have 
reported excellent work in estimating ray parameters using antena 
array probing systems [4, 5, 6]. As compared with these methods, 
the proposed algorithm has the following advantages: I) Estimates 
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are formed directly rom H measured with arbitay arays; spe
cial aray conigurations for channel sounding are not required. An 
H maix estimated as pat.of a space-time coding channel estima
tion process can be used directly to obtain ray parameters. 2) No 
spatial smoothing is required for nk enhancement, so more rays· 
can be identiied for a given aray size. 3) No beamfoming, wih 
its inherent resolution limitations, is required. 

1.1. Channel Ray Model 
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Fig. 1. Illustration of MIMO wireless propagation in a multipath 
environment. Individual ray paths in channel model C(,,8) are 
shown with deparre and arrival angles ()" and e,) and complex 
path gains, (b,). The coresponding chanel nsfer·matrix, H, is 
an altenate model fomed as a superposition of aray responses 
induced by the multipath rays. 

Figure I illustrates the MIMO propagation c.el We assume 
propagation in the horizontal plane only, lat fading, and specular 
scattering. The method described below however can be extended 
in the obvious way to 3-D propagation with scattered rays in a 
volume rather than a plane. 

The chanel ray statisticai model is based on Spencer's [7], 
which is an extension of [8]. To the Spencer model we add a ray 
depe angle, 9, and drop he time of ril ems since we e 

dealing with nrrowband lat fading communications. The channel 
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is represened s a sm of dicrete ay paths: 

K 
0(),9) = .. Ebk5()-t.,9-e,), (1) 

"=1 

where t" nd a" e he de and arial angles respectively 
for the kl" ray in the channel m ransmit o receive rray. As 
in [7], t" and a. e realized as andom riables with a mixture 
of unifon and Laplacian distributions based on a cluster model. 
Complex ray pah gain, bc = Pc ejp�. p" is Rayleigh disributed 
with a random mean dran m a double exponential disibution, 
nd Jc is unifom (0, 2"). 

The MIMO narowband transfer matrix, H, elates the com
plex nsmit aay excitation ector, a, to the obseved eceiver 
rray element response vector, y, as y = Ha·, whee· indicates 
complex conjugate. One can compute H in a straightfoward man
ner rom C(), 8) for any given ansmit and receive aray conig
uration. 

K 
H E b" q(a,) W()k)H, where 

"=1 

q(8) [dr(8) 0 vr(8W , 
w(» = [dt(» 0 Vt(>W , 
vr(8) = [e;�·', ... i�FL·"lT, 

s i cos 8 + JSin8. 

(2) 

where '0' indicates he element-wise Schur matrix product, Ji, is 
complex conjugate ranspose, nd '.' is the inner poduct of 3-D 
vectors. ; and ; e he 3-D position vectors for the r" elements 
of the transmit and receive arays respectively. Vr (» is the receive 
aray steeing vector for direction 8 (i.e. aray response to a unit 
plane wave m direction 8), dr(8) is the vector of individual 
ntena element directional responses , and i and J e unit vectors 
along£ and 1 axes respectively. Vt(,), t., and dt(,) e deined 
similarly. 

Though the fd relationship of equation (2) is readily com
puted, it is the iverse relationship of inding C(>,8) rom H 
which is of interest here. The following section pesents an ap
poach to solve this ill-posed inverse problem. 

2. AN ALGORITHM FOR AY PARAMETER 
ESTIMATION 

The roblm addressed in his section is as follows: given an ob
seved H obtained rom a chnnel probing expeiment, estimate 
he number of multi ah rays, K, nd ray parameters ., e., p" 
nd J" for each ay. If xciation vecor, a is length N (i.e. N ele
ments in the nsmit ray), nd receive vector y is length M, then 
k{H} 5 min(M, N) s as n upper bond on the number 
of iniviual ays hat cn be ientiied. The algorithm pesented 
hee uses a USIC - like subspace decompositin approach and 
can identiy up to mine M, N) -1 rays. This equires that the pob
ing arays have moe annna elemens n the epected number 
of multipaths, which for rich scang eironments implies that 
the rays must e of signiicnt size. We have dveloped a diect 
H indoor chanel probing system that us up to 16 element 
rays at each end. This is descibed in a following section. 

A high resoluion angle of ril estimation algoim is e
uired. Not only do we nticipate channel ays to e in tightly 

spaced clusters [7], but experiments have shon that even for a 
simple case of ee widely spaced rays, the obvious "matched il
" 2-D beamfoner peak picking approach, 

(3) 

is ueliable, nd oten esoles only the srongest ay. 
The proposed algoithm consists of two phases. In phase one, 

high resolution estimates e made separately for the ray angles 
of depe rom the transmit rray, nd angles of arrial at the 
receive aray. In phase wo, coesponding depe and aival 
angle pairs are matched for each multipath ray, nd complex ray 
path gain is computed. For phase one, we express equation (2) in 
marix fon and explicitly include he obsevation noise tem, N, 

H = QBWH+N,whe (4) 
Q = [q(81), . . 

· ,q(9K)], 
w = [w()t),'" ,W()K)], 

B = diag {b}, b = [bl,· . . ,bKf. 

H can also be represented by its singular value decomposition, 

(5) 

where subscript' 8' indicates the ptition of singular vectors cor
responding to the signal subspace, i.e. hose with signiicant eigen
alues in diagonal A. Subscript 'n' indicates he noise subspace, 
and noise dominant singular values. 

U. spns the same space s Q, and is othogonal to Un. Like
wise, V. has the same span as W. Thus USIC scans for both 
ray depture and aival angles cn be foned, and ray angles es
timated as shon in the Phase I algorithm desciption below. False 
(extra) peaks can occur with a MUSIC scan, but e resolved in 
phase II. 

We note hat for cetain probing aay geomeies where an
tennas cn be ouped into two identical sub rays, n ESPIT 
[4, 5] approach could be used for phase one. ESPRIT may be pre
fered, jf ray geomery resictions are toleable, because of is 
more desirable angle estimation popeties. The method presented 
here is more general. 

In phase II the corespondence between�" nd e, estimates 
must e established, and complex ray gains, � estimated. The 
corespondence poblem is non-rivial because a channel with K 
rays has K! distinct possible paiings of indices k and I. Given 
�" and e, and assuming i.i.d. Gaussian measurement noise, the 
maximum likelihood estimate for pairings and ay gains is, 

[3,1) = rgminIlH-QPBWHII�, such that, 
B,P 

p = [ .�. 
o 1 0 ... 

(6) 

whee B is consained to be diagonal and P is a pemutation ma
ix with each w nd column containing at most one 'I.' Place
ment of these ' I 's associates columns of Q (and hus arrival an
gles, el) with columns ofW (i.e. �k). Q and Ware foned 
as in equation (5) but using phase I angle estimates, and without 
nwledge of corect column ordeing. The diiculy with equa
tion (6) is that the optimization crieion is not convex in P, and 
therefore solution requires an exhaustive search over all K! pos
sible conigurations for P. The proposed algoithm amatically 
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reduces the search space by limiting the number of candidate de
paure - arival ngle paiings. 

Consider the least squares solution of equation (5) for unsuc
ured B (not forcing diagonality), 

(7) 

where t denotes matrix pseudo inverse. Obseve that B � P B, 
where the approximation is due only to estimation erors in�k and 
fh, and aray calibration erors. Neglecting these errors,B would 
have non-zero elements only at locations coresponding the 'I 's in 
marix P, and can thus seve to identiy P and match departure 
and arival angle pairs. If P is knon nd B is constrained to be 
diagonal, then the solution to equation (6) reduces to the closed 
fom 

b = Ath, (8) 
h = vec{H} 
A = [wr®Qpll···lwK®QPK], 

where ® is the ronecker maix product, and Wk and Pk indicate 
the kth columns ofW and P respectively. The phase II algoithm 
described below exploits these relationships and uses a shot inter
action to solve equation (6) in the presence of eror inB. 

ALGORITHM STEPS. Phase I 

I. Compute patitioned SVD matrices of H, Un and V n, as 
in equation (5). 

2. Compute MUSIC spectra for depaure and aival angles 
as 

1 (9) 

ST(8) 

using a dense sampling in P and 8 (e.g. 0.1 deree sample 
increments). 

3. Fom uncoupled estimates separately for ray depaure and 
arival angles coresponding to local USIC spectrum peaks. 

Phase!! 

= rg kth local max St(P) , 
p 

rg lth local maxST(8). 
8 

I. Compute unsucred B as in equation (7). 

(10) 

2. Deine T as a hreshold value such that 2K elements, bk 10 

ofB have magnitudes greater thn T.Let 
' 

P={Pkl} wherePkl= { 1 Ibk:d�.T (II) 
, , , 0 OtheWlse 

In other words, non zero entries in P corespond to he 2K 
largest elements ofB. These are candidate ray angle pairs. 

3. Repeat he folIowing steps K times. 

(a) Find the ray pre rial angle pair that con
tibutes least to reducing eror in the foward mod
eled H. Using equation (8) to solve for B for each 
(k, I) pair in the minimization, ind 

(k',l') = rg min IIH - QPBWHII�, (k,l)eS,B 

whereS= {V(k,I)lpk,1 = I}. 
(b) Remove this pair rom P, i.e. Pk' ,I' = O. 

4. The inal P contains the K corect ray ngle pairings, and 
is used in equation (8) for the inal estimate of b. 

In he preceding discussion, it was assumed that the number of 
rays, K, was known. Of course, K must be estimated. This could 
be done using standard model order estimation tecniques, such as 
the Minimum Desciption Length, or the Akaike Infomation Ci
teion. However, excellent results were obtained by simply repeat
ing the algorithm above with increasing alues of K. Icrementing 
K is stopped when the eror nom computed in Phase II step 3 a) 
fails to decrease wih increasing K. 

3. SIMLATED RESLTS 

Figures 2 and 3 present test results for wo cases of simulated H 
probing measurements. The channels were synthesized as random 
samples of the statistical ray model in [7]. From the channel de
scription, C(P,8), equation (2) was used, with added noise, to 
fom H. A carrier requency of 6.0 GHz was used (to pemit 
comparisons with previous direct ray probing measurements using 
narrow beam dish antennas [3]). Both transmit and receive arrays 
consisted of 13 vertical monopoles arnged in a symmetric cross 
coniuration in the hoizontal plane. Unifom inter-element spac
ing between neighboing elements was 0.05m (1.0x). This aray 
desin pemits resolving up to 12 rays, and eliminates he ront
back ambiguity encountered with a unifom line array. As seen in 
the igures, excellent ray parameter estimates were obtained. 

Figure 4 shows the transmiter half of a probing system we 
have developed for directly measuring H for antenna arays of up 
to 16 elements each. We have collected an number of data sets 
in the 2.4 GHz band using patch antenna and �x spaced verical 
monopole arays. We are in the process of developing precision ar
ray response calibration techniques so that these H measurements 
can be used in the high resolution ray prameter estimation algo
rithm presented here. 

The proposed algorithm has poved to be vey reliable in a 

wide range of trials with synthesized H. It degrades graceully 
with increasing noise level, which is sometimes not the case for 
high resolution DOA estimation methods. The next step in our 
sudies is to process real-world probe data rom our test platform. 
This will require better aray phase and gain calibration than cur
rently available. We are developing an in situ self calibration method 
based on Bayesian optimization assuming a sparse point-like dis
tribution for ray angles. 
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Fig. 3. Ray parameter estimation with 45 dB SNR in the synthetic 
H probing matix. This SNR level is commonly achieved with 
the probing test platfom described in Figure 4. Nine rays where 
found; the actual channel had eight. One aial angle was mis
estimated but the others show good corespondence. 

Fig. 4. Transmitter section of he MIMO channel pobe system. 
This system can directly measure H between two indoor sites for 
arays as large as 16 x 16 elements. 
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