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Abstract — The detailed knowledge of the directional char-
acteristics of the mobile radio channel is required to develop
directional channel models and to design efficient smart an-
tenna concepts for future mobile radio systems. In this paper,
we examine the applicability and performance of two popular
high-resolution parameter estimation schemes for directional
channel sounding, namely subspace-based Unitary ESPRIT
and the maximum-likelihood-based SAGE algorithm. To this
end, an investigation of the resolution capability using a syn-
thetic scenario is carried out for both schemes by means of
Monte-Carlo simulations. The performance is also compared
to the Cramér-Rao lower bound (CRLB). Moreover, we ap-
ply both parameter estimation schemes to propagation data
generated by a ray-tracing model. This model is based on in-
door channel measurements generated by the wideband chan-
nel sounding system ECHO 24. The channel measurements
were taken inside a radio frequency shielded room (RFSR),
an environment dominated by severe specular multipath and,
therefore, can be considered a worst case scenario.

I. INTRODUCTION

Spatio-temporal radio channel measurements that include the
dominant directions of arrival (DOAs), the corresponding
propagation delays, and the complex amplitudes are desired
in a variety of applications like sonar, radar, and cellular com-
munications. In cellular communications, the channel esti-
mates are required to design efficient smart antenna systems
which exploit the inherent spatial diversity of the radio chan-
nel to achieve a significant increase in spectral efficiency.

Both parameter estimation schemes have been successfully
applied to channel measurement data. In [12], the SAGE al-
gorithm [3] is able to accurately estimate the dominant wave-
fronts in terms of their azimuth, delay, Doppler shift, and
complex amplitude. The channel measurements were taken
in downtown Aalborg, Denmark. In [15], the DOAs (azimuth
and elevation), the delays, and the complex amplitudes of the
dominant wavefronts of an indoor channel are estimated with
the SAGE algorithm, while the same scheme was used to es-
timate the delays and azimuths of wavefronts in a picocel-
lular environment [4]. A 2-D channel sounder [11] which
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is based on 2-D Unitary ESPRIT [7] and which provides
paired azimuth and propagation delay estimates of the dom-
inant multipath components has already been employed suc-
cessfully in several field experiments conducted by Deutsche
Telekom. In [6], the authors describe wideband direction-
selective downlink sounding results. In several field exper-
iments conducted by France Telecom in Paris, France, this
algorithm has been employed successfully, too. Here, high-
resolution estimates of the 2-D directions of arrival (azimuth
and elevation) of the dominant propagation paths were deter-
mined with 2-D Unitary ESPRIT for each estimated impulse
response tap delay separately.

In contrast to outdoor propagation [12], the slow motion of
receiver and transmitter as well as scattering objects allows
to neglect the Doppler effects in indoor environments. In the
sequel, we will, therefore, characterize the dominant wave-
fronts in terms of their two-dimensional arrival angles (az-
imuth and elevation), their corresponding propagation delays,
and their complex amplitudes. Channel sounding schemes
which estimate these parameters are explained in [8] and [15]
and are based on 3-D Unitary ESPRIT {7] and the SAGE al-
gorithm {3, 15], respectively.

To circumvent the costs of development and implementation
of new hardware for vector channel sounding, measurement
concepts based on conventional single channel measurement
techniques have been developed. The Rx antenna of the
ECHO 24 (ETH Channel Sounder Operating at 24 GHz), for
instance, can be moved along the 3-D coordinates of a virtual
antenna array with the aid of a stepping motor driven posi-
tioning device !. The ECHO 24 [14] uses a novel optical mil-
limeter microwave generation principle in order to measure
the complex impulse response of the channel with a band-
width of 1 GHz. In a postprocessing step, high-resolution
parameter estimation schemes such as 3-D Unitary ESPRIT
and the SAGE algorithm are applied to these channel mea-
surements.

!'Note that virtual channel sounding allows a more fexible choice of an-
tenna geometries such as, for example, a uniform cube array. On the other
hand, the technique of virtual channel sounding can only be applied to time-
invariant channels.
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II. SIGNAL MODEL FOR 3-D CHANNEL
SOUNDING

Space-Time Signal Model

In order to measure the channel of interest, a sounding signal
is emitted which equals

uc(t) = R {u(t) exp (27 fot)} 0))
u(t) = Y a(t—1T), ()

where a(t) = Zg;gl anp(t — nT,.) is the pseudo-noise
(PN) code with a, denoting the (possibly complex) code
chips, p(¢) is the shaping pulse, and the chips are of duration
T,. If a maximum length PN code is employed, the autocor-

relation function (ACF) reads

A Nemt N, if m = (N,
7'cm(m/) = Z a(n—i—m)modNCa;; = te Z
n—0 —1 otherwise

(3)
where a* denotes complex conjugation. It is assumed that
a finite number L of specular plane waves is impinging at
the Rx location of the channel sounder. The Rx antenna is
moved along the M sensors of a virtual antenna array lo-
catedatrq, ...,y € R® with respect to an arbitrary refer-
ence point with the aid of a motor driven positioning device
for the three dimensions. At the m-th position of the virtual
antenna array Ym,(t) = R {ym(t) exp (2nfot)} is received
by the Rx antenna. The narrowband assumption is valid since
B2 < 1holds, where B marks the signal bandwidth, a de-
notes the size of the antenna array, and ¢y is the speed of
light. Due to multipath propagation, L narrowband planar
wavefronts of wavelength )\, azimuth ¢,, elevation 9,, and
complex amplitude o, 1 < £ < L, are impinging on the vir-
tual array. Thus, the noise-corrupted received signal vector at
the output of the virtual antenna array can be written as the
superposition

és(t;ﬁl)
L .
Y(t) = Y arceu(t—m)+N() @
=1
u(t — 1)
= Cppd : + N (1), 5)
u(t — 1)
where the 2-D array steering matrix
Colla o e ©

contains the 2-D directional information and 4 =
diag{ay} 5’:1’ while 6, 2 [Te, de, V¢, ae] is the vector denot-
ing the parameters of the ¢-th wave. Two possibilities exist to
characterize the 2-D directional information: If the incidence
azimuth ¢ and the incidence elevation 4 are used to describe
the impinging waves, then

e ® c(¢e,9e) = [e1($1,%), .- -, em(L,90)]T (D
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denotes the steering vector for the azimuth and eleva-
tion of the f-th wave, whose components are given by
cn(®,9) = expg2mhl (e(9,9),rm) with e(s,9) =
[cos(19) cos(¢), cos(d) sin(¢), sin(¥)]T denoting the unit
vector in IR® pointing toward the direction determined by
¢, U, respectively. Alternatively, the steering vector ¢ can
also be expressed as a function of the spatial frequencies

5D 2 7 cos(¥) cos(d), u® 2 1 cos(9) sin(¢) resulting in

e

o (1) (2))

ce Be s by

T
= [ﬁ(uf’mf)),.--,cM(uﬁ”,uf’) . ®

The vector N (t) £ [N:(2), ..., NM(t)]T denotes a M-D
vector valued Gaussian noise process, whose first and second
moments are given by

E[N({t)] = 0
E[N(t+T)N(t)H] = NoInd(r) ©)
E[N(t—i-T)N(t)T] = 0.

To avoid aliasing, all signals inside the sounder are band-
limited to f, = 1/2T prior to sampling at the rate 1/7, =
M. /T., where M, denotes the number of samples per chip.

Space-Frequency Signal Model

For simplicity, we assume that a uniform rectangular ar-
ray (URA) of omnidirectional sensors is located at the re-
ceiver. Assume that the URA contains M; sensors in z-
direction and M> sensors in y-direction such that the noise-
corrupted array measurements at time ¢ are contained in
the matrix Yap(#), which is of size M; x Ms. Hence, the
noise-corrupted measurements equal Y (t) = vec{Vap(t)}.
Note that the 2-D array steering vectors of a URA may be
written as Kronecker products of 1-D Vandermonde vectors,

C(Pgl)v #52)) = C(ME”) ® C(ugl)), where
T
, r=1,2.
(10)

V) =1 ew” ... @M-Du?

Generation of Temporal Invariance Structure

Letr,p(7) = E{p(t + 7)p*(¢)} be the autocorrelation func-
tion of the chip waveform p(t) such that ACF of the periodic
sounding signal u(t) with the correlator sequence a(t) =
Zﬁ;‘ol amp(t —mT,) is a periodic repetition of 75, (7) with

period T' = N.T. according to

o

Tua (1) =E{u(t + T)a" ()} = Y Taa(n) rpp(r — nI).
e 1)
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Its Fourier series will be denoted as
1 [T L
Rya(n) = -—/ Tua(7)e 2T 4,
T J_ 12

Then it is well known that the Fourier series of ryq (7 — 7¢) is

given by e 2" F R, (n) = e’ Ryq (n) , where u(a) =
—2n1,/T and the propagation delay 0 < 7, < T. If
Tua (1) and 7yq (1 — 7¢) are sampled above Nyquist rate, this
property still holds for the DFTs of the resulting sequences.
Due to the fact that the array measurements Y(t) = y@®)
are sampled at the rate f, = T , the correlator (11) can
also be realized in the discrete time domain. Using N.M.
samples of the correlator output, we perform an (N M, )-
point DFT for each antenna. Note that only the spectral
lines that correspond to the M3 largest values of R,,(n)
are computed. Thereby, the influence of the additive noise
and the computational complexity can be reduced signif-
icantly. Note that the received signal after the correla-
tor reads yeor(n) = E{y(t +nTs)a*(t)}. Let each row
of ycor — [ycor(l) . ycor(NcMc)]T € C(Ml M) x(N.M.)
contain N, M, samples of the output of the corresponding
antenna after the correlator. Then the transformation of
the space-time channel model to a space-frequency channel
model is achieved by post-multiplying Ve, by the (N. M) x
M; DFT matrix W such that Ysp = Y.o:W. It is well known
that each column of W is of the form

we=[1 e itwo g i2two e—i(McNe—1)two ]T,
where wg = 27 /T Here, the columns of W compute M3 <
(N.M,) spectral lines centered at DC according to

W= [ WN Mo -(Mg~1)/2 " " Wo W(nmg—~1)/2 ] s

where we have invoked the wrap-around property of the DFT
matrix. Due to the described Fourier properties and assuming
that the channel is time-invariant over N snapshots, Ysp(n)
can be expressed as

Vip(n) = Zae (1), 1) (@) TA+ N (n), (12)

where AN'(n) contains the additive noise in the space-

frequency domain, the Vandermonde vector c(u(s)) is de-
fined in (10), and

A= diag{Ruc(n)};ﬂiizii(ﬂ,{a_l)/g .

Apart from this diagonal matrix A, Ysp(n) may be inter-
preted as a single snapshot of a (virtual) uniform cube array
of the size M7 x M3 x M3 corresponding to the nnth repetition
of the spreading sequence,

Yip(n) = vec{y(n)l\“l}

= Za, ouf®) @ e(uf?) @ eluf") + vee (N(m)} .
=1
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Then the data matrix Y, € CMMzMs)XN oqualg
Yo = [ vee {Vi(1)A*} vec {Vu(N)A71} ].

If we assume ergodrcny, the space-frequenc covariance ma-
trix may be estimated as® R, = 7 - YapY3y3. Moreover, the
corresponding noise covariance mamx

Rnn =E {vec {N@)A™'}vec {N(n)A™! }H} 13)
can be obtained in a similar fashion [1].

1. 3-D SAGE

Maximum-Likelihood Estimation of Superim-
posed Signals

The problem at hand is the ML-estimation of the parameter
vectors 8¢, £ = 1..., L. We can apply the ML-estimator both
to the space-time (4) and the space-frequency model (12), but
we restrict our attention to the space-time case. Note that the
parameter L is fixed to a value large enough to capture all
the dominant impinging waves. The loglikelihood function

of § £ [61,...,0L] given an observation Y (¢) = y(t) over
the time interval [0, T') is [13]

A(8; y)— [ / R {s"(t;0)y(t")} dt’ / lls(t'; 0)li dt']
(14)
where s(t;8) = Z 1 8(t;8¢). The maximum-likelihood es-

timate (MLE) of 8 is a value of ¢ that maximizes the function
08— A(6;y):

OvL(y) € argmax {A(6;9)} - (15)

The calculation of Gy (y) is computationally prohibitive due
to the high dimension of @ for large L and because no closed
formula exists which expresses the global maxima of the non-
linear function § — A(#;y). Since the values of the complex
amplitudes maximizing A(f;y) can be expressed in closed
form as a function of the other parameters [5], the compu-
tation of the MLE of @ is a 3L-D non-linear optimization
procedure.

The SAGE Algorithm

The SAGE algorithm is a sequential way of finding the MLE
(15) and has been derived in its general form in [3]. The
method can be viewed as an extension of the EM algorithm
[2] and is known for his faster convergence. The derivation
of the SAGE algorithm for joint delay-azimuth-elevation es-
timation follows the rationale in [5]. In the following we
sketch the basic ideas and the resulting formulas.

The 4L-D parameter space is split up (subdivided) into 3L
overlapping 2-D parameter subsets {7, ¢}, {¢¢, ¢}, and

2Instead of this rectangular window, we may also use a sliding window
to compute Ryy.
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{9, ¢}, where £ = 1. .. L. The loglikelihood function (14)
is then maximized with respect to the parameters of each
subset while keeping the other parameters fixed. Since the
MLE of «a, can be derived in a closed form as a function of
[7e, de,Ye], the 3L 2-D optimization problems further reduce
to 3L 1-D optimizations. Analogous to [5], the coordinate-
wise updating procedures to obtain the estimate §” for the
parameters of wave ¢ given the estimate ', that contains all
the previous estimates of the waves’ parameters, is given as

1 —

argmgx{lz('r,qg’z,ﬁ’e; @(t;é'))’} ,

T[ =
‘%Il! = argmgx{(z(fl!"?zﬁlﬁ 'i'l(t;o:l))‘}a (16)
¥, = argmgX{IZ(ﬁ'a 2’,19;ie(t;9’))|},
& = rrpe (i 80 0 aus:0))
where
o(r . 0i2e8)) 26, 0) [ WY -yt dt,
’ (17)
and
P2 [
ﬁ:g(t;é') 2 oy - ZL: s(t;é;,). (18)
=101

Carrying out once the above updating procedure for all L
waves defines one iteration cycle of the SAGE algorithm. In
(17) a twice-fold correlation is performed. At first Z,(¢; '),
an estimate of a noise corrupted version of s(¢; 8;), is cor-
related with the transmitted signal u(t). In a second step a
spatial correlation is accomplished by the multiplication with
¢"(¢,9). The spatial correlation can be viewed as a 2-D
beamforming scheme. Furthermore, the total energy M T' P,
collected over all sensors appears in (16) at the computation
of &, as a normalization factor. It is important to note that
the 3-D SAGE algorithm implies no restrictions on the usable
array geometries.

Initialization of the SAGE

An initialization method based on a successive cancellation
gcheme is proposed. Starting with the pre-initial setting
¢ =]0,...,0],foreach¢=1...L,

T 2
7y = argmax /u*(t’ —7)&e(t';0")dt'| 3, (19)
T 0
oy A A (4.0
(%, 9) = argmax { |2 (77,0, 0:268) |} , @0

while the estimate of the complex amplitude is computed
according to the last equation in (16). It should be noted

1327

that at the initialization of the ¢-th wave all parameter es-
timates corresponding to £ > ¢ are still 0, ie. 6 =
67,...,6,_,,0,...,0] and therefore the computation of (18)
reduces to &;(t;§') = y(t) — Xy s(¢;6%). Since in (19) ¢’
and 9’ are unknown, £(¢;8') is incoherently summed over
all sensors to provide the initial delay estimate. The 1-D
beamformer for ¢ assuming ¥, = 0 yields an erroneous esti-
mate of the azimuth ¢, if J; # 0. Therefore, the initialization
(20) is accomplished by a 2-D beamforrning scheme.

IV. 3-D UNITARY ESPRIT

Two-dimensional centro-symmetric array geometries (such
as a URA) are required by 3-D Unitary ESPRIT [7] to pro-
vide high-resolution estimates of the L three-dimensional

frequency triplets pgl), “gz)’ and u?) in a simple and effi-

cient way. If desired, 3-D space-frequency smoothing (using
subarrays of size Myp, X M, X Mgup,) can be applied to
Y., as explained in [9].

In the first step of Unitary ESPRIT?, forward-backward av-
eraging is achieved by transforming the covariance matrices
Ry, and R,, to real matrices according to

Gyy = Re {QfRyyQu} and Gun = Re {Q RunQu}

where () as denotes a left II-real matrix that is also unitary.
Then a basis of the estimated signal subspace E; is deter-
mined through a real-valued generalized eigendecomposition

GyyEs = GuuE,; - T with T =diag{o;}lr,, Q1)

where the L dominant generalized eigenvectors of the matrix
pair Gy and Gy, form the columns of E;. Using the real-
valued signal subspace estimate E,, three real-valued invari-
ance equations are formed,

KnGnaEsYr & K(7)2GnnEs € R™*F, (22)

r = 1,2,3, where the three corresponding pairs of se-
lection matrices K(,); and K., are constructed as de-
scribed in [7, 9]. The three invariance equations (22) may
be solved independently via least squares (LS), total least
squares (TLS), or structured least squares (SLS) or jointly
via a three-dimensional extension of SLS (3-D SLS), yield-
ing three real-valued matrices Y, € RY*F ¢ = 1,2,3. We
use a Jacobi-type method to calculate a simultaneous Schur
decomposition of several matrices. The Jacobi type method
calculates the orthogonal matrix © such that the R = 3 ma-
trices
U,=0"Y,0, 1<r<R,

are approximately upper triangular in a least squares sense.
The diagonal elements of U, are denoted as u%), 1<¢<L.
Then automatically paired frequency estimates are obtained
as

ugr) = 2arctan (’ux,)) , 1<¢<L, 1<r<R.

3 the sequel, 3-D Unitary ESPRIT as presented in [7, 91 is modified
slightly to take into account a noise correlation matrix Ry, that is not nec-
essarily equal to the scaled identity mairix, i.e., colored noise.
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Further details with respect to 3-D Unitary ESPRIT are found
in {7, 9]. The complex amplitudes can be estimated in the
space-time domain as described in [8].

V.  COMPARISON BASED ON SYNTHETIC
SCENARIOS

In Monte-Carlo simulations, we have used a length 15 PN se-
quence with a bandlimited rectangular waveform of duration
T.. A URA of size 5 x 5 with interelement distance 0.45\
was employed. Two wavefronts (¢; = 90° + A¢/2, ¥ =
30° + A9/2, 1y = T, 1 = VSNR, ¢ = 90° — A¢/2,
% = 30°—-AY/2, 1 =1 =T¢, a2 = 3vSNR) with equal
power are impinging on the array. The separation A¢ and
A9 of the two waves in the azimuth and elevation domain is
expressed as multiples of the corresponding main lobe beam
width ¢ = 29.404° and 95 = 50.929°. In accordance with
the channel sounder ECHO 24 [14], only one sequence is
evaluated which corresponds to one snapshot in the space-
frequency domain. Moreover, space-frequency smoothing
using subarrays of size Mub, = Msw, = 4, Mup, = 5 is
employed. The root mean square error (RMSE) of the esti-
mated wave parameters (100 simulation runs were employed
for each point) is used to compare the resolution capability of
3-D Unitary ESPRIT with 3-D SAGE as a function of A¢ and
Ad. The RMSE of the parameters estimated with 3-D Uni-
tary ESPRIT is slighty above the CRLB, while 3-D SAGE
coincides with the CRLB, cf. Figure 1. For A¢ and Ad con-
verging to 0, the convergence time of 3-D SAGE increases
such that full convergence is still not achieved after 100 it-
eration cycles. In this situation, the RMSE of 3-D SAGE
deviates slightly from the CRLB.

VI. COMPARISON BASED ON MEASURE-
MENTS

Favourable geometrical properties of the radio frequency
shielded room (RFSR), cf. Figure 3, allow us to efficiently
set up a ray-trace model . Based on the geometry of the
RFSR and ray-tracing, we computed wave parameters of the
50 strongest paths (V. = 127 length PN sequence, URA of
size 7 x 7). For Unitary ESPRIT, the subarray size in the fre-
quency domain was set to My, = 97, a nearly optimal value
to yield maximal delay resolution. The spatial subarray size
was chosen to 5 x 5. Figure 2 shows the results that can be
achieved using 3-D SAGE and 3-D Unitary ESPRIT. Both
schemes were able to estimate all impinging wavefronts.

The performance in terms of accuracy, memory require-
ments, and computational complexity of both schemes de-
pends on numerous parameters: 3-D Unitary ESPRIT has

4This ray-trace model has been verificd with measurements [10] inside
the RFSR taken with ECHO 24 in combination with the 3-D SAGE algo-
rithm. Note that ECHO 24 uses a sequence length of N = 1023 and an
oversampling factor of M. = 4. To obtain a comparable delay resolution,
3-D Unitary ESPRIT requires an Mgy, > 300, thereby causing high mem-
ory demands. The memory requirements may be reduced significantly if the
channel delay spread (as in this case) is much smaller than the duration of
the correlation sequence. This is under current investigation.
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Figure 2: Delays and azimuths of the propagation scenario in
the RFSR calculated with the virtual imaging method and es-
timated with SAGE (upper plot) and Unitary ESPRIT (lower
plot).

been found to be sensitive to the size of the (temporal) subar-
ray, Mubs , While the performance of 3-D SAGE is influenced
by the choice of the angle and delay discretization which are
used to compute the arguments of the maxima 3in (16).

VII. CONCLUSIONS

It has been demonstrated that both 3-D Unitary ESPRIT and
3-D SAGE are high resolution schemes suitable to resolve
the impinging waves at the measurement array with respect
to their delay, incidence azimuth and incidence elevation in a
severe multipath scenario.

5Typically, the azimuth, elevation, and delay estimates are computed with
finite quantization. If the improvement of the parameter estimate (16) from
one iteration cycle to the other becomes smalier than this quanitization, the
estimates saturate before complete convergence is achieved
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