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High-Resolution Angle-of-Arrival Measurement
of the Mobile Radio Channel
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Abstract—The accurate planning of microcellular mobile radio  the occurring propagation phenomena are, therefore, receiving
networks requires a thorough understanding of the mechanisms increased attention. Result of this development is a growing
that govern radio wave propagation in urban environments. oqq for 4 more fundamental understanding of the dominant
Combined measurements of time delays and angles-of-arrival . . . . .

(AoA’s), both in azimuth and elevation, of individual multipath ~ Propagation mechanisms in the mobile radio channel. For
contributions are expected to be very helpful in the validation this purpose, a number of groups have been active in the
and improvement of existing ray-tracing propagation models. To measurement of channel characteristics at the level of the
this end, we have applied the uniform circular array (UCA)-  individual multipath components, in particular, by separating

MUSIC angular superresolution algorithm to complex impulse - . . .
response measurement data obtained from a synthetic uniform the multipath waves on the basis of their different propagation

circular array. Beamspace processing and forward/backward delay times and angles-of-arrival (AoA’s) [1]-[6].
averaging were applied to cope with strongly correlated signals. Delay measurements are usually performed in the time

The presented experimental results show that our approach is domain using the pseudonoise (PN) correlation approach [7],

capable of identifying the dominant multipaths in actual mobile g1 For the measurement of AoA’s, both directional antennas
t ts. . ' .

propagation enwonmens. . o . o [1] and (synthetic) phased arrays have been applied, the latter
I Igdex J?fmsngay t;e_lstlmatuon, direction of arrival estimation,  of which benefit from their relative ease of use and suitability
and mobile radio, mobile communication. for digital data processing schemes such as high-resolution

algorithms. Synthetic arrays have the inherent advantages that

I. INTRODUCTION mutual coupling between adjacent array elements is avoided,

S a result of today's rapidly growing mobile telecomand that the radiation pattern of the elements is not affected.

munications market, mobile network operators are cof'® MOSt common array geometries used in practice are
sidering various methods to increase the capacity of th&e uniform linear array (ULA) [5], the rectangular lattice
networks. Probably the most promising development in thi¢l: [3] and the uniform circular array (UCA) [4], [6]. A
respect is the deployment of microcells in urban areas whépgior drawback of the ULA is that it is not suited for two-
very high traffic intensities are expected. As is well knowrflimensional (2-D) (azimuth and elevation) AoA estimation.
ultrahigh frequency (UHF) radio wave propagation in urbaftS has been pointed out in [2], the common assumption
environments is typically a multipath phenomenon, i.e., signdRat all waves impinge from the horizontal plane leads to
travel between the transmitter and the receiver fo”OWir@)nsiderable errors in the azimuth estimation if the elevation
discrete paths. In microcells, the base stations (BS) are usu&liffers from zero. As compared to the rectangular array, the
mounted below the rooftop level and the line-of-sight (LOSYCA can be synthesized in a particularly simple fashion,
propagation path is often blocked. Then propagation via 8y placing an antenna on a rotating arm. Furthermore, due
flection, diffraction, and scattering from various objects in th® the rotational symmetry of the array configuration, the
environment becomes significant. resolution performance is independent of the azimuth angles
For the planning of macrocells, network planners hawf the incident waves.
traditionally been relying on the characterization of the mo- Thus far, superresolution estimation of multipath wave
bile radio channel in terms of various statistical paramete/ApA’s using UCA’s has been disregarded in the literature due
obtained from extensive field strength measurements. In micto-the assumed low robustness of high-resolution algorithms to
cellular areas, however, the propagation strongly dependsrwise and their requirement afpriori knowledge of the num-
local features of the environment (such as locations, shapes aed of incident waves [6]. Also, AoA estimation using UCA’s
dielectric properties of the buildings) and important channbbs hitherto been limited to azimuth angles only. In this paper,
characteristics such as path loss and delay spread become warypresent a high-resolution approach toward 2-D (azimuth
location-specific. Deterministic propagation prediction modeland elevation) AoA estimation which is suited for this array
capable of providing location-specific field predictions on theonfiguration. The increased resolution capability enables the
basis of an accurate building database and physical modelddeftification of the dominant propagation paths contributing
to the total received field strength, and a quantitative analysis
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Fig. 1. Wide-band radio channel sounder. (a) Transmitter. (b) Receiver.

the rest of this paper. The algorithm for the accurate estimatiorierval of 20 ns and a dynamic range of 40 dB. For quasi-
of AoA’s is described in Section IV, computer simulations o€oherent measurements, the frequency synthesizers at both
the angular resolution performance are given in Section V, atite transmitter and the receiver are locked to highly stable
Section VI presents experimental results that were obtainedritbidium clocks (short-term stability better thanx510-11).
actual mobile propagation environments. Finally, conclusiod® ensure accurate power density measurements, the channel

are drawn in Section VII. sounder is calibrated prior to the measurements by connecting
a fixed, known attenuation between the transmitter and the
Il. MEASUREMENT SYSTEM receiver.
Independent of the clock slip circuit, the timing difference
A. Channel Sounder between the transmitted and the locally generated PN se-

guences is controlled by a programmable delay unit, which is

The system used for our measurements s bu'_lt up aroufil during each measurement, but can be externally adjusted
a stepping-correlator radio channel sounder, which is basr? 0 to 20 ns between measurements. As will become

on the popular pseudonoise (PN) correlation method [7], [8]hh4rent later, this improves the robustness of our angular
This technique utilizes a periodic PN binary sequence aegperresolution algorithm.

exploits its autocorrelation properties to provide an estimate
of the complex impulse response (CIR) of the channel under
measurement. A schematic diagram of the channel soundePis
given in Fig. 1. The antenna array is synthesized using a single antenna on
At the channel sounder transmitter, a 1900 MHz carrier & rotating arm which is positioned by a motor under control
phase-reversal modulated by a 50-Mbit/s maximum-length Rl the personal computer used for data acquisition. While
sequence with a period of 511 bits. The modulator output tise channel sounder is acquiring a prespecified number of
amplified to a power of+30 dBm, bandpass filtered to 200channel responses, the antenna is rotated at constant speed
MHz, and, subsequently, radiated from a suitable antenna.along a horizontal circle. One cycle of the antenna is completed
At the channel sounder receiver, the CIR of the radiafter 8.3 s, which corresponds to the acquisition time of
channel is estimated by demodulating and correlating thé = 106 channel responses (Fig. 2). Under the assumption of
received signal with a locally generated replica maximunchannel stationarity during the measurement, this procedure is
length sequence, which is time-shifted relative to the receiveffectively identical to the simultaneous measurement of the
signal in discrete steps of 20 ns by means of the clockdio channel CIR at the elements of a UCA of antennas.
slip circuit. Each output value is the result of an integration The continuous movement of the rotating antenna introduces
over 11 sequence periods, which yields an increased dynasénsor positioning errors with respect to the assumed fixed
range. A single CIR sample is produced every 0.15 mgositionsyp, i, - -,var—1 Of the UCA elements (view Fig. 2).
and the acquisition of a complete CIR consisting of 51These errors are dependent on the positidn < ¢ < 511) of
consecutive samples, takes 78.34 ms. The measurement ttataconsidered delay instant within the measured CIR’s and
samples are digitized, transferred to a personal computan be as large &%0°/106 = 3.4°, which is unacceptable for
and stored on a hard disk. The resulting measurement filas purpose. They can, however, be completely compensated
contain CIR’s of 10.22:s duration, with an effective samplingfor by adding the correction angle(i/511) - 360° to the

Synthetic Array
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A note is to be made about the assumed stationarity of

360°

M the radio channel during the measurements. In real mobile

- environments, complete channel stability is impossible to
e ROTATING achieve, which is principally due to passing vehicles and

ANTENNA . .
movements of vegetation such as trees caused by wind. In

our deterministic approach toward the characterization of the
mobile radio channel we are interested in the influence of
; Y, constant features of the built-up environment rather than
Ry in the effects of moving objects which cannot be modeled
b b Yo by any database. Wind effects can be largely avoided if
measurements are conducted during days when there is little
YM_1 or no wind. As for moving vehicles, we believe that the
\ / statistical averaging of many measurements taken over several
AN /! minutes of time will strongly reduce their interference, which
AN e typically lasts for several seconds. This averaging over many
s 7 measurements (“snapshots”) is inherent to subspace based
S -7 angular superresolution methods such as UCA-MUSIC, as will
be discussed in Section IV.
Fig. 2. Synthetic UCA.

estimated azimuth of each resolved multipath contributidn: Antennas
associated with théth delay bin. Considerable attention has been paid to the choice of the
An important UCA parameter is its radius As the angular antennas for our measurement setup. In the estimation of
estimation accuracy and resolution capability decrease wRFD AoA’s with a UCA, there exists a twofold ambiguity
decreasing array dimensions, it is important to choose tith respect to waves coming from the upper and the lower
UCA radius sufficiently large. However, there are also sonfemisphere, as is the case for any type of planar array.
important factors that limit the array size to be employed. As we are primarily interested in multipath contributions
1) Plane Wave Assumptiorithe assumption that the elecimpinging from above the array, we would like the receiving
tromagnetic field around the array can be modeled as tamtenna to have lower sensitivity toward contributions with
superposition of plane waves, which is used by the angulagative elevation angles. In addition, the applied angular
superresolution algorithm, requires the array size to be smalliperresolution algorithm assumes the array elements to have
compared to the distance of the array to the nearest scattegngstant gain in the azimuth plane. Therefore, we used a 2—dBi
center. sleeve antenna with an omnidirectional radiation pattern in
2) Narrow-Band Array AssumptionTo ensure that eachthe azimuth plane, a vertical 3-dB beamwidth of°6énd
multipath wave is received identically at all array elementmaximum directivity for an elevation of-20°. The antenna
except for a phase factor, the array size should be smidindwidth extends from 1.7 to 2.0 GHz.
compared to the distance covered at the speed of light duringn outdoor radio channel measurements, the receiving an-
a bit period. This distance is 6 m in the present case. tenna is often mounted on the roof of a vehicle. Although
3) Practical Considerations:Practical requirements with it is usually assumed that the vehicle roof will completely
respect to size and weight also put limitations on the UCBlock all signals coming from below the horizontal plane [2],
radius. diffraction of multipath waves by the edges of the vehicle roof
We have experimented with various array dimensions, amdll in reality result in distortion of the azimuthal symmetry
found a UCA radius of 30 cm, which is approximately twand the introduction of significant secondary lobes pointed
times the wavelength, to be a good compromise between thevard the ground. To reduce the effect of the vehicle on the
above factors. antenna radiation pattern and conserve its azimuthal symmetry,
Although the oscillators at the transmitter and receiver avee have placed the antenna over a circular ground plane
locked to very precise frequency standards due to small frgith diameter D = 5A, where A denotes the wavelength.
guency differences there is an inevitable drift of the measuréie measured azimuth and elevation patterns of this antenna
phase that must be corrected in postprocessing. To this end,absfiguration are shown in Fig. 3.
channel response is measured during two consecutive cycledt the transmitter end we used a directive antenna to
of the rotating antenna and the phase drift is estimated fraxploit the full dynamic range of our channel sounding system
the average phase differene®gp, between the second andeven in situations with high path loss. The antenna is a
the first cycle. The measured phase drift is then correctéd—dBi vertically polarized double-ridged pyramidal horn
by multiplication of the array outputs by the phase facto@ntenna with an azimuthal 3—dB beamwidth of°58hich
exp(—mA®y /M), m =0,1,---, M — 1. It is our experience is sufficient for a more or less uniform illumination of an
that the oscillators’ frequency offset can easily be tuneatea of microcellular dimensions close to the transmitter. The
to Af/f<2 x 1071° which corresponds to a frequencypandwidth of this antenna covers the frequency region from
difference of 0.4 Hz at 1900 MHz. 1 to 18 GHz.
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(@ (b)
Fig. 3. Measured radiation patterns of the receiving antenna with ground @3hke = 5). (a) Azimuth pattern #-plane). (b) Elevation patterrEf-plane).

[ll. DATA MODEL
DELAY | DELAY

In the considered data model, the PN sounding sigal BIN / BIN 71
has a period” and the bit duration i§.. The electromagnetic
field around the mobile unit is assumed to be composed of
N plane wave multipath contributions arriving from different
angles. The mobile is equipped with a UCA of radius
consisting of M vertically polarized antenna elements with
an omnidirectional azimuth pattern [as in Fig. 3(a)]. The \
correlation signaly,,,(r;), ¢ = 0,1,2,--- at themth antenna ) ; ‘
element(m = 0,1,---, M — 1) can then be written as e DT T, DELAY —

N ) Fig. 4. Example of the correlation signal due to a multipath with d&lay
Ym(7i) = Z cng(Cn)ejcn COS(%l_WM)x(Ti = T0) + ()

n=1 here defined := (e’¥, which represents both azimuth and

(1) elevation.

with 7; = T, + A7, Ar being a random delay offset with Due to the limited width of the autocorrelation function
uniform probability density on the interval< Ar < T,. This «(7) each received multipath wave contributes to at most
delay offset is realized through the programmable delay uftree subsequent delay bins, and its contributions to the other
in Fig. 1(b). The intervaliZ., (i + 1)7,) will be referred to delay bins are negligible (see Fig. 4). Omitting all— N
as theith delay interval or delay bin. In the above expressiomegligible contributions to theth delay bin, (1) can be
Ym = 2nm/M is the azimuth of thenth antenna element rewritten as

(view Fig. 2), ¢, and7,, are the complex amplitude and the N _ _

relative delay of thesth multipath wave, respectivelys,, is Ym(Ts) = Z &0 g(cr(f))ejcfﬁCos(g;gp,%)

its azimuth angle, and,, := 27 cos(d,,)/A represents the n=1

elevation dependence. Herg,, is the elevation of theith (i = T 4+ 0 (73) (3)

wave. Furtherg(() is the elevation voltage pattern of the arra OO0 (4) ¥ .
elements [which can be obtained from Fig. 3(b)] ¥Nherecn » Tn?, gu’, andga” are the re-indexed amplitudes,

delays, azimuth angles, and elevation dependences, respec-

1t tively, of the N < N nonnegligible multipath signals
) =7 /0 at)alt — ) dt ) contributing to theith delay interval.

is the autocorrelation function of the applied PN maximum In_vector notation, the UCA response at tiie delay instant
length bit sequence ang,,(7) is an additive noise signal. Is given by
The autocorrelation function(r) is a triangular function with v(7) =[wo(rs) v (i), -y yar—1 (r)]*
a spread oft7. around the peak value and with negligible A
sidelobes (54 dB below the peak value), as illustrated in Fig. 4. - Z u(0) s (1) + (7, (4)
In (1), the time in which the radio waves travel across the n=1

array is assumed to be negligible compared with the bit peri%;}1ere sgf)(n) _ cg)g( éi))x(ﬁ B T,(f))
T. (narrow-band array assumption). Also, the effects of the ) i
limited bandwidth of the channel sounding system have beet
neglected. For later use and for notational convenience, we (5)

(6) = [CJ'C COS(@—%)7 eJ¢ cos(e—m )7 el IS cos(@—yn 1 )]T
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represents the array steering vector in the direction represented IV. ANGULAR SUPERRESOLUTION
by 6 and
- A. Beamspace Processing
m(7i) = [no(ra)sm(ri), -+ s (7)) ©) The elements of the vecton(#) may be thought of as
contains the noise signals at the array elements. In the ab&agples of the signal
expressions, the superscript denotes transpose. In matrix w(v, ) = ¢ o= (11)

notation, (4) is rewritten as o o . .
which is periodic iny with period 2r and can, therefore, be

y(r:) = UDsD () 4 q(7;) (7) represented by the Fourier series [10]
where u(r,6)= D Man@®)e ™
% % % % h=—o00
U = u(6f”).u(ty). - u(o,)l e
) =B ) . @) =g [, M0 dr =IO, (12

The noise at each array element is assumed to be uncorrel#@ttough the spectral width of the signak~,#) is infinite
with the signals and the noise at the other elements and ailsdheory, the magnituded; (¢) of the Fourier coefficients

to have zero mean and varianeé. decrease fast fgf:| > ¢ and are, in fact, bounded by [6]
In conventional, nonadaptive beamforming [9], the array ¢ |A| RN
element output signals are phase-shifted and combined in such |, ({)] < <TZ|> < <%) , h#£0. (13)

a way that they add up coherently for a given direction.
Expressed in terms of a vector inner product, the resporfser sufficiently large|h|, the coefficientsa,(6) for which
of the UCA with the main beam pointed in the directiofh| > mre/A become negligibly small. Aliasing can hence be

represented by’ at delay instant; then is avoided by choosing the number of array elements (the spatial
sample frequencyM > 2nre/A, and we are only interested
R(0';m) =u'(0)y(m:) in the nonnegligible coefficients, (6), —H < h < H, with
N H = |xre/\], where|-]| is the largest integer smaller than the

=M Z D(6D:6)sD () +uf(@)m(~)  (9) argument. Note that in the present cadé £ 106, r = 0.30
m, A = 0.16 m), the above condition is well satisfied.

where D(6;6') := uf(#")u()/M represents the normalized A unit-norm vector of coefficients

array factor with the main lobe pointed in the direction asso- a(f) =[a_g8),---,a0(0), -, ag(®]" (14)
ciated with#’. The superscript denotes conjugate transpose

Using Graf's addition theorem for Bessel functions [10], Igan be obtained directly from( ) by the transformation

can be shown that a(f) = _MCVu(g) (15)
D(6;60") = Jo(|6 — ¢']) (10) \where
provided thatM > min({,¢’). Here,J),(-) denotes the Bessel C =diag{; #,---, 5% -, ;7 H}
function of the first kind of ordef. 1
The half-power beamwidth (HPBW) of an antenna (array) V= m[vo’vl’ V-]
is normally defined in a specified radiation pattern cut as Von = [w ™ H W0 oM T (16)

the angle between the two directions in which the directivity
is one-half the maximum value. If we express the angular = exp(j27/M), which is based on th¢2H + 1) x M
separation between two directiofig; , ¢;) and(y2, {2) in the submatrix of the spatial discrete Fourier transform [11], [12].
complexé-plane as the distancad = |6, — 6| between the Multiplication of (7) by the matrixCV yields

correspondingdy an_d 92,.it is seen from (10) thaﬁ thg array 2(1;) = CVy(r;) = A(i)s(i)(n) +n(n) (17)
HPBW expressed im\@ is constant over the entire field-of-

view. It is further seen that conventional beamforming withere

UCA's results in high sidelobe levels in the array beam pattern AD =V Ma(6),a6s”), - -- (95\3(7 )]
due to the behavior ofy(-). This latter property, together with (1) = CVn(r) (18)
our objective to obtain high-resolution AoA estimates even i) = NEA

with a relatively small UCA radius, forms the rationale behin@rocessing of the array measurement data in the spatial fre-
our choice for a superresolution algorithm for AoA estimatioquency domain is referred to as phase-mode excitation-based
(UCA-MUSIC), which will be discussed in the next sectionbeamspace processing [11] and has important advantages
Angular superresolution techniques such as MUSIC are weller element space processing such as reduced sensitivity to
known to offer a significantly better resolution performanceoise and modeling errors [9] and the possibility to employ
than conventional beamformers of which the resolution ferward/backward averaging [11], as will be discussed in
generally limited by the array HPBW. Section IV-C.



1682 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 11, NOVEMBER 1999

B. UCA-MUSIC the centro-Hermitian property of the beamspace array steering

The UCA-MUSIC algorithm uses the eigenstructure of théSCtor a(f).* , o
beamspace array output covariance matrix as a basis fof € FB averaged covariance matrix is
AOA estimation. In the present case, covariance matrices -,
are estimated for all time delay intervalsT,, (i + 1)T.), -
i = 0,1,---, and for each interval UCA-MUSIC provides L 4 4 , ,
AOA estimates of theV® multipath signals that contribute Where S0 = (S_’(Z) + 80)/2 is the FB averaged signal
significantly to the measured channel response. The covariaf@¥ariance matrix. The superscriptdenotes ~c(q)mplgzg) con-
matrix corresponding to thih delay bin can be expressed aigate. The eigenvalues & are denoted by;” > A" >
s > )\(Lz) and the corresponding normalized eigenvectors by
égz),ééz),---,é%). Result of the FB averaging preprocessing
is that the magnitudes of the off-diagonal terms $,
resenting the cross-correlations between all pairs of signals

LR 4 JRD*3) = AOSOADT 1 521 (21)

R = E{z(r,)z' (1)} = ADSDADT L 521 (19)

where 8@ = E{s®(7;)s™¥(r;)} is the signal covariance
matrix. In the last expression, use has been made of the f%%,?

that Cvvict = L. S (T3), sﬁf)(n), m # n, are effectively multiplied by a

Let A? > A\ > .. > 2% denote thel, = 2H +1 factor cos(¢... ), Where¢,,,, represents the phase difference
. L= Q(i) . @) (%) (@) . between thenth and thenth signal. Thus, FB averaging im-
eigenvalues oR'/, ande;”,e;”,---,e;’ the corresponding

proves the condition of the array output covariance matrix and

normalized eigenvectors. Provided tf) is nonsingular, consequently the performance of the UCA-MUSIC algorithm.

ADSHOAGT js of rank N@, and it follows that)\f) > o2,
I=1,---,N®and\{) =42, 1= N®4+1,... L, as long as

4 (Dt o) ‘ D. Effects of Finite Data
N@ < L. Furthermoree;'a(6;’) = 0,1 = N +1,... | L; . o
n=1,---,N® ie. the eigenvectors associated with the IN our measurements, the covariance mafi¥’ is es-

L — N smallest eigenvalues (spanning the noise subspaH@)ated from a finite number of beamspace data snapshots
are orthogonal to the space spanned by A& beamspace 2(Tix)» With 7o = 7 + Amg, k = 1,2, -+, K, where Am,
steering vectors (the signal subspace) [13]. MUSIC-basid@ realization of the random delay offsatr. The resulting
estimation algorithms exploit this orthogonality property t&Stimated covariance matrix is

form a null spectrum, which is, in our case, given by | K
L N RO = 2 > (a(rin)z! (i) + 32" (130)2" (72)0)
QUEOY= 3 leal0)ff =13 leia(6)* k= 22)
=N 41 =1
(20) with elgenvalues)\g) > )\é) > e > )\(L) ‘and corre-
A 2-D search for the nulls o€ (6) over the full field-of- sponding normalized eigenvect@%),ééz), e ,é(,f). Now, the

view yields unbiased and zero-variance estimates of\fifé estimated null spectrum is written as

actual AoA’s, regardless of signal-to-noise ratio (SNR) and

angular spacing between the sources. The corresponding signal, . L (i)t ) (i)t )

strengths can be obtained via the least-squares solution to (19)9(’)(9) = Z l&; "a(f)|" =1- Z l&; " a(d)]
I=N() 41 =1

N@®

C. Forward/Backward Averaging (23)

Eigenstructure based superresolution algorithms such £ the AoA estimates are obtained by searching forhi
UCA-MUSIC fail when the source covariance mat6x” is deepest nulls. In general, the estimated mai%’ differs
singular, which occurs when two or more signals are perfect'%m the true FB averaged covariance matB¥”), which

correlated or coherent. In subspace-based AoA estimatiol) ses a perturbation of the estimated null spectrum from the
based on a single-data snapshot [2], all signals are COherﬁ_Ué null spectrum. This in turn causes errors in the AoA

unless a remedy called spatial smoothing is applied, Wh'Ché§timates and limits the capability to discriminate between

well known to decrease the effective array aperture and, hen((’:ﬁ)s(__,'y spaced sources (resolution threshold)

the angular estimation accuracy and resolution capability [9]. A, ther consequence of the estimationRf) from finite

In our case, complete signal coherence occurs only when tyy, ig that the eigenvalues become all different with probabil-
or more m.ult|paths have r—_:xactly the same propagation del‘i’t "one so that it is no longer straightforward to estimate the
This is an Important benefit of the averaging overa numbgr& ensionality of the noise subspace. However, an objective
snapshots with different random delay offsets. Still, in practicggimate of the number of multipath signals contributing to

UCA-MUSIC will be less accurate when two or more signalg,s ¢onsidered time delay bin can be obtained by applying a
are strongly correlated, i.e., when the difference betwegt,ified version of Akaike's information criterion [14], which

the delays of two multipaths is very small comparedio ,,erates on the FB averaged covariance matrix (FB-AIC).
Therefore, in order to further reduce the correlation between

the S'Q”*’J"S, we apply forward/baCkwarq (FB) a\_/erag_'ng of th61A complex vectorz is defined to be centro-Hermitian if it satisfies
covariance matrix [11], [14], a technique which hinges oz = z*, wherel is the reverse permutation matrix [11].
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Fig. 5. Theoretical and simulated resolution thresholds for UCA-MUSIC with and without FB averaging for propagation delay differedc¢€s=(8)57..
and (b)AT = 0.17.. M =106, r = 0.30 m, A = 0.158 m, K = 20 snaphots. Simulated thresholds are based on 50 independent trials.

V. SIMULATION RESULTS ¢ approaches zero or and the decorrelation effectiveness

Computer simulations of the performance of the UCAS Strongly reduced. The small improvements due to FB
MUSIC algorithm and the effect of FB averaging preprocesgveraging for¢. = 0 and ¢ = = that can still be seen in
ing are presented in this section. First, we show simulatiohd- 5 are the result of the fact that this scheme effectively
of the resolution threshold [15], which is the SNR belo/foubles the number of snapshots. It is remarked that, since
which two closely spaced, equipowered multipath waves cH array’s directional properties are uniform in the complex
no longer be “resolved,” i.e., when the null spectrum & plane, the above results are representative of the resolution
either of the two true AoA’d), , is greater than at the anglecapability over the entire field-of-view.

0., = (61+062)/2 between the two true AoA’s with more than Second, simulation results are presented which illustrate
50% probability. Here, the SNR associated with each of tf@w poor estimatesVof the number of pathgv impact the
multipath signals and théth delay bin is defined as UCA-MUSIC null spectra and the AoA estimation. To this
DT, end, a scenario with five incident multipath waves was simu-
S|\”—_\>§i)2 _ QL / |s1.2(7)|? dr (24) lated, the properties of which are given in Table 1. Fig. 6(a)—(c)
’ oI Jir, ’ show the null spectrum fo’vV = 4,5, and 8, respectively.

. . . The corresponding estimated AoA’s and SNR’s are given in
with o2, .., and s »(7), as defined previously. Table | P 9 9

Fig. 5 shows simulated and theoretical resolution thresholdsFrom Fig. 6 it is observed that a modest under or overes-

Z)r:gtjvl\,:r g:lé|iﬂ3§r;s_or9egu; || fsot:e dr:?fg:élfts d;;ug?#ggnfe;hﬁmation of V does not lead to dramatic changes of the null
L2 y ectrum. Increasing underestimation/dfgenerally leads to

AT. In the simulation, the considered delay interval was thseﬁ . > : L
zeroth bin(0, 7.), the multipaths’ AoA's were chosen equal to allower local minima and ultimately to the vanishing of

6., = £A8/2, A¢ being a real number and their respectivéhe local minima corresponding with the weakest multipath
délay times werely » = (T, + AT)/2, AT = 0.17,,0.57,. Vaves. On the other hand, a modest overestimationvof

The number of snapshots was taken to &e= 20 and all introduces spurious local minima, which, however, hardly

other parameters were chosen the same as for the experimefli§/ the positions of the deeper nulls corresponding with the
arrangement described in Section M (= 106, » = 0.30 cm, true AoA’s. Table | shows that the estimated signal strengths
A = 0.158 m). Each of the simulated threshold values in Fig. 8f the falsely detected waves are all around or below the
was based on 50 independent trials. The solid and dashed lifgise level and, therefore, insignificant in comparison with
represent theoretical resolution thresholds (with and withofte dominant multipath signals, which are of primary interest

FB averaging, respectively) based on the general expressibh®ur application. From these observations, it is concluded
derived in [15]. that it is better to tolerate a small overestimation/%fthan

The theoretical and simulated results presented in Figl®underestimate the number of incident waves, which would
show reasonable to good agreement. As expected, the fegd to undetected multipath contributions. Of the available
olution capability of UCA-MUSIC is seen to decrease witobjective criteria for detecting the number of sources from an
decreasing delay difference (and, hence, increasing sigh8 averaged covariance matrix, FB-AIC, and FB-MDL [14];
correlation). With FB averaging however, this performandfe former scheme provides slightly higher estimated/dbr
degradation is only limited, except when the phase differenaesmall number of snapshots. Furthermore, for the scenario
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TABLE |
THEORETICAL AND ESTIMATED MULTIPATH PARAMETERS
theoretical N=4 N=5 N=8
n

@ SNR ° SNR @ SNR v SNR

¢ () ¢ ¢ ¢ (=)
(deg) (dB) (deg) (dB) (deg) (dB) (deg) (dB)
1 0.0 5.00 30.0 0.3 4.99 30.5 0.3 4.99 29.6 0.1 4.98 30.7
2 +72.0 5.00 25.0 +71.1 5.02 25.5 +71.2 5.01 24.6 +71.4 4.94 25.3
3 +144.0 5.00 20.0 +143.0 5.24 20.9 +142.6 5.16 19.6 +143.6 5.08 20.0
4 -144.0 5.00 15.0 -144.2 5.28 15.7 -144.1 5.21 14.8 -142.7 5.03 15.1
5 72.0 5.00 10.0 - - - 68.8 5.17 10.1 71.2 5.40 11.4
6 - - - - - - - - - +180.0 6.59 -2.9
7 - - - - - - - - - 35.0 6.29 5.3
8 - - - - - - - - - +11.3 11.26 -7.4

270

-30 -20 0 ~30 -20 7 10 ] -30 -20 -10 ]
NULL SPECTRUM HEIGHT (dB) NULL SPECTRUM HEIGHT (dB) NULL SPECTRUM HEIGHT (dB)

@) (b) ©

Fig. 6. UCA-MUSIC null spectra)(6) for the simulated scenario. (& = 4. (b) N = 5. (c) N = 8. Dotted lines are drawn every 4Gzimuth and
elevation (outer perimeter corresponds with= 0°; center dot corresponds with = £90°).

considered in [15], this scheme was shown to offer the highakese figures, the marker size indicates the amplitude of each
probability of correctly detecting the number of waves foresolved multipath wave relative to the total power (which is

small values ofK. obtained by integration of the measured power delay profile),
elevation angles are represented throdghk= 27r cos(?)/A
VI. EXPERIMENTAL RESULTS and the BS antenna position is indicated by a dashed vertical

In this section, we will consider the results of two mealne: _ _ _
surements carried out in a residential area in Leidschen.n the first measurement, the MS location (marked as *1"in
dam, The Netherlands, which is characterized by 5-15-m-hi§t®- 7) was chosen such that the direct wave was obstructed
buildings, scattered vegetation, and low traffic density (vie@y @ tree (T1in Fig. 8). Scattering and absorption of the wave
Fig. 7). During the measurements, the transmitting BS anterifi§ident on the tree’s canopy result in an attenuation of 13 dB
(46 m above ground level) was pointed southeast. The numiB¥er the free-space loss (although this is not shown here),
of snapshots in each measurement wés= 20. Figs. 8 and a considerable angular spread. The second peak in the
and 9 show the temporal and angular multipath distributiomeasured power delay profile is due to the energy scattered
measured at the two mobile station (MS) locations togethisom vegetation surrounding the MS-{60 < ¢ < 0°), which
with 36(° panorama photographs taken from the receiv@ras directly illuminated by the BS antenna. The relatively
perspective, which serve as an accurate angular referencew&ak contribution with delayr ~ 1.5 us is the result of
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Fig. 7. Map of the measurement site. Gray levels indicate the building height in meters.
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Fig. 8. Temporal and angular multipath distribution for MS location 1. Marker size indicates multipath wave amplitude relative to total poweo (down t
—30 dB). Elevation angles are represented throgigh 27 cos(¥)/A. BS antenna position is indicated by dashed vertical line.

reflection and diffraction from the building B which is behindcontribution, due to the attenuation of the direct wave by the
the vegetation. trees behind BK.

In the second measurement, the MS was situated at a cafnother experiment conducted with the same method in
park behind a 6-m-high building (location “2” in Fig. 7).an urban microcell environment with a low BS antenna has
Again, the first multipath contributions have a considerabkeen presented in [16]. The results of this measurement have
angular spread, which is probably due to the row of tre€é§own that transmission through buildings can be the dominant
between the transmitting antenna and the building BK. THgopagation mechanism in urban microcells.
diffraction contribution over the rooftop of BK is observed
approximately at the expected azimuth angle of.7The
wave with = 213° can be identified (on the basis of both In this paper, we have proposed a method to obtain high-
AOA and propagation delay) as a reflection from building Blresolution AoA estimates of multipath waves using a wide-
In this particular case, this reflected wave is the dominaband radio channel sounder and a synthetic uniform circular

VIl. CONCLUSIONS
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Fig. 9. Temporal and angular multipath distribution for MS location 2. Marker size indicates multipath wave amplitude relative to total poweo (down t
—30 dB). Elevation angles are represented throgigh 27 r cos(¥)/X. BS antenna position is indicated by dashed vertical line.

array. The UCA-MUSIC algorithm and forward/backwardheir valuable suggestions in the preparation of the exper-
averaging were demonstrated to be suitable algorithms for iheents, and P. Rijsdijk, also with KPN Research, for his
high-resolution 2-D (azimuth and elevation) AoA analysis ddssistance during the measurement campaign. They would
complex impulse response measurements obtained with thiso like to thank K. van Staalduinen and J. van Bruggen,
array configuration. We did not experience any difficulties witBricsson Mobile Business Networks, Enschede, The Nether-
the algorithm with respect to its robustness to noise, as Hamds, for making available their channel sounding equipment.
been suggested in an earlier paper [6]. The problem ofithelrhe authors are grateful to the anonymous reviewers for their
priori estimation of the number of incident signals based oncemments and suggestions, which helped to improve this
finite set of measurement data was solved by applying a mquper.
ified version of Akaike’s information criterion (FB-AIC) [14].
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