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Design and Evaluation of a Novel Antenna Array for
Azimuthal Angle-of-Arrival Measurement

Steven W. EllingsonMember, IEEE

Abstract—This paper describes a novel antenna array concept applications to use temporary, vehicle-mounted base stations,
in which a “Y”-shaped distribution of elements is used to achieve which may allow some flexibility in array design. New towers
uniform angle-of-arrival (AOA) measurement performance in az- - can he designed from the outset using new antenna array
imuth, and a ground plane is employed to reduce the potential for ts. Einall i hich is desi d for AOA
confusion due to scattering from nearby structures and interfer- concepts. Finally, any new systeém which 1S designe O_r
ence from low elevation angles. A simple method for field calibra- Measurement may be able to take advantage of alternative array
tion of this array is also presented. A prototype has been built and concepts.
tes_ted i_n field conditic_)ns at 460 MHz. U.sing maximum !ik(_'—,‘”hOOd This paper describes a novel antenna array concept which
estimation, thv_e array is a_lble to resolve single AOAs to within a few may be helpful in these applications. This design uses a “Y’-
degrees and is able to identify discrete multipath from the same h d distributi fel ts t hi it .
source. A shortcoming of the field-tested design is that it has poor S ape. IStribution of elements 1o ac !eve uniform Coverage In
gain along the horizon, due to edge diffraction from the ground the azimuthal plane. The elements are implemented as vertically
plane. To control this diffraction, an elliptical rolled edge termina- ~ polarized quarter-wave monopoles mounted on top of a ground
tionis proposed. Itis shown that a rolled edge increases the horizon plane. The presence of the ground plane reduces the sensitivity
galor|1 by 5 dB while Ima'“tk‘?'“!”glh'gﬁ.f“ppress'on atlow elevations nf the array to energy scattered from the mounting structure
and maintaining a low p ysu-:a pro " e _ (assumed to be below the array) and nearby objects. A simple

Index Terms—Angle-of-arrival estimation, antenna arrays, UHF  method for field calibration of this array has been developed. A
measurements. prototype of this array has been built and tested in field condi-

tions at 460 MHz, with good results. A shortcoming of this de-
|. INTRODUCTION sign is that it has poor gain along the horizon, due to diffraction
from the edge of the ground plane. To control this diffraction,

PIE_OBLEM OF_::ur_rentt_] mte;est to thett?rrestrlal mObt'L%n elliptical rolled edge termination is proposed. Using a rolled
radio community 15 how 10 accuraltely measure t gdge, the horizon gain of a vertical monopole on finite ground
angle-of-arrival (AOA) of signals received at a base stati

. 4 S ) _%ane can be increased by 5 dB while maintaining high sup-
due FO a mobﬂe user“m communlcat|?n with th_at base Stat'9 ession at low elevations. Taking the array factor into account,
Applications include ;mart anFenna processing ([1] :_;md "Sych arrays can achieve gain comparable to the stacked dipole
references), cellular site planning and channel modeling ( nfigurations traditionally used at base stations. Furthermore,

and references), and various location-based services Sud?h‘lf"ssperformance can be achieved in an antenna system which is

wireless E-911 and location-specific billing ([3] and referyy, 4 one wavelength in height, including the rolled edge.

ences).A_keyeIementinthe design of many AOA measurementl.his paper is organized as follows. Section Il outlines
Eystems 'S’t c()jf cmtjrr]se(,j an lantenn? irra);. Not much eﬁr?rth e theory relevant to the problem of AOA estimation. In
een reported on he development of anténna arrays which it lll, four geometries—the linear array, the circular

tailored to this problem. Instead, most of the emphasis has b%‘?%y the “L"-shaped array, and the “Y"-shaped array—are

gev_o te(Ij to arlte dnna arrg;;'_s WTCh aretsmj[ple to Ii‘naltyzz_t(_)r%'ﬁwidered in terms of their performance and cost effectiveness
€ Impiemented on existing tower structures. For radiiongy, »,imythal AOA estimation. The “Y” is shown to have

cellular base stations, this usually means linear arrays cover e compelling advantages over the other geometries. In

120: am:jnuthla : s((je(;torfﬁ Examp(jlgetg, of AOA mteadsyreznegtection IV, the elevation plane performance is considered. The
systems developed for these conditions are reported in [4] a&ﬁterns of the untreated and rolled edge versions of the array

[5]|'_| th i which | L analyzed and compared. In Section V, the mutual coupling
OWever, there are many cases In which ‘egacy anter ong elements in the “Y” array is analyzed, and a technique

i . dealing with the coupling in AOA estimation is proposed.
antenna systems are often installed on building rooftops, Whpsré:ction VI presents some AOA estimation results obtained
there may be some flexibility in the placement of the elemen

AlSO. it i f il t and milit om a field study in which an untreated-edge version of the
S0, 1L1S common for commercial, government, and mil ar}Sroposed array was used for azimuthal AOA estimation at 460
MHz.
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that the narrowband assumption applies. That is, any signal$-or the special case @ff = 1, the ML estimator simplifies
incident on the array are assumed to have bandwidth sufficientdy

small such that the array response can be accurately described

in terms of gains and phase shifts, as opposed to gains and time arg maxg, b (¢1)Rb(¢1). (6)

delays. For a single narrowband siga@l) incident on this array ) o )
from angle at timet, the complex baseband outputs are give'NOte that the function to be optimized is the power output from

by x(t) = [w1(t)22(t) - - - o x (£)]F Where the “conventional beamformer“ (CBF), thgt is, the power output
from a beamformer whose inputs are weighted and summed so
x(t) = Z7ta(¢)s(t) + n(t). (1) astomaximize gain in a certain direction subject only to a norm

constraint on the weights [7]. Hence this estimator, which shall
In this model,a(¢) is an N x 1 “steering vector” which de- be referred to as “ML,” is equivalent to estimating the AOA
scribes the voltages induced on each element by the incidastthe peak of the CBF-derived angle spectrum, generated by
signal in the absence of the other elements, i.e., neglecting &weeping the beam across the field of view. Similarly, the ML
mutual coupling between the elemersis approximated as estimators forM > 1 can be interpreted as multidimensional
the N x IV open-circuitimpedance matrix, in this case normaleneralizations of CBF-based discrete AOA estimator. Since the
ized to a unitless symmetric matrix that describes the couplingsrformance of the CBF is highly dependent on the array geom-
Thus,Z~'a(¢) is proportional to the currents at the terminalgtry and the incident signal distribution, it is clear that the per-
of each element in the array, assuming equal load impedanggamance of the ML estimator must also be dependent on these
Finally, n(¢) is anN x 1 vector representing the noise preserfactors.
in the data, which is assumed to be thermal in nature, and thus is
well-modeled as complex circular Gaussian white noise which lIl. ARRAY GEOMETRIES

is identically distributed and uncorrelated between elements. As indi d ab h s af in AOA
In the more general case where power is incident on the arragl S Indicated above, the array geometry Is a factor in

from M discrete directions, the model can be compactly eﬁ- tlmat|qn perform_ance. Hov_vever, the issue of array geometry
pressed as as received very little attention in the past. Hual.[8] com-

pares the Cramer—Rao Bound (CRB) for 2-D AOA estimation
x(t) = Z7 A(®)s(t) + n(t) (2) performance of several arrays, including an “L"-shaped array
and a “+” (cross)-shaped array. The CRB gives a lower bound
whereA(®) is anV x M matrix composed al/ steering vec- on the variance which can be achieved by any unbiased AOA es-
tors associated with the incident AOAB,= {1, ¢2,---¢ar}, timator, including ML. Because the effective physical aperture
ands(t) = [s1(t)s2(t) - -~ snm(t)]*. To be concise, let us alsoof the “L” is always larger than the “+,” the CRB is found to be
define theresponse vectob(¢) = Z~!a(¢) and similarly significantly lower for the L array. Liang and Paulraj [9] address
B(®) = Z71A(D). the relationship between array geometry aamge using basic
In this study, the maximum likelihood (ML) method ofsignal-to-noise ratio (SNR) arguments. However, the concept is
Ziskind and Wax [6] is used to estimade In this method, one not developed beyond the application to coverage extension.
performs anM -dimensional search for the set of AOAs which Consider the following desired properties of an array geom-
maximizes the likelihood function derived from the abovetry for AOA measurement. First, the array geometry should

model. This estimator is given by have uniform performance over the field of view. In this study,
the field of view is the complet860° span in the azimuthal
arg maxe T{Pp(e)R} ®3) plane. It is desirable to keep the spacing between at least some

. . . . . of the elements aX/2 or less, in order to avoid response vector
whereR is the spatial covariance matrix, defined as the ex- / P

pected value of the outer productt)x” () and approximated ambiguities. It is also desirable to have as large a physical aper-
from L samples using ture as possible, in order to improve resolution. However, the

space available for a base station array is typically limited to a

o1& few wavelengths at UHF frequencies. Also, the total number of
Rx=R= I Zx(tl)xH(tl) (4) antennas in the array must be aggressively minimized in order
=1 to bear the cost of the associated electronics. Finally, given the

harsh and dynamic nature of the mobile radio environment, it
is not desirable to mechanically rotate or translate the array to
achieve this aperture.

Pp = B(B"B)"'B¥ (5) AOA estimation research has traditionally focussed on the

uniformly spaced linear array (ULA) and the uniformly spaced

which projects its argument into the column spamBofTr’ in  circular array (UCA). The ULA is popular because it is simple
(3) indicates the trace operator, which is the sum of the eigdn-analyze and maximizes the physical aperture given a fixed
values of the matrix argument, or equivalently, the sum of itumber of elements, albeit for the broadside direction only. A
diagonal elements. This approach is optimal in the sense thawéll-known drawback of the ULA is poor AOA estimation per-
is asymptotically unbiased and no other estimator yields lowirmance near endfire [10]. One explanation for this is that the
variance when the model conditions are satisfied and the esfifective physical aperture of a ULA goes to zero at endfire.
mate ofR is perfect. For the same reason, the ability of the ULA to resolve closely

wheret, is the time that théth sample is takerPg is the linear
operator given by
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half

Fig. 1. Y array geometryi: = 1 for uniform spacing between elements on ) ) ) )
each leg. 80 -60 -40  -20

0 2‘0 4.0 6‘0 BIO
AOA (deg)
spaced sources also severely degrades near endfire. These gy Normalized costper-aperture rafiy Q). Solid: ULA (V' = 8),
. . . ash: UCA, Dash-dot: LY = 7), Dot: Y (V. = 7).
siderations rule out the ULA when consistent performance over
i = = i °© i i . . .
afield-of-view of greater than20° or so is desirable. bove, the ULA is assumed to be oriented such that broadside

From this perspective, the UCA is an obvious candidate. T eatd) — 0; for the “L’-shaped array, one leg points along

. S
UCA has constant usable aperture as a function of azmu%.: 0 and the orientation of the other legd€0°. ) is figured

However, the UCA requires about twice as many elements, 0half-wavelength units. Also note that the expression for the

) ; i
achieve the same usable aperture as the ULA at broadside. S is a “large N approximation; in factN/Q for the UCA
|s ﬁigher for finite V. Finally, note thatV /() for theY has 60

it is usually desired to use a dedicated receiver for each antenn
elenlent_i_;he s%stelzn CZO.St IS prloE)_ortllonal to th_e nulrtnber t(')f €s /mmetry, so the limits given above are achieved evefy 80
erZt;Sc.e us, the IS a refatively expensive alternative dlot of the above results is shown in Fig. 2. Note that the Y has
P The Y. cometrv. shown in Fia. 1. is proposed as a less COSa}l/ower overall normalized cost than the UCA and is superior to
9 ¥, Shown In F1g. =, 1S Prop e ULA for |¢| > 60° or so. The L is slightly better for most

alternauve. The Y IS mentloneq in [11] as a subarray Concel?;\trllgles, but the Y exhibits less variation over the field of view.
that is, as an option for selecting a small set of elements out

. .. A further discriminator between the L and Y geometries is
ofa much. larger array for further processing. No Justlflcat|0{‘he avoidance of “endfire orientations,” that is, AOAs for which
or evalu'at|on of this geometry 'S prowgled. The Y has g\_lso aRiuAtipIe elements fallin aline along the AOA. Elements in end-
peared in recent array signal processing papers by Génen A

N ¥ are less helpful in AOA estimation; as mentioned above,
Mandel[12], [13]. In[12], it simply serves as a test geometryf%e CRB for a Iiﬁear array in endfire is infinite. The L geom-

a b“nq SOpr?_IgO”.ttzT' In [ﬁjt,_the IY 'S folfg‘ef' tc)jyllaugmentm try allows four elements to be placed in endfire simultaneously,
f”‘rt‘ excljs én_g thi w WO? tl lona utncafll Z"Oi |r1t¢ar ?rrayst hich occurs when the AOA is°Q90°, 18C, or 27C. For the
intended in this case as a test geometry Tor estimation w , no more than three elements can be placed in endfire simulta-

a r_rruxdof Ca“b:atfdtﬁnd gnca!;bratedfstﬁbaYrraﬁ. tt neously, corresponding to AOAs 9®21C, and 330. For this
0 demonstrate the advantages ot the Y With reSpect 1o SOf18 ., ‘e v was selected over the L in this study.

other popular geometries, several aspects of performance will Riow. let us consider only the Y and the ULA. A rigorous ap-

considered. First, there is the important issue of cost. To COB}-OaCh to comparing the relative AOA estimation performance

Parg array geometne;c, fa|r.Iy, !t Is desired to know the co_st P&f these geometries would be to explicitly compute the CRBs in
umt_ of performancg. As indicated above, system cost is ARach case. A suitable formulation of the CRB, which is appli-
proximately proportlo_r_lal to the numl:_)er of elementsPerfor- cable to arbitrary geometries, is given in [14]. In mobile radio
mance can be quantified as proportional to the usable apertg %Iications however, the SNR is typically greater than 10 dB
Q, that is, the physical aperture that can actually be appliedé ditis usu'ally feasiblle to obtaih > 102 samples. A rough

a specific AOA estimation problem. Note thé in general, estimate of the CRB in this case 66N - SNR- L).—l [14],

varies with¢. A reasonab!e cost met.rlc ¥/Q, that is, the which corresponds to a root mean square error (RMSE) which is
number of elements requwe_d per unit of usefu_l aperture. Fgéveral orders of magnitude less th&nlh mobile radio appli-

some popular array geometries and the , one finds that cations, real-world model errors such as angle spread and non-
white noise covariance lead to much larger variances than pre-

N/Q = NA_T 1 |cosp|~t, forthe ULA (7) dicted by the CRB. For this reason, Igt us ponsider a si.mpler
T for the UCA 8) approach. Recall that the Mlestimator is equivalent to finding

N the peak of the CBF power spectrum. Thus, insight into the per-

N1 (Jcos@| + |sing|)~t, forthe L formance of the ML estimator can be gained by considering the

9) CBF pattern functions. To further simplify the analysis, let us as-
1.73N N sumeb(¢) =~ a(¢), i.e., the effect of mutual coupling is small.

o SNQ<s = fortheY. (10) (hisisjustified in Section V) CBF patterns for ah= 8 ULA
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Fig. 5. Geometry for a monopole on a ground plane with “knife-edge”
termination.
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Fig.3. Gain patterns of the eight-element ULA for various main beam pointing
directions. Broadside is°0
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Fig. 6. Pattern of a quarter-wave monopole mounted on a ground plane with
an edge at the indicated distances from the monopole.

Gain

] case is a vertical dipole. However, a concern for AOA measure-
ment is that the scattering and interference local to the array
0 may corrupt the results. Since a vertical dipole has significant
gain levels at low elevations, it may not be a good choice. An
Fig. 4. Gain patterns of the seven-element Y array Witk= 1 for various  grray of end-fed collinear dipoles can be used to narrow the el-
main beam pointing directions. . . . . -
evation pattern; however, this approach may not yield sufficient
suppression at low elevations. To strongly suppress local scat-
tt%ring and interference, it is proposed to design the array using

. . ) monopoles on a ground plane. A ground plane can provide a
beam becomes distorted toward endfire. At broadside, the m d shadowing of signals scattered directly from the mounting

beam half-power beamwidth (HPBW) isT4t£60°" it has de- structure or scattered from locations which are too close to the

grade_d t029.In th? presence of noise, the AOA es“'.’”?‘“"” Va”eirray to be interpreted correctly as azimuth-only AOAs. This
ance increases with increasing beamwidth. Thus, it is clear t

L 7 ) roach also leads to an antenna with a very low profile.
ghoi lfl_l‘h'zss';‘g’g fesst;r?sagﬁgvygrflgrn:heedsee%s:Zﬁe?rzjé%l;b\/( Zﬁf:;gnwmle it is obvious that a ground plane should provide deep
o . e ression of signals arriving from directly below the array,
Fig. 4. Inthis case, the HPBW 30° for all directions. The CBF bp g g y Y

. . s the ground plane also affects the elevation pattern close to the
heamwidih of the Y is greater than that of the ULA insiec®, éorizon. In fact, truncation of the ground plane significantly

. ' h
because there is one less element and two of the remalnlng;%{uces gain close to the horizon, where the desired signals
t 1

25

0 30 45 60 90 180
phi (deg}

are shown in Fig. 3. Note the front-to-back ambiguity. Also no
that the beamwidth widens toward endfite90°), and the main

ments do not contribute to widening the aperture. Therefore, ﬁginate. This unfortunately reduces the effective range of the

A?ﬁ‘ etst|m_at|onf\$r|a;_n<l:§ OI the U||‘_|A IS SUpe;;? r tqttha':f[ of t_he system but may be preferable to the possibility of misleading
in that region of the field of view. However, the situation is re; ¢ e que to spurious local signals.

versed beyond 60 Furthermore, the AOA estimation variance ; jstrate the tradeoff between low-elevation suppression

Of_tl_hi.Y rgr:mms the SSTE,LOOQAGH?' be;gond. . d tand horizon gain, an analysis of the pattern for a monopole on a
axing into accountbo estimation variance and cost, ?ound plane, as shown in Fig. 5, was performed using the uni-

s C'e_"’?r that t_he Y geometryis a good 0\_/eraII ch_oice for syste m geometrical theory of diffraction (UTD) [15]. Results are
requiring uniform performance over a field of view larger thagS shown in Fig. 6. Here, the elevation plane pattern is plotted
126 and compared to a half-wave dipole in free space. Note that the
close-in coverage for the monopole is greatly attenuated with
respect to the dipole. However, note that the monopole pattern

Mobile communications antennas are typically vertically pas 3 dB below the dipole at the incident shadow boundary (in this
larized (e.qg., for vehicle rooftop use) or are intended to be usease, the horizon) regardless of the distance between the edge
in a manner that favors vertical polarization (e.g., hand-held raf the ground plane and the monopole. Thus, this configuration
dios). Therefore, if the base station is limited to one polarizatiois, not as good as a dipole in the primary coverage zone, corre-
it should be vertical. A natural choice for an array element in thigponding to elevations between zero antl¥ or so.

IV. ELEVATION PLANE DESIGN
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Fig. 7. Geometry for a monopole on a ground plane with an elliptical rolled e 70 0 0 w0 @ 2 Dl @ w0 0w w70 0w
o cation (329
edge termination.

Fig. 8. Pattern of a quarter-wave monopole mounted r8m the junction
A remedy for this problem is to terminate the edge of thigetween a ground plane and various elliptical terminations.
ground plane using an elliptical rolled edge, as shown in Fig. 7. 1
Therolled edge is attached with its semimajor axis parallel to the
ground plane, such that the surface normal is continuous. This
greatly reduces the diffraction from the edge (now, a junction). 06l
However, there will still be a discontinuity in curvature
across the junction, so diffraction may still be significant.
Furthermore, a creeping wave mechanism is now present, o2
which will increase gain for low elevation angles. The theory
described in [15] cannot be used to evaluate performance in
this case, as it does not apply to convex surface scattering.  -o2r
Pathaket al. developed a solution for convex surface scattering
in [16]; however, this solution does not apply to surfaces which
have a discontinuity in surface curvature. In [17], Patleak 08
al. presented a diffraction coefficient for a discontinuity in
surface curvature; however, this solution does not account for
the creeping wave. A method for calculating the pattern which o8 06 s 02 0 0z 04 06 08 1
is applicable to the scenario in Fig. 7 was suggested by Heedy meters
and Burnside [18]. Their method uses the latter diffractiorlg. 9. Top view of array geometry. The circles indicate monopole positions
coefficient with the former convex surface scattering solutioirﬂd thg outline of the ground plane is indicated. As built, the top edge of this
along with a correction factor to ensure the continuity of field9u"e 's Nerth
across the shadow boundary. This heuristic approach showl? . . . .
good agreement with a hybrid UTD/moment method techniqr ed edge has a radlu_s of_curvatura()fat the junction point.
developed by Chuang and Burnside for the analysis of “apert 8te that the degradation is small.
matched” horns [19], [20]. Since the geometry of that problem
is very similar to this geometry, it seems reasonable to apply
the method of Heedy and Burnside here. As indicated above, the mutual coupling among the elements
Using this formulation, the pattern of a monopole radiatinip the antenna array influences the performance of an AOA esti-
in the presence of a ground plane terminated on one side bymaator. Therefore it is of interest to characterize the mutual cou-
elliptical rolled edge was evaluated, with results as shown ling for the array design proposed above. This entails a com-
Fig. 8. Note that the primary zone gain is ndwtterthan the putation of the open-circuit impedance mat#ixA reasonable
dipole, regardless of the rolled edge used. The close-in attentgehnique to calculat# is the moment method [21]. The Elec-
tion is also superior to the dipole. tromagnetic Surface Patch code (ESP5) is a particularly conve-
The elliptical termination with parametetis = a, = 5.00A  nient moment method tool [22]. In anticipation of the field study
is a circular rolled edge of radids\. The elliptical termination described below, a prototype “Y”-shaped array of quarter-wave
with parameters;; = 2.32X andas = 1.08\ is designed to monopoles was mounted on an unterminated ground plane as
have a radius of curvature of\fat the junction point (same asshown in Figs. 9 and 10. Each monopole is constructed from
the 5\ circular rolled edge) and 0X5at the extreme end. Notebrass rod of length 157 mm (about one quarter wavelength at
that this rolled edge has performance which is nearly identicg$5 MHz) and approximately 2 mm in diameter, and welded to
to the 5\ circular rolled edge for elevations within 4@f the the center conductor of a panel mount style “N” coaxial con-
horizon. Furthermore, the performance of these rolled edgeséctor. The N connectors were mounted to a single section of
not sensitive to the distance between the monopole and the jualekminum sheet which forms the central portion of the ground
tion point. plane. The ground plane was then extended to the dimensions
To show the effect of further reduction in the size of the elndicated in Fig. 9 using aluminum screen material supported
liptical rolled edge, Fig. 8 also shows the result for an ellipticdly a wooden frame. In ESP5, this antenna array was modeled as
termination with parameters = 1.26 anda, = 0.79)\. This an arrangement of perfectly conducting plates and wires. ESP5

0.8r

0.4

meters
=3
T
(o]
o
o

V. MUTUAL COUPLING AND CALIBRATION
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assumed current modes for each monopole. This phase discrep-
ancy can also bias the ML estimator.

However, note that the impedance matrix is related to the scat-
tering coefficients by

S=(Z-I)(Z+D* (12)

which assume& has been normalized by the feedline charac-
teristicimpedance. Thus, tliesiredvalue ofZ may differ from
; the computed value only in a single parameter, namely, the phase
- of the associated scattering coefficients.
b r" J A simple method to exploit this observation is as follows. One
J 5’.:" .-'ﬁ can measure the array output due to sources at various sites dis-
) tributed over the field of view. The AOA is estimated in each
Fig. 10. Array as built. View is slightly North of East. case and compared to the true bearing to determine the estima-
tion bias. The desired coupling matrix is then the one which
minimizes the overall variation among the biases. Ideally, the
TABLE | optimal value of the phase parameter would reduce the bias for
MAGN'TUDET(SE)Hgg{'ﬁﬁﬁ%&ﬁ“&'f:;g:STCEERME’fETI'I’éN?‘ORMAL'ZED each of the test sites to zero. However, it is possible that there is
some error in the orientation of the array. In other words, the ele-

ELEMENTS 1 2 3 4 5 6 7 ment positions may be known exactly with respect to other array
1 0.0 -7.5 -68 -69 -1.7 -11.8 -116 elements, but the array itself may be rotated by some previously
) 06 -11.0 -108 -80 -149 -13.8 undetected amount. In this case, the optimal phase parameter is
3 0.7 -10.8 -144 -7.8 -14.2 that which yields the smallest variation around some constant
4 06 -15.6 -141  -7.7 bias, and this bias is an estimate of the orientation error. Results
5 0.6 -164 -155 obtained using this technique in field conditions are presented
6 0.7 -16.8 below.
7 -0.7

*Elements are numbered as follows: center element is 1, inner VI. FIELD MEASUREMENTS

elements are 2-3-4, and outer elements are 5-6-7. Arms of

the Y are defined by 1.2.5, 1-3.6, and 1-4.7. This section describes the results of a field experiment used

to confirm the azimuthal AOA estimation performance of the
array shown in Figs. 9 and 10. The experiments were performed

provides as output (among other things) its calculatidf.dfor in November 1999 on the west campus of the Ohio State Uni-

the array described above, the magnitudes are given in Tabl&§'Sty-

Table | shows that the mutual coupling is related to the dis- ) )
tance between elements, as expected. The strongest couplindexEXPeriment Design
ists between adjacent elements along each arm of the array, arthe antenna array was mounted on the roof of the three-story
is about—7 dB. Other coupling coefficients range betweehl ElectroScience Laboratory (ESL) building, with the ground
and—17 dB. Further analysis has shown that this result is nplane approximately 10 m above ground level, as shown in
sensitive to the dimensions of the ground plane, as long as #ig. 10. In this case, the ground plane is essential in suppressing
edge is at least 0X6from the nearest monopole. Thus, this reinterference from within the building and also scattering from
sult also applies when the ground plane is terminated in a rollearious other structures on the roof. The transmitter is an
edge. unmodified commercially available handheld radio carried by a

This coupling is strong enough to significantly bias the AOAerson on foot. The radio transmits 500 mW at 462.6625 MHz
estimates; thus, neglecting coupling when computing trial rasing analog FM modulation of about 12.5-kHz bandwidth. For
sponse vectors for use in (3) may not yield accurate resukésch trial, 3025 samples are acquired using a self-calibrating
However, it may not be safe to assume that the coupling m@sherent array receiver developed at ESL. The trials are
trix inferred by the moment method is better. In a study of aseparated in time by about 25 s.
11x11 array of quarter-wave monopoles with half-wavelength At each site, the user was instructed to talk normally into
spacing on a flat ground plane, Fenn [23] compared the mtite radio. To obtain a more representative distribution of local
tiport scattering coefficients computed using a moment meth&alling conditions, the user was also instructed to walk in a circle
solution to the same coefficients computed from measuremermtsdiameter 6 m4£ 9)) while transmitting. The channel coher-
He observed that the magnitudes in each case were in gapde time in this situation is at least 20 ms; therefore, the sce-
agreement, but with a significant error in the phase. Howeveario is effectively stationary over the 8Q&-acquisition time.
the phase errors were about the same for every coefficient. TNis special attempt was made to hold the radio to maintain any
was attributed to model assumptions in the moment method gadwticular polarization; in fact, it was observed that most users
culation, in particular, the nature of the monopole feeds and ttended to hold the radio in a position about halfway between
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Fig.11. TestArea. The right edge faces Eas)(@nd the top edge faces North

(90°)- Fig. 12. Bias for each of six acquisitions (corresponding to Sites 2-7) as a

function of the impedance matrix phase parameter.
vertical and horizontal polarization. Because the handheld’s an-
tenna has a dipole-like pattern, and the user is walking in circla®he block of data selected to represent each site was chosen on
the SNR at the array tends to vary over a few decibels from ahe basis of highest SNR.
quisition to acquisition, even in line-of-sight (LOS) conditions. UsingZ = I (no calibration), the bias varied between?2td
6.6°, for a total range of 42 The results of the calibration pro-
B. Test Area cedure are shown in Fig. 12. Using the ESP5 solution with phase
o o ) .. parameter equal to°Qthe bias varied betweenl.8° to 11.4.

The test area is illustrated in Fig. 11, with the test sites 'deUfsing the optimum phase parameter of 21the observed bi-
tified by number. A total of nine transmit sites were selecteg o< 1o limited to 3°72-1.4°. Subsequent examination of the
for this evaluation. The location of each site is known to withigrray revealed that it was in fact installed off-center by about
about 10 m, which means the true bearing measured from e nich fortunately could be accounted for in the post-pro-
array site to the closest test site (about 500 m away) is knoWgsging. The results shown in the next section reflect this cor-
to within £1.2°. To the north of the array site is a large 0pefaction The apparent second point of minimum variation near
field. This field is bordered on the west by a two-lane road wit§¢ 5 ot valid, as it gives rise to response vectdss\ghich
single-family homes and to the north by a four-lane road witl.o o consistent with far-field sources. From these results, itis
single-level small business offices. A very large four-story Ofqerred that the antenna array calibration contributes less than

fice building, which shall be called “Building A,” is located alyo of error to the bias measurements for sites betweéragd
the northwest corner of the field. Building A spans about 1435 azimuth.

of the field of view as seen from the array site. “Building B” is

a bOV\_/Im_g alley which extends a_nothe’r Eleyond_ the east edgeD‘ AOA Estimation Results

of Building A. To the northeast is a cluster of industrial build- ]

ings, including “Building C,” a prominent 30-m high structure 10 confirm the performance of the array, AOA measurements
that spans about°4 Also in the north field is a small building Were made for Site 1, Sites 27 (to the north of the array, also
identified as the Satellite Communications Facility (SCF). InHiS€d for calibration), and Sites 9 and 10 (to the south and west
mediately south of the array site is a two-lane road; across tRisthe array). The results using the Miestimator are shown

road is an apartment complex consisting mainly of two-sto#) Table Il. For Sites 17, the performance is reasonably good,
townhouses. with the bias generally being undet,2vhich is well within the

expected error range defined by the uncertainty in the true posi-
tion as noted above. For Sites 9 and 10, the bias is slightly higher.
One possible explanation is that this region was not represented
Calibration of the antenna array was performed using tlivethe array calibration procedure. However, these sites are in
technique described in Section V. Data was collected while thkittered surroundings with an obstructed line-of-site; thus it
mobile was transmitting from Sites 2—7, which are uncluttereday also be that this data, as opposed to the geographical line
and have line-of-sight to the array. Data collected from region$ bearing, actually represents the true AOA.
to the east and south of the array were not included in the cali-The variance, expressed in terms of the root mean square error
bration process due to the inability to obtain uncluttered transnl®MSE), is also shown in Table Il. The RMSE is on the order of
sites with clear LOS. Separately, an estimate of the open-circitor less, except for Sites 1 and 9, which are much higher. The
impedance matrix was computed using ESP5. Using the MICRB, assuming the model conditions stated earlier, is 2 to 3 or-
estimator, the matrif was found which minimized the varia- ders of magnitude less than the RMSE observed. The observed
tion in the bias of one AOA estimate from each of the six siteRMSE is much greater than the CRB due to a combination of

C. Calibration Results
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TABLE I
AOA M EASUREMENT PERFORMANCEUSING ML 1.8¢
14F
MEAN
SITE | RANGE | BEARING | TRIALS SNR Bias RMSE 120
1 0.5 km 76° 26 27 dB | 40.6° 6.1° L
2 0.5 km 90° 6 32dB | +1.8° 2.1°
3 0.5 km 109° 5 30dB | +1.3° 1.0° 08
4 0.6 km 126° 6 31dB | —-0.3° 1.2° 3
5 0.7 km 135° 22 27 dB | ~1.6° 2.1° o8
6 1.2 km 115° 9 20 dB | +0.6° 1.9° 04k
7 1.1 km 100° 6 25dB | 4+0.9° 1.1°
9 0.2 km 287° 8 32dB | -3.6° 10.2° o2F
10 0.5 km 227° 12 29 dB | +3.3° 2.3° of
-0.2
-04 -1.2 -; -0.8 —0.8 -014. -0:2 Cli 0.2 0.4 0‘6 0}8
: km
16
Fig. 14. AOAs estimated for Site 1; ML first AOA.
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factor§, |ncIL_Jd|ng model errors. Important model errors in th|_s|g. 15. AOAs estimated for Site 1; ML second AOA.
experiment include angle spread due to complex scattering and
colored noise covariance due to subtle differences among the
receivers.
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To better understand the results for Site 1, this data was fur-  2er ®

ther analyzed using the ML estimator wiff = 2, i.e., as- 20|

suming two incident signals. This estimator is referred to as

ML.. Fig. 13 shows the AOAs estimated by Mffor Site 1. 0o

Figs. 14 and 15 show the first and second AOAs estimated by il

ML ., respectively, from the same data. The joint AOA distribu- 5,

tion from ML, is shown in Fig. 16. Two types of behavior are %w’_

evident. One cluster of AOA pairs shows afirst AOA closetothe & -

true line of bearing and a second AOA in the rangé-930.
As shown in Figs. 15 and 16, the distribution of the second AOA
in this case strongly suggests that it is mainly due to scattering
from Buildings A and B, with intermittent scattering from the
SCF and various buildings on the eastand west sides of the field. ¢ .~ 5o 1
It is not surprising that different scattering occurs at each trial, s 55 &
since the mobile transmitter is moving and the environment is
expected to display “fast” fading conditions with Rayleigh OFig.16. Joint distribution of AOAs estimated for Site 1 usingMEhe dashed
Ricean behavior. For this site, increasing the model order frdies indicate the optical boundaries of west and east edges of Building A (top
1 to 2 reduces the RMSE for the first AOA from 6.1 5.0, and middle lines, respectively) and the east edge of Building B (bottom line).
which can also be observed as the tighter clustering of AOA es-
timates in Fig. 14 as opposed to Fig. 13. about 250. No terrain feature can be associated with this second
The second cluster of AOA pairs shown in Fig. 16 show8OA. Therefore, it is believed to be spurious in the sense that
very low variance for the first AOA and with a second AOA othe best\f for those trials may actually be 1.

B
°

70 75
First AOA {deg)
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VIlI. CONCLUSIONS [9]

This paper described a novel antenna array concept which
uses a “Y"-shaped distribution of quarter-wave monopoles on 0]
ground plane to achieve uniform coverage in the azimuth, witl?11
greatly reduced potential for scattering from nearby structures
and interference from low elevation angles. A simple method12]
for field calibration of this array was developed. A prototype
of this array has been built and tested in field conditions at 46@13]
MHz. Using ML estimation, it was shown that the array system
is able to resolve single AOAs to within a few degrees and i 14]
able to identify discrete multipath as well. A shortcoming of the
field-tested design is that it has poor gain along the horizon, due
to diffraction from the edge of the ground plane. To control this!*®
diffraction, an elliptical rolled edge termination was proposed.
Using a rolled edge, the horizon gain can be increased by 5 dB6l
while maintaining high suppression at low elevations. Taking
the array factor into account, this array can achieve gain conji7)
parable to the stacked dipole configurations traditionally used
at base stations. Furthermore, this performance can be achiev
in an antenna system which is about one wavelength in height,
including the rolled edge. 9]
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