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Near-field Signal Model for Large-Scale Uniform
Circular Array and Its Experimental Validation

Yilin Ji, Wei Fan, Gert F. Pedersen

Abstract—The usually considered far-field assumption may not
hold anymore, as the array aperture increases to a certain égnt
with respect to (w.rt.) the near-field outer boundary (NFB),
i.e. Rnes = 2D?/X with D being the array aperture and A
the wavelength. Under this circumstance, estimating charel e

Source

parameters with the plane-wave model may result in severe eor. /'
In this paper, a near-field signal model was proposed for the .
uniform circular array (UCA) to avoid the plane-wave model Y
mismatch during channel estimation at its near-field region The Nl
ability of the underlying model to estimate path parameterswere 1
investigated with its ambiguity function. Moreover, a distance T
threshold dependent on the conventional NFB was proposednd

for the cases where the sources or the scatterers are locatedrig. 1. Geometry of the incident wave from a source impingimmn an
outside the proposed distance threshold, the plane-wave mel N-elemtent UCA in the rectangular coordinate.

could still be used with little estimation error.

Index Terms—Large-scale uniform circular array, near-field and academia, has a lower complexity than .the spherical-
signal model, near-field outer boundary, channel estimatio. wave model. Thus, the plane-wave model is still often used
to estimate the channel at the near field [8]-[10]. However,
to which extent we can approach the signal from near-field

|. INTRODUCTION region with the far-field model without significant estinati

N current channel models, the far-filed assumption is oft&ror is not thoroughly investigated.

adopted, since the antenna aperture is so small with respedf this paper, a UCA with sources located in its near-field
to (w.r.t) the distance between the transmitter (Tx), theereer  region was considered. The estimation performance of @ann
(Rx) and the scatterers. However, this is changing rapiddgrameters such as azimuth of arrival and distalydeom the
for the upcoming fifth-generation (5G) network, with newpource to the array (range) was investigated in terms of the
essential features, such as large-scale antenna arrays, AMbiguity function of the array steering vector. Compared t
frequency bands, small cellular coverage and close distaige ULA, the UCA has a coverage 860° in azimuth. In addi-
between Tx and Rx. With the increase of the array apertuti®n, the UCA has the property of geometric symmetry about
the corresponding near-field outer boundary (NFB) expanti§ center, which makes the ambiguity function independent
significantly. Therefore, the far-field assumption may noith of azimuth of arrival. Moreover, the transition behaviororf
anymore. For example, a uniform linear array (ULA) ®f the spherical-wave model to the plane-wave model was also
elements with half-wavelength spacing operating2&iHz investigated w.r.t. the estimation error of azimuth of vati
has a NFB 0f3.68 m, while a ULA of 100 elements with the ~ The main contributions of this paper are listed as follows.
same spacing operating 3 GHz has a NFB of about9m, « Factors affecting the distanely resolution, i.e. the accu-
which violates the far-field assumption in typical propaoat racy of the estimation inly, were investigated with the
environment for 5G deployment. Therefore, the signal model ambiguity function in terms of the curvature of impinging
under near-field assumption, specifically the sphericalewa  wavefront, the NFBRygg, and the array aperturd.
model, should be considered in this case to avoid the planee A distance threshold dependent on the original NFB was

wave model mismatch during channel estimation. proposed to determine whether the near-field assumption
Estimation algorithms based on subspace [1], [2] and maxi- needs to be considered for channel estimation. The pro-

mum likelihood [3], [4] were proposed for source localipati posed threshold was also verified with a measurement

purpose. Usually, the estimation performance is charaeigr conducted in an anechoic chamber.

by the Cramér-Rao bound (CRB), and the ambiguity function.

The CRB indicates the local estimation error, while the am- Il. SIGNAL MODEL

biguity function shows the global resolution and large erro As shown in Fig. 1, anV-element UCA of radius- is
properties [5]. In [6], [7], the CRB for channel parametergycated in thez-y plane of the rectangular coordinate with
are derived under near-field condition. On the other harel, tthe array center anchored at the origin The coordinate

plane-wave model, which has been widely accepted in indusgt the nth array element can be written as vectoy =

r oS ¢, T sin &, 0]7, where — oplnl) 4 1,N] is
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Fig. 2. The magnitude ak(©) in the ¢-do domain with fixed at90° w.r.t.
a synthetic UCA 0f720 elements and radius = 0.5 m at 30 GHz. The
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source was synthesized @t = 90°, ¢’ = 45°, anddf, = v2 m.

. Fig. 3. The relation betweedy resolution anddy calculated atf =
[do sin 6 cos ¢, dg sin @ sin ¢, dg cos 8], where{6, ¢} is the set {2,15,30} GHz, 6 = 90° with (a) Rnrs = {50, 100,200} m, and (b)
of elevation and azimuth ang|e of the incident wave w.rg. thP» = {50,100} A. _Units were omitted in the legends. Note that a smaller
array centerdy, d,, are the distance from the source to théalue of the resolution corresponds to a better performance
array center and theth array element, respectively. Furtherj, Fig. 2, the mainlobe ofA(©) is very sharp, showing high
dy, can be expressed wiity as accuracy of the estimaté3. However, the crossing shape of
the sidelobes indicates parametesindd, are not independent
w.r.t. the ambiguity function, which means they should be
where ®,, is the angle between the two vectors andv,,, jointly estimated to find the global maximum. Moreover, it
with cos ®,, = sinf cos(¢ — ¢,). can be seen that givedy > df,, huge error may appear in
Considering the “source” as either the Tx or the scatterer e estimatey (e.g. the angle estimation errog e= 10° at
the environment, the array steering ve&®) = {s,(0)} € do = 5m). Since the far-field model can be considered as
CN*1 corresponding to a single propagation path received atspecial case of the near-field model with approaching
the UCA can be written as infinity, estimating the near-field signal with the far-fietebdel
_ may also lead to significant angle estimation error. This @hod

sn(0) = exp(—j27 f(dn — do)/c); (2)  mismatch issue was further discussed in the following emsti
where®© = {0, ¢, dy} is a vector consisting of the path parame-
ters, i..e. the elevation of arrivé] the azimuth of arrivap, and g Factors Affecti ng the Resolution of the Distance dy
the distancel, from the source to the array center. When the
far-field assumption is considered, id&. approaching infinity,
the near-field steering vector (2) simplifies to

$n(0,¢) = exp(—j27 frsin 6 cos(¢d — ¢n)/c). 3)

For notation simplicity,sNF and sFF are used to denote the
near-filed (NF) and the far-field (FF) steering vectors in (
and (3), respectively, in the sequel.

d, = \/r2 + d% — 2rdg cos @, Q)

The resolution of the distancg is defined to be the width
between the two points wherg(©) decreases bgdB from
its maxima indy domain. Its value characterizes the estimation
accuracy indy. In other words, the uncertainty of the estimate
dy increases with the width of the mainlobe &f©). Thus, a
aller value of the resolution corresponds to a betteroperf
ance. Factors affecting th® resolution were studied w.r.t.
the curvature of the impinging spherical wavefront, whiem c
0. p be calculated ad/dy, the array aperturd, and the NFB
. PROPERTIES OF THEARRAY STEERING VECTOR 5 :
o . ] Rnrs. Here we recall thaRRneg = 2D/ )\, whereD = 2r is
A. Ambiguity function of the Array Steering Vector the same as the diameter of the UGA.in unit of wavelength
The ambiguity function (also known as uncertainty functiors denoted a®,. The ambiguity function\ (©) was calculated
or resolution function) was calculated with the array steer with specificallyRneg = {50, 100,200} m, Dy = {50,100} A,
vectorsNF to determine whether an arbitrary set of parametgr= {2, 15,30} GHz, anddj, up to 10m. Note that the radius
© = {#,¢',d,} can be detected. The ambiguity function of the array is uniquely determined witlixes, Dy, and f.
A(©) at frequencyf is calculated as Fig. 3 shows the relation betwedp resolution andj, w.r.t.
/ [sNF(G)]HsNF(G’) diffe_rent Rnes, Dy, and_f at el_evf';ltiont_? = 90°. Since the
A©:0) = —F NE o (4) ability of the array to estimaté, is inherit from the curvature
Is¥ () - lIs™= (@)1l of the impinging wavefront, it is essential that ttgresolution
where (-)" denotes the complex conjugate operator, andl  increases withi,. Moreover, in Fig. 3(a), the curves of thg
denotes the Euclidean norm. Fig. 2 shows the ambiguity fumesolution w.r.t. the sam&yrg at different f almost overlap
tion calculated with a synthetic source for a UCA. Note thatith each other. In Fig. 3(b), th&, resolution decreases with
the spacing between consecutive array elements shoulgalw®, but increases wittf, causing the overall influence not so
be smaller than half wavelength to avoid spatial aliasirtj.[1 clear as that of2ygg. The same relations at different elevations
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Fig. 4. The relation betweer, resolution andd;, calculated at elevation — 20 \ .
6 = {50°,70°,90°}, Ryrg = 200 m (“o” marker); atd = 90°, Ry = E, 3 o,
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= 10 o
are shown in Fig. 4. It is observed that the effect of elevatic 5L !

6 can be translated tdineg multiplied by a factorsin? 6,
i.e. once thedy resolution is determined at = 90°, the d,
resolution at other elevations can be determined by it with « Binrs [m]

effective NFB,sin® § Rrg.

From the observation of Fig. 3 and 4, it can be inferred th5g- 5 Estimation error gat 6 = 70° (top) andg = 90° (bottom) w.r.t.
the relation betweerl, resolution andi, is governed by the (e C R TLEN § ok G TR SG o al valus,
corresponding NFB independently of frequency. More specif
ically, given the samely, a smallersin® f Ryeg (equivalently TABLE |
a smallersin® #D, at a fixed frequency) results in a largéy COEFFICIENTS AND BIAS v AT 2, 15, 30 GHz, 6 = 90°.

resolution, which leads to a less accurate estimaig,of
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To investigate at which distance, the signal from Neal: | the distance threshold. 14 Rurs). The Tx was equipped

field region can be estimated with far-field model withoyf: 4 directional horn antenna an° half-power beamwidth.
significant estimation error i, a one-wave scenario was

. . ! ) i On the Rx side, an omnidirectional biconical antenna was
synthesized with the near-field modé¥ at different distance

p d esti d with the far-field moa&F with the classical mounted on a turntable. A virtual UCA was realized via
0, @nd estimated with the far-field moael with the classica rotating the Rx antenna mechanically [in 360]° in azimuth
(Bartlett) beamforming. Fig. 5 shows the estimation error

. ) eplane at1° step, which resulted 860 virtual elements.
w.r.t. different Rneg anddy at 30 GHz. Note that the obtained Both antennas on the Tx and the Rx side were vertically

s 'E caus_ed b_y thelfar-_flﬁld moddelgnlslrjn_?rtch, SO Ilt IS 'r_r6|evaBBIarized, and placed at the same height. The channel fre-
to the estimation algorithm used [5]. Different elevatiars guency responses were measured at each element position

considered and = {70°,90°} are shown as examples. A\Nith a vector network analyzer (VNA) fro28to 29 GHz

clear boundary above v_vh|chA.e:0nverges.th can be, S€eN. with 101 frequency points. The measurements were conudcted
and further modelled with a linear equation (green line),

do =0 sin? O Rnes + Y. (5)
e Antenna element
The obtained values fof and~ at f = {2,15,30} GHz - Differentr
at ¢ = 90° were gathered in Table I, along with their mean A ™ 1
values. It is shown the coefficient = 0.14 is quite stable g

over a large span of frequency, and the biags small and
negligible compared to the first term in (5). As a result, sinc
sin? @ < 1, the product(0.14Rnrg) can be used as a distance
threshold to decide whether it is necessary to deploy the nea
field model for all elevations. This threshold is much more
relaxed compared to the conventional NFB assumed in the
literature [3], [12]. Whend, is larger than this threshold, the B
far-field model can be used to lower the model complexity. 360° "¢ =0°

N
I
=

=

V. MEASUREMENTVALIDATION @

A measurement campaign was conducted in an anech®is 6. (a) The diagram and (b) photo of the measuremenmgstin the

chamber to validate both the proposed near-field signal moqgeih;ﬁ C,\'}lae':g?r;rlgﬁtdﬁ;g”;gngoﬂtghgif; ’;etgtt:'ae d.";esmereoma”ay s
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Fig. 7. The PA%¢) calculated withs™F and sNF. » = {0.075,0.25} m
corresponding td0.14Rneg) = {0.61,6.77} m at 29 GHz. dp = 2m.

16
AN
0.14Rnrs = do X 14
A . E
A\ <Q
()
A A X T 2
2 A \‘ i = = = = e = e — ) O
0 1 2 3 4 5 6 7

0.14RnFB [m]

Fig. 8. The estimatedy obtained withsNF (left y-axis) w.r.t.0.14Ryrg, and
the estimates error;e(right y-axis) obtained with both model8.14 Rneg =
dop is shown in green dashed line.

with 20 different radiusr of the UCA, which were uniformly
selected in[0.0125, 0.25] m, corresponding tQRneg in [0.12,

V. CONCLUSION

In this paper, a generic near-field signal model for the
UCA was proposed. The ability of the near-field model to
estimate distancé, from the source was studied with the
ambiguity function, and thel, resolution was found to be
governed by the near-field outer boundary (NFB), iys,
independently of frequency. A distance thresh@d 4 Rnrs)
was derived to decide whether the near-field model needs
to be considered with a specific array size, frequency and
scenario by comparing its value witly. For the case where
dy is larger than this threshold, the plane-wave model can be
used to estimate channel with little angle estimation etwor
achieve a lower model complexity. Both the proposed near-
field model and the distance threshold were verified with the
measurements conducted in an anechoic chamber.
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