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Abstract—Extremely large-scale antenna arrays are poised to
play a pivotal role in sixth-generation (6G) networks. Utilizing such
arrays often results in a near-field spherical wave transmission
environment, enabling the generation of focused beams, which
introduces new degrees of freedom for wireless localization. In this
paper, we consider a beam-focusing design for localizing multiple
sources in the radiating near-field. Our formulation accommodates
various expected types of implementations of large antenna ar-
rays, including hybrid analog/digital architectures and dynamic
metasurface antennas (DMAs). We consider a direct localization
estimation method exploiting curvature-of-arrival of impinging
spherical wavefront to obtain user positions. In this regard, we
adopt a two-stage approach configuring the array to optimize
near-field positioning. In the first step, we focus only on adjusting
the array coefficients, assuming actual user positions have been
known, to minimize the estimation error. We obtain a closed-form
approximate solution based on projection and a better one based
on the Riemann gradient algorithm. We then extend this approach
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to localize and focus the beams simultaneously via a sub-optimal
iterative approach that does not rely on such pre knowledge of
positions. The simulation results show that near-field localization
accuracy based on a hybrid array or DMA can achieve performance
close to that of fully digital arrays at a lower cost, and DMAs
can attain better performance than hybrid solutions with the same
aperture.

Index Terms—Near-field multi-user localization, hybrid
analog/digital array, dynamic metasurface antennas.

I. INTRODUCTION

IN sixth generation (6G) networks, radio positioning is set
to see significant advancements and widespread usage [1],

[2], [3], [4]. The deployment of extremely large-scale antenna
arrays and the use of high frequencies will greatly enhance radio
frequency (RF) positioning accuracy, particularly in scenarios
where global positioning system (GPS) signals are inaccessi-
ble, such as indoor positioning environments. However, two
key challenges and opportunities emerge as dominant factors
affecting RF localization. Firstly, combining extremely large-
scale antennas and high frequencies often leads to RF sig-
naling occurring within the radiating near-field region. In this
region, the commonly used planar wavefront approximation,
prevalent in far-field systems, no longer holds [5], [6]. Addi-
tionally, implementing arrays with a large number of antenna
elements incurs substantial costs when using conventional fully
digital designs, where each antenna necessitates a dedicated RF
chain [7]. Consequently, extremely large-scale antenna arrays in
6G networks often operate with fewer RF chains than elements
and incorporate some degree of analog processing [8].

Source localization can be regarded as estimating two param-
eters of the users, i.e., their angle and distance with respect to the
reference, e.g., a base station. In far-field operating conditions,
this typically becomes a joint estimation problem [9], [10]:
obtaining the angle estimation from angle of arrival (AOA) and
obtaining the distance estimation from time of arrival (TOA) or
the received signal strength (RSS) [11], which requires precise
synchronization and/or multiple access points participation [12].
In contrast, in the radiating near field, new degrees of freedom
arise from the non-negligible spherical shape of the wavefront,
which can be exploited to enhance wireless localization, en-
abling direct localization [13], [14], [15]. Additionally, unlike
the TOA-based schemes, there is no need to use a wideband
signal in direct localization, i.e., a near-field user can be localized
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Fig. 1. Spherical wavefront vs. plane wavefront.

using a narrowband signal. This, for instance, is convenient in
integrated sensing and communications (ISAC), where fewer
radio resources can be dedicated to the sensing part [16].

Specifically, as shown in Fig. 1, when the distance d between
the user and the array is less than the Fraunhofer distance dF,
the user is considered to lie in the radiative near-field (Fresnel)
region. In such cases, one can directly calculate the user’s
position, i.e., distance and azimuth, based on the curvature of
the spherical wavefront, i.e., one can directly localize in the
radiating near-field by estimating the curvature of arrival (COA).
On the contrary, when d > dF, the user is in the far-field, and the
wavefront of the transmitted signal would be approximated as
a plane. In this case, one can only calculate the angle using the
approximation of the plane waves and then obtain the distance
from the delay information of the incoming signal. The mean
squared error (MSE) of this two-step localization algorithm re-
quires calculating the two-step error separately, which typically
tends to achieve sub-optimal performance compared to direct
localization [17].

COA-based localization was widely used in acoustic or mi-
crowave signaling [18], [19], and it has only recently been
considered for wireless communications at high-frequency
bands [20], [21], [22], [23], [24], [25], [26], [27]. The recent
studies of COA-based near-field localization for 6G include
the characterization of the Cramér Rao Bound [20], [21]; the
investigation of reconfigurable intelligent surface-assisted con-
figurations [22], [23], [24]; the derivations of ad-hoc localization
and tracking approaches [25], [27]; the inclusion of hardware
impairments into the performance [28]; as well as the near/far
hybrid field channel estimation [29]. Several COA-based local-
ization works have focused on MUSIC-based processing and
its simplified versions [26], [30], [31]. As an example, in [26],
a reduced-dimension MUSIC algorithm for near-field source
localization is proposed to avoid the 2D spectral search (i.e.,
angle and distance), which has been further expanded to 3D
application scenarios [31].

Most works on near-field localization consider fully digital
antenna architectures, focusing on the enhanced beamforming
capability of the near field. However, such antennas are expected
to be too costly and power-consuming for realizing large ar-
rays in some 6G settings [32]. The challenges associated with
achieving fully connected extremely large-scale arrays operat-
ing at high frequencies sparked a growing interest in antenna

architectures operating with reduced RF chains [8]. The electro-
magnetic lens [33] has the potential to combat the complexity
of fully digital architectures and has promoted several studies
on its application in near-field localization [17], [34]. However,
obtaining flexible and reconfigurable lenses requires complex
and costly phase profile control units [17].

An alternative solution for mitigating the complexity of fully
digital architectures is to employ hybrid solutions that entail the
adoption of conventional antenna technologies (e.g., based on
patch arrays) while connecting multiple antennas or panels to an
RF chain using dedicated analog circuitry [35]. Such a solution
is often implemented using complex gain filter [36], vector
modulators [32], phase-shifting networks [37], or switch-based
operation [8]. For example, [23] employs the hybrid recon-
figurable intelligent surface in near-field user localization and
obtains improved performance of localization by optimizing the
hybrid reconfigurable intelligent surface configuration. Another
emerging technology is based on dynamic metasurface antennas
(DMAs), which inherently operates with reduced RF chains
without dedicated analog circuitry [38]. DMAs have been shown
to support high-rate communications with reduced RF chains in
far-field [39] and near-field [40] wireless communication.

However, the application of DMA or hybrid array for local-
ization in radiating near-field has received limited attention in
the literature. Near-field single-user location estimation for 6G
systems using DMAs has been preliminary studied in [41] for a
single-user scenario and was first proposed as a beam focusing
model for DMA tuning. On this basis, [42] further analyzed
the focus gain loss caused by the mismatch between the DMA
focusing position and the actual user position, and design a
non-uniform coordinate grid for effectively sampling the user
area of interest. Here, we extend the above analysis to the near-
field multiple-user case, discussing the near-field localization
based on the DMA and, more generally, on hybrid arrays. This
extension renders some conclusions previously derived from
single-user scenarios no longer applicable due to the bringing
of inter-user interference, necessitating the development of a
more comprehensive framework for near-field multiple-user
localization.

The main contributions are summarized as follows.
� We introduce a COA-based localization method for simul-

taneously localizing and beam focusing in the radiating
near field. We specialize our design to different antenna
architectures, including fully digital arrays, hybrid arrays,
and DMAs. Notably, the proposed scheme allows for re-
ducing the number of RF chains with respect to common
schemes using fully digital antennas. We illustrate how
dimensionality reduction of the received signal and in-
herent analog processing impact the maximum likelihood
estimation (MLE) of the user location.

� We propose a two-stage strategy for configuring the array
to enhance near-field positioning by formulating the analog
processing of DMA and hybrid antenna arrays as a form of
precoding for near-field beam focusing [40]. This makes
it possible to improve the estimation accuracy of user
position by optimizing the adjustable coefficients of DMAs
tuning or analog phase-shifter configuration.
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� The first stage involves adjusting the array coefficients
based on the presumed knowledge of user positions to
minimize estimation errors. This approach yields two ap-
proximate solutions, one in closed form and another one
that achieves better performance entailing the use of the
Riemann gradient algorithm.

� Then, we extend our design into a sub-optimal iterative
method that does not necessitate such prior knowledge,
achieving comparable performance to the optimal method
albeit with a slightly higher number of iterations. Notably,
in this case, the proposed joint localization and beam-
focusing method is based on internal iterations carried out
by the receiver, avoiding frequent remote interactions.

� We provide an extensive numerical analysis to demonstrate
that the proposed solution can approach the performance
achieved with costly fully digital antennas by setting a suit-
able number of iterations that gradually refine the focused
beam generated.

The rest of the paper is organized as follows: Section II
describes the considered antenna architectures and correspond-
ing signal models. Then, it introduces the COA-based multi-
source localization algorithm and formulates the problem for
optimization DMA tuning or hybrid phase-shifter setting. The
proposed optimization algorithm is derived in Sections III, while
Section IV presents the achieved results. Finally, Section V
provides concluding remarks.

Notations: Scalar variables, vectors, and matrices are repre-
sented with lower letters, lower bold letters, and capital bold
letters, respectively (e.g., x, x, and X, respectively). The term
C
N×N denotes a complex space of dimensionN ×N , the super-

scripts (·)T and (·)H denote the transpose and Hermitian trans-
pose, respectively, and | · | is the absolute value operator, and
‖ · ‖ denotes the Frobenius norm. lm denotes a m-dimensional
all one vector.

II. SYSTEM MODEL

In this section, we first introduce the considered array archi-
tectures in Section II-A, including fully digital arrays, hybrid
arrays, and DMAs, and formulate the corresponding received
signal model in Section II-B. Then, in Section II-C, we present
the COA-based localization method for near-field sources and
formulate the optimization problem of designing adjustable
coefficients of hybrid arrays and DMAs to improve the accuracy
of source position estimation.

A. Array Architecture

We consider three types of antenna architectures, as shown in
Fig. 2, that are introduced separately in the following subsec-
tions. For convenience, the antennas of the three architectures
are placed in a rectangular arrangement with Nd rows and Ne

columns, with an overall of N = NdNe elements.
a) Fully digital architecture: Fully digital antennas, where

processing is carried out only in digital, are widely assumed due
to their high flexibility [43]. In such architectures, each element
is connected to a dedicated RF chain, as illustrated in Fig. 2(a),
and, thus, it results in a costly architecture when large-scale

Fig. 2. Considered array architectures. (a) Fully digital architecture. (b) Hybrid
architecture. (c) DMA architecture.

arrays are employed. In this paper, the fully digital array rep-
resents the baseline architecture to measure how much analog
pre-processing (stemming from RF chain reduction) affects the
localization performance.

b) Hybrid architecture: A candidate technology to reduce
the number of RF chains is represented by hybrid antenna
arrays (e.g., based on patch arrays), where a large number of
antennas is connected to a smaller number of RF chains using
dedicated analog circuitry, such as phase-shifting networks [44].
Phase-shifter-based hybrid arrays combine digital signal pro-
cessing with some constrained level of analog signal processing.
As shown in Fig. 2(b), for the hybrid array, each antenna is
connected to an RF chain through an independent phase-shifter,
and an analog combination for antenna outputs reduces the
number of RF chains. Specifically, the array is divided asNd line
sub-arrays composed of Ne elements arranged uniformly, and
each line sub-array is operated by a fully connected phase-shifter
network with a single RF chain. Therefore, the signal captured
at the ith RF chain is given by

yhi =

Ne∑
l=1

qi,lxi,l, (1)
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Fig. 3. Signal reception at the i-th microstrip.

wherexi,l is the received signal from the corresponding element.
Here qi,l denotes the phase of phase-shifter, which satisfies

qi,l ∈ F �
{
ejφi,l | φi,l ∈ [0, 2π]

}
, ∀i, l. (2)

c) DMA: DMA is an emerging antenna technology that
inherently implements RF chain reduction with low cost and
power consumption and reconfigurable analog processing, using
radiating metamaterial elements embedded onto the surface of
a waveguide [40]. As shown in Fig. 2(c), the DMA architecture
comprises multiple waveguides (termed microstrips), each con-
taining multiple metamaterial elements. The received signals
of each element within each microstrip are aggregated into a
corresponding RF chain [38]. Since the frequency response of
each element can be individually adjusted [45], the number of RF
chains to be processed translates from the number of receiving
elements to the number of microstrips. The elements in each
microstrip are usually sub-wavelength-spaced, meaning more
elements can be packed in a given aperture compared to the
conventional architectures.

Fig. 3 depicts signal reception via a microstrip with multiple
elements: The signals impinging on the DMA elements propa-
gate inside the waveguide and are captured at the output port.
The output of each microstrip is thus modeled as a weighted
sum of these received signals; we consider the case where
the response of the elements is frequency flat and focus on
the Lorentzian-constrained phase model of the metamaterial
elements frequency response [46]. Hence, the signal captured at
the output of the ith microstrip, after undergoing the elements’
response and propagating inside the waveguide, is given by:

yi =

Ne∑
l=1

hi,l qi,l xi,l, (3)

where hi,l encapsulates the effect of signal propagation inside
the microstrip, given by [39]

hi,l = e−ρi,l(αi+jβi), (4)

where αi is the waveguide attenuation coefficient, βi is the
wavenumber, and ρi,l denotes the distance of the l-th element
from the output port of the i-th microstrip. Then, the term qi,l
denotes the tunable response of the corresponding antenna, and

its feasible settings satisfy the Lorentzian form

qi,l ∈ Q �
{
j + ejφi,l

2
| φi,l ∈ [0, 2π]

}
, ∀i, l. (5)

Comparing (1) and (3), the received signals of both arrays
are the result of accumulation, with the difference being that
the weighting coefficients are the phase of phase-shifter in the
hybrid array and DMA coefficient in DMA, respectively, which
follows different constraints as (2) and (5).

B. Received Signal Model

We consider a multi-user localization scenario in which a
multi-antenna base station receives pilot signals from M users
and estimates their locations. We focus on settings where the
number of users is known. In practice, such information can
often be reliably estimated from the impinging signals, e.g., [47].
The base station is equipped with one of the three arrays of
Fig. 2, i.e., the common fully digital array, the hybrid array,
and the DMA. The array aperture and the signaling frequency
are assumed to be such that the transmitting user resides in the
radiating near-field, i.e., in the Fresnel region (which can be
in distances of the order of tens and even hundreds of meters
in some 6G settings [6]). Since the user is within the Fresnel
region of the base station array, the transmitted signal exhibits a
spherical wavefront.

We suppose that all users share the same pilot frequency, and
the unified narrowband pilot signal at frequency fp is emitted
by each source with power normalized to one. Thus, the signal
received by the l-th antenna of the i-th line array/microstrip at a
generic discrete time instance is given by

xi,l =
M∑
m=1

xm,i,l + zi,l. (6)

In (6), zi,l is an additive Gaussian noise on the responding
antenna with variance σ2, xm,i,l is the received signal from
the m-th user at the corresponding antenna. The latter can be
expressed as

xm,i,l = gm,i,l cm, (7)

where cm is the source pilot signal symbol stream satisfies
|cm|2 = 1, gm,i,l = ame

−jvm,i,l represents the channel compo-
nent, with am and vm,i,l denoting the channel gain coefficient
and the phase due to the distance traveled by the signal, respec-
tively. The gain is expressed as am = c

4πfpdm
with dm denotes

the distance between the array and the source, and the phase is
given by

vm,i,l � 2πfp
dm,i,l
c

, (8)

where dm,i,l is the distance between the corresponding antenna
and the source, and c is the speed of light.

Define the vector x = [x1,1, . . . , xi,l, . . . , xNd,Ne
]T ∈ C

N .
Now, (6) can be written as

x =

M∑
m=1

gm cm + z = Gc+ z, (9)
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where gm = [gm,1,1, . . . , gm,i,l, . . . , gm,Nd,Ne
]T ∈ C

N×1 and
z = [z1,1, . . . , zi,l, . . . , zNd,Ne

]T ∈ C
N×1 denote the chan-

nel vector and noise vector, respectively. The matrix
G = [g1, . . . ,gM ] ∈ C

N×M is the channel matrix, c =
[c1, . . . , cM ]T . Since the fully digital array assigned RF chains
to all antennas, (9) can also regarded as the output of the fully
digital array.

For the hybrid array, by (10), the output vector yh =
[yh1, . . . , yhNd

]T ∈ C
Nd is given by

yh = Qx, (10)

where the matrix Q ∈ C
Nd×N represents analog precoding of

the hybrid array that satisfies

Qn,(i−1)Ne+l =

{
qi,l ∈ F i = n,

0 i �= n.
(11)

Similarly, the output of DMA in vector form is given by

yq = QHx, (12)

where H is a N ×N diagonal matrix with diagonal ele-
ments H((i−1)Ne+l,(i−1)Ne+l) = hi,l. The matrix Q ∈ C

Nd×N

in DMA case denotes the reconfigurable weights of the DMAs.
Since we focus on narrowband signaling, for which the elements
can be approximated with the Lorentzian-constrained form [40],
Q obeys the following structure:

Qn,(i−1)Ne+l =

{
qi,l ∈ Q i = n,

0 i �= n.
(13)

We use the same symbol Q to define the adjustable coefficient
matrix in (10) and (12). This is because, as noted above, DMAs
and hybrid arrays perform similar operations in the analog do-
main (with different constraints) and yield similar output forms
Accordingly, in the following, we will also generically refer to
yh and yq as y.

C. Problem Formulation

We consider the task of estimating the user positions based on
the above output formulas while tuningQ to achieve an accurate
estimate. The fact that the communication takes place in the
radiating near-field can be exploited to facilitate localization
based on the COA of the impinging signal at different elements.
In our preliminary work [41], we delved into single-user near-
field localization scenarios where both the array and the user
were situated on the same plane. However, in the context of
this paper, the single-user approach proves ineffective due to
substantial inter-user interference arising from the shared pilot
frequency utilized by multiple users. In this paper, we consider
the more general localization scenario as illustrated in Fig. 4,
with multiple users, all three architectures detailed above, and
where the square array is located on different planes with users.

Specifically, we set a reference point (i.e., antenna) located in
(0,0,0) for the receiving array, and the square array is standing
on the Y Z plane, the m-th user is located in (xm, ym, zm),
at distance dm, according to an azimuth θm and elevation
angle γm with respect to the source (see Fig. 4), respectively.

Fig. 4. Relative position relationships between source and array. The a0 is
reference antenna, whereas the antenna of the i-line and l-row is at ai,l.

Further, the l-th antenna of the i-th row of the array is located
at (0, yi,l, zi,l), with polar coordinate expressed as (ri,l, ϕi,l).
The specific geometric relationships between coordinates and
reference positions are as follows

xm = dm sin γm cos θm,

ym = dm sin γm sin θm,

zm = dm cos γm. (14)

According to the triangular relationship between reference
points, the antenna, and the user, dm,i,l(dm, θm, γm) can be
expressed as [25]:

dm,i,l (dm, θm, γm) =
√
r2
i,l + d2

m − 2ri,ldmg(θm, γm),

(15)
where g(θm, γm) is a geometric term given by

g(θm, γm) = sinϕi,l sin θm sin γm + cosϕi,l cos γm. (16)

The operation in the radiating near-field implies that none
of the terms in (15) can be neglected. Thus, (15) determines
the relationship between the user location and the phase profile,
which is highly nonlinear and is retained at the above output.
Moreover, common multi-user localization methods (e.g., signal
subspace techniques) are inapplicable due to the shared pilot
signal. Therefore, a possible solution for estimating the user
position is to compute the MLE given by(

d̂M, θ̂M, γ̂M
)
= argmax

pM
log p (y;pM) , (17)

where log p(y;pM) is the log-likelihood function of y. Here
pM and (d̂M, θ̂M, γ̂M) refer to the possible and the estimated
user positions set in polar coordinates, respectively, with pM =
(d�M, θ

�
M, γ

�
M) and M = {1, . . . ,M}. For convenience, define

pm = (d�m, θ
�
m, γ

�
m) as the possible position of m-th user, i.e.,

pM can also expressed as pM = {pm}Mm=1.
Since the received signals of both the hybrid array and the

DMA also depend on the adjustable coefficient matrix Q, it
results that Q affects the accuracy of the MLE. Therefore, it
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is necessary to design the phase shifters or DMA tuning to
facilitate localization for the hybrid array and DMA cases. Due
to the similar receive mode, we will discuss DMA-based MLE
in the next section and show how our approach extends to hybrid
arrays.

III. JOINT LOCALIZATION AND BEAMFOCUSING

In this section, we explore simultaneous multi-user local-
ization and beam focusing using large antenna architectures.
As previously mentioned, we concentrate on DMAs, where
beam focusing involves tuning its reconfigurable elements. We
commence by formulating an alternating projection algorithm
for near-field localization for a given DMA configuration in
Section III-A. Then, we derive joint localization and beam
focusing in two stages. First, we assume that one has prior
knowledge of the users’ location and develop two DMA tuning
schemes in Section III-B, with the former having low complexity
and the latter having higher performance. Then, in Section III-C,
we extend these designs to also carry out localization, i.e., the
actual case that prior knowledge of user location does not exist.
This is achieved via an iterative algorithm for joint optimization
position estimation and DMA tuning. Finally, in Section III-D,
we show that while our method is formulated for DMAs, it can
also be naturally adapted to both hybrid phase-shifter-based ar-
chitectures as well as fully digital ones after some simplification.

A. Localization for Fixed DMA Tuning

We start by considering the case in which the DMA configura-
tion, namely the matrix Q, is fixed. For such setups, we propose
a method for localizing the users.

Assuming NT samples are collected for MLE during each
observation time window, the t-th sample is marked as y(t),
t = 1, . . . , NT. According to (12), once we obtain a sufficient
number of receiving samples, the log-likelihood function of y
can be expressed as

log p (y;pM) ∝
NT∑
t=1

‖P [S (pM,Q)]y(t)‖2, (18)

where P denotes the projection operator, which, when applied
to a matrix X, is given by

P [X] = X
[
XHX

]−1
XH .

Projection in (18) is applied to S(pM,Q) = QHSa(pM), with
Sa(pM) = [s1, . . . , sM ] ∈ C

N×M denoting the steering matrix
of the array1 where each steering vector is given by

sm =
[
ame

−jv1,1(pm), . . . , ame
−jvm,Nd,Ne (pm)

]T
, (19)

where vm,i,l(pm) is obtained from (8) and (15). Note that sm =
gm only if pm = (dm, θm, γm), ∀m ∈ M.

The maximization of the (18) is a nonlinear, multi-
dimensional maximization problem, and thus, direct processing

1In the near field, the steering matrix/vector concept loses its usual meaning
as it cannot be identified as a unique steering direction. Despite that, in this
paper, we still adopt this term in a wide sense.

would yield a significant amount of complexity. The alternating
projection (AP) maximization technique is a conceptually sim-
ple technique for multi-dimensional maximization. The tech-
nique converts the multi-dimensional maximization problem
into multiple one-dimensional problems by alternating itera-
tions. Specifically, the projection operator P[S(pM,Q)] can be
rewritten as [48]

P [S (pM,Q)]=P [S (pM−m,Q)] + P [
S (pm,Q)

]
, (20)

where S(pM−m,Q) ∈ C
Nd×M−1 is the steering matrix based

onpM−m, whilepM−m is the difference set ofpM withpm, i.e.,
pM−m = {pt}Mt=1,t �=m. In (20), S(pm,Q) ∈ C

Nd×1 denotes
the residual of QHsm when projected on S(pM−m,Q), which
is given by

S (pm,Q) = (INd
− P [S (pM−m,Q)])QHsm. (21)

From (20), for a given Q, once pM−m has been fixed,
P[S(pM,Q)] would only be determined by pm, and thus the
first term of (20) can be ignored. Consequently, the maximization
of the (18) can be iterative, at every iteration a maximization is
performed with respect to a single parameter while all the other
parameters are held fixed.

Therefore, by substituting (20) into (18), the problem (17)
can be simplified as solving M sub-problem, and the m-th sub-
problem is expressed as

log p (y;pm) ∝
NT∑
t=1

‖P [
S (pm,Q)

]
y(t)‖2. (22)

Based on this formulation, one can compute (22) and itera-
tively localize the user by AP method when Q is fixed, the
detailed process is summarized as Algorithm 1. Notably, such
an algorithm contains an initial position estimation because
precise initialization is crucial as it can greatly enhance the
overall convergence speed of the iteration process. This initial
estimation starts from a single-user scenario to estimate the first
user, then fixes existing estimates and continuously increases
users until obtaining the last estimate.

The computation of Algorithm 1 requires a given Q. There-
fore, the fact that the accuracy of this estimate depends on Q
allows us to use the above MLE as guidelines for tuning the
DMA along with the localization task.

B. DMA Tuning for Given Positions

The formulation of the localization log-likelihood in the pre-
vious sections serves as a starting point for deriving our joint
localization and beamfocusing method. We do this in two stages.
First, we consider designing the DMA tuning to optimize the
MLE in (17), i.e., ignoring, for now, the fact that its computation
requires knowledge of the users’ positions.

For ease of analysis, as in [18], we rewrite (18) as

log p (y;pM) ∝ tr [P [S (pM,Q)]R] , (23)

where R is the empirical average of yyH over the ob-
served time window, which can be approximated to the sta-
tistical covariance, which expressed as expressed as R =
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Algorithm 1: AP-Based Localization with Fixed DMA
Tuning.

Input: M ; Q; {y(t)}NTt=1; The maximal iteration number K.
Initialize: Set k = 1; The initial position set pM = {∅};

The projection operation P[S(pM,Q)] = 0.
For m = 1 :M
1: Obtain p0

m = pm by searching for pm that maximize
(22), where S(pm,Q) is calculated by

S(pm,Q) = (INd
− P[S(pM,Q)])QHsm

.2: Update the position set as pM = pM ∪ p0
m.

3: Update the projection operation as

P[S(pM,Q)] = P[S(pM,Q)] + P[S(p0
m,Q)]

.End
4: Obtain the initiation position set pM = {p0

m}Mm=1.
While k ≤ K do
For m = 1 :M
5: Obtain pkm = pm by searching for pm that maximize

(22), where S(pm,Q) is obtained by calculating (21).
6: Update position set as pM = pM−m ∪ pkm.
7: Update P[S(pM,Q)] with S(pkm,Q) through (20).
End
8: k = k + 1.

End while
Output: The position estimation pM = {pKm}Mm=1.

QH(GGH + σ2IN )HHQH . For convenience, we define a
function f(pM,Q) as:

f (pM,Q) = tr [P [S (pM,Q)]R] . (24)

The MLE computation can be regarded as a search process
over distance and angle to maximize (24), and the maximum
value of (24) is expected to converge to the true user posi-
tion, i.e., (d̂M, θ̂M, γ̂M) = (dM, θM, γM). Therefore, we aim
to design Q to maximize (24) at the actual position, i.e., set
p∗
M = (dM, θM, γM), and considering the following problem:

max
Q

f (p∗
M,Q)

s.t. (5), (13). (25)

Problem (25) is non-convex because of the Lorentzian-
constrained Q form in (5). To overcome this limitation, we
introduce below two approximate solutions to relax the problem
(25) into the solvable convex problem to obtain an approximate
solution.

1) Approximate Solution Based on Projection: Substitut-
ing the definition of R into problem (25), and using
PSD(p�M,Q)QHGGHHHQH = QHGGHHHQH , the prob-
lem (25) can be explicitly rewritten to

max
Q

tr
[
QHGGHHHQH

]
+ tr

[P [S (pM,Q)]σ2QHHHQH
]

s.t. (5), (13). (26)

The Lorentzian-constrained Q form in (5) makes the problem
(26) still difficult to solve. Following [40], we tackle this by
relaxing the Lorentzian constraint to the phase-only weights
constraint with constant amplitude and arbitrary phase, i.e. (2),
the problem can be regarded as

max
Q

tr
[
QHGGHHHQH

]

s.t. Qn,(i−1)Ne+l =

{
qi,l ∈ F i = n.

0 i �= n.
(27)

The second factor of problem (26) is omitted in (27) as
it is a constant. This is because following the phase-only
weights constraint, we have QHHHQH =

∑l=Ne

l=1 h2
i,lINd

and
tr[P[S(pM,Q)]] = 1. Following the definition of G, problem
(27) can be rewritten as

max
Q

M∑
m=1

tr
[
QHgmgHmHHQH

]

s.t. Qn,(i−1)Ne+l =

{
qi,l ∈ F i = n.

0 i �= n.
(28)

Since M > 1, the DMA tunable coefficients, i.e., qi,l, would
not be enough to perfectly adjust for the phase of the arrived
signals. But inspired by the phase design of RIS in [22], we di-
vide (28) into multiple sub-problems. Consequently, the optimal
solution to (28) can be regarded as finding a trade-off between
the solutions of these sub-problems. The solution to (28) is stated
in the following theorem.

Theorem 1: The solution to (28), represented as Q∗, can be
obtained by setting each non-zero element to q∗i,l = ejψ

∗
i,l , with

ψ∗
i,l =

∑M
m=1 vm,i,l
M + ρi,lβi.

Proof: The proof is given in Appendix A. �
As q∗i,l in Theorem 1 does not satisfy the Lorentzian form,

we project it onto (5) following [40]. The resulting weight is

q̂i,l =
j+e

jψ∗
i,l

2 , and though it is not the optimal solution of (26),
it provides a simple closed form solution but that guarantees
reliable positioning performance as shown in the numerical
results.

In the following, we propose an alternative approach where
we transform the Lorentz constraint into a phase-only constraint
and use the Riemannian conjugate gradient algorithm to obtain
the solution.

2) Approximate Solution Based on the Riemannian Conju-
gate Gradient Algorithm: In fact, the first factor of the objective
function in (26) represents the effect of DMA tuning on the
received signals, while the second factor represents the effect
of DMA tuning on noise. However, the localization information
we are interested in is only encapsulated in the received signals.
By omitting the second factor of the objective function in (26),
we obtain the following problem:

max
Q

tr
[
QHGGHHHQH

]

s.t. Qn,(i−1)Ne+l =

{
qi,l ∈ Q i = n.

0 i �= n.
(29)
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Then we introduce following inequality:

tr
[P [S (pM,Q)]σ2QHHHQH

]
tr
[
GGH

]
≥ tr

[
HHQHP [S (pM,Q)]σ2QHGGH

]
= σ2 tr

[
QHGGHHHQH

]
, (30)

the inequality in (30) use a matrix trace inequality: For any
semidefinite matrix, e.g, A � 0 and B � 0, we have

tr [A] tr [B] ≥ tr [AB] , (31)

As tr[GGH ] =MN , by substituting (30) into (26), the opti-
mization of (29) can be regarded as maximizing the lower bound
of the objective function of (26). Therefore, we can relax (26)
as solving (29). Likewise (27), (29) can be rewritten as

max
Q

M∑
m=1

tr
[
QHgmgHmHHQH

]

s.t. Qn,(i−1)Ne+l =

{
qi,l ∈ Q i = n.

0 i �= n.
(32)

With the Lorentzian constraint, (32) would not obtain
a closed-form solution following Theorem 1. To proceed,
we define the vector q = vec(Q) ∈ C

NdN×1, and thus we
have QHgm = (Hgm)T ⊗ INd

q, define W = (Hgm)T ⊗
INd

, (32) can further rewritten as

max
q

M∑
m=1

qHWHWq

s.t. qn+((i−1)Ne+l−1)Nd
=

{
qi,l ∈ Q i = n.

0 i �= n.
(33)

It is easy to verify that the zero elements of q do not affect
the objective function of (33). Hence, (33) can be simplified as

max
q

M∑
m=1

qHW
H
Wq,

s.t. qr ∈ Q, ∀r ∈ Aq, (34)

where Aq denotes the set of all non-zero elements of q, q ∈
C
N×1 is the modified version of q obtained by removing all

the zero elements of q, and W is the modified version of W
obtained by removing the elements having the same index as the
zero elements of q.

Inspired by [49], to remove the Lorentzian constraint in (34),
we define a new vector b ∈ C

N×1 whose r-th element is given
by

br = 2qr − ej2π, ∀r ∈ Aq. (35)

By its definition, b satisfies the phase-only constrained constant
modulus, i.e., br ∈ F � {ejφr | φr ∈ [0, 2π]}. Meanwhile, ac-
cording to (35), we have q = 1

2 (b+ ej2πlN ). Based on these,

(34) can be equivalently written as

max
b

M∑
m=1

1
4

(
b+ ej2πlN

)H
W

H
W

(
b+ ej2πlN

)
,

s.t. br ∈ F , ∀r ∈ Aq. (36)

The search space in (36) is a product of N complex circles, a
Riemannian submanifold of CN . Therefore, (36) can be tackled
using the Riemannian conjugate gradient (RCG) algorithm.
Defining the objection function of (36) as g(b), the solution of
(36) is thus iteratively updated based on the following formula:

b(t+1) = Rt

(
b(t) + ε(t)η(t)

)
, (37)

whereb(t+1) is the updated point from the current pointb(t) and
t is the iteration number, the initial b(0) could be obtained by the
solution of the projection method above. Thus the RCG-based
solution can be regarded as an improvement on the projection-
based solution. Rt denotes the retraction operator that ensures
the updated result satisfies constant modulus, which lets b(t+1)

r =
b
(t)
r +ε

(t)
r η

(t)
r

|b(t)+ε(t)r η
(t)
r | . ε

(t) and η(t) are the Armijo step size [40] and

the search direction at the point b(t), respectively. The search
direction η(t) lies in the tangent space of the complex circle
manifold at the point b(t), which is given by

η(t) = −grad g (b)

+ ζ(t)
(
η(t−1) − Re

(
η(t−1) ◦ b(t)†

)
◦ b(t)

)
, (38)

where notation † and ◦ conjugation denote the conjugation and
Hadamard production, respectively, ζ(t) is chosen as the Polak-
Ribiere parameter [40], grad g(b) is the Riemannian gradient
of g(b), which calculated as the orthogonally projecting of the
Euclidean gradient of g(b), given by

grad g (b) = ∇g (b)− Re
(
∇g (b) ◦ b(t)†

)
◦ b(t), (39)

where ∇g(b) is the Euclidean gradient of g(b), which defined
as

∇g (b) = 1
2

(
W

H
Wb+ ej2πW

H
WlN

)
. (40)

C. Alternating Localization and DMA Tuning

The DMA tuning detailed above requires knowledge of the
user position, whose estimation is the core of the localization
problem. However, alternating optimization can extend it for
joint DMA tuning and localization. The rationale here stems
from the fact that the design of Q for COA-based localization
realizes a form of beamforming, which in the radiating near-
field specializes in beamfocusing [5]. Consequently, (25) can be
regarded as designing Q to focus the received beam towards a
given location and iteratively refine the specific localization.

Therefore, for the MLE process in (23), even when the focus-
ing position at the array receiving end deviates from the actual
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Algorithm 2: Iterative Optimization Algorithm for Alter-
nating Localization and DMA Tuning.

Initialize: Initialize the matrix Q1 ∈ C
Nd×N constrained by

the array architecture; k = 1; Iterations limit K.
1: Obtain the position estimation pM by Algorithm 1

(Steps 1-4).
While k ≤ K do
For m = 1 :M
2: Estimate pkm by maximizing f(pM,Qk) (equivalently

maximize the projection MLE defined in (22)).
3: Update position set: pM = pM−m ∪ pkm.
End
4: Get Qk+1 by maximizing f(pM,Q) through solving

(25).
5: Update receive vector yk+1 from Qk+1 by (12).
6: k = k + 1

End while
Output: The position estimation pM.

source position, the estimated results are still improved,2 which
means that once we obtain a rough estimation of the source
location, we can constantly approach the desired actual source
position by updating the focus position. Meanwhile, the update
of Q can be synchronized with the iteration in the AP algorithm,
i.e., we can obtain a new alternating algorithm by embedding the
update of Q into Algorithm 1.

The resulting alternating localization and DMA tuning al-
gorithm is summarized as Algorithm 2. In Algorithm 2, we
utilize the receiving vector from random coefficient response
performing the initial position estimation and obtain new ob-
servations after updating the coefficients of Q with the results
of the previous position estimation. We can repeat the above
steps at each receiving time slot so that the estimated result
is close to the actual source location gradually. An analogous
alternating optimization strategy was employed in [50], where
the author obtains the user’s angle estimate using AOA method
and subsequently employs it to formulate analog coefficients for
distance estimation, known as the two-step method. However,
unlike the algorithm we have put forth, the two-step method
does not leverage distance information. Consequently, the ana-
log coefficients design it yields is fundamentally grounded on
a far-field model, leading to performance degradation when
applied in near-field scenarios.

D. Extension to Fully Digital and Hybrid Architectures

In this part, we extend the proposed localization and tuning
scheme to other antenna architectures.

1) Fully Digital Antenna: For the fully digital array, each
antenna element is connected to a dedicated RF chain (without
analog combining operation), leading to the received signal

2As we analysed, the improvement which yield from DMA tuning is caused
by the focusing operation. Even if there is a mismatch between the focusing
position and the actual user position, the focusing gain still exists while is only
loss [42].

y = x. In this case, the likelihood function in (17) of x, can
be expressed as [18]:

log p (x;pM) ∝
NT∑
t=1

‖P [Sa (pM)]x(t)‖2, (41)

Since without analog domain design, by making Q = IN
and H = IN , we can directly use Algorithm 1 to implement
localization.

2) Hybrid Phase-Shifter Antenna: When we consider the
hybrid arrays, as previously introduced, the optimization of the
phase shifters is similar to DMA tuning. Thus, Algorithm 1 also
applies to the hybrid array case and just needs to let H = IN .
Besides, by replacing the constraints of matrixQ to (2) and (11),
(25) can be regarded as optimizing the phase of the hybrid array
to improve the MLE, which can be written as

max
Q

tr
[
QGGHQH

]

s.t. Qn,(i−1)Ne+l =

{
qi,l ∈ F i = n.

0 i �= n.
(42)

Problem (42) is almost identical to (27), except for the omission
of the matrix H. Thus it can obtain the solution from Theorem 1
directly by removing the effect of H. The resulting phase is

q̂i,l = ejψ
∗
i,l , with ψ∗

i,l =
∑M
m=1 vm,i,l
M .

Since without the requirement of projection of the phase
solution onto Lorentzian constraint, the solution of (42) can be
regarded as the optimal solution of the hybrid array. In fact,
the Lorentzian constraint only has a negative effect on phase
design. Therefore, hybrid arrays always outperform DMA under
the same number of antennas and array aperture.

IV. NUMERICAL EVALUATIONS

This section evaluates the localization performance under
multiple array architectures for different SNR scenarios. We
first detail the simulation setup in Section IV-A, and present
our numerical results in Section IV-B

A. Simulation Parameters

In our simulation study, we set the carrier frequency of the
pilot signal as fp = 28 GHz, corresponding to a signal wave-
length of λ = 0.01 m. In one observed time window, the sample
number is set as NT = 500. Then, we consider a localization
scenario that the user is in the XY -plane, while the antennas of
the array are lying on the Y Z-plane, with the reference point of
the array set at the origin of the coordinate system. In this case,
the position of each user is expressed as (xm, ym, 0) in Euclidean
coordinate, or (dm, θm, π/2) in polar coordinates. We simulate
DMAs as well as hybrid phase-shifter antennas and fully digital
ones. For DMAs, we set use α = 0.6m−1 and β = 827.67m−1

to represent the propagation inside the DMA waveguides. The
DMA array is comprised ofNd microstrips, i.e., it only requires
Nd RF chains, with each microstrip containing Ne antenna ele-
ments. The total number of antenna elements is thusN = NdNe.
The noise variance σ2 is set to adjust the signal-to-noise ratio
(SNR) as SNR = 10log(‖x‖2/(Nσ2)).
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TABLE I
ARRAY ARCHITECTURE

The separation between microstrips is set as 5λ/2, (the sep-
aration between rows of hybrid or fully digital arrays is also
set in this way). In general, the antenna elements within the
microstrip of DMAs are arranged at sub-wavelength spacing,
while the antennas of full digital arrays and hybrid arrays require
at least half-wavelength spacing to be arranged. To compare the
performance differences of three antenna architectures in detail,
we set two kinds of DMA microstrip antenna space, one set
to λ/2 antenna spacing (as in the full digital case and hybrid
case), and the other set to λ/4 antenna spacing (as in the general
DMA case), the full digital array and hybrid array have the same
dimensions as the DMA at the λ/2 spacing case. The number of
antennas and required RF chains for each array are summarized
in Table I. To make a fair comparison, we consider that the three
antenna architectures have the same physical aperture equal to
D =

√
2L, with L denoting the length of the microstrip. We fix

L = 25 cm, thereby the number of microstrips in this DMA is
Nd = 2L/(5λ) = 10. For λ/2 spacing (antennas in each row of
the full digital array is the same), the number of antenna elements
of each microstrip is calculated as Ne = 2L/λ = 50 and the
total number of antenna elements is thus N1 = NdNe = 500;
For λ/4 spacing, Ne = 4L/λ = 100 and thus N2 = 1000. The
above simulation setup is exploited throughout our simulations
unless otherwise specified.

B. Numerical Results

The COA-based localization method is only applicable in the
near field range, thus the source position (dm, θm, π/2) should
be located in the Fresnel region of the array, i.e., dm should
satisfy that

d0 ≤ dF =
2D2

λ
, (43)

where dF is the Fraunhofer distance limit, which, under the
current setting, equals dF = 24 meters. That is, the near-field
region extends up to 24 meters.

To demonstrate this point, we provide a root mean square
error (RMSE) heatmap to clarify the range of the proposed
COA-based localization effectiveness, as shown in Fig. 5. We
use the DMA as the example to localize one user (the relevant
conclusions arising from this are also applicable to other an-
tenna architectures), the DMA is λ/2 spacing. We consider a
50 × 50m2 grid of points with a resolution of 1 m. Then, we set
each grid point as the target user location to estimate the user
position using Algorithm 2 with optimal DMA tuning design.

Fig. 5. The heatmap for position estimate RMSE under different user posi-
tions, withNd = 10 and dF = 24 meters, SNR is fixed as−10 dB. The magenta
square denotes the array position.

Fig. 6. The heatmap for the RMSE on user position estimate by varying
user positions, SNR is fixed as −10 dB. The magenta square denotes the array
position. The red point is the hypothetical position that Q focuses on, located
at d = 0.25 dF meters, θ = π/6.

The RMSE of each estimation is calculated as

RMSE =

√√√√ 1
Nmc

Nmc∑
n=1

e2
n, (44)

where Nmc is the number of Monte Carlo iterations, e2
n =

|(x, y)− (x̂(n), ŷ(n))|2 is the squared localization error (i.e., the
distortion), (x, y) is the source coordinates, and (x̂(n), ŷ(n)) are
the estimated coordinates at the n-th Monte Carlo simulation.
For the considered scenario, following the results reported in
Fig. 5, the RMSE of estimations would be significantly reduced
within the near field range.

To present in detail that our design of Q realizes a form of
beam focusing, a heatmap is provided in Fig. 6. We consider a
10 × 10m2 grid of points with the resolution of 0.1 meters,
with the array located on the origin. Then, we set the user
to transmit the pilot signal on each grid point, and the Q is
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Fig. 7. Position estimations track map for each iteration of Algorithms 1
and 2, SNR is fixed as −5 dB, with user position: d1 = 0.25 dF meters,
θ1 = π/6; d2 = 0.25 dF meters, θ2 = π/4.

designed to focus on the fixed point as shown (i.e., the Q is
obtained by assuming the user is located on the setting fixed
point and transmit the pilot signal). The DMA would localize
the user based on the actual received pilot signal with the fixed
Q. In contrast to Fig. 5, it is evident that the RMSE depicted
in Fig. 6 experiences notable enhancements solely when the
user’s position is situated proximate to the focus point of Q.
Conversely, in the lower left corner of Fig. 5, marked by the
brown box, its RMSE values keeps low compared to those in
Fig. 6. This is because, in Fig. 5,Q is always designed to focus on
the actual user position, whereas in Fig. 6, the Q design follows
a fixed focused point strategy. Then, we further demonstrate the
effectiveness of the proposed localization algorithm, as shown
in Fig. 7. In Algorithm 1, the localization is performed with
a given Q by the proposed RCG solution. Even if it is not
realistic because the actual user position is unknown, we assume
that the given Q has been designed perfectly to achieve a fair
comparison with Algorithm 2). Comparatively, in Algorithm 2,
the localization and the Q design are carried out alternately.
It can be seen that both tracks of the position estimate with
two algorithms gradually approach the real user position from
the initial position estimate with iteration. Besides, it should be
noted that Algorithm 1 yields a more accurate initial position
estimation compared to Algorithm 2, and the estimation iterates
faster to the actual user position, which indicates the impact of
the Q design on localization.

To investigate the effectiveness of the Q design of the joint
localization and DMA tuning algorithm in more detail, we
investigate the number of iterations for the convergence of
the Algorithm 2, as shown in Fig. 8, wherein the RMSE is
the average of that of two users. To illustrate the convergence
process in detail, we compare the convergence process between
the random scheme and the RCG schemes. Furthermore, for a
comparative analysis with similar approaches, we also consider
the far-field-based method outlined in [50]. The “DMA RCG”
denotes localization by Algorithm 2, that obtaining the DMA
tuning via the RCG-based method without prior knowledge

Fig. 8. Contrast of the number of iterations required for convergence via multi-
ple contrast schemes. Nd = 10, Ne = 50, SNR is fixed as −5 dB, user position
is set as d1 = 0.25 dF meters, θ1 = π/6, d2 = 0.25 dF meters, θ2 = π/4.

of user position, the “DMA given position” denotes directly
localization by Algorithm 1, using the RCG-based method to
get the DMA tuning which obtained from (32) ignoring the
the issue of unknown users location. “DMA two-step” denotes
localization using the two-step method where the DMA tuning
is designed in a far field model. Specifically, this method entails
the initial estimation of users’ angle information in a far field
model, as elaborated in [50]. Subsequently, Q is configured to
align towards the direction of the users, facilitating near field
localization by Algorithm 1 with this optimized Q.

In Fig. 8, it can be seen that the RMSE of the DMA RCG
scheme converges from the random scheme to the same RMSE
as the DMA given position scheme. The DMA two-step scheme,
as previously discussed, because DMA tuning is devised using
a far-field model, it can only achieve directional alignment.
Consequently, its efficacy in enhancing positioning performance
is sub-optimal compared to our proposed DMA RCG scheme, a
distinction that can be observed in Fig. 8. In addition, the speed
of convergence depends on the accuracy of the initial position
estimation, and the accuracy of the initial position estimation
is related to the performance of the localization scheme thus
the fully digital array always converges the fastest, while the
DMA optimal scheme could achieve a close converge speed
to the fully digital. The alternating scheme generally requires
more convergence times than the DMA opt-prior scheme, not
only due to the initial position estimation but also because
of its additional update for matrix Q. Therefore, the DMA
opt scheme compromises the DMA opt-prior scheme and the
random scheme. However, it can be seen that the iteration of
matrix Q is also efficient; only one additional iteration at most
is required to converge to the optimal.

We show the effectiveness of the analog domain design
scheme we proposed in Fig. 9 which reports the RMSE of
location estimation via different schemes under different SNRs.
We considered a two-user localization scenario, where the cap-
tion describes the user’s location. The curve “DMA RCG”
and “DMA projection” denote the DMA tuning scheme for
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Fig. 9. Distortion contrast of multiple contrast schemes under different SNR
with user position: d1 = 0.25 dF meters, θ1 = π/6; d2 = 0.25 dF meters, θ2 =
π/4. Nd = 10, Ne is determined with the antenna space, Ne = 50 in λ/2 case,
Ne = 100 in λ/4 case.

localization using Algorithm 2 with optimization Q from
projection-based solution and RCG-based solution, respectively.
To indicate the performance improvement from tuning design,
the DMA random scheme and the fully digital scheme are also
provided for comparison, where the DMA random scheme is
obtained by setting a set of random coefficients for Q, while the
fully digital scheme localizes the user with MLE method [25]
based on the fully digital array we just set. As shown in Fig. 9,
the DMA random scheme yields higher RMSE than fully digital
schemes, especially in the low SNR case. This is because the
tunable coefficients matrix in the DMA random scheme repre-
sents only an interference effect for the MLE process. By tuning
the DMA using Algorithm 2, one significantly improves the
RMSE, and the RCG-based scheme achieved better performance
compared to the projection-based scheme; thus, in the next
experiments, we use the RCG-base scheme as the representative
of the DMA tuning scheme. Without the Lorentzian constraint
interference, the hybrid array scheme always outperforms DMA
at the same number of antennas. Meanwhile, the DMA tuning
scheme with λ/4 spacing would further reduce RMSE by in-
creasing the number of microstrip elements compared to the
DMA tuning scheme with λ/2 spacing using the same tuning
scheme.

However, as shown in Fig. 9, the RMSE of the DMA tuning
scheme or hybrid array scheme with λ/2 antenna spacing is still
higher than the fully digital schemes due to the reduction of sig-
nal dimension, even the DMA tuning scheme with λ/4 can only
reduce this performance loss. This is because the reduction of
the RF chain can be seen as compression to the original received
signal, resulting in inherent information loss. This also means
that the increase in output signal dimension will alleviate the
performance loss caused by compression behavior. In Fig. 10, we
discussed the impact of the number of RF chains on localization
performance under the same DMA optimization. All arrays
maintain the same aperture, while the arrangement density of
microstrips controls the number of RF chains. As a comparison,

Fig. 10. Distortion contrast of multiple contrast schemes under different RF
chain numbers. SNR =−15 dB, with user position: d1 = 0.25 dF meters, θ1 =
π/6; d2 = 0.25 meters, θ2 = π/4.

the fully digital array is also provided, and in the same aperture,
the RF chain number of the fully digital array is 50 times that
of the DMA. With the increase in the number of RF chains,
the performance of all schemes has improved as the antenna
number increased. Among them, the DMA tuning scheme made
more significant progress than the fully digital scheme, where
the DMA scheme with λ/4 achieved a performance similar to
that of the full-digital array scheme. This demonstrates our point
and indicates that for DMA, the increased number of elements
combined with their proper tuning via Algorithm 2 can achieve
similar localization accuracy compared with fully digital arrays
utilizing ×50 more RF chains.

V. CONCLUSION

In this work, we studied near-field multi-source position
estimation based on the RF chain reduction array. Initially,
we introduced comprehensive models tailored for radiating
near-field position estimation systems across various antenna
architectures. Subsequently, we formulated the optimization of
the adjustable analog coefficients to enhance the accuracy of
position estimates. By deriving the optimal analog coefficient
design based on a known user position, we illustrated that the
optimal analog coefficients for the aforementioned array in the
near field effectively achieve beam focusing on the user’s posi-
tion. Building on this insight, we put forth an efficient algorithm
for the joint estimation of position and the design of adjustable
coefficients, eliminating the necessity for prior knowledge of the
user’s position. Numerical results show that the proposed design
of adjustable coefficients of RF chain reduction array could
significantly improve the near-field multi-source localization
performance, reaching a fully digital implementation with at
least one order of RF chain reduction. Meanwhile, to improve
near-field localization accuracy, our proposed alternating local-
ization and beam-focusing algorithm induces a beam-focusing
effect.
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APPENDIX A

Proof of Theorem 1: Rewrite (27) in scalar form:

max
qi,l

Nd∑
i=1

M∑
m=1

∣∣∣∣∣
Ne∑
l=1

qi,lhi,lgm,i,l

∣∣∣∣∣
2

, s.t. qi,l ∈ F . (A.1)

Equation (A.1) can be decomposed into Nd sub-problems,
where each sub-problem represents the optimization on the
corresponding DMA microstrip. Substituting the expression of
gm,i,l in (6) into (A.1), and letting qi,l = ejψi,l , we have the i-th
sub-problem:

max
ψi,l

M∑
m=1

∣∣∣∣∣
Ne∑
l=1

am,i,le
−ρi,lαie−jvm,i,le−jρi,lβiejψi,l

∣∣∣∣∣
2

.

(A.2)
The optimal solution of (A.1) can be obtained by solving sub-

problem (A.2) separately. It can be observed that the objective
function of (A.2) is composed by M quadratic terms, where
m-th term represents the phase adjustment of i-th microstrip on
the received signal from m-th user, i.e., (A.2) can be regarded
as finding the global optimal phase design for all users. To this
purpose, we firstly calculate the local optimal solution for the
m-th user. Specifically, to maximize the m-th term of (A.2),
according to the triangle inequality, we have

ψ
∗(m)
i,l = vm,i,l + ρi,lβi. (A.3)

The global optimal solution for (A.2) should achieve a trade-off
between all {ψ∗(m)

i,l }Mm=1, i.e., it should achieves the minimum
sum of Euclidean distances for all local optimal solutions, which
can be calculated as

min
ψi,l

C(ψi,l) =
M∑
m=1

∣∣∣ψi,l − ψ
∗(m)
i,l

∣∣∣2 . (A.4)

Obviously (A.4) is convex, and the (optimal) solution can be
found by solving the following equation

∂ (C(ψi,l))

∂ (ψi,l)
= 2Mψi,l − 2

M∑
m=1

ψ
∗(m)
i,l = 0. (A.5)

whose solution is given by

ψ∗
i,l =

∑M
m=1 vm,i,l
M

+ ρi,lβi. (A.6)

This proves the theorem. �
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with large antenna arrays: Fundamental limits and practical algorithms,”
IEEE Trans. Signal Process., vol. 69, pp. 5723–5738, 2021.

[26] X. Zhang, W. Chen, W. Zheng, Z. Xia, and Y. Wang, “Localization of near-
field sources: A reduced-dimension MUSIC algorithm,” IEEE Commun.
Lett., vol. 22, no. 7, pp. 1422–1425, Jul. 2018.

[27] C. Cheng, S. Liu, H. Wu, and Y. Zhang, “An efficient maximum-likelihood-
like algorithm for near-field coherent source localization,” IEEE Trans.
Antennas Propag., vol. 70, no. 7, pp. 6111–6116, Jul. 2022.

Authorized licensed use limited to: Weizmann Institute of Science. Downloaded on August 17,2025 at 11:16:32 UTC from IEEE Xplore.  Restrictions apply. 



12272 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 74, NO. 8, AUGUST 2025

[28] M. Rahal et al., “Performance of RIS-aided near-field localization under
beams approximation from real hardware characterization,” EURASIP J.
Wireless Commun. Netw., vol. 2023, no. 1, 2023, Art. no. 86.

[29] S. Yue, S. Zeng, L. Liu, Y. C. Eldar, and B. Di, “Hybrid near-far field
channel estimation for holographic MIMO communications,” IEEE Trans.
Wireless Commun., vol. 23, no. 11, pp. 15798–15813, Nov. 2024.

[30] K. Hu, S. P. Chepuri, and G. Leus, “Near-field source localiza-
tion: Sparse recovery techniques and grid matching,” in Proc. IEEE
8th Sensor Array Multichannel Signal Process. Workshop, 2014,
pp. 369–372.

[31] Z. Li, J. Shen, H. Zhai, and X. Zhang, “3-D localization for near-field
and strictly noncircular sources via centro-symmetric cross array,” IEEE
Sensors J., vol. 21, no. 6, pp. 8432–8440, Mar. 2021.

[32] T. Zirtiloglu, N. Shlezinger, Y. C. Eldar, and R. Tugce Yazicigil, “Power-
efficient hybrid MIMO reciever with task-specific beamforming using
low-resolution ADCs,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal
Process., 2022, pp. 5338–5342.

[33] Y. Zeng and R. Zhang, “Millimeter wave MIMO with lens antenna array: A
new path division multiplexing paradigm,” IEEE Trans. Commun., vol. 64,
no. 4, pp. 1557–1571, Apr. 2016.

[34] Z. Abu-Shaban, K. Keykhosravi, M. F. Keskin, G. C. Alexandropoulos,
G. Seco-Granados, and H. Wymeersch, “Near-field localization with a
reconfigurable intelligent surface acting as lens,” in Proc. IEEE Int. Conf.
Commun., 2021, pp. 1–6.

[35] O. Levy and N. Shlezinger, “Rapid hybrid modular receive beamforming
via learned optimization,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal
Process., 2024, pp. 12826–12830.

[36] T. Gong, N. Shlezinger, S. S. Ioushua, M. Namer, Z. Yang, and
Y. C. Eldar, “RF chain reduction for MIMO systems: A hardware pro-
totype,” IEEE Syst. J., vol. 14, no. 4, pp. 5296–5307, Dec. 2020.

[37] O. Lavi and N. Shlezinger, “Learn to rapidly and robustly optimize
hybrid precoding,” IEEE Trans. Commun., vol. 71, no. 10, pp. 5814–5830,
Oct. 2023.

[38] N. Shlezinger, G. C. Alexandropoulos, M. F. Imani, Y. C. Eldar, and
D. R. Smith, “Dynamic metasurface antennas for 6G extreme mas-
sive MIMO communications,” IEEE Wireless Commun., vol. 28, no. 2,
pp. 106–113, Apr. 2021.

[39] N. Shlezinger, G. C. Alexandropoulos, M. F. Imani, Y. C. Eldar,
and D. R. Smith, “Dynamic metasurface antennas for uplink massive
MIMO systems,” IEEE Trans. Commun., vol. 67, no. 10, pp. 6829–6843,
Oct. 2019.

[40] H. Zhang, N. Shlezinger, F. Guidi, D. Dardari, M. F. Imani, and
Y. C. Eldar, “Beam focusing for near-field multi-user MIMO commu-
nications,” IEEE Trans. Wireless Commun., vol. 21, no. 9, pp. 7476–7490,
Sep. 2022.

[41] Q. Yang et al., “Near-field localization with dynamic metasurface anten-
nas,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal Process., 2023,
pp. 1–5.

[42] P. Gavriilidis and G. C. Alexandropoulos, “Near-field beam tracking with
extremely large dynamic metasurface antennas,” 2024, arXiv:2406.01488.

[43] J. S. Herd and M. D. Conway, “The evolution to modern phased array
architectures,” Proc. IEEE, vol. 104, no. 3, pp. 519–529, Mar. 2016.

[44] S. S. Ioushua and Y. C. Eldar, “A family of hybrid analog–digital beam-
forming methods for massive MIMO systems,” IEEE Trans. Signal Pro-
cess., vol. 67, no. 12, pp. 3243–3257, Jun. 2019.

[45] T. Sleasman et al., “Waveguide-fed tunable metamaterial element for
dynamic apertures,” IEEE Antennas Wireless Propag. Lett., vol. 15,
pp. 606–609, 2016.

[46] C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara, J. Booth, and
D. R. Smith, “An overview of the theory and applications of metasur-
faces: The two-dimensional equivalents of metamaterials,” IEEE Antennas
Propag. Mag., vol. 54, no. 2, pp. 10–35, Apr. 2012.

[47] L. Huang, T. Long, E. Mao, and H. C. So, “MMSE-Based MDL method
for robust estimation of number of sources without eigendecomposition,”
IEEE Trans. Signal Process., vol. 57, no. 10, pp. 4135–4142, Oct. 2009.

[48] I. Ziskind and M. Wax, “Maximum likelihood localization of multiple
sources by alternating projection,” IEEE Trans. Acoust., Speech, Signal
Process., vol. 36, no. 10, pp. 1553–1560, Oct. 1988.

[49] H. Zhang, N. Shlezinger, F. Guidi, D. Dardari, M. F. Imani, and Y. C. Eldar,
“Near-field wireless power transfer with dynamic metasurface antennas,”
in Proc. IEEE Int. Workshop Signal Process. Adv. Wireless Commun., 2022,
pp. 1–5.

[50] S. K. Dehkordi et al., “Multistatic parameter estimation in the near/far
field for integrated sensing and communication,” IEEE Trans. Wireless
Commun., vol. 23, no. 12, pp. 17929–17944, Dec. 2024.

Qianyu Yang (Graduate Student Member, IEEE)
received the B.S. degree from Northeast University,
Shenyang, China, in 2019. He is currently working
toward the Ph.D degree with the School of Com-
munications and Information Engineering, Nanjing
University of Posts and Telecommunications, Nan-
jing, China. His research interests include 6G near-
field MIMO technologies, near-field localization, and
wireless power transfer.

Anna Guerra (Member, IEEE) received the B.Sc.,
M.Sc., and Ph.D. degrees in Electronics, Telecom-
munications, and Information Technologies from the
University of Bologna (UNIBO), Bologna, Italy,
in 2009, 2012, and 2016, respectively. From 2016
to 2021, she was a Postdoctoral Researcher with
UNIBO. From 2021 to 2024, she was a Researcher
with the National Research Council of Italy. She is
currently an Associate Professor with the Department
of Electrical, Electronic and Information Engineer-
ing, UNIBO. During 2018–2020, she was awarded

a global Marie Skłodowska-Curie research fellowship for the H2020 AirSens
project, spending the project’s outgoing phase with Stony Brook University,
Stony Brook, NY, USA. In 2023, she received an ERC Starting Grant fellowship
for the CUE-GO project. She was the recipient of several awards, including
the Best Student Paper Award at the 2014 IEEE International Conference
on Ultra-Wideband (Paris, France), the Best Paper Award at the 2019 IEEE
RFID-TA Conference Pisa, Italy, and the Best Paper Award at the 2021 IEEE
International Conference on Autonomous Systems Montreal, QC, Canada. She
was an Associate Editor for IEEE TRANSACTIONS ON WIRELESS COMMUNI-
CATIONS,IEEECOMMUNICATIONS LETTERS, and IEEE WIRELESS COMMUNICA-
TIONS LETTERS.

Francesco Guidi (Member, IEEE) received the
M.S. degree (summa cum laude) in electronics and
telecommunications engineering from the University
of Bologna, Bologna, Italy, in 2009, and the joint
Ph.D. degree in information engineering from École
Polytechnique, Paris, France, and the University of
Bologna, in 2013. From 2015 to 2017, he held a
research position funded by an individual European
Marie-Curie Fellowship with the French Alternative
Energies and Atomic Energy Commission (CEA),
LETI, in Grenoble, France. He is currently a Senior

Researcher with the National Research Council of Italy, the Institute of Elec-
tronics, Computer, and Telecommunication Engineering. He was recipient of
the Best Student Paper Award at the International Conference on UltrawideBand
Paris, France in 2014, and the Best Paper Award at the International Conference
on Autonomous Systems Montreal, Canada in 2021. In 2022 and 2023, he was
recognized as an Exemplary Reviewer for IEEE COMMUNICATIONS LETTERS. He
is currently an Associate Editor for IEEE WIRELESS COMMUNICATIONS LETTERS

and IEEE TRANSACTIONS ON COMMUNICATIONS, and as a Guest Editor for the
IEEE INTERNET OF THINGS Journal and IEEE TRANSACTIONS ON AEROSPACE

AND ELECTRONIC SYSTEMS.

Nir Shlezinger (Senior Member, IEEE) received the
B.Sc., M.Sc., and Ph.D. degrees in electrical and
computer engineering from Ben Gurion University,
Beersheba, Israel, in 2011, 2013, and 2017, respec-
tively. From 2017 to 2019, he was a Postdoctoral
Researcher with the Technion, Haifa, Israel and from
2019 to 2020, he was a Postdoctoral Researcher with
the Weizmann Institute of Science, Rehovot, Israel
where he was awarded the FGS Prize for his research
achievements. He is currently an Assistant Professor
with the School of Electrical and Computer Engi-

neering with BenGurion University. He was the recipient of the 2024 IEEE
ComSoc Fred W. Ellersick Award, and the 2024 Krill Prize for outstanding
young researchers. His research interests include communications, information
theory, signal processing, and machine learning.

Authorized licensed use limited to: Weizmann Institute of Science. Downloaded on August 17,2025 at 11:16:32 UTC from IEEE Xplore.  Restrictions apply. 



YANG et al.: BEAM FOCUSING FOR NEAR-FIELD MULTI-USER LOCALIZATION 12273

Haiyang Zhang (Member, IEEE) received the B.S.
degree in communication engineering from Lanzhou
Jiaotong University, Lanzhou, China, in 2009, the
M.S. degree in information and communication en-
gineering from the Nanjing University of Posts and
Telecommunications, Nanjing, China, in 2012, and
the Ph.D. degree in information and communica-
tion engineering from Southeast University, Nanjing,
China, in 2017. From 2017 to 2020, he was a Postdoc-
toral Research Fellow with the Singapore University
of Technology and Design, Singapore. From 2020 to

2022, he was a Postdoctoral Research Fellow with the Weizmann Institute of
Science, Israel, where he was awarded the FGS Prize for outstanding research
achievements. He is currently a Professor with the School of Communications
and Information Engineering, Nanjing University of Posts and Telecommuni-
cations. His research interests include 6G near-field MIMO communications,
deep learning, and sampling theory. He is/was the Co-Chair of the IEEE ICC
Workshop on 6G Near-Field Communications. He is a Guest Editor for the
IEEE INTERNET OF THINGS Journal and IEEE TRANSACTIONS ON AEROSPACE

AND ELECTRONIC SYSTEMS.

Davide Dardari (Fellow, IEEE) is currently a Full
Professor with the University of Bologna, Bologna,
Italy. He has been a Research Affiliate with the Mas-
sachusetts Institute of Technology, Cambridge, MA,
USA. He was the Chair of the Radio Communica-
tions Committee and a Distinguished Lecturer during
2018–2019 of the IEEE Communications Society.
His research interests include in wireless commu-
nications, localization techniques, smart radio envi-
ronments, and distributed signal processing. He was
the recipient of the IEEE Aerospace and Electronic

Systems Society’s M. Barry Carlton Award 2011 and the IEEE Communications
Society Fred W. Ellersick Prize 2012. He was the Editor of IEEE TRANSACTIONS

ON WIRELESS COMMUNICATIONS from 2006 to 2012.He is currently a Senior
Member of the Editorial Board of the IEEE Signal Processing Magazine.

Baoyun Wang (Member, IEEE) received the Ph.D.
degree in electrical engineering from Southeast Uni-
versity, Nanjing, China, in 1997. From 1999 to 2000,
he was a Postdoctoral Research Fellow with the
Department of Computer Science and Engineering,
Pohang University of Science and Technology, Po-
hang, South Korea. He is currently a Full Professor
in electrical engineering with the Nanjing University
of Posts and Telecommunications, Nanjing. His re-
search interests include information theory, statistical
signal processing, graph theory, and their applications

in wireless communications.

Yonina C. Eldar (Fellow, IEEE) received the B.Sc.
degree in physics and the B.Sc. degree in electrical en-
gineering from Tel-Aviv University, Tel-Aviv, Israel,
1995 and 1996, respectively, and the Ph.D. degree in
electrical engineering and computer science from the
Massachusetts Institute of Technology (MIT), Cam-
bridge, MA, USA, in 2002. She was a Professor with
the Department of Electrical Engineering, Technion,
where she held the Edwards Chair in Engineering.
She is currently a Professor with the Department
of Mathematics and Computer Science, Weizmann

Institute of Science, Rehovot, Israel. She is also a Visiting Professor with MIT,
a Visiting Scientist with the Broad Institute, and an Adjunct Professor with
Duke University, and was a Visiting Professor with Stanford. She is also a
highly cited Researcher. She is a member of the Israel Academy of Sciences and
Humanities (elected 2017) and a EURASIP Fellow. She is also the author of
the book Sampling Theory: Beyond Bandlimited Systems and coauthor of four
other books published by Cambridge University Press. Her research interests
include statistical signal processing, sampling theory and compressed sensing,
learning and optimization methods, and their applications to biology, medical
imaging and optics. Dr. Eldar was the recipient of many awards for excellence in
research and teaching, including the IEEE Signal Processing Society Technical
Achievement Award (2013), the IEEE/AESS Fred Nathanson Memorial Radar
Award (2014), and IEEE Kiyo Tomiyasu Award (2016). She was a Horev
Fellow of the Leaders in Science and Technology program with the Technion
and an Alon Fellow. She was the recipient of the Michael Bruno Memorial
Award from the Rothschild Foundation, Weizmann Prize for Exact Sciences, the
Wolf Foundation Krill Prize for Excellence in Scientific Research, Henry Taub
Prize for Excellence in Research (twice), Hershel Rich Innovation Award (three
times), Award for Women with Distinguished Contributions, Andre and Bella
Meyer Lectureship, Career Development Chair with the Technion, Murieland
David Jacknow Award for Excellence in Teaching, and the Technions Award
for Excellence in Teaching (two times). She was also the recipient of several
best paper awards and best demo awards together with her research students and
colleagues including the SIAM outstanding Paper Prize, UFFC Outstanding
Paper Award, Signal Processing Society Best Paper Award and the IET Circuits,
Devices and Systems Premium Award, and was selected as one of the 50 most
influential women in Israel and in Asia. She was a member of the Young Israel
Academy of Science and Humanities and the Israel Committee for Higher
Education. She is the Editor-in-Chief for Foundations and Trends in Signal
Processing, a member of the IEEE Sensor Array and Multichannel Technical
Committee and serves on several other IEEE committees. Formerly, she was a
Signal Processing Society Distinguished Lecturer, a member of the IEEE Signal
Processing Theory and Methods and Bio Imaging Signal Processing technical
committees, and was an Associate Editor for the IEEE TRANSACTIONS ON

SIGNAL PROCESSING, EURASIP Journal of Signal Processing, SIAM Journal on
Matrix Analysis and Applications, and SIAM Journal on Imaging Sciences. She
was the Co-Chair and Technical Co-Chair of several international conferences
and workshops.

Authorized licensed use limited to: Weizmann Institute of Science. Downloaded on August 17,2025 at 11:16:32 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


