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ABSTRACT: High-precision Direction of Arrival (DOA) estimation requires the use of a large-scale antenna array to achieve accurate
results. However, the increasing number of antennas brings substantial challenges that hinder the practical implementation of DOA
estimation in real-world engineering applications. The complexity and cost associated with deploying extensive antenna systems can
be prohibitive. In contrast, digital metasurfaces offer a promising solution by dynamically manipulating electromagnetic waves. These
advanced surfaces enable precise control over wavefronts while utilizing significantly fewer elements, leading to a more compact and
cost-effective approach without sacrificing the high-resolution capabilities necessary for effective DOA estimation. This innovative
technology not only simplifies the design but also enhances performance. To provide insights for future advancements in this field, this
paper reviews the current research status of various DOA estimation techniques that integrate metasurfaces with conventional wave-
direction estimation systems, highlighting their potential and applications in improving DOA estimation accuracy.

1. INTRODUCTION

Direction—of-Arrival (DOA) estimation refers to the tech-
nique used to determine the direction from which a sig-
nal, typically radio waves or sound waves, arrives at a sensor
or array of sensors. This technology plays a critical role in
various fields such as communications, radar systems, sonar,
and wireless networks [1]. Various wave-direction measure-
ment technologies are employed in engineering fields, includ-
ing Watson-Watt direction finding technology [2], interferome-
ter direction finding systems [3], and Doppler direction find-
ing methods [4]. However, these methods suffer from low
angular resolution and are significantly affected by multipath
effects. Advanced algorithms like MUSIC (Multisignal Clas-
sification) [5] and ESPRIT (Estimation of Signal Parameters
via Rotational Invariant Techniques) [6] improve performance
but require complex hardware setups, significant computational
resources, and are costly. These algorithms typically depend
on array antennas, further complicating the hardware architec-
ture. Compressive sensing (CS) [7] has emerged as an effec-
tive alternative for DOA estimation. CS leverages the sparsity
of signal direction in the spatial domain, employing sparse re-
covery algorithms like Basis Pursuit and Orthogonal Matching
Pursuit (OMP) [8,9]. This method can estimate the incident
signal’s direction with fewer measurements, overcoming many
limitations of traditional algorithms. However, it still requires
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large array antennas and multiple independent RF (radio fre-
quency) receiving channels to capture amplitude or phase data,
making the system bulky and expensive. Multibeam lens sys-
tems, known for their low cost, wide-angle scanning, and sim-
ple structure, face challenges due to the difficulty in processing
dielectric materials, restricting their application in direction-
finding systems [10].

Recently, metasurface-based DOA estimation methods have
been developed to address these issues, such as the difficulty of
processing and the high purity requirements of dielectric mate-
rials. Electromagnetic (EM) metasurfaces are artificial struc-
tures made up of subwavelength elements arranged periodi-
cally or non-periodically. These surfaces can regulate the mag-
nitude, phase, or polarization of EM waves by manipulating
the size and arrangement of the elements to implement differ-
ent functions such as DOA estimation [5, 11, 12], holographic
imaging [13, 14], and electromagnetic focus [15-20]. Metasur-
faces are typically single-layered or composed of a few cas-
caded layers, offering low profile, ease of fabrication [21], and
light weight. These characteristics contribute to the miniatur-
ization and integration of DOA systems.

Digital programmable metasurfaces, consisting of numer-
ous digital elements, can dynamically reconstruct EM func-
tions across space, time, and frequency domains [22]. They are
widely used in adaptive beams [23—-30], communication sys-
tems [31-33], stealth technology [34-39], holographic imag-
ing [13,14], and intelligent sensing [40—44]. The reconfig-
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FIGURE 1. (a) Space-fed tunable metasurface sensor for direction of arrival estimation. (b) Sparse representation of incoming signals [47]. Figures

reproduced from: Ref. [47], Copyright 2021, IEEE.

urable nature of these metasurfaces significantly reduces the
number of required RF receiving channels for DOA estima-
tion [45,46], simplifying the system structure and lowering
costs. Thus, digital programmable metasurfaces provide an
ideal hardware platform for high-performance DOA estimation.

This study provides a comprehensive review of the design,
structure, and characteristics of various metasurfaces employed
for DOA estimation. By examining a range of innovative meta-
surface technologies, the analysis emphasizes their unique ad-
vantages over traditional methods. Metasurfaces, with their
ability to manipulate electromagnetic waves at subwavelength
scales, offer significant improvements in resolution, flexibility,
and efficiency. This review not only highlights the advance-
ments in metasurface design but also explores their potential to
overcome the limitations commonly associated with conven-
tional DOA estimation techniques. By showcasing these ben-
efits, the study aims to underscore the transformative impact
of metasurfaces on the field of DOA estimation, paving the
way for future research and practical applications in this rapidly
evolving area.

2. METASURFACES FOR DOA ESTIMATION

2.1. DOA Estimation Based on Digital Coding Metasurfaces

In 2021, Lin et al. [47] proposed a method that used a tun-
able metasurface to create a random radiation pattern as the
physical random-sampling sensing unit for incident signal. In
this method, only one radio frequency receiving channel can
be used to obtain the CS measurement matrix, and Orthogonal
Matching Pursuit algorithm is then applied to realize DOA esti-
mation. The receiving system is composed of a programmable
metasurface and horn antenna feeder as depicted in Figure 1.
Assume that N signals from various directions (61,65, -+ ,0x)
are effecting the metasurface by the far-field condition. The
metasurface’s configuration code matrix is denoted as B €
Z'*M The signal received by the horn antenna at ¢; for a par-
ticular metasurface coding matrix B can be expressed as

N M )
z(t;) = Zn:1 Zm:1 Sn67JWni(_1)Bm

_j2n i j 2 2 _ 2
¢ K (am im0+ Kol | (1) (1)
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In Equation (1), ¢; denotes the phase value at time ¢; for the n'";
n(t;) represents the Gaussian noise; o2 is the power intensity;
Z, is the position of the mth element, while (x ¢, z¢) refers to
the phase center position of the feeder; and (—1)%= denotes
the reflection coefficient of element m. The diode switches be-
tween ‘0’ and ‘1” states, corresponding to phase responses of 0°
and 180°. In the “0” state, B,, is set to 0, resulting in a normal-
ized reflection phase of 0°, which gives the element a reflection
coefficient of 1. However, in the “1” state, the reflection coef-
ficient is —1, corresponding to a phase response of 180°. The
reflection amplitudes are assumed to be identical with the two
states. In typical applications, the mutual influences of differ-
ent signals are negligible. Hence, the received signal strength
of a cell metasurface is

* N 2
where Fp(0) represents the far-field radiation pattern at angle
6, and R,, denotes the power level of the n™ signal. Assuming
that the direction of arrival during a short sensing time is ap-
proximately constant, the incident signal is measured by gener-
ating L types of code matrix B. The received power matrix of
the horn antenna for L sampling of the signal received could be
defined as:

Y = HRg +n, (3)
Y1 [ H, (91) H, (92) H, (‘9N)
Y2 Hy (61) Haz(02) Hs (On)
YL Hyp (61) Hrg (62) Hp (On)
i RSl U%
RSQ O’%
+ R I “4)
| Rsn of

where Rg € RV*! denotes the incident signals source power;
Y =y, y2, - ,yL]t € RI*1 represents the overall received
power; and H () represents the far-field radiation distribution
corresponding to a particular coding configuration.
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As shown in Figure 1(b), it is possible to divide the
whole space equally into K parts, where K > N. Thus,
the N incident signals are distributed sparsely.  Thus,

J . 1t
0= [91 ,02,--- ,0N| canbe solved using CS techniques

Y1 H,(01) Hi(62) H, (0x)
Y2 Hy(01) H;(62) Hj (0x)
YL | Hp (61) Hp(62) Hy, (0k)
[ Rs1 ‘7%
Rsa o3
+ ; (5)
| Rsk o2

where Rg € RX*1 N elements are nonzero, and the val-
ues of K-N elements are zero. In addition, H denotes the
measurement matrix based on compressed sensing (CS) theory,
which can be solved using the /1-norm method or OMP algo-
rithm. The DOA information can be obtained from the index
of nonzero elements Rg.

The measurement matrix is an important parameter that di-
rectly affects the performance of DOA estimation. According
to the MIP (Mutual Incoherence Properties) theory of com-
pressive sensing, the reconstruction performance can be im-
proved by reducing the correlation coefficient within the sens-
ing matrix [48]. A programmable metasurface can generate en-
tirely random radiation patterns to improve the orthogonality of
the sensing matrix; nevertheless, it is more susceptible to dis-
cretization errors, such as those in the metasurface manufactur-
ing process. Wang et al. [49] introduced the application of a ran-
dom dual-beam radiation pattern instead of a completely physi-
cal random radiation pattern to generate a measurement matrix.
Each dual-beam arrangement featured two primary lobes ori-
ented in different random directions, and collectively, all dual-
beam patterns encompassed the full space.

As shown in Figure 2(a), a reflective digital programmable
metasurface (DPM) with 400 elements (20 x 20) was con-
structed, and DPM was configured using 40 coding schemes
in order to sample the incident electromagnetic wave 40 dif-
ferent times. The whole sampled data create an observation
vector, and the correlation coefficient of the measurement ma-
trix is established. Figures 2(b)—(d) show the details of the unit
cell, coding schemes, and far-field pattern, respectively. As
demonstrated in Figure 2(e), the columns of the measurement
matrix show low correlation coefficients. Figure 2(f) presents
the spatial distribution of the radiation field associated with the
40 groups of aperture codes. The OMP algorithm was used to
estimate DOA. In practice, the number of samples used by the
OMP algorithm to estimate the angle of incidence for single and
dual sources when the angle range is —60° to 60° is 40, with
an evaluation error under 1°, as shown in Figures 2(g)—(1).
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2.2. DOA Estimation Based on Space-Time-Coding Metasur-
faces

The digital metasurface described in Subsection 2.1 is limited
to encoding the spatial dimension, which regulates the scatter-
ing or radiation characteristics of EM waves in the near and far
fields in the spatial domain [50-53]. The space-time metasur-
face introduces digital time-coded modulation into the space-
coded metasurface and controls the change laws of the charac-
terizing parameters of the metasurface in the spatial and tempo-
ral domains through joint coding of space and time dimensions,
which can more accurately control the spatial and energy spec-
trum of EM waves [54, 55] and has greater degrees of freedom
for real-time modulation of EM waves signals.

Figure 3 shows the concept of the modulation of EM waves
by spatiotemporally coded digital metasurfaces [56]. Each cell
in the space-time coded metasurface is loaded with switching
diodes and controlled using the driving voltage provided by an
FPGA digital module. Under different control voltages, the re-
flection coefficient of each cell dynamically changes according
to the discrete phase or amplitude.

When the metasurface is switched in accordance with the de-
signed space-time-coding matrix, the reflected EM waves illu-
minating the metasurface are manipulated in both the spatial
and frequency domains. That is, the space-time-coding meta-
surface can not only control the spatial direction of reflected
EM waves (spatial spectrum) but also control their harmonic
energy distribution (frequency spectrum).

Thus, the scattering patterns on the metasurface of the space-
time-coding can be controlled over different spectral types,
such as fundamental and arbitrary harmonic frequencies. For
an EM wave signal of F; = ¢727/* with two-dimensional (2D)
incident angles of (6;,;), the far-field scattering pattern of
the metasurface consisting of NV x N individually addressable
meta-atoms can be represented as follows:

f (97 @, t) = Z::l Z::1 Enm ((97 90) T'nm (t) X

ej @ [(m—1) (sin 6 cos —+sin 6; cos ¢ ; )dgz~+(m—1)(sin O cos p+sin 6; cos p; )dy] (6)
9,

where (0, ) represents the angle of the receiving antenna;
E,m(0,¢) denotes the far-field pattern of the meta-atom lo-
cated in the n™ row and m™ column; T',,,, (¢) is the time-coding
control signal applied to the respective meta-atom; and d,, and
d, indicate the distances between adjacent meta-atoms along
the z- and y-axes, respectively.

The received signals at different sampling times are arranged
as follows:

f(0,0.t)
f (9, @, t+ TO) ~
=TA
f(0,0,t+ (N?—1)Tp)

o 9 'Y
rio rio T,

2 2 2

FgN 1)To FgN 1)To ](VJZ 1)To
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FIGURE 2. Concept and simulations of DOA estimations. (a) Mathematical model for DOA estimations via DPM. (b) Details of the unit cell. (c)
Digital coding schemes for dual beams, with beams directed at §; = 30° and 6, = 10°. (d) Computed three-dimensional far-field pattern. (e)
Correlation coefficients of the sensing matrix. (f) Radiation patterns [49]. (g), (j) Sampling energy in cases for the single-incidence and dual-
incidence source cases, respectively. (h), (k) Estimated DOA for single-incidence and dual-incidence sources by projection method, respectively.
(1), (1) DOA for single-incidence and dual-incidence sources estimated by the OMP algorithm, respectively [49]. Figures reproduced from: Ref. [49],
Copyright 2021, John Wiley and Son.

Ay of where T is a Hadamard matrix, and each row consists of N2
A, o3 unit-cells at a given sampling time. The signal vector A is col-
+ . N lected from the incoming signals, and at the same time, the am-

: plitude and phase distribution of the incident electromagnetic

Apn2 012\,2 wave on the metasurface can also be reconstructed by it, i.e.,
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FIGURE 3. Conceptual depiction of a space-time-coding digital meta-
surface. Different control voltages can adjust the state of the PIN
diode, and the reflection coefficient of the metasurface element can
be dynamically adjusted using discrete phase or amplitude states [43].
Figures reproduced from: Ref. [43], Copyright 2024, Springer Nature.

wavefront shaping is realized. Subsequently, the incident angle
can be estimated according to a conventional DOA mathemat-
ical model such as MUSIC.

To verify the proposed DOA estimation method, Zhou et
al. [57] designed a 7 x 7 meta-atom, as shown in Figure 4(a).
The unit cells are independently addressable and operate within
the frequency range of 4.3—4.8 GHz providing a 1-bit phase
shift in reflection. The top layer of the unit features two re-
flective patches (center symmetric), with a PIN diode mounted
in the gap between them.

Figure 4(b) shows the simulation results of the amplitude in
the frequency range of 4.3—4.8 GHz, with the phase difference
stable at approximately 180°. Due to the manufacturing toler-
ance of the PIN diode, the simulation results deviate from the
actual measurement results; however, the overall deviation is
within 3° in the 2D space, as shown in Figures 4(c)—(e); the
obtained results are acceptable for practical applications.

Figure 5 illustrates a comparison of the effects of the signal-
to-noise ratio (SNR) on the DOA estimation performance of
beam scanning (BS) and CS for various numbers of metasur-
face elements and sampling lengths [47]. Figure 5(a) illustrates
the estimation accuracy versus SNR for different numbers of el-
ements in the one-dimensional (1D) metasurface antenna, and
Figure 5(b) shows the estimation accuracy for different sam-
pling lengths. The DOA estimation accuracy significantly de-
creases at low SNRs.

In 2022, Xia et al. [58] proposed a nonuniform time mod-
ulation active metasurface based on an amplifier cascade, as
shown in Figure 6. Amplifier device can lower the noise factor
(F) of metasurface, enhance signal quality, and increase the ac-
curacy of DOA estimation. This design provides a significant
improvement in SNR compared to a conventional PIN diode
because amplifier gain offsets the insertion loss between the
metasurface and horn antenna. Importantly, the achieved noise
figure (NF) is lower than that of other active devices, enhancing
overall performance. However, harmonic nonlinear effects can
be realized by amplifier-based metasurfaces, which not only in-
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crease the power density of harmonics, but also further improve
signal quality.

As a result, a method based on harmonic analysis can yield
high-performance DOA estimations [59]. As shown in Fig-
ure 6, an active metasurface comprising 5 x 5 elements is de-
signed and simulated. The amplifier with a maximum gain of
9.8 dB is cascaded with the bias control circuit and integrated
between the receiver and transmitter chips. The forward trans-
mission coefficient at the central frequency is 8.5 dB. From
the experimental results, it is obvious that the recommended
method works well. The tunable metasurface enhances the in-
cident wave power, which not only improves the signal quality
but also enables highly accurate DOA estimation.

In recent years, time-modulated linear arrays have garnered
increasing attention because of their simple structure [60—62].
The harmonic characteristic matrix (HCM) generated by pe-
riodic modulation changes with the incidence direction of the
radio frequency (RF) signal, and the incidence angle is calcu-
lated by solving a linear equation system that includes HCM
and the frequency spectrum of the received signal [63—65]. In
2022, Fang et al. [66] introduced a low-complexity method for
DOA estimation utilizing double-sideband space-time modu-
lated metasurfaces. As highlighted in Figure 7, the metasurface
is used to generate the 1% double-sideband harmonics with
equal amplitude. By introducing the array delay, the scatter-
ing pattern of the 15 harmonics is asymmetric, and the spatial
modulation of target harmonics is realized. In the case of differ-
ent incidence angles, the DOA estimation is realized based on
different 1% harmonic relationships received by the antenna
placed in the far field with the vertical array, which can be stated
as follows:

2 AF,| — |AF_,] cos (At
HDOA:sinA ( tan_l <| 1‘ | 1| (7T ~)>> s

koD |AF1| + |AF_y| sin (wAt)

@®)
where |AF; | and |AF_1| are the £1% harmonic amplitude val-
ues and At = At/T),. This method simplifies the computa-
tional and hardware complexity; in addition, it can be extended
to 2D direction finding. However, time delay errors compro-
mise the accuracy of the estimation.

In 2023, Bai et al. [67] estimated the angles (azimuth and el-
evation) of a received signal through examination of the ratio
between fundamental and harmonic components of the incident
signal. In this method, the metasurface composed of M x N
elements is separated into two subarrays based on the odd and
even rows or columns, and the phase centers of the subarrays
have a spacing of A\/2. The ratio of the fundamental modula-
tion to the harmonic component of the incident signal can be
calculated using the phase shift of the metasurface element.

The ratio of the first harmonic component to the fundamental
component varies in the transverse modulation stage as follows
P _AF(0,p1)  2(+1)

YT AF(6,0,0) 71'

D
tan <7T)\ sin 6 cos ga) )

Similarly, in the longitudinal modulation phase, the ratio of
the proportion of the first harmonic component relative to the
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fundamental component is calculated as follows: 0. —sin ! Man™! (—7f32/2(j + 1)) (12)
0 est 27D sin et ’
AF (0, ¢,1 2(j+1 D . . .
ﬁ2:AF Ee 2 O; =— G+1) tan <7TT sin 6 sin <p> . (10) Figures 7(d)—(g) demonstrate the power spectrum of the

metasurface-received signal at incidence angles of 0, +1, +2,
and +3°. The mean square error (MSE) of the 14 direction
findings was 0.21°. The estimated angles satisfactorily fit with
the preset values, which demonstrates the accuracy of the pro-

Thus, the azimuth and elevation angles can be calculated to

—1 tan" ! (=mB2/2(541))

tan — 3 , sinf cos >0
Dest = et (=B 20+ 1)) 4 . (1) posed method. However, this method is significantly affected
T+ tan—! %, sinf cos ¢ <0 by SNR. When SNR reaches 20 dB, the trend of MSE of the
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direction finding is 0; however, the performance of the method
sharply degrades when SNR decreases.

In 2019, by measuring and utilizing the delay information
between different waveforms, Wang et al. [68] came up with
a DOA estimation method based on spatial-temporal modula-
tion meta-plane; this method achieved a 1D orientation, as il-
lustrated in Figure 8.

As shown in Figure 8(a), an incoming wave S(t) is inci-
dent on the space-time modulated metasurface with the angle
0 (point (A) in Figure 8(a)), and the signal is transmitted to the
receiving antenna (point (B) in Figure 8(a)) through the meta-
surface. This phenomenon is expressed as follows:

S, (t) = Z:_l my (t) Sk (1)

N

= Zm:l my (t) S (t —to — kAT (0)), (13)

where ¢y is the time required for waves to travel in free space
before encountering the metasurface; my(t) is the kth orthog-
onal signal modulating code; Sk (t) is a component of the in-
cident wave that impinges on the k™ row of the metasurface;
and A7 (6) denotes the time difference between two neighbor-
ing rows, which is associated with the DOA angle-based array
factor theory as follows:

AT (0) = psin(0/c), (14)

where p denotes the separation between two neighboring rows
of the metasurface, while c represents the speed of light in free
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space. After orthogonality demodulation, the following expres-
sion is obtained:

Sp(t)=8({t—to—kAT(9), k=1,2,---,N. (15)

The waveforms Sy (t) form an array of delayed replica of
the signal that interacts with the metasurface, with a delay of
kAT(0). As demonstrated in Figures 8(b) and (c), when the
delay generated between adjacent waveforms is A7(0), DOA
can be expressed as follows:

(16)

Space-time modulated metasurfaces offer a more compre-
hensive approach by controlling both the spatial and frequency
domains simultaneously. This dual modulation allows for pre-
cise manipulation of the wave’s direction and spectral content,
resulting in higher accuracy and robustness in DOA estimation.
The ability to dynamically adjust both spatial and temporal pa-
rameters provides greater flexibility and can mitigate some of
the issues faced by time-modulated metasurfaces in noisy envi-
ronments. However, the increased complexity of space-time
modulation may require more sophisticated control and pro-
cessing systems.

On the other hand, time-modulated metasurfaces primarily
affect DOA estimates by enhancing the frequency domain char-
acteristics of the reflected waves. They introduce harmonic
components that can be analyzed to determine the angle of ar-
rival. This approach simplifies the computational complexity
and can improve the accuracy of DOA estimation, especially
in scenarios where frequency analysis is feasible. However,
time-modulated metasurfaces may face challenges in low SNR

Opoa = sin~* (cAT/p).
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environments, as noise can significantly impact the harmonic
analysis.

Recently, integration of artificial intelligence algorithms
(such as machine learning, deep learning) and metasurfaces
has garnered widespread attention in various applications. In
addition, DOA estimation using machine learning-enabled
metasurfaces has been proposed. Chen et al. [69] combined
an artificial neural network with a space-time-coding digital
metasurface and proposed neural network models with multiple
training strategies using only phase-free normalized harmonic
amplitude. After training the measured data, a high estimation
accuracy was achieved. Huang et al. [11] used a reconfigurable
metasurface for transmission wave operation and adopted deep
neural network (DNN) algorithm as an intelligent calculation
to avoid a large amount of data processing; the DOA esti-
mation error reached 0.5°. The proposed method based on
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artificial intelligence has a simple hardware structure, requires
small number of calculations, and reasonable robustness and
practicability. However, large amounts of training data are
required to obtain high-precision DOA estimations.

2.3. DOA Estimation Based on Lens Metasurface

Compared to phased-array antennas, multibeam lenses have the
characteristics of low cost, wide frequency band, wide angular
scanning, and simple structure [9]. Multibeam lenses provide
an extremely attractive solution in the fields of satellite navi-
gation, high-rate communication, and military electronics. The
use of a metasurface technology to control EM parameters of
the lens material can reduce processing difficulty and produc-
tion cost, making the lens more advantageous for engineering
applications.
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The multibeam antenna system based on the Rotman lens
has the characteristics [70] of all-round interception probabil-
ity, high direction-finding accuracy, large dynamic range, and
high sensitivity, making it appropriate for the use on platforms
with high volume, weight, power consumption, and cost re-
quirements [71]. In 2023, Hwang et al. [72] integrated a recon-
figurable intelligent surface (RIS) unit with a Rotman lens to
implement real-time DOA estimation and adaptive beamform-
ing using a simple RF link and microcontroller unit (MCU). As
shown in Figure 9, the designed sensing system consists of an
RIS, a Rotman lens, an RF power detector, and an MCU. RIS
includes 10 x 10 cells, of which 94 unit-cell functions are used
as reflection units (beamforming), and six unit-cell functions
serve as sensing units (DOA estimation). Six sensing cells are
strategically positioned at the edges of the RIS to connect to the
Rotman lens, ensuring minimal insertion loss. A power detec-
tor is connected to the output port of the Rotman lens, allowing
for precise measurement of power levels across all ports. The
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angle of incidence is determined by comparing the measured
value to a code that identifies the port with the highest and sec-
ond highest voltage levels based on previous simulations. The
position of the emitter can be estimated from the angle, e.g.,
calculated in 15° increments over the range —45° to 45°. Ad-
ditionally, increasing the number of ports in the Rotman lens
would enable a wider sensing range while enhancing angular
resolution, making it possible to accurately track signals across
a broader spectrum of angles. This approach not only improves
performance but also provides greater flexibility in applications
requiring precise directional measurements.

According to the estimated value of DOA, the system
controls the reflection unit through Pulse Width Modulation
(PWM), applies the corresponding bias voltage to the PIN
diode, and controls the reflected signal to transmit a signal
beam to the desired point. This simple structure, low-cost DOA
sensing, and adaptive beamforming system are appropriate for
5G communication applications.
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A Luneburg lens is a dielectric lens with a graded refractive
index that yields BS and multibeam focusing by converging an
incident wave of a specific frequency to a certain point on the
lens surface. In 2023, Ohmae and Yagitani [73] proposed a
unique DOA estimation method, which utilizes a planar Luneb-
urg lens in combination with a waveguide metasurface absorber
to achieve a system compactness effect. Figure 10 shows this
lens.

A series of two-dimensional square patch arrays form a meta-
surface absorber. The metasurface absorber and each patch
have a metal through-hole at the center for connection to a
ground plane. As illustrated in Figure 10(b), d is the distance
between the parallel plates (waveguide); D represents the size
of patches; €, denotes the relative permittivity of the dielec-
tric material; h indicates the substrate thickness; w is the gap
between patches. This configuration enhances the absorption
characteristics and allows for effective energy dissipation in the
metasurface design. Figure 10(a) shows the overall structure of
the proposed system. The five printed circuit boards are ar-
ranged around the lens to form the metasurface absorber. The
receiving planes on each printed circuit board (PCB) are placed
as close as possible to the focal point of the lens. The lens and
PCB can be completely encapsulated by the upper and lower
waveguides. Each PCB features a metasurface absorber con-
sisting of two vertical cells and two half-cells, along with 15
horizontal cells, as depicted in Figure 10(b). This arrangement
maximizes the absorber’s effectiveness by optimizing the in-
teraction between the incoming waves and designed structure,
enhancing overall performance. Fifteen sensor cells are evenly
spaced horizontally for D + w. The angle of the ith receiving
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sensor can be obtained as follows:

-1 z'(D—i—w).

p; = tan R

a7

As shown in Figure 10(c), D = 8.0mm, w = 0.5mm,
R = 200mm, detection points are placed every 8.5 mm; the
furthest detection position is +59.5 mm; the central PCB can
detect an angle of £16.6°; the interval between adjacent boards
is 35.4°; and the detectable angle by the system is £87.3°. The
experimental results show that the maximum error of the DOA
estimation in the frequency band of 5.65 GHz is 2.4°.

DOA systems based on lenses and metasurfaces have
the benefits of compact structure, convenient measurement,
and high direction-finding accuracy without complicated
calculations. Therefore, these systems have broad application
prospects in both military and civilian fields.

3. CONCLUSION

This paper has provided an extensive review of the current re-
search on Direction of Arrival (DOA) estimation technologies
leveraging programmable metasurfaces. We have examined
three primary types of metasurfaces utilized for DOA estima-
tion: digital coding metasurfaces, space-time-coding metasur-
faces, and lens metasurfaces. Each type offers unique advan-
tages and demonstrates the potential of metasurfaces to revolu-
tionize DOA estimation.

Digital coding metasurfaces have been shown to simplify the
sensing process by requiring only a single radio frequency re-
ceiving channel, which reduces the complexity and cost of the
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system while maintaining high-resolution capabilities through
the use of Orthogonal Matching Pursuit (OMP) and other sparse
recovery algorithms. The tunable nature of these metasurfaces
allows for dynamic manipulation of electromagnetic waves, of-
fering a flexible and adaptable platform for DOA estimation.

Space-time-coding metasurfaces extend the capabilities of
digital coding metasurfaces by introducing time modulation
into the spatial domain. This dual-dimensional control over
electromagnetic waves provides greater degrees of freedom for
real-time modulation, enhancing the accuracy and flexibility of
DOA estimation further. The integration of artificial intelli-
gence algorithms with these metasurfaces has shown promising
results, offering high estimation accuracy with reduced compu-
tational complexity.

Lens metasurfaces, including Rotman lens and Luneburg
lens systems, offer a compact and cost-effective solution for
DOA estimation. By combining the advantages of lens tech-
nology with the tunable properties of metasurfaces, these sys-
tems achieve high direction-finding accuracy with simplified
measurement processes. The integration of sensors with the
lens for real-time DOA estimation and adaptive beamforming
demonstrates the potential for practical applications in 5G and
beyond.

The potential impact of metasurfaces on broader applica-
tions, such as 6G and next-generation satellite communications,
is significant. Metasurfaces offer a pathway to overcome the
limitations of traditional antenna systems by providing recon-
figurable, compact, and low-profile solutions. Their ability to
manipulate electromagnetic waves with precision can lead to
improved signal quality, enhanced communication links, and
the enablement of new functionalities in wireless communica-
tion systems. In 6G, metasurfaces are expected to play a crucial
role in the development of smart surfaces and reconfigurable
environments, which can adapt to different communication sce-
narios in real-time. For satellite communications, metasurfaces
can contribute to the miniaturization of terminals, the enhance-
ment of signal directivity, and the mitigation of signal interfer-
ence, thereby improving the overall efficiency and reliability of
the communication link.

DOA estimation has significant applications in numerous
fields, including communication, radar, and military opera-
tions. Achieving high-precision DOA estimations traditionally
necessitates a large number of antenna array units, which re-
sults in complex, large-scale receiving systems, intricate calcu-
lations, and high costs. This review has highlighted that recon-
figurable metasurfaces offer advantages such as low cost, low
energy consumption, and ease of deployment. These features
make them suitable for integrating and miniaturizing DOA es-
timation systems, thus balancing accuracy and practicality. De-
spite the reliable results obtained from comprehensive studies,
several challenges remain and must be addressed for practi-
cal applications and successful commercialization. One sig-
nificant issue is that once the metasurface material and struc-
ture are set, the operating frequency is generally fixed, limiting
the frequency range. Therefore, they are mostly suitable for
applications requiring a fixed frequency or limited bandwidth.
Expanding their applicability across multiple octaves requires
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further advancements. Moreover, the capability of DOA esti-
mation is significantly influenced by the consistency of multi-
ple metasurface elements. Hence, further research is necessary
for optimizing the design and calibration of these elements to
enhance the overall performance of DOA estimation systems.
Addressing these challenges will pave the way for the practi-
cal implementation and broader adoption of metasurface-based
DOA estimation technologies.
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