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Abstract—In this paper, we investigate the dynamic scattering
array (DSA), a versatile 3D structure capable of performing joint
wave-based computing and radiation by moving the processing
from the digital domain to the electromagnetic (EM) domain.
We provide a general analytical framework for modeling DSAs,
introduce specific design algorithms, and apply them to some
use cases. The examples presented in the numerical results
demonstrate the potential of DSAs to further reduce complexity
and the number of radiofrequency (RF) chains in holographic
multiple-input multiple-output (MIMO) systems while achieving
enhanced EM wave processing and radiation flexibility for tasks
such as beamforming and multi-user MIMO.

I. INTRODUCTION

Next-generation wireless systems are expected to provide
enhanced performance in terms of capacity, reduced latency,
and new functionalities such as integrated sensing and com-
munication [1], [2]. This trend is driving the investigation of
fundamental limits using physically consistent models, new
technologies, and novel design paradigms to approach them
(31, [4].

In this context, the recently introduced holographic com-
munications paradigm is envisioned as a holistic way to
manipulate, with unprecedented flexibility, the electromagnetic
(EM) field generated or sensed by an antenna [5]. It involves
designing innovative solutions capable of approaching the
fundamental limits imposed by the wireless channel through
the massive deployment of reconfigurable intelligent surfaces
(RISs) [6], extremely large antenna arrays (ELAA) [7], and
large intelligent surfaces (LISs), also known as holographic
MIMO [8]-[10]. In particular, holographic MIMO surfaces
are envisioned as an efficient implementation of large antenna
systems, advancing beyond massive MIMO and ELAAs [10].
In holographic MIMO, the density of the antenna elements
is increased, ideally approaching a continuous distribution,
which allows for highly flexible manipulation of EM waves.
Closely spaced antenna elements (below 1/2, with A being
the wavelength) do not significantly increase the exploitable
degrees-of-freedom (DoF) of the channel [9], [11]. Never-
theless, when the spacing of the elements is made very
small, strong coupling occurs, and the gain of a linear array
shifts from N, as in conventional arrays, to N2, being N
the number of antenna elements, resulting in the so-called
“superdirectivity” [12]. While achieving very narrow beams is
highly desirable in many contexts, the superdirectivity effect is
only obtained in the end-fire direction of the array and can lead
to extremely high driving currents corresponding to high Q-
factor values (and hence a lower bandwidth) [13]. Exploiting
higher frequency bands, such as millimeter wave and THz,
opens up the potential to utilize the extra DoF provided by

the channel in the radiating near-field propagation region, even
under line-of-sight (LOS) conditions [14]-[18].

The utilization of high-frequency bands in the millimeter
wave and THz ranges, coupled with the integration of antennas
with a very large number of elements, is pushing current
technology towards insurmountable barriers in hardware com-
plexity and power consumption. This issue, also known as
digital bottleneck, poses serious challenges for the sustain-
ability of future wireless networks. In MIMO-based systems,
hybrid digital-analog solutions have been extensively explored
to partially alleviate these issues by reducing the number of
radiofrequency (RF) chains and the digital processing burden,
albeit at the expense of flexibility [19].

A promising approach toward sustainability is to delegate
part of the signal processing directly to the EM level, known
as electromagnetic signal and information theory (ESIT) [20]-
[22]. This can be achieved by designing reconfigurable EM
environments [23] using novel EM metamaterials devices to
perform basic processing functions (e.g., spatial first deriva-
tive) [24], RISs, or the recently introduced stacked intelligent
metasurfaces (SIMs) [25]. The study of SIM is still in its
infancy, and the main technological and modeling challenges
have yet to be fully identified. For instance, the distance
between the layers must be several wavelengths to validate
the currently adopted cascade model. Power losses and signal
distortion caused by the multiple layers and the bounding
box require further investigation. A key limitation of SIMs
is that only the final layer radiates, constraining the EM
wave characteristics to those achievable with a classical planar
surface or array, while the role of the hidden layers is to
perform an EM transformation.

To overcome the aforementioned issues, we investigate a 3D
EM antenna structure, termed DSA, that offers significant flex-
ibility by providing enhanced processing capabilities directly
at the EM level. Specifically, a DSA consists of a limited
number of active antenna elements, each associated with an
RF chain, surrounded by a cloud of reconfigurable passive
scatterers that interact with each other in the reactive near
field so that EM processing and radiation are performed jointly
“over the air”. A DSA can be considered as a generalization
of reactively controlled arrays, originally proposed in [26],
and their evolution toward electrically steerable passive array
radiators (ESPARs) in which a single RF chain is considered
[27]. In particular, we first characterize the input-output char-
acteristic of the DSA as a function of its configuration param-
eters. Subsequently, we propose a strategy to optimize these
parameters according to the desired processing functionality
and apply this strategy to two different use cases of interest:
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Fig. 1. Principle scheme of a dynamic scattering array.

beamforming and MIMO. Numerical results for each use case
demonstrate the great flexibility of the DSA in performing
various signal processing tasks by offering several advantages
in terms of size reduction while minimizing the number of
RF chains. For instance, we will show that the tight coupling
of DSA elements allows for the realization of superdirectivity
behavior independently of the beam’s direction, in contrast to
standard arrays where superdirectivity can only be achieved in
the end-fire direction [13], [28].

The results obtained in this paper demonstrate the potential
of DSA to realize wave-based computation “over the air” by
leveraging the coupling between active and scattering ele-
ments, thus minimizing the number of RF chains and baseband
processing in the digital domain. This is achieved through a
semi-passive structure with minimal energy consumption and
nearly zero latency, as the processing occurs at the speed of
light.

II. DYNAMIC SCATTERING ARRAY (DSA) MODELING

We consider the transmitting system illustrated in Fig. 1,
where the DSA is composed of Na active antenna elements
surrounded by a cloud of Ns reconfigurable passive scat-
terers. The nth element (active or passive) of the DSA,
with n = 1,2,...N, N = Np + Ns, is located in position
p,,. The nth scatterer, with n = 1,2,...Ns, is itself an
antenna element terminated by a reconfigurable impedance
load Zs, (6,). To avoid power dispersion, we impose that
the load is purely reactive, i.e., Zs, (6,) = jO,, where
0, € R is the reconfigurable reactance. Denote with 8 =
[91,92,...,9NS]T the set of reconfigurable reactances and
with Zs(0) = diag (zsl (61). Zs, (62). ... Zsy, (eNs)) the
corresponding set of loads.

The DSA can be modeled as a linear N-port network.
Specifically, in a compact description, we define vy € CNax!
and iy € CVaX! the complex voltage and current envelopes
(in the following denoted simply as voltages and currents) at
the ports of the N active antennas (i.e., the input ports of

the DSA), and vs € CVs*! and ig € CNs¥! the voltages and
currents at the ports of the Ng scatterers. We collect all the
currents and voltages at the N ports of the DSA in the vectors

el o

All the interactions between the elements of the DSA
are captured by the impedance matrix Z € C>N**N which
does not depend on the reconfigurable loads, and relates the
voltages and currents of the N ports as v = Zi. In particular,
the (n,m)th element of Z represents the mutual coupling
coefficient between the nth and mth elements obtained as the
ratio between the open-circuit voltage observed at the mth port
and the excitation current applied to the nth port supposing
that the remaining ports are kept open (no current flow) [29].
It is convenient to divide the impedance matrix Z into the
sub-matrices Zaa, Zas, Zsa, and Zgs so that we can write

Va | _ |Zaa Zas | |ia
Vs iS

Zsp Zss
The voltages va and currents i at the input ports of the
DSA are related by the input impedance of the DSA Za(0) €
CNaxNa a5 vo = Za(0)ia. By elaborating (2) and considering
that at the scatterers’ ports it is vg = —Zg(0)is, we obtain

ZA(0) = Zan — Zas (Zss + Zs(0))™" Zsa 3)

2

which depends on parameters @ through the scatterers’ loads
Zs(0).

The N4 active elements are connected to Na RF chains, in-
cluding digital-to-analog converters (DACs) and up-conversion
stages, through a 2Na-port power matching network whose
purpose is to maximize the power transfer between the RF
chains and the DSA. The relationship between the voltages
and the currents present at the ports of the matching network
is given by

|-z | | @)

VA



where, assuming no losses in the power matching network,
Z,\(0) is equal to [28]

O, I—NM{ZA(e)}%
~IVRRA{ZAB)}F 13 {Za(6)}

with R being the output resistance of each RF chain, R {x}
and J{x} denoting, respectively, the real and imaginary
parts of x. As it can be noticed from (5), the matching
network depends on the DSA input impedance Z(€) and
hence on the parameters 6. Therefore, the matching network
should be reconfigured for a given DSA configuration to
maximize the power transfer. It turns out that vr = Zrir,
with Ztr = RIy, and, assuming lossless antenna elements,
the transmitted power corresponds to the radiated power Ppyqg
given by Pr = Pug = E{iy R{Za(0)} ia} = E{vi v} /R,
where E {-} denotes the statistical expectation.

We also foresee an optional baseband linear processing
block implemented in the digital domain (digital precoder),
described by the matrix Wp € CNa*Na_ whose input is
represented by the information vector x € CNaX! to be
transmitted. The matrix Wp relates the transmitted information
vector x and the voltages vy at the input of the matching
network, i.e., vv = Wpx. In the following, we impose
the arbitrarily normalization ||Wpllr = VR Na, with || - ||
denoting the Frobenius Norm. Such a normalization ensures
that E{XH x} = P, as typically considered in the signal
processing community. The reconfigurable reactances 6 along
with the elements of matrix Wp represent the set of parameters
to be optimized to obtain the desired processing functionality,
as will be described later.

By combining (4) and (5), we obtain a compact relationship
between the information vector x and the total current i flowing
in the DSA

Z\(0) = (&)

i=Wgpm(0) Wp x (6)
where
1 R {ZA(0)} 2
Wem(0) = — 1
MO = "8 |~ (Zss + Zs(0) Zsa R (Za©))
)

accounts for the EM-level signal processing operated by the
reconfigurable DSA as a function of the parameters 6.

Consider now K test points located in positions ti, with
k = 1,2,...,K, and that in each test point, a conventional
receiving antenna is used to receive the signal with gain Gg.
As commonly done in the literature, we assume that [ty —p,| >
A, Yk, n, that is, the test points are located in the radiative
region of the antenna structure and the receiving antennas do
not affect the transmitting DSA. As an example, the set of
K antennas could represent a conventional receiving antenna
array of a MIMO system. The useful component (i.e., without
noise) of the received signal at the test positions is

y = Hci=H:. Wem(0) Wp x = H(6, Wp) x ®)

where H, is the transimpedance matrix of the radio channel
accounting for the propagation effects and H(8, Wp) is the

end-to-end baseband equivalent channel matrix as commonly
defined in signal processing.

III. DSA OPTIMIZATION

In this section, we illustrate a possible optimization strategy
of the DSA along with its application to 2 different use
cases. Numerical results associated with each use case will
be reported in Sec. IV.

A. Joint Optimization of the DSA and the Digital Precoder

For a given propagation scenario characterized by the tran-
simpedance matrix H, and K test points, suppose we fix a
specification Hype on the desired end-to-end channel matrix.
The reconfigurable parameters of the DSA and the digital
precoder can be designed by solving the following constrained
optimization problem:

inimi H. Wpm(0) Wp — H 9
ng’%rglgeﬂa ¢ Wem(6) Wp — Hopy 9)
s.t. |[WpllZ = RNa

where the scalar @ € R accounts for the possible lack in the
link budget to achieve Hop that has to be eventually coped
with increased transmitted power.

Unfortunately, in general, the constrained optimization prob-
lem in (9) is not convex thus making its numerical solution
more challenging. A possible approach to translating it into
an unconstrained optimization problem is to resort to the
following alternate optimization procedure:

« STEP 0: We set the candidate vector 6 to an initial guess

value, for instance randomly chosen or equal to zero.

« STEP 1: For a fixed 6, it is possible to find in closed
form the values of Wp and « that minimize the objective
function and satisfy the constraint in (9). In particular, we
solve the following equation

@ He Wen(0) Wp = Hoy (10)
of which the minimum norm solution is
aWp = (He Wen()) Hop an

with AT denoting the pseudo-inverse of matrix A.
The corresponding values of & and Wp are, therefore,

1 AT
& = ——|||Hc: Wem(0)] H, 12
NSO ( EM( )) zn (12)
and
N 1 AT
Wo = = (He Wen(6)) Hop. (13)

« STEP 2: Starting from the candidates & and Wp from
STEP 1, the following unconstrained minimization prob-
lem involving only @ is solved numerically

6 = argmin ||&@ Ho Wem(0) Wp — Hop|,. - (14)
]
o STEP 3: Repeat STEPS 1 and 2 for a given number
N, iterations or until no significant variations of the
parameters take place.
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Fig. 2. Use case 1: Single RF chain DSA for high gain beamforming.

The inclusion of the digital precoder, while not strictly
necessary, may aid in the optimization process of the DSA by
handling a portion of the processing when Nj > 1. If omitted,
we set Wp = Wp = VR, and only proceed with STEP 2
once.

B. Use Case 1: Beam Forming

Suppose we want to design a single-input DSA (Np = 1,
no digital precoding) realizing a generic radiation diagram,
for instance, imposing that at the test locations t;, the channel
matrix [Hopr,1, & = 1,2,...,K, assumes the desired value
(see Fig. 2). For instance, one might define a uniform set of test
points t; = [d sin ¢y, 0, d cos ¢x]T on the x —z plane a distance
d in the far-field region of the DSA, with ¢ = 27k/K, and
maximize the radiation diagram at the k = kth direction o
(beam steering). This can be achieved by setting [HopJx,1 =
\PR, for k = k, and zero otherwise, being Pr the desired
received power. Incidentally, after the optimization process, the
resulting parameter &> will represent the required transmitted
power Pr to satisfy the link budget. It is worth noticing that,
in principle, only the optimization at the single test point tg,
i.e., K = 1, would suffice to obtain the desired beam steering
result. However, the addition of many other test points set to
zero helps the minimization algorithm to speed up and avoid
the convergence to bad local minima.

C. Use Case 2: Multi-layer MIMO Communication

In this use case, we consider a MIMO communication with
a receiving conventional uniform linear array (ULA) with K
elements spaced at 4/2. The purpose is to design the DSA in
such a way an optimal multi-layer MIMO link is established
between the transmitter and the receiver. It is well known from
MIMO theory that for a given generic propagation scenario
with channel transimpedance matrix H, characterized by rank
r, up to r parallel orthogonal links (layers) can be established
between the transmitter and the receiver on which independent
data stream can be transmitted [30]. To exploit all of them,
it must be Ny = r and the DSA must implement a suitable
precoding strategy, i.e., act as an EM precoder.

Let us introduce the singular value decomposition (SVD)
of the channel transimpedance H, = UAVH, where U and
V contain the left and right eigenvectors, respectively, and
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Fig. 3. Radiation diagram of a disk-shaped DSA (Lr = 1), with Ay, and
L =5, exhibiting a super directive characteristic.

A is a diagonal matrix gathering the singular values of the
channel transimpedance matrix Hc.. A typical MIMO setup,
assuming the channel state information (CSI) is available at the
transmitter, requires a precoding operation V at the transmitter
and a combining operation U™ at the receiver such that the
channel is diagonalized, i.e., the end-to-end channel matrix is
proportional to the diagonal matrix A. Assuming the receiver
performs the combining operation § = UMy, the MIMO
channel is diagonalized if we design the DSA implementing
the precoding V by setting Wen(0) Wp = V or, equivalently,
Hope = UM A. In this manner, it results § = UTH(8, Wp)x =
U"H, WEM(é) Wpx = Ax and N, parallel communication
layers can be established. The designed DSA implements the
optimal precoding by using no more than Ny = r RF chains
(i.e., the minimum possible value) which is much simpler and
less energy consuming than any conventional full digital or
hybrid solution.

IV. NUMERICAL RESULTS

In this section, we present some numerical results related
to the use cases described in Sec. III with the purpose of
validating and investigating the potential of the proposed DSA
with respect to classical array structures. The following param-
eters have been considered in the numerical evaluations if not
otherwise specified: fy = 28 GHz, Gk = 0dB, R = 50 Ohm,
vertical polarization. Hertzian dipoles have been considered for
an analytical evaluation of the impedance matrix Z [29]. The
standard numerical tool based on the quasi-Newton method
[31] with A; iterations is utilized to minimize (14).

A. Beam Forming and Superdirectivity

We first investigate the beam forming capabilities of the
DSA using one RF chain (N4 = 1 active antenna element)
and the deployment of the scatterers according to L concentric
cylinders with incremental radius of step Ay and scatterers
separated of 1/2 within each cylinder along the circle and the
y axis (see Fig. 2). We denote with Lr the number of vertical
rings composing each cylinder. The cylindric structure appears
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Fig. 4. Radiation pattern of a conventional ULA with Ny = 6 active elements.

very appealing especially for its use in base stations or access
points thanks to its circular symmetry. When Lg = 1, the cylin-
der degenerates into a disk. Obviously, other structures can be
considered as well depending on the specific application.

The target end-to-end channel matrix Hop with K = 108 test
points deployed on the x — z plane at distance d = 100 m (far
field) according to the use case in Sec. III-B was considered for
4 different steering angles, 0°, 30°, 60°, and 90°, respectively.
Only the optimization Step 2 was performed with N; = 1500
iterations and setting Wp = VR (in this case Wp is a scalar
and no digital processing takes place).

In Fig. 3, the radiation diagrams for the 4 steering angles
obtained with Ay = A/4, L = 5, Lg = 1 (disk shape),
corresponding to Ng = 121 scatterers are shown. As it can
be observed, the gain of the DSA is independent of the angle
and it is about 18.6dB. In addition, limited back radiation
is obtained without the need to insert a ground plane that
would impede the steering in the angle range [90° — 270°].
As pointed out in the Introduction, the performance of any
SIM is constrained by the final layer surface of the structure,
therefore it is upper bounded by that one can obtain by
replacing the SIM with a full digital planar or linear array
with the same layout and number of elements. Therefore, for
the sake of comparison, we consider the radiation diagrams
obtained using a standard full-digital ULA with the same
aperture of the DSA (3.2cm diameter) in the x — z plane.
The corresponding radiation diagrams are reported in Fig. 4.
This array requires Na = 6 active antennas compared to only
one active antenna of the DSA. As well-known, in ULAS the
gain degrades when approaching 90° from a maximum value
of 10.6dB (about 101og;y(Na Gq), with G4 = 3/2 the gain of
the Hertzian dipole) and symmetric back radiation is present.
The proposed DSA exhibits superdirectivity capability with
an additional gain of 8 dB. Contrary to standard arrays, where
superdirectivity is obtained only in the end-fire direction [12],
here notably superdirectivity is equally obtained in all steering
directions.

In Table I, the impact of the cylinders spacing A; and the

TABLE I
CYLINDRIC SHAPE. L = 5.
Configuration Gain (dB) | Ng Q-factor
A =1/8, Lg =1 15 89 1.1
Ap =2/6, Lgr =1 16.7 100 1.25
A =2/4, Lg =1 18.6 121 091
AL =1/2, Lg =1 16 184 0.24
AL =4, Lg =1 15.7 310 0.24
A =A/4, Lg =3 20.4 363 0.3

number of rings Lr is investigated. As it can be noticed,
the maximum gain is obtained for Ay = A/4 confirming
that superdirectivity can be achieved only by exploiting the
mutual coupling between the antenna elements but, at the same
time, that there is an optimum spacing value to be found. In
fact, on one hand, higher spacing reduces the coupling and
hence the contribution to radiation of those scatterers located
far away from the active element. On the other hand, very
close spacing tightens the coupling between the elements and
reduces the DoF available for optimization. A higher number
of rings (Lr = 3) further increases the directivity by thinning
the radiation diagram in the y direction. The corresponding
Q-factor is in general relatively small denoting a wideband
characteristic of the DSA under the considered setting and
there is no need to generate very high currents as happens in
conventional superdirective end-fire arrays [28]. The analysis
and optimization of scatterers’ deployment strategies is a topic
that deserves future investigations.

B. Multi-layer MIMO

Finally, we consider the scenario of use case 2 in Sec. III-C
where a multi-layer MIMO link with a user located at
d = 10m equipped with a standard ULA with K = 20
elements spaced of 1/2 has to be established in non-line-of-
sight (NLOS) condition. The DSA is equipped with Ny = 4
active antennas and Na RF chains to allow the transmission
of up to 4 data streams (layers) according to channel
characteristics. The simulated NLOS channel consists of 5
multi-paths caused by the reflection of 5 scatterers located at
angles ¢ = {-43° -14°,14°,43°,72°} and distance 5m. The
corresponding strongest singular values of the channel are A =
diag (-35.6dB, -42.4dB, -43.7dB, -46.3dB, -82dB, .. .),
which has clearly rank r = 4. The DSA has the following
parameters Ay = /4, Lg = 1, Ng = 121, and it is optimized
with N; = 50 and Ny = 10.

In Table II, the resulting coefficients A of the end-to-end
channel are reported. The comparison between the diagonal
and off-diagonal values indicates that the coupling between
different layers is completely negligible, i.e., the channel is
almost perfectly diagonalized. Compared to the singular values
of the channel in A, the diagonal elements of A exhibit the
same behavior with a loss of about 6 dB that can be ascribed
to the fact that the antenna is not ideal.



. TABLE II
[A], , INDB,FORn k = 1,2,3,4.

-41.6 | -177 | -190 -175
-170 -48 -185 -170
-183 | -184 | -49.7 | -182
-164 | -166 | -180 | -52.3

V. CONCLUSION

In this paper, we have investigated the dynamic scattering
array (DSA) as an appealing technology aimed at shifting part
of the signal processing from the digital domain to the EM
domain. This is achieved through the joint optimization of EM
processing and radiation of active and reconfigurable scattering
elements interacting in the reactive near field. We have shown
that the DSA provides unprecedented flexibility in managing
the EM field by reducing or circumventing digital processing
at the baseband, thereby surpassing the flexibility offered
by classical MIMO and recent SIM implementations. Con-
sequently, the reduction in RF chains and digital processing
facilitates the realization of energy-efficient, low-latency, and
cost-effective holographic MIMO systems, then addressing the
sustainability concerns of future wireless networks.
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