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Abstract—This paper presents Monolith, a high bitrate, low-
power, metamaterials surface-based Orbital Angular Momentum
(OAM) MIMO multiplexing design for rank deficient, free
space wireless environments. Leveraging ambient signals as the
source of power, Monolith backscatters these ambient signals
by modulating them into several orthogonal beams, where each
beam carries a unique OAM. We provide insights along the
design aspects of a low-power and programmable metamaterials-
based surface. Our results show that Monolith achieves an order
of magnitude higher channel capacity than traditional spatial
MIMO backscattering networks.

I. INTRODUCTION

The multiple-input multiple-output (MIMO) system enables
a plethora of applications that require high traffic volume,
such as 5G services in urban canyons and indoor VR/AR,
by establishing independent parallel channels between mul-
tiple transmit and receive antennas. However, the capacity
offered by spatial MIMO systems largely relies on multi-
path components, and so the practical applicability of such
systems is challenging in many rank-deficient application
scenarios such as farm fields in smart agriculture and satellite
channels in space communication. Further issues surrounding
the power consumption of such MIMO systems, including
that of power-hungry radio frequency (RF) chains whose
power requirements scale proportionally with the number of
antennas, constrain the applicability of spatial MIMO systems
even further. Today’s emerging wireless applications in rank-
deficient environments (e.g., agriculture and weather moni-
toring in smart farm [1] and mega-constellation satellites [9])
also demand high bandwidth, implying that power availability
at edge devices is becoming a more critical issue which
ultimately will restrict such applications from adopting spatial
MIMO systems.

To address these issues, we introduce Monolith, a reconfig-
urable metamaterial surface that backscatters the signal into
several multiplexed orthogonal beams. Each of the multi-
plexed beams carry a “unique” orbital angular momentum
(OAM) state which enables orthogonality for beams with
different OAM states. OAM state can be equivalently thought
of as the number of phase rotations applied to the incoming
signal, and so a beam with non-zero OAM state takes on a
helical shape in the direction of propagation. Since Monolith
itself generates multiple orthogonal beams, it eliminates the
need of rich scattering environments for spatial multiplexing.
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Fig. 1: Various use cases for Monolith. The sender (Alice)
backscatters the signals, and the reader (Bob) decodes the
signals. With Monolith, a metasurface artificially creates mul-
tiple orthogonal beams and spatially multiplexes them.

We believe Monolith will expand the applicability of MIMO
in the following rank-deficient application scenarios:

1. Ambient backscattering for low-power devices. Ambient
backscattering [13], [4] offers ultra-low energy consumption
by enabling sensory devices to pick up an ambient signal,
harvest it as the source of power, and then reflect it with en-
coded data, such that these devices can communicate without
generating and transmitting their own signals. Eliminating the
need for active transmitter and power-consuming RF com-
ponents significantly lowers the energy burden and therefore
enables edge devices in rural and remote areas to operate
on a smaller battery or even a batteryless device. While
state-of-the-art ambient backscattering systems are extremely
low bit-rate, Monolith enhances the link capacity of ambient
backscattering systems by adopting OAM spatial multiplex-
ing. In conventional ambient backscatter networks (Fig. 1(a)
on left), the sender indicates either a ‘0’ or a ‘1’ bit by
switching its antenna between reflecting and non-reflecting
states. In Monolith (Fig. 1(a) on right), on the other hand, the



sender converts the ambient signal into several multiplexed
orthogonal beams wherein each beam supports a different data
bit. The receiver later separates the multiplexed beams.

2. Reflectarray antenna system for satellites. To achieve
a high gain, low profile, and light-weight communication
system, satellites deploy a reflectarray antenna that consists of
a feed horn and a planar structure of reflecting elements [6],
[17], [15]. Specifically, the horn excites the array, which in
turn steers the reflected beam according to its configuration.
To maximize the link capacity of satellites, Monolith utilizes
an OAM metasurface as the reflecting antenna array. As shown
in Fig. 1(b), the surface transforms the signals from the horn
into multiple orthogonal beams and spatial multiplexes them
on the space. We note that the use of extremely high frequency
in satellite communication [11] mitigates the divergence of
OAM beams, rendering OAM-MIMO to be more practical
and deployable. We will further discuss the beam divergence
in §1V.

In this paper, we present an in-depth analysis on OAM
multiplexing and demonstrate that OAM-based MIMO sys-
tems achieve significantly higher wireless capacity than the
traditional MIMO system in rank-deficient wireless environ-
ments. Our further studies elaborate on Monolith’s system
architecture, ranging from its surface design to its encoding
and decoding schemes, along with simulated results that
project the feasibility of Monolith.

II. PRIMER: ORBITAL ANGULAR MOMENTUM

From Maxwell’s theory, it is known that electromagnetic
(EM) waves carry both linear momentum and angular momen-
tum. The angular momentum has two independent attributes:
a spin angular momentum (SAM) associated with the polar-
ization of the EM wave, and an orbital angular momentum
(OAM) associated with the spatial distribution of the EM wave
fields [23]. In particular, OAM beams carry a twisted/helical
phase front that rotates as the beam propagates. This helical
phase can be manipulated by generating phase twists across
multiple transmitting antennas. Let us define the number of
phase twists as a state. By increasing the number of phase
twists, OAM can theoretically have “infinite” states, each
corresponding to a distinct topological charge [21]. Moreover,
OAM beams with different states are mutually orthogonal
in spatial domain, thus offering a possibility of unlimited,
parallel channels for data transmission. Figure 2 illustrates
an example metasurface that reflects and converts a Gaussian
beam with no OAM into multiplexed OAM beams with five
different OAM states (I = +2, +1, 0, —1, or —2) along with the
phase and intensity profile of each OAM beam. The intensity
nulls at the center, and it expands as the absolute value of
OAM state increases.

In this section, we address a recent controversy over OAM
and investigate the advantages of OAM-based multiplexing
over the conventional MIMO multiplexing.
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Fig. 2: Mixed-state OAM generation using Monolith.

A. Is OAM a new concept?

After Tamburini et al. [20] argued that the OAM is a new
degree of freedom that allows an unlimited use of wireless
channels on the same frequency, there was controversy over
whether OAM enables a new and distinct physical degree of
freedom [20], [19] or is simply a subset of MIMO [18], [5].
OAM beams with different states are intrinsically orthogonal
to each other, providing a new opportunity to spatially mul-
tiplex different beams along the same physical paths. Since
MIMO is a general technique dealing with the use of multiple
antennas and multipath propagation, OAM is in fact a special
form of MIMO [5] and does not provide a new degree of
freedom. Unlike traditional MIMO, OAM does not need a
large number of unrelated paths for spatial reuse (and indeed,
cannot leverage physical paths reflecting off objects in the
environment) because different OAM beams themselves are
orthogonal. Therefore, OAM-MIMO communication fills the
need for spatial multiplexing in the absence of a rich scattering
environment, while conventional MIMO retains its utility in
the presence of a rich scattering environment.

Earlier studies [5] on OAM generation utilize a uniform
circular array (UCA) where each adjacent array element
adopts excitation feed with equal amplitude and 27//N phase
difference. However, a UCA requires a large number of
antennas to generate high-order OAM state and has a large
beam divergence angle. Also, it requires power-hungry phase
shifters, which is not suitable for low-power devices. Very
recently, artificially-engineered surfaces, called meta-surfaces,
have been studied to manipulate the EM wave properties [3],
[2]. Compared to UCAs, metasurfaces have advantages of
low power, high gain, and flexible capability of modulating
EM waves. Recently, Ref.[12] proposed a 1-bit reconfigurable
metasurface to generate different OAM beams by loading the
PIN diode (i.e. on-off switch) on each element of metasurface.
Similarly, [7], [8] demonstrated state-reconfigurable OAM
metasurfaces using varactor diodes for finer phase control.
In this paper, we explore varactor-loaded metasurfaces for a
better control of OAM phase profiles.
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Fig. 3: Left: Channel rank enhancement by OAM. Right:
Capacity comparison between OAM and MIMO.

B. Understanding the benefits of OAM

In this section, we explain metasurface-based OAM mul-
tiplexing’s capacity gains using standard MIMO theory. We
demonstrate that OAM-based MIMO communication achieves
a significant capacity gain over traditional MIMO communi-
cation when the rank of channel is low.

Channel Model. In free-space MIMO systems, the channel
matrix is expressed as Hymvo = [AMMO] /. v, where AMIMO
is channel response between n'”* transmitting antenna and m'"
receiving antenna. It takes the form:
O = ol
4rd

mn

2
e—ljndmn (1)

where 8 is a constant containing attenuation and phase asso-
ciated with the antenna system configuration, A is the carrier
wavelength, and d,,, is the distance the signal propagates.
Similarly, in OAM-based MIMO systems, the channel matrix
is expressed as Hoam = [A9M]prxn, where h9AM can be
modeled as MIMO channel response superimposed by a spiral
phase factor. It takes the form:

HOAM _ jMIMO ol ln @t )
where [, contains all QO number of OAM states generated by
the n'" transmit antenna, and @mn.1 denotes the cumulative
phase of the /-labeled OAM state after propagation from n'”
transmit to m’" receive antenna.

Our Scenario. In our system, the transmitting and receiving
elements are meta-atoms, and they are arranged in a uniform
rectangular array pattern on a substrate we refer to as a
metasurface (details are provided in Sec. III, Fig. 4 depicts
this scenario for a 16 x 16 metasurface system). Let us assume
that both the transmitting and receiving metasurfaces consist
equal number of meta-atoms. Then, the propagation distance
(d(p.q).(s.1)) between the (s,1)"" transmit and (p, g)'" receive
meta-atoms is:

diparisn = D2+ B{(p -7+ (q-17) ()

where D is the distance between the center of transmitting
and receiving metasurfaces, and A is the spacing between

consecutive meta-atoms. (p,q) and (s,t) indicate the (row,
column) locations of the receive and transmit meta-atoms in
their respective metasurfaces. The cumulative OAM phase
factor corresponding to these meta-atoms is then:

— 2r

P(pa)(s.0d = Ppaa)(s.0) + — sy D S
where @(p.q),(s,1) i the azimuthal angle between the (s,0)t"
transmit meta-atom and (p,q)"" receive meta-atom along
the axis of propagation, which depends only on the relative
locations of these meta-atoms. It can be calculated as [14]:

tan”'(Ip=sl/lg =),  p>s.g>1
n—tan_1(|p—s|/|q—t|), p>s,q<t
n+tan ' (|p-s|/lg-t]), p<s,qg<t
27r—tan‘l(|p—s|/|q—t|), p<s,q>t
p.a).(s.) = 0, pesg>t
/2, p>s,q=t
T, p==s,q<t
3n/2, p<s,q=t

(%)

Using Eqgs. 1 and 3, we obtain Hyvo, and using Egs. 1-5,
we obtain Hpoav. We next demonstrate benefits of OAM.

Simulation Results. In MIMO communication systems, the
rank of the channel matrix is an indicator for the number of
data streams that can be spatially multiplexed on the channel.
Therefore, higher rank channels provide more wireless capac-
ity. To understand the impact of OAM on MIMO channel
rank, we first investigate in Fig. 3 (left) how the rank of
Hoam compares with that of Hymvo. For this evaluation,
we consider an M = N = 256 metasurface system. The
carrier frequency and corresponding wavelength (1) are set
to 24 GHz and 12491 mm respectively, the meta-atom
spacing A is 20 mm, and the gain coefficient 8 is 40 dB.
The distance D between transmit and receive metasurfaces is
varied from 10?1 to 10°2 in steps of 101, where each step
results in a different channel matrix. OAM(Q) indicates Q
different OAM states are generated by transmit meta-atoms
(i.e., I, = n%Q). The figure shows that OAM-based MIMO
systems achieve higher channel rank than traditional MIMO
system under similar channel conditions, and that the Hp s
rank increases with increasing the number of OAM states.
This rank enhancement is a result of the additional spiral phase
factor (Eq. 2) conditioned in OAM-based MIMO systems.
We next compare in Fig. 3 (right) the end-to-end channel
capacity performance of OAM-based MIMO systems against
the traditional MIMO system. The capacity is computed as:

C-= Zyl 1og2(1 + UZL/}?) bps/Hz 6)

where vy is the channel matrix rank, o2 is the channel noise
variance, and §; is the i singular value obtained via singular
value decomposition of the channel matrix. The total transmit
power budget is set to one Watt, allocated proportionally to
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(a) Meta-atom design.

(b) Monolith design.

Fig. 4: Schematic model of meta-atom and metasurface. Our
meta-atom consists of several design parameters, including A,
Rl, Rz, WC, and LC.

all transmit meta-atoms (P;). The figure shows that OAM-
based MIMO systems achieve significantly higher wireless
capacity than the traditional MIMO system. At a propagation
distance of 2004, traditional MIMO achieves a capacity of
8.98 bps/Hz, whereas OAM-MIMO with 2, 4, 6, 8, and 10
states achieves 35.90, 70.43, 99.86, 111.71, and 138.91 bps/Hz
capacity performance respectively.

III. MONOLITH DESIGN

We now introduce Monolith, a metamaterials-based pro-
grammable surface design that transforms an incident Gaus-
sian beam into multiple OAM orthogonal beams with different
topological charges. We will describe our surface design as
well as its encoding and decoding scheme.

A. Surface Design

Figure 4 shows Monolith design architecture, consisting
of its core building blocks, meta-atoms. Each meta-atom is
an independently controllable scatterer that locally alters the
phase of the incident wave. Here we first describe our meta-
atom design and then present how we leverage Monolith to
generate multiple OAM beams.

Meta-atom. Figure 4(a) shows our meta-atom (hexagonal
structure), made up of copper material that lays on top of
a dielectric substrate (green/light shade layout). A varactor
diode (i.e., a voltage-dependent capacitor) connects the inner
and outer metal patches of the meta-atom. By controlling
voltage levels across the varactor diode, we can change its
capacitance and in turn alter the meta-atom’s response to
incident wave’s EM field. To understand this phenomenon
more clearly, let us model the load impedance across the
meta-atom as Z.gy = jwL + jw;C’ where L and C are the
inductance and capacitance of the meta-atom, respectively. By
applying a certain voltage value across the varactor, we alter
C and obtain a new load impedance ZZ;}‘Z This new load
impedance then results in a new electromagentic response to
the incident wave. Figure 5 illustrates the magnitude (Left)
and phase (Right) response of EM waves reflected from the
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Fig. 5: Left: simulated magnitude; right: phase of reflected
coefficient for the meta-atom across different voltage values
from 0 to 10 V.

meta-atom as we apply different voltage values. By applying
voltage from 0 to 10V, our meta-atom can provide up to 27z
phase shift with a near-perfect reflection magnitude within
2-3 GHz. Using this technique, we will arbitrarily configure
each meta-atom with a desired phase shift and form an OAM
phase distribution across the entire metasurface.

Generating OAM Beams. Now, we will describe how we
leverage the ensemble of many meta-atoms to generate OAM
beams. A single metasurface layer is made up of 256 meta-
atoms arranged in a 16 X 16 uniform rectangular array fashion
as shown in Fig. 4(b). To generate each OAM beam as rep-
resented in Eq. 2, we configure the helical phase distribution
(e/'# term) by applying an appropriate voltage distribution
across the surface. Specifically, we calculate a required phase
shift per meta-atom for an OAM state / as:

o(x,y) =1-tan~" (y/x) =27/ A -y (7)

where (x,y) indicates the coordinate location of each meta-
atom in the surface plane with its center as an origin. A is
a carrier wavelength, and r., is the distance between the
center of a transmitter and the coordinate (x,y), which is
equivalent to yx2 + y2 + d2. Here, d is the distance between
an incident wave and the center of the metasurface. After
acquiring the required phase distribution from Eq. 7, we use a
genetic optimization algorithm to find a corresponding voltage
distribution:

©' =argmin ) (IF(V(x.y) = ¢(y))  ®)
X,y

where F(V(x,y)) represents the voltage-to-phase mapping
function based on Fig. 5. Applying the foregoing OAM
beam generation analysis, we present the phase and voltage
distributions for each OAM beam with its topological charge
1 =0,1, or 2 in Fig. 6. Since each surface layer is dedicated
for a single OAM state, we stack several layers of the surface
to multiplex different beams. We will explore an optimal
stacking configuration in our future work.

Simulation Results. To evaluate Monolith’s ability to gen-
erate different OAM states, we present our HFSS simulation
results on Monolith. Figure 7 shows that Monolith can support
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Fig. 6: Upper: an applied voltage distribution; lower: phase
distribution by applying the voltage distribution. X- and Y-axis
represent the coordinate of each meta-atom with the meta-
atom at the center being (0,0) mm.

an OAM state [ of -2, —1, 0, 1, and 2. We also observe
that the beam with state / = 0 shows a high intensity at
the center while the magnitude of the beams with non-zero
OAM state nulls at the center. This nullified area expands as
|l| increases. Furthermore, Monolith creates one phase twist
for OAM state +1/—1 and two phase shifts for OAM state
+2/-2. Every beam with a positive-valued state complements
its respective negative-valued state. These results thus comply
with our theory, and we verify orthogonality of OAM beams
with different states ($II).

B. Data Encoding and Decoding

In this section, we describe Monolith’s data encoding and
decoding schemes.

Encoding. In traditional ambient backscatter networks, the
received signal at the reader can be expressed as:

y(t) = x(t) + abx(t) + w(t) )

where x(f) is an ambient signal from a base station, w(r)
is noise, a is an attenuation factor of backscattered signals
relative to ambient signals, and b is a binary bit transmitted by
the backscattering transmitter [13]. Similarly, we can represent
the received signal of our OAM-based system as:

y(1) = x(t) * henv,r (1) + (x(2) * henv,¢ (1)) * hoam () - B+w(1)
(10)
where hepy »(2) and heyy ,(t) are wireless channels between
the base station and the reader and between the base station
and the tag, respectively. Here, * operator indicates convolu-
tion. Ayqm(7) is a multi-state OAM channel defined in Eq. 2,
and B is a vector of the phase modulation /% () ¢/%:(1)
e % (") Each phase modulation /% () corresponds to
an OAM state [,, and Monolith manipulates the phase 6(r)
according to the data that is being modulated. We note that
OAM state of 0 (i.e. a Gaussian beam without OAM) is not
multiplexed and thus it is not part of Hoaps-

Decoding. For traditional ambient backscatter networks, the
receiver distinguishes reflected and non-reflected states using

Fig. 7: Upper: a phase distribution of an OAM state from
—2 to 2; middle: a magnitude of the generated OAM beams;
lower: a phase of the generated OAM beams.

two power levels, |1 +a@|?P and P. By doing so, they decode
the information from backscattered signals [13]. Monolith,
however, separates the signal in two stages. First, we separate
heny from received signals to extract hoaps. Since hepy
is a Gaussian beam without OAM, we can demultiplex it
by applying a simple spatial filter. Then, for a mixed-state
channel hpap, we transform each OAM beam back to a
Gaussian beam using a mode-conversion spatial filter and
successively cancel out from the mixed-state OAM channel
until we decode all beams. We will discuss a filter option in
§IV.

IV. CHALLENGES AND DISCUSSION

Beam Divergence. OAM beams with higher-order states
provide more capacity gains, but such beams physically
diverge quickly, making it difficult for a receiver to fully
capture OAM-multiplexed beams. To minimize the divergence
of OAM, we must optimize many factors, including the
carrier frequency, propagation distance, beam waist at the
transmitter, and OAM state indices, Otherwise, the required
receiver size becomes too large, rendering the OAM-MIMO
system impractical. An alternative solution is to design a
demultiplexing algorithm that captures and decodes only the
partial area of the received beam where the orthogonality of
different OAM states is preserved. This is feasible because
the phase pattern repeats over different topological areas, and
this repetition tends to occur more frequently when the state
indices are low as shown in Fig. 6. By doing so, we can
minimize the receiver size—we leave this for future work.

Beam Distortion. Since scatterers deteriorate the orthogonal-
ity of OAM beams, it is challenging to realize OAM-MIMO
through such environments. We can mitigate the noise by
using multi-plane-light converters (MPLCs) as a spatial filter.
Specifically, MPLC shapes the EM wave at multiple propagat-
ing distances to accomplish mode conversion between OAM
and Gaussian beams at different locations [21]. By doing so,
the patterns are updated using the wavefront matching method,



which partially undo the effects of scattering—we also leave
this for future work.

Beam Steering. In line-of-sight (LoS) communication, align-
ment between the transmitter and receiver is crucial for suffi-
cient signal power. Such alignment is even more important for
OAM multiplexing systems because misalignment may cause
crosstalk among channels. To mitigate misalignment, [22],
[10] have explored the simultaneous generation and tunable
steering of multiplexed OAM beams. Specifically, [8], [10]
steer the OAM beams by applying a proper phase distribution
over different meta-atoms. However, the alignment problem
exacerbates in ambient backscatter communication because
ambient signals do not always hit the surface in a perpen-
dicular direction.

Backscatter Communication. Prior works on backscatter
communication have mainly focused on sensor applications
that require less than one Mbps. In particular, ambient
backscatter communication [13], [4] was introduced to enable
low-power, low data-rate device-to-device communication by
backscattering ambient signals. While [16] has explored a way
to increase the transmission range of such signals, our work
in contrast focuses on increasing the link capacity of ambient
backscattering via low-power OAM multiplexing techniques.

Optical Communications. Since the path between two satel-
lites is free-space, inter-satellite networks commonly deploy
free-space optical communication (FSO), which uses optical
links to exchange data [11]. Specifically, [6], [17], [15] have
used reflectarray antennas, which are placed on the satellite
and excited via the feed horn. The use of extremely high
frequency mitigates the beam divergence, rendering OAM-
MIMO to be easily deployable without complicating the
design of the receiver end.

V. CONCLUSION

This paper proposes a holistic OAM-based ambient
backscatter design for rank-deficient wireless environments.
We theoretically analyze the OAM-MIMO multiplexing and
provide a preliminary study on generating the OAM beam
with different states.
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