INTELLIGENT SURFACES FOR 5G AND BEYOND

RECONFIGURABLE HOLOGRAPHIC SURFACES FOR FUTURE

WIRELESS COMMUNICATIONS

ABSTRACT

Future wireless communications look forward
to constructing a ubiquitous intelligent information
network with high data rates through cost-efficient
devices. Benefiting from the tunability and pro-
grammability of metamaterials, the reconfigurable
holographic surface (RHS) composed of numerous
metamaterial radiation elements is being developed
as a promising solution to fulfill such challenging
visions. The RHS is more likely to serve as an ultra-
thin and lightweight surface antenna integrated
with the transceiver to generate beams in desirable
directions by leveraging the holographic principle.
This is different from reconfigurable intelligent sur-
faces (RISs), widely used as passive relays due to the
reflection characteristic. In this article, we investigate
RHS-aided wireless communications. Starting with
a basic introduction of the RHS, including its hard-
ware structure, holographic principle, and fabrication
methodologies, we propose a hybrid beamforming
scheme for RHS-aided multi-user communication
systems. A joint sum-rate maximization algorithm
is then developed where the digital beamforming
performed at the base station and the holographic
beamforming performed at the RHS are optimized
iteratively. Furthermore, key challenges in RHS-aided
wireless communications are also discussed.

INTRODUCTION

To enable a ubiquitous intelligent information net-
work, the forthcoming sixth generation (6G) wire-
less communications put stringent requirements on
antenna technologies such as accurate beam steer-
ing and capacity enhancement [1]. Although massive
multiple-input multiple-output (MIMO) technology
relying on large-scale phased arrays is perceived to
achieve these goals, inherent limitations of phased
arrays severely hinder their future development. Spe-
cifically, phased arrays highly rely on power amplifiers
consuming high power and numerous phase shifters,
which are costly, especially in high-frequency bands.
Therefore, more cost-efficient antenna technologies
are required to meet the exponentially increasing
data demand in future wireless communications [2].
To overcome the deficiency of existing antenna
technologies, holographic antennas, as small-size and
low-cost planar antennas, have attracted increasing
attention due to their capability of multi-beam steer-
ing with low power consumption. As shown in Fig.
1, the holographic antenna utilizes meta patches
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to construct a holographic pattern on the surface,
which records the interference between the incident
electromagnetic wave generated by the holographic
antenna (which is also called reference wave) and
the desired object wave based on the holographic
interference principle [3]. When the reference wave
propagates on the antenna surface, its radiation
characteristics can be changed by the holograph-
ic pattern to generate the desired radiation pattern.

However, the conventional holographic antenna is

not applicable to complex and unstable wireless envi-

ronments since its radiation pattern is fixed once the
holographic pattern is constructed.

Fortunately, benefiting from the tunability and
programmability of the metamaterial, the emerging
reconfigurable holographic surface (RHS) shows
great potential to break through the bottleneck of
the conventional holographic antenna [4]. An RHS
is an ultra-thin and lightweight surface antenna inlaid
with numerous metamaterial radiation elements
based on printed circuit board (PCB) technology.
By controlling the electromagnetic response of the
metamaterial, the holographic pattern and the corre-
sponding desired beam directions can be reconfig-
ured easily. Specifically, each element can control the
radiation amplitude of the reference wave electrically
to generate the desired beams according to the holo-
graphic pattern. Therefore, without heavy mechanics
and complex phase-shifting circuits, the RHS can
achieve dynamic beamforming, which is also known
as holographic beamforming.

Apart from RHSs, the recent development of
meta-surfaces also introduces another hardware
technology for wireless communication enhance-
ment called reconfigurable intelligent surfaces
(RISs) [5]. Specifically, an RIS is also an ultra-thin
surface containing multiple metamaterial elements
with controllable electromagnetic properties. It
can reflect incident signals and generate direction-
al beams toward receivers directly. RISs can create
an emerging paradigm of smart radio environ-
ments [5], and the hybrid beamforming scheme
for RIS-based multi-user communications has also
been developed [2]. Although RHSs and RISs are
both metasurfaces capable of beamforming, they
are different in several aspects:

* Physical structure: The RHS’s RF front-end is
integrated into a PCB, enabling a convenient
implementation at the transceiver. Therefore,
no extra control link is required for the RHS to
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construct the holographic pattern. In contrast,

the RF front-end of the RIS is on the outside of

the meta-surface due to its reflection character-
istic. An extra control link is required between
the RIS and the transmitter to reconstruct the

phase shifts [2].

* Operating mechanism: The RHS is a leaky-wave
antenna. It utilizes the method of series feeding
where radiation elements are located progres-
sively farther and farther away from the feed
point. The reference wave generated by the feed
propagates on the RHS and excites the radia-
tion elements one by one. In contrast, the RIS
is a reflection antenna. It utilizes the method of
parallel feeding where all radiation elements are
excited by the incident signals at the same time.

« Typical applications: The RHS is more likely to
serve as a transmit and receive antenna, which
can easily be mounted on mobile platforms to
provide high-throughput connectivity due to its
high integration and ultra-thin structure. It can
also be integrated with the transceiver of a radar
for localization or imaging. The RIS is widely
used as a passive relay [6]. One typical appli-
cation scenario of RISs is to be deployed in the
cell edge for cell coverage extension and the cell
edge users’ performance improvement.

In the literature, research on the RHS in both
academia and industry focuses on the hardware
component design [4] and radiation pattern con-
trol [7]. In [4], an RHS capable of generating
multi-beam radiation patterns was presented. In
[7], a radiation pattern control algorithm for RHSs
was developed for sidelobe suppression. Two
commercial prototypes of the RHS have been
developed by Pivotal Commwave [8] and Kymeta
[9]. Specifically, Pivotal Commwave can provide
customized RHS systems between 1 GHz and
70 GHz. Kymeta has introduced the world’s first
commercial RHS for electronic scanning in satel-
lite communications.

However, most existing works only demon-
strate the viability of the RHS to achieve dynamic
multi-beam steering. None of them has studied
holographic beamforming for system performance
improvement in wireless communications. New
challenges have arisen in holographic beamform-
ing for sum rate maximization. On one hand, since
the traditional phase-controlled analog beamform-
er is a complex-valued matrix with complex-do-
main phase constraints, existing algorithms do not
work well for amplitude-controlled holographic
beamforming. A new beamforming scheme needs
to be developed to handle the complex-domain
optimization problem subject to unconventional
real-domain amplitude constraints, coupled with
the superposition of the radiation waves from dif-
ferent radiation elements. On the other hand, the
coupling between all radiation elements simultane-
ously with the propagating electromagnetic wave
complicates the holographic beamforming design.

In this article, we introduce the hardware struc-
ture and holographic principle of the RHS. Follow-
ing that, we investigate the feasibility of applying the
RHS to wireless communications from two aspects:

* Fabrication methodology and full-wave analysis: We
present the fabrication methodology of the RHS
and conduct a full-wave analysis of the RHS. Sim-
ulation results at the system level and component
level are also presented to verify that the RHS can
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FIGURE 1. lllustration of the holographic antenna [3].

change beam directions by controlling the radia-

tion amplitude of each radiation element.

+ Hybrid beamforming scheme: To maximize
the sum rate in the RHS-aided multi-user
communication system, we propose a hybrid
beamforming scheme where the digital beam-
forming performed at the base station (BS)
and the holographic beamforming performed
at the RHS are jointly optimized. The key chal-
lenges in RHS-aided wireless communications
are also discussed.

The rest of this article is organized as follows.
We introduce the hardware structure and the
holographic principle of the RHS. We present the
fabrication methodology and a full-wave analysis
of the RHS. We propose a hybrid beamforming
scheme for RHS-aided wireless communications,
based on which a joint sum rate maximization
algorithm is developed. Key challenges in RHS-aid-
ed wireless communications are elaborated. Final-
ly, we draw our conclusions.

HARDWARE AND PRINCIPLE OF
RECONFIGURABLE HOLOGRAPHIC SURFACES

HARDWARE STRUCTURE

The RHS is a special leaky-wave antenna. The inci-
dent electromagnetic wave propagates along the
guiding structure of the RHS. Modulated by the
RHS, the propagating wave can be transformed
into a leaky wave through discontinuities on the
surface and leaks out its energy into free space for
radiation [4]. The superposition of the radiation
waves from different discontinuities on the surface
then generates the desired directional beams.

As shown in Fig. 2, the RHS mainly consists of
three parts:

+ Feed: The feeds are embedded in the bottom
layer of the RHS to generate the incident elec
tromagnetic waves, also called reference waves,
propagating along the RHS and exciting the
electromagnetic field of the RHS. Such a struc
ture enables an ultra-thin RHS compared to
traditional antenna arrays where the feeds are
usually bulky and outside the antenna surface.

+ Waveguide: The waveguide is the propagation
medium of the reference wave. In the RHS, ref-
erence waves generated by the feeds are injected
into the waveguide directly. The waveguide then
guides the reference wave to propagate on it.

+ Metamaterial radiation element: The metama-
terial radiation element is made of artificial
composite material with supernormal electro-
magnetic properties or structures whose elec
tromagnetic response can be intelligently
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FIGURE 2. lllustration of the RHS.

1 There are also other types
of tunable metamaterial
radiation elements such as
slots and complementary
meander lines [11].

controlled by the magnetic or electric bias field.
Each element is excited by the reference wave
such that the radiation characteristic of the ref-
erence wave is dictated by the electromagnet-
ic response of each radiation element and the
leaky complex propagation constant.

HOLOGRAPHIC PRINCIPLE

For the RHS, holographic beamforming is realized
by constructing the holographic pattern, which
records the interference between the reference
wave and the object wave according to the holo-
graphic interference principle. Utilizing the holo-
graphic pattern, the RHS can effectively control
the radiation amplitude of the reference wave to
obtain the desired radiation directions.

Below, we further elaborate on the holographic
principle. As shown in Fig. 2, the considered RHS
has K feeds and M x N radiation elements. At the
(m, n)th radiation element, the phase of the object
wave W, propagating in the direction (0o, @o)
is determined by the product of the propagation
vector in free space ks and the position of the (m,
n)th radiation element r,, .. The phase of the refer-
ence wave W,¢ generated by feed k is determined
by the product of the propagation vector of the
reference wave kg and the distance vector from
feed k to the (m, n)th radiation element rmn

According to the holographic interference
principle, the interference W, between the refer-
ence wave and the object wave is WopWler. When
such an interferogram is excited by the reference
wave, the generated beam satisfies W,/ ¥,ef o<

Wopi| Wrer| 2 such that the wave propagating in the
direction (8, qg) is generated.

To embody the whole surface interferogram
(i.e., Wingr = WopWiep), the RHS adopts an ampli-

tude-controlled method to construct the holo-
graphic pattern by controlling the radiation
amplitude of the reference wave at each radiation
element instead of phase-controlled beamform-
ing. Specifically, each radiation element is tuned
electrically to resonate at a frequency and radi-
ate the reference wave. The radiation elements
whose radiated waves are in phase at the desired
directional beam are tuned to radiate strongly,
while the radiation elements that are out of phase
are detuned so as not to radiate [10].

Note that the real part of the interference (i.e.,
Re[W;,]) is the cosine value of the phase differ-
ence between the object wave and the reference
wave. The value of Re[W;,] decreases as the
phase difference becomes larger, which exactly
meets the amplitude control requirements such
that Re[W,] can represent the radiation ampli-
tude of each radiation element. To avoid negative
values, Re[W;,, is normalized to [0, 1]. The radi-
ation amplitude of each radiation element to gen-
erate the wave propagating in the direction (8,
@p) can then be parameterized mathematically by

Re[\prnff( m, n700 SOO)} + 1
5 .

M(rﬁlnw 0o, @0) =
(1

This provides the basic principles for holographic
beamforming based on amplitude control, which
is different from traditional phase-controlled
beamforming.

FABRICATION METHODOLOGIES AND FULL-WAVE
ANALYSIS OF RECONFIGURABLE HOLOGRAPHIC
SURFACES

FABRICATION METHODOLOGIES

The key issue in the fabrication of the RHS is to
design metamaterial radiation elements with con-
trollable radiation amplitude. There are three typical
fabrication methodologies, as introduced below.

PIN Diodes: To design the tunable metamaterial
radiation element with PIN diodes, a complementa-
ry electricLC (cELC) resonator connected with PIN
diodes’ was proposed in [11] and is shown in the
upper half of Fig. 3. The resonant frequency and
radiation efficiency of the element can be modified
by adjusting the cELC’s geometric properties.

The mutual inductance of the cELC can be
changed by applying biased voltage to the PIN
diode to control its state (ON/OFF). Specifically, the
radiation amplitude of each element can be calculat-
ed by Eq. 1 for a given beam direction. If the ampli-
tude value of an element is larger than a predefined
threshold value, the PIN diode is in the OFF state
and the element will radiate energy into the free
space. Otherwise, the PIN diode is in the ON state
and energy is barely radiated into the free space.

Varactor Diodes and Liquid Crystals: To cover
the shortage of PIN diodes which can only achieve
discrete amplitude control, cELC resonators utiliz-
ing varactor diodes or liquid crystals to replace PIN
diodes have been designed [12]. Since the capaci-
tance of varactor diodes and liquid crystals can be
changed by different biased voltage, the mutual
inductance of the cELC and the radiation amplitude
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of the element can be changed continuously. The
unique advantage of liquid crystals is that they show
linear properties and work well in high-frequency
bands, overcoming the nonlinearities of PIN diodes
and varactor diodes caused by the increasing parasit-
ic resistance in high-frequency bands [13].

FuLL-WavE Awiysis

According to the basics of the RHS and its meth-
odologies, we utilize the CST software to conduct
a full-wave analysis of a one-dimensional RHS.2
As shown in the lower half of Fig. 3, the RHS con-
sists of 16 cELC-based metamaterial radiation ele-
ments. The RHS is fed from port 1 and connected
with a matching load at port 2. The reference
wave generated by the feed in port 1 continuous-
ly radiates energy from the radiation element in
the process of propagating from port 1 to port 2
along the microstrip line. The residual energy of
the reference wave is absorbed by port 2.

Figure 3 shows the radiation efficiency of each
radiation element (i.e., the percentage of the energy
radiated out of each radiation element to the total
energy fed to it) in the ON and OFF states of the PIN
diode. It can be seen that at the element’s resonant
frequency 12 GHz, the radiation efficiency of the
element is about 37 percent when the PIN diode
is in the OFF state, indicating that the element will
radiate much energy of the reference wave into free
space. In contrast, when the PIN diode is in the ON
state, the radiation efficiency is about 13 percent
such that little energy is radiated.3

Figure 4 shows the radiation pattern of this
one-dimensional RHS when the desired beam
directions are -3° and 23°, where the state of the
PIN diodes in each radiation element is determined
by a weighted summation of Eq. 1 correspond-
ing to each object beam. Figure 4 demonstrates
that the ON and OFF states of the PIN diodes lead
to different radiation amplitude at each element,
thereby changing the beam direction.

RHS FoR WIRELESS COMMUNICATIONS

In this section, we consider RHS-aided wireless
communications, where a hybrid beamforming
scheme is developed for sum rate maximization.

RHS-AIDED WIRELESS COMMUNICATIONS

Consider a downlink multi-user communica-
tion system where a BS equipped with an RHS
transmits data streams to L users, and each
user requires a single data stream from the BS.
To maximize the sum rate, we propose a hybrid
beamforming scheme for RHS-aided multi-user
communication systems. Specifically, the BS per-
forms the signal processing at the baseband since
the RHS does not have any digital processing
capability. The RHS then performs holographic
beamforming to transmit the signal to each user.
As shown in Fig. 5, the BS first encodes L different
data streams via a digital beamformer V e CK*L at
baseband and then up-converts the processed sig-
nals to the carrier frequency by passing through K RF
chains. Specifically, each RF chain is connected with
a feed of the RHS, and irst up-converts transmitted
signals to the carrier frequency and then sends the
up-converted signals to its connected feed. The feed
then transforms the high-frequency current into an
electromagnetic wave (reference wave) propagating
on the RHS. The reference wave will be transformed
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FIGURE 3. lllustration of the metamaterial radiation element and the RHS simu-
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FIGURE 4. Radiation pattern of the one-dimensional RHS.

into a leaky wave through radiation elements on the
RHS and leaks out its energy into free space for radi-
ation, where the radiation amplitude of the reference
wave at each radiation element is controlled via a
holographic beamformer M e CMN*K to generate
desired directional beams.

SUM RATE OPTIMIZATION

We aim to maximize the sum rate by jointly optimiz-
ing the digital beamformer V and the holographic
beamformer M subject to the transmit power con-
straint and the normalized radiation amplitude con-
straint. This is a nontrivial task since the traditional
phase-controlled analog beamforming scheme is
not applicable to amplitude-controlled holographic
beamforming. A new beamforming scheme needs
to be developed to handle the complex-domain
optimization problem subject to the unconven-
tional real-domain amplitude constraints, coupled
with the superposition of the radiation waves from
different radiation elements.

To tackle the above challenges, we first decom-
pose the sum rate maximization problem into two
subproblems: the digital beamforming subprob-
lem subject to the transmit power constraint and
the holographic beamforming subproblem subject
to the normalized radiation amplitude constraint.
We then develop a joint sum rate optimization
algorithm to solve each of these subproblems in
an iterative manner. Two algorithms to solve them
are elaborated below.

2 The one-dimensional

RHS can be extended to

a two-dimensional RHS,
where the radiation elements
are embedded in a two-di-
mensional waveguide. For
simplicity, we adopt a one-di-
mensional RHS for full-wave
analysis to briefly illustrate
the RHS's capability of accu-
rate beam steering based on
holographic beamforming.

3 For an RHS with 16 radia-
tion elements, considering
the number of elements with
PIN diodes in ON/OFF state
for different object beams,
the radiation efficiency of
the element with PIN diodes
in the OFF and ON states

is required to be 30-40
percent and lower than 15
percent, respectively [12].
Under this requirement,
when the input power is 0.5
W, most of the incoming
energy can be radiated into
the free space.
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Digital Beamforming: The digital beamforming
subproblem can be solved by zero forcing (ZF)
beamforming together with power allocation for
interference alleviation among users [2].

Holographic Beamforming: The key idea to
solve the holographic beamforming problem is to
recast the sum-rate expression into the maxima
of a concave function via the fractional program-
ming technique [14]. Specifically, we utilize the
affine characteristic of linear functions to elimi-
nate the non-convex terms in the expression of
the signal-to-interference-plus-noise ratio (SINR)
of each user. The modulus of the inner product
of a real-valued matrix with other matrices in
the expression of the SINR can be well approx-
imated by a linear function of its elements. The
holographic beamforming optimization problem
is then reformulated as a concave optimization
problem via the fractional programming tech-
nique. Finally, by adopting the Lagrangian dual
to relax the normalized radiation amplitude con-
straint, the closed-form optimal solution of the
holographic beamformer can be derived by taking
the derivatives of the Lagrangian.

In summary, in each iteration of the sum rate
maximization algorithm, the two subproblems
are solved alternatively. The iterations are com-
pleted until the value difference of the sum rate
between two adjacent iterations is less than a
predefined threshold.

4 For convenience, we set M
=N and adopt M to repre-
sent the size of the RHS.

PERFORMANCE EVALUATION

Simulated performance results are obtained using
MATLAB software. Simulation parameters are set
based on the 3rd Generation Partnership Project
specifications [15]. Figure 6 illustrates the sum
rate vs. the size of the RHS# (i.e., M). It can be
seen that the sum rate increases rapidly with a
small value of M and gradually flattens as M con-
tinues to grow. The main reason is that the incre-
ment of M first contributes to space multiplexing
gain, and then only contributes to power gain due
to the high correlation between different channel
links. Moreover, it can be seen that the proposed
joint optimization algorithm outperforms the
benchmark algorithm, where the ZF digital beam-
forming is first performed, and the holographic
beamformer is a direct superposition of the radia-
tion amplitude distribution corresponding to each
object beam according to Eq. 1. This indicates the
effectiveness of our proposed algorithm for sum
rate maximization.

KEY CHALLENGES IN RHS-AIDED
WIRELESS COMMUNICATIONS

Although RHSs have unique advantages over con-
ventional antenna technologies, several key chal-
lenges remain to be solved in RHS-aided wireless
communications.

FUNDAMENTAL DESIGN

Size Design: In general, a larger-sized RHS
can provide a higher antenna gain. However, the
energy of the reference wave is steadily reduced
with increasing propagation distance. If an RHS
is oversized, the remaining energy is very weak
when the wave propagates to the edge of the
RHS such that the radiation elements at the edge
of the RHS are redundant. Therefore, a moderate
size design for an RHS is important.

Element Spacing: In theory, an RHS with smaller
element spacing can generate a narrower and more
accurate directional beam. However, in practical
engineering, the mutual coupling effect between
elements becomes stronger as the element spacing
decreases such that the radiation characteristics of
the RHS will worsen. Therefore, the element spac
ing of the RHS should be carefully designed.

TRANSMISSION SCHEME DESIGN
Joint Transceiver Design: Since the RHS sup-
ports two-way communications, the joint trans-
ceiver design needs to be considered for capacity
enhancement. Different from the conventional RF
combiner relying on phase shifters at the receiver,
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the RHS modulates the incident plane wave from
free space based on the holographic pattern, so a
novel receive beamforming scheme needs to be
developed for receiving efficiency improvement.

Channel Estimation: Since the RHS is composed
of numerous closely spaced radiation elements, the
overhead required for channel estimation will be
overwhelming due to pilot training and channel
state information feedback. To reduce the pilot train-
ing overhead and enable fast and accurate channel
estimation, the pilot beam pattern, which is coupled
with channel characteristics of the RHS-aided trans-
mission, needs to be carefully designed.

CONCLUSIONS

In this article, we have considered the RHS for
future 6G communication networks where the RHS
can achieve accurate beam steering with low power
consumption and hardware cost by leveraging
the holographic technique. The basics of the RHS
including its hardware structure and holographic
principle have been introduced, based on which
its fabrication methodologies and full-wave analysis
have been presented. Notably, we have proposed a
hybrid beamforming scheme for RHS-aided wireless
communications, where the digital beamforming
performed at the BS and the holographic beam-
forming performed at the RHS are jointly optimized.
Simulation results indicate the effectiveness of the
proposed hybrid beamforming scheme for sum rate
maximization in multi-user communication systems.
The key challenges in RHS-aided wireless communi-
cations have also been elaborated.
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To reduce the pilot
training overhead and
enable fast and accurate
channel estimation,

the pilot beam pattern,
which is coupled with
channel characteristics
of the RHS-aided trans-
mission, needs to be
carefully designed.
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