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% Check for updates Holographic multiple-input multiple-output (MIMO) method leverages spatial

diversity to enhance the performance of wireless communications and is
expected to be a key technology enabling for high-speed data services in the
forthcoming sixth generation (6G) networks. However, the antenna array
commonly used in the traditional massive MIMO cannot meet the require-
ments of low cost, low complexity and high spatial resolution simultaneously,
especially in higher frequency bands. Hence it is important to achieve a fea-
sible hardware platform to support theoretical study of the holographic MIMO
communications. Here, we propose a near-field holographic MIMO commu-
nication architecture based on programmable digital coding metasurface
(PDCM) and electromagnetic theory. The orthogonal holographic patterns on
the transmitting and receiving apertures are firstly obtained using the
Hilbert-Schmidt decomposition of the radiation operator. Then the infor-
mation to be transmitted is pre-encoded on PDCM following the principle of
direct digital modulations. A PDCM-based holographic MIMO prototype is
designed and experimentally verified in microwave frequencies. The mea-
sured results of constellations show that the prototype can realize dual-
channel signal transmissions under quadrature-phase shift keying scheme.
The proposed paradigm features low complexity, low cost and low power
consumption, and may become a valuable technique in beyond fifth gen-
eration and 6G wireless communications.

Future wireless networks, namely beyond fifth-generation (B5G) and consumption devices and systems'™. The research on massive
sixth-generation (6G) wireless communications, are expected to sup-  multiple-input multiple-output (MIMO) communication has attracted
port massive numbers of users with remarkable spectral and energy great attention in the wireless community. This technique exploits
efficiencies through high-integration, low-cost and low-power- spatial diversity using large-scale phased arrays with high directional
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beam-forming capability and is considered as one of the powerful
solutions to realize the challenging vision of the 6G communications.
In recent years, holographic MIMO theory, which features spatially
continuous apertures and fields, is introduced to surpass the massive
MIMO technologies. Holographic MIMO surfaces have the huge
potential to enhance spectral and energy efficiency through dynamic
control of electromagnetic waves™®.

The current research on the holographic MIMO can be classified
into two types: the first type is known as holographic beamforming,
wherein the continuous current apertures are used to increase the
power of received signal’®; while the second type is known as holo-
graphic communication, where the continuous current aperture
induces diverse spatial modes of fields that carry the symbols to be
transmitted. The second type is closely related to the spatial band-
width and degree of freedom (DoF) of electromagnetic (EM) fields’'°,
which are the bases of electromagnetic information theory (EIT). The
limit of communication capacity of the holographic MIMO systems has
also been reported in many studies’?°. From the perspective of wire-
less communications, DoF represents the maximum number of spatial
channels that can be supported by the antenna aperture. Based on the
Kolmogorov entropy and Hilbert-Schmidt decomposition, the com-
munication capacity of the holographic MIMO has been studied for
various situations, including near field®, mutual coupling', and inho-
mogeneous medium?,

However, the above studies on the holographic MIMO have
remained at the theoretical level. The main reason is that the con-
tinuous apertures and currents cannot be realized practically due to
the restriction of EM laws. Instead, they can only be approximated by
using antennas with fine spatial resolution. In fact, the elements of the
traditional antenna arrays can only be spaced by slightly less than half
wavelength, which is far from the continuous assumption of the
holographic MIMO. If the spatial interval is further reduced, the
number of antenna elements and microwave components will increase
rapidly, leading to high complexity, high power consumption, and
high cost. Moreover, the mutual coupling between antenna elements
will increase as the element period decreases, deteriorating the system
performance. Although some techniques can reduce the mutual cou-
pling, they will also increase the complexity of the system. Besides the
smaller element interval, the increasing communication frequency
also limits the development of holographic MIMO based on the
antenna array. To sum up, it is difficult and unfeasible to realize the
holographic MIMO directly by reducing the element interval of the
traditional antenna array.

It is encouraging to note that the recent research on digital coding
metasurfaces has provided a low-cost and low-complexity solution for
holographic MIMO technologies” **. The digital elements consist of
passive structures and tunable devices, such as positive-intrinsic-
negative (PIN) diodes, varactors, and micro electromechanical systems
(MEMS). By controlling the digital voltages, the elements provide
flexible manipulations on the magnitudes and phases of the EM fields
on subwavelength scale. Many prototypes of holographic beamform-
ing systems have been fabricated and experimentally measured using
the coding metasurface as the main component. This architecture is
also known as holographic reconfigurable intelligent surface (RIS).
Multi-functional RISs with beam steering, polarization transformation,
and frequency conversion pave the way for more intelligent, flexible,
and efficient wireless systems®*,

Another architecture is known as programmable digital coding
metasurface (PDCM). Specifically, the PDCM elements vary with time,
and the scattered field is a mixture of the incident wave and baseband
signals**~®'. Consequently, the EM waves are modulated in both time
and spatial domains, which greatly increases the degree of freedom of
the wireless systems. PDCM saves lots of active components compared
with the traditional MIMO systems, thus reducing the cost, complexity,
and power consumption. At the same time, PDCM controls the spatial

EM fields on the sub-wavelength scale, being closer to the continuous
current aperture than the half-wavelength antenna array. Therefore,
PDCM is an ideal candidate to fully exploit the limitation of the holo-
graphic MIMO under the guidance of EIT. However, the current
research in this area is still in the theoretical stage, and there is no
practical verification system.

In this article, we propose to construct a holographic MIMO
communication system by using PDCM. The schematic diagram of the
proposed PDCM-based holographic MIMO system is shown in Fig. 1, in
which the transmitter is composed of PDCM and a field programmable
gate array (FPGA). Firstly, orthogonal holographic patterns are obtained
by Hilbert-Schmidt decomposition of free-space radiation operator
under the guidance of EIT. Then, FPGA pre-encodes the baseband sig-
nals by the orthogonal holographic patterns and generates the control
voltages for PDCM, which attaches the information to the carrier and
radiates to free space. A similar procedure is adopted at the receiver,
and the signal symbols are recovered by calculating the inner product of
the received aperture field and the orthogonal basis patterns. A pro-
totype is designed and fabricated in the microwave frequency. To verify
the multi-channel communication capability of the proposed PDCM-
based holographic MIMO system, experiments are carried out in an
indoor environment. The measurements indicate that the holographic
MIMO system can realize dual-channel signal transmissions under the
quadrature phase shift keying (QPSK) scheme. Despite the limited
performance of hardware, the experiments still show great potentials of
PDCM in revealing the holographic MIMO communications. We hope
that our design provides a feasible and practical route to meet the
extreme requirements of B5SG and 6G communication systems.

Results

Principle of holographic MIMO

As shown in Fig. 2a, the transmitter and receiver in the wireless com-
munication system can be equivalent to two closed surfaces denoted
as S, and S,, respectively, where the subscripts ¢ and r represent the
transmitter and receiver, respectively. A continuous current distribu-
tion J(r’) is generated onS;, and the communication is considered to
recover J(r’) through the electric fields E(r) on S,. In this process, dif-
ferent current distributions are mapped to various symbols. Based on
the EM wave theory, E(r) is the convolution of J(r’) and the dyadic
Green’s function G(r, r’)

E(r)=' / /'S G(r,r’) - J(r')ds N

wherer’ and r represent the position vectorson S, and S, respectively.
The convolution process in Eq. (1) can be denoted as a radiation
operator A: S, — S, acting on J(r")

E(r)=AJ(r’) @

Since the operator A is a linear bounded compact operator fromS; to S,,
its singular value system{o,,; u,, v,}32, can be obtained by the Hilbert-
Schmidt decomposition, yielding a combination of orthogonal basis
functions in both the range and domain of the operator. Consequently,

Ol (1) = AU,(F”) ©)
OnUn(r) = A"ty (r) “)

where A™ is the adjoint operator of A; {u,}3>, represents a set of
orthonormal basis functions of the value domain of A, while {v,}7"
forms a set of orthonormal basis functions of the closure of the range
of A. As far as the singular values of A are concerned, we will observe
that they have a step-like behavior, and the position of the inflection
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Fig. 1| Schematic diagram of the proposed holographic MIMO system based on
PDCM and EIT. The transmitter is composed of PDCM and FPGA. Firstly, ortho-
gonal holographic patterns are obtained by the Hilbert-Schmidt decomposition of
the free-space radiation operator and EIT. Then, the FPGA pre-encodes the base-
band signals by the orthogonal holographic patterns and generates the control

Olograp

1

voltages for PDCM, which attaches the information to the carrier and radiates to

free space. A similar procedure is adopted at the receiver, and the signal symbols
are recovered by calculating the inner product of the received aperture field and

the orthogonal basis patterns.

point s called as the effective degree of freedom (EDoF)"°. In fact, EDoF
is denoted asNgp,r and is defined as

2
- (Zflozoon)
Z;Ozoonz

This makes it possible to approximate each radiated field in a finite-
dimensional space spanned by the Ny left singular functions. The
singular value system of the radiation operator can provide numerous
groups of current-field patterns that are orthogonal both on the
receiving and transmitting apertures. Thanks to this orthogonal
capability, each pattern corresponds to a spatial channel and can be
used to realize multi-channel holographic communications, and the
information imposed on them is independent of each other.

In this work, a simple case of two-dimensional and single-
polarization holographic MIMO communication is considered. The
schematic diagram of the system is shown in Fig. 2b, in which the
transmitting and receiving apertures are parallel to the x-axis, and only
the x-components of the current and electric field are transmitted and
received. Consequently, Eq. (1) is simplified into

(©)

N EDoF

E.(x)= / a, g(x — x', o) (X )dx’ (6)

where g(x — X, z,) is a two-dimensional scalar Green’s function, a and
a’ represent half sizes of the receiving and transmitting apertures,
respectively, and z, is the distance between them. In this case, the
EDoF of the system has a semi-analytical expression'®

2 [\/(a+a’)2 +22 — \/(a —ay +z2}
A

@)

Nepor =

Supposing that there are N independent baseband signals denoted as
$1(1),8,(t), ..., sy(t), respectively, the nth signal can be attached to the
nth current pattern. Consequently, we multiply s,(¢) and v,(x’), and
then accumulate the products to obtain the total current distribution
on the transmitting aperture

N
J0, 0= 0,(x)s,(t) ®)
n=1
As the EM wave propagates, the electric field on the receiving aperture
is

N
Ex(,0)=AJ (X, 0)= Y 0,lty(X)S,(0) )
n=1
Because of the orthogonal feature of the singular value system, the
mth signal is obtained by calculating the inner product of the received
field and the mth pattern u,,(x), namely

a N a
[t 0B, 0= > 0,80) [ty 1,000 = 050 (10)
-a n=1 -a

It can be found from Eq. (10) that the proposed system can realize
lossless information transmissions theoretically, and the channel gain
is 0,,,. However, various noises and interferences in the communication
process make the channels with small gains unusable. Because o, has a
step-like behavior and the first Ngp,r singular values are much larger
than the others, the number of channels available for communication
is actually Ngpor-

PDCM-based holographic MIMO
In this communication scheme, the channel information can be obtained
by calculation under the guidance of EIT, which eliminates the
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Fig. 2 | The schematic diagrams of holographic MIMO. a The geometry of the 3-D communication problem. b The flowchart of the proposed holographic MIMO system.

complicated channel estimation of the holographic MIMO. Then, the
baseband information is pre-encoded on the transmitter and combined
on the receiver by making the best use of spatial EDoF of aperture fields.
Therefore, the scheme requires the transmitter to generate continuous
or high-resolution currents on the aperture, which is known as the
holographic MIMO. In traditional architecture, the receiver and trans-
mitter consist of antenna arrays, and their element periods are often

slightly less than half wavelength, which cannot satisfy the continuous-
aperture requirement. However, reducing the spatial period will increase
the number of antenna elements rapidly, along with that of active
devices such as T/R components. As a result, the high cost, complexity,
and power consumption make the holographic MIMO system unfea-
sible. More importantly, the mutual coupling in antenna arrays will
increase rapidly as the element interval decreases, which leads to strong
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Fig. 3 | Theoretical calculations of the dual-channel holographic MIMO. a, b The
equivalent current patterns on the transmitting and receiving apertures, in which
the blue and red curves represent the magnitude and phase, respectively; the solid
and dotted curves represent Patterns 1 and 2, respectively. Here, Pat. is the
abbreviation of the pattern. ¢, d The propagation modes of Patterns 1 and 2,
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respectively. e, f The constellations of QPSK signals transmitted by Channels 1 and
2, respectively. Here, CM-CP, IM-CP and IM-DP are the abbreviations of “continuous

magnitude and continuous phase”, “identical magnitude and continuous phase”,
and “identical magnitude and 2-bit discrete phase”, respectively.

interference in the communication system. Though some decoupling
techniques can reduce these bad influences, they will also increase the
system complexity. Therefore, for present schemes, it is difficult and
unfeasible to realize the holographic MIMO system directly by reducing
the element interval of the antenna array.

As a new technology, PDCM can perform real-time and sub-
wavelength-scale modulations on the EM waves at low cost, which
makes the holographic MIMO system possible. On the other hand,
direct digital modulation (DDM) uses tunable devices on the aperture
to transmit information and eliminates mixers and T/R components,
which greatly reduces the system cost and complexity. Hence PDCM is
an ideal solution for meeting the requirements of the holographic
MIMO system. Here, we propose a prototype of the holographic MIMO
communication system composed of PDCM and DDM architecture
and realize multi-channel signal transmissions under the guidance of
EM information theory.

Based on EIT, a system with two EDoFs is designed to verify the
multi-channel communication capability of the proposed holographic

MIMO. The transmitter is a PDCM consisting of massive 1/4-wavelength
2-bit meta-atoms to achieve high spatial resolution. FPGAs are used to
control the coding patterns on PDCM in real-time. The receiver follows
the traditional architecture and consists of an antenna array. The array is
composed of probe antennas to pick up the electric fields. Software-
defined radio (SDR) platform is connected to the probes to demodulate
the received information. The system works at 5GHz and has a trans-
mitter aperture of 360 mm (6A) and a receiver aperture of 300 mm (5A).
The distance between the transmitting and receiving apertures is
800 mm (about 13.3)). According to these geometric parameters and
Eq. (7), the accurate EDoF of the system is calculated as 2.16 from EIT.

The first two current patterns on the transmitting aperture are
obtained by the Hilbert-Schmidt decomposition, as shown in Fig. 3a.
The magnitude of the first pattern exhibits a peak shape with a single
maximum in the middle, while the second pattern shows double peaks
with two identical and symmetrically distributed maxima and one zero
point at the center of the aperture. The phases of the two patterns are
identical on the left side of the zero point and differ by 180° on the
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right side. The electric field patterns on the receiving aperture are
calculated similarly, as shown in Fig. 3b. The magnitudes of the
receiving and transmitting patterns are identical, while the phases
exhibit a slight difference. Specifically, the differences between the
two patterns on the left and right sides are 90° and -90°, respectively,
instead of 0° and 180°. The propagation processes of these two modes
are presented in Fig. 3c and d, respectively. We can find that the first
mode contains one main beam, while the second one consists of two
symmetrical beams with opposite phases. The two modes are very
close to the sum and difference beams. However, it is worth noting that
the modes are not always similar to the sum and difference beams as
the geometric parameters of the system change.

As mentioned in the previous section, each combination of the
holographic aperture currents corresponds to one spatial channel.
Hence the two patterns in Fig. 3a and b are used to realize dual-channel
QPSK signal transmissions. According to Eq. (8), the aperture current is
read as

Do) =810 (X) + 5,05(X') a
wheres,, s, € {0257, &0.75T @125 /175T) gre the symbols of QPSK and
V1(X"), uy(x") are the transmitting patterns. Overall, there are 4 x4 =16
patterns, and each one corresponds to a combination of two inde-
pendent QPSK symbols. The metasurface has limited capability in
adjusting the EM wave, particularly in terms of magnitude. Among the
available control methods for programmable metasurfaces, the mag-
nitude modulation will significantly increase the complexity and
energy consumption of the system. Therefore, we consider the phase-
only modulation metasurfaces. Since varactor diodes realize contin-
uous phase modulation, while PIN diodes only achieve discrete phases,
we consider three different constraints on the aperture current,
namely, continuous magnitude and continuous phase (CM-CP),
identical magnitude and continuous phase (IM-CP), and identical
magnitude and 2-bit discrete phase (IM-DP). The three constraints
correspond to the ideal model, the varactor diode, and the PIN diode,
respectively. The current distributions of 16 symbol combinations
under different constraints are given in Supplementary Note 1. Figure
3e and f show the received constellations of Channels 1 and 2,
respectively. For IM-CP and IM-DP, the constellation points of the same
symbols in Channel 1 vary slightly with the symbols transmitted in
Channel 2. The same case holds for Channel 2. This phenomenon
indicates that there are some interferences between the two channels
due to the constraints on the magnitude or phase of the aperture
current. However, the constellation points of different symbols are
good enough to be distinguished. Therefore, we can still use this
system to realize dual-channel communications.

Experimental verifications

In the previous sections, we preliminarily evaluate the feasibility of the
holographic MIMO system through theoretical calculations. To further
verify the configuration presented in Fig. 3a, a 2-bit phase modulation
PDCM is designed for simulations and fabricated for experiments.
Based on the designed PDCM, an experimental system is constructed,
and the configuration is shown in Fig. 4a. The transmitter consists of
the feeding horn, signal source, PDCM, and control platform (FPGA),
and the receiver is composed of the probe array and SDR platform
(USRP). Considering the practical experimental conditions, the num-
ber of SDRs is limited. Thus, only two probe antennas are used as
receivers. The processing of the electric fields on the receiving aper-
ture also degenerates into inner products of vector. The probe array
and PDCM are aligned in a parallel and coaxial configuration with a
separation distance of 800 mm (13.3\). The receiving aperture has a
width of 300 mm (5)). Two probes are utilized to uniformly sample the
electric fields over the aperture, with a distance of 150 mm (2.5\). The
feeding horn is situated at the left front of the metasurface, with a

distance of 600 mm (10A) from the PDCM plane and an axial distance
of 300 mm (5A). The orientation of the feeding horn forms an angle of
30° with respect to the axis. The carrier generated by the source is
emitted by the horn antenna and subsequently mixed with the base-
band signal imposed on PDCM. The scattered EM signal is finally
received by the probe array and demodulated by the SDR platform to
obtain the constellation results.

Since the horn antenna is used as excitation, the incident field on
PDCM is inhomogeneous, as given in Supplementary Note 2. The
actual reflection coefficient distribution on PDCM is obtained by
dividing the calculated current pattern by the excited electric field.
Then the reflection coefficients are quantized into the four states that
the 2-bit PDCM element provides. Through experimental measure-
ments, we find that the performance of the PDCM element is not as
ideal as the simulation in Fig. 4b. The measured reflection coefficients
are closest to those of the ideal 2-bit metasurface at 4.95 GHz due to
parasitic parameters and other factors. Thus, the carrier frequency in
the experiments is set to 4.95 GHz instead of the 5 GHz in the simula-
tion. The normalized reflection coefficients of the metasurface ele-
ment under four coding states are 1, -0.0966+0.9580i,
-0.4030 - 0.3280i, and 0.0442 - 0.6360i, respectively, at 4.95 GHz.
To handle the fluctuations in the magnitudes and phases of reflection
coefficients, the Euclidean distance minimization criterion is adopted
for quantization. In specific, the coding state closest to the theoretical
reflection coefficient in the complex plane is chosen as the quantiza-
tion result, and the detailed strategy is given in Supplementary Note 3.

After considering the incident electric fields of the feeding horn
and the practical reflection coefficients of the PDCM element, we can
obtain 16 sets of coding distributions on the PDCM that induce two
groups of QPSK symbols. The coding distributions are shown in
Fig. 4b, where the blue, green, orange and red squares represent the
coding states “0”, “1”, “2” and “3”, respectively. Based on the fabricated
PDCM sample, a dual-channel holographic MIMO communication
system is finally built up according to the coding strategy.

The photograph of the experimental scene is shown in Fig. 5a. The
detailed photographs of the PDCM and probe array are provided in the
inserted figure. A microwave signal source connected to a linearly-
polarized horn antenna serves as the excitation and provides the car-
rier waves. The desired coding sequences are generated by a control
platform (NI PXle-1082) with a high-speed bus controller, an FPGA
module (NI PXle-7966R), a synchronous clock module (NI PXle-
6674T), and a digital /0 module (NI 6581B), which are then loaded to
PDCM through the digital input and output (DIO) lines. On the whole,
48 independent signals are generated to control the 24 columns of
2-bit PDCM elements. An SDR platform (NI USRP-2974) connected with
two probes is configured to perform the signal demodulations,
including the down-conversion, sampling, and baseband operation.
Finally, the transmitted bit streams are recovered, and the real-time
constellation results are displayed on the screen, which are straight-
forward representations of the relation between the baseband signals.
Non-line-of-sight (NLOS) experiments are also taken into considera-
tion. As shown in Fig. 5b, a cardboard with a thickness of about 4 cm is
placed in front of the probe array to simulate the NLOS propagation,
while all other configurations are the same as those in Fig. 5a.

Using the fabricated holographic MIMO hardware, we success-
fully implement the dual-channel QPSK modulations at the frequency
of 4.95 GHz, without needing any channel estimations. The measured
constellation diagrams are shown in Fig. 5c and d. Due to the perfor-
mance limitations of PDCM and environmental factors, the measured
constellations are worse than the simulated results presented in Fig. 3e
and f. The full-wave simulated scattering patterns of scanning beams
by the fabricated PDCM are given in Supplementary Note 4, which can
reflect the coupling level. It is the mutual coupling that causes the gap
between the calculated and measured constellation diagrams. The
constellation points in one channel vary with the symbols transmitted
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Fig. 4 | Details of the experimental verifications. a The schematics of the experimental setup for measurements. b The coding distributions on PDCM that induce the
dual-channel QPSK symbols. Note that there are 24 columns of elements, and the 16 elements in the same column share the same codes.

in another one. Consequently, there is significant coupling between
the two channels. However, the constellation points of the two chan-
nels show obvious zoning effect in general, and four QPSK symbols can
be clearly distinguished. Moreover, by comparing the blue and red
dots in Fig. 5¢ and d, it can be found that the impact of NLOS propa-
gation on our system is negligible. Overall, a PDCM-based dual-channel
holographic MIMO system prototype has been built up and measured.
The experiment preliminarily verifies the feasibility of constructing
orthogonal channels to transmit information based on the Hilbert-
Schmidt decomposition. Some decoupling algorithms and the mac-
roscopic model in ref. 29 may be used to improve the system perfor-
mance in future research.

Discussion
We proposed a holographic MIMO scheme based on PDCM and EIT,
from which, a dual-channel wireless communication system was
demonstrated for using spatial diversity and providing direct data
transmissions. In the proposed scheme, EIT was used to replace the
channel estimation of the holographic MIMO to realize spatial diver-
sity, and PDCM successfully eliminated the requirement for a large
number of mixers and T/R components, thus simplifying the system
architecture and significantly reducing the cost and power consump-
tion of the holographic MIMO system.

In Table 1, we compare our work with various past pioneering
works on PDCMs. The data rate of our system is only next to that in
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a Photograph of the dual-channel holographic MIMO system based on the 2-bit
PDCM and EIT. Details about the metasurface and probe array are provided in the
inserted figure. b Photograph of the receiver blocked by a cardboard in
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measurements. ¢, d The measured constellation diagrams of Channels 1 and 2,
respectively. The blue and red dots represent the systems working in free space and
with the cardboard blocking, respectively.

Table 1| Comparison with the previous PDCM-based communication system

Ref. 56 Ref. 57 Ref. 58 Ref. 59 Ref. 60 Ref. 61 Our work
Carrier frequency 3.6 GHz 4 GHz 10 GHz 9.5 GHz 29 GHz 2.7GHz 4.95 GHz
Aperture size 3.48\x3.09N 3.37Ax2.34\ 6.67Ax6.67\  7.09\ x 3.55\ 7.06Ax5.04\  4.88\ x 3.69\ 5.94\ x 3.96\
Tunable device varactor varactor PIN PIN PIN varactor PIN
Phase range 2-bit 2-bit 1-bit 2-bit 1-bit 0-~180° 2-bit
Modulation method BFSK QPSK OOK OOK 256QAM 16PSK QPSK
Distance Far-field Far-field Near-field Far-field Far-field Far-field Near-field
Bit rate 78.125 kbps 1.6384 Mbps 500 kbps 2.5 Mbps 1.25 Mbps 20 Mbps 4 Mbps
Number of user 1 1 8 2 1 1 1
Number of channel for one user 1 1 1 1 1 2 2
Multiplexing method - - Space Space-frequency - Polarization-frequency  Space

ref. 61. Unlike previous works, our method focuses on using spatial
diversity to increase the number of single-user channels. In previous
works, polarization and frequency diversities are used to increase the
number of channels®”®!, while spatial one is more inclined to achieve
multi-user’®. In ref. 58, the maximum distance between the receiving
antennas is 492 mm (corresponding to 15)A). In ref. 59, the angle
between the receiving antennas is 60°. Both are unavailable for single-
user in real communication scenarios. In contrast, these two values in

our work are 2.475\ and 10°, respectively, which is more reasonable for
single-user to make full use of the receiving aperture. Therefore, our
work is an extension of the PDCM-based communication system in a
new dimension. At the same time, it can also be combined with various
multiplexing methods in these previous works to realize a multi-user,
multi-channel wireless communication architecture®.

Although the system only has 2 EDoFs in the microwave range,
it can be extended to more EDoFs at higher frequencies such as
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reflection coefficients of the element under the four combinations of the diode
states. Sim. and Mea. are the abbreviations of simulation and measurement,
respectively. The “0”, “1”, “2” and “3” represent the diode states as “OFF-OFF”, “OFF-
ON”, “ON-OFF” and “ON-ON”, respectively.

millimeter waves and terahertz waves. Meanwhile, the scattering
and diffraction of the millimeter-wave channels are much smaller,
which is more consistent with the free-space assumption in EIT. The
proposed PDCM-based holographic MIMO system provides a low-
cost, low-power, and low-complexity solution to exploit the
increased spatial EDoFs brought by the growing frequency of future
wireless communications. It is noted that the potential of PDCM in
the temporal and spatial modulations has not been fully utilized
in the present system. It could be greatly enhanced if the PDCM

and various signal processing techniques are deeply integrated.
We believe that our research establishes a solid foundation for
the holographic MIMO techniques in future 6G wireless
communications.

Methods

Details on the 2-bit phase modulation PDCM

The PDCM designed for experimental verifications is shown in
Fig. 6a. It consists of 24 x16 elements and has an overall size of
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360 x 240 mm? (6 x4 A?). The 16 coding elements in each column
share a common control signal. The size of the element is
15 x 15 mm?, corresponding to 0.25 x 0.25 A% As illustrated in Fig. 6b,
each element consists of a pentagonal metal patch and two biasing
lines printed on an F4B substrate with dielectric constant 2.65, loss
tangent 0.001, and thickness 2 mm. There is a metal via in the middle
of the pentagonal patch to connect with ground. Two PIN diodes
(SMP-1320) are employed to connect the pentagonal metal with two
biasing lines. The geometric parameters of the element are designed
to attain 90° phase difference when two PIN diodes are switched
among “OFF-OFF”, “OFF-ON”, “ON-OFF” and “ON-ON”, corresponding
to the four coding states “0”, “1”, “2” and “3”, respectively. The design
details are given in Supplementary Note 5. Full-wave simulations are
carried out using the CST Microwave Studio. In the simulations,
periodic boundary conditions are applied along the x and y-direc-
tions, and two Floquet ports are used along the + z and - z-directions.
A normally incident plane-wave illumination with an x-polarized
electric field is assumed to calculate the reflection coefficients. As
shown in Fig. 6¢c, the equivalent circuit model of the PIN diode is
R;=7.8Q, C;=28pF, and L;=30 pH around the designed frequency
of 5 GHz. The magnitudes and phases of the simulated and measured
reflection coefficients under the “0”, “1”, “2” and “3” states are shown
in Figs. 6d and e, in which the “0”, “1”, “2” and “3” represent the diode
states as “OFF-OFF”, “OFF-ON”, “ON-OFF” and “ON-ON”, respectively.
We observe that the simulated phase difference between adjacent
digital states is about 90°, and the corresponding magnitudes exceed
0.81 at the frequency of 5GHz. However, the measured reflection
coefficient performance deteriorates: the phase differences at 5 GHz
are 87°, 69°, 75° and 128°, respectively. After frequency sweeping, we
choose 4.95 GHz as the experimental frequency with a smaller stan-
dard deviation of the phase difference, in which the phase differ-
ences are 80°, 75°, 83°, and 120°, and the minimum magnitude is
about 0.66.

Data availability
The data that support the findings of this study is presented in the
paper and Supplementary information file.

Code availability
The codes that support the dual-channel near-field holographic MIMO
scheme are available from the corresponding author upon request.
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