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Abstract—Holographic multiple-input multiple-output
(HMIMO) has emerged as a promising technology for next-
generation wireless communication systems with the capability
to intelligently control electromagnetic waves through a nearly
continuous aperture, offering unprecedented spatial degrees
of freedom. In this paper, we analyze the performance of
HMIMO that jointly exploits orbital angular momentum (OAM)
and polarization multiplexing using a fully polarized uniform
circular array (UCA) to enhance channel capacity and enable
highly efficient spatial multiplexing within a compact aperture.
We present the theoretical framework for the combined
multiplexing scheme that utilizes the Green’s function-based
polarized channel model and validate the performance of the
system through extensive simulations. Furthermore, the OAM
modes are approximated through the Green’s function and
validated using the measurements obtained from a fabricated
UCA. The results demonstrate that the proposed approach
offers a significant performance gain in terms of system capacity
compared to the conventional single-polarized OAM.

Index Terms—EM informed channel, holographic MIMO,
multiple polarizations, orbital angular momentum.

I. INTRODUCTION

OLOGRAPHIC multiple-input multiple-output (H-
MIMO) communication is an emerging paradigm that
extends conventional MIMO systems by integrating densely
packed antennas on nearly continuous electromagnetically
large surfaces [1], [2]. Unlike traditional MIMO systems,
where antennas are treated as discrete elements, HMIMO
envisions the transceiver as a nearly continuous aperture,
capable of shaping, controlling, and sensing electromagnetic
(EM) waves with extremely high spatial resolution. A key
advantage of HMIMO lies in its ability to exploit the
full aperture to generate highly directive beams, leading to
improved energy focusing, improved spectral efficiency, better
robustness in a multipath environment, and enabling radiative
near-field communications by exploiting a large number of
spatial degrees of freedom (DoF), even in line-of-sight (LoS)
scenarios [3]. Orbital angular momentum (OAM), on the
other hand, is an emerging concept in wireless communication
systems that utilizes the helical phase structure of EM waves
to multiplex multiple data streams on the same frequency and
polarization channel, leveraging an additional spatial degree
of freedom [4], [5].
In recent years, several research studies have explored the
potential to utilize the OAM characteristic of EM waves
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to distinguish between different physical transmission paths
or resources. The idea is that by using the unique spatial
structure of the OAM modes, it could be possible to create
a larger number of orthogonal communication channels, thus
increasing the capacity of wireless communication systems
[6]. The authors in [7] proposed a space division multiplexing
technique that uses the orthogonality of communication modes
for OAM transmission. In addition, an OAM-based mode
division multiple access (OAM-MDMA) scheme has been
introduced in [8] as a potential solution to accommodate a
greater number of users. Similarly, the authors in [9] proposed
a novel leakage-based capacity enhancement scheme for multi-
user communications. However, many open challenges remain,
as system performance has been shown to be highly dependent
on various factors such as the type of antenna used, the overall
architecture of the system, the operating frequency, and other
implementation details [10]. Despite the initial enthusiasm
surrounding OAM, several studies have pointed out that the
OAM property of radio waves may not offer significant advan-
tages over conventional MIMO techniques [11]. Recently, the
authors in [12], introduced beam focusing for the HMIMO
system that uses OAM employing large intelligent surfaces
(LIS) for near-field LoS communications. Interestingly, the
relationship between OAM-carrying EM waves and the com-
munication modes is examined and shows that continuous
phase shifters are sufficient to implement the precoder without
requiring the channel state information. Similarly, [13] pro-
posed polar Walsh functions to design communication modes
that are orthogonal with constant amplitude. At the same
time, the modes are separable in both radial and angular
coordinates with slight performance degradation compared to
the benchmark schemes. However, these works are limited to
a single-polarized (SP) channel model for communications.
Motivated by these works, this paper aims to analyze the
performance of OAM-HMIMO while utilizing polarization
multiplexing along with OAM by jointly exploiting orthogonal
modes and multiple polarized channels.

Contributions — We theoretically evaluate the performance
of OAM-HMIMO with multiple closely spaced uniform cir-
cular array (multi-UCA) apertures. We also utilize the EM
information theory (EIT)-based channel model to enable po-
larization multiplexing in the OAM-HMIMO system. Further-
more, we demonstrate through a practical microstrip patch
antenna array measurement that optimal OAM modes can be
achieved through efficient design of the antenna array, while
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Fig. 1: HMIMO transceiver with multi-UCA-based OAM
apertures.

the Green’s function provides an accurate approximation of
the field pattern generated by the OAM modes.

Organization —The rest of the paper is organized as follows.
Section II presents a detailed HMIMO system and channel
model. Section III presents the OAM model followed by the
analytical capacity formulation in Section III-A. The perfor-
mance evaluation based on the measured radiation response of
a UCA, followed by extensive simulations of the theoretical
framework, is presented in Section IV. Finally, Section V
concludes the paper.

II. SYSTEM MODEL

We consider an HMIMO communication model, where the
transmitter (Tx) and receiver (Rx) utilize a multiple UCA-
based aperture for multiplexed OAM transmission, as shown
in Fig. 1. The antenna elements on the Tx source and
Rx apertures are uniformly distributed in k,, v € {s,r},
numbers of rings each with circumference |Sn \ = 27TR2
such that S; = {(z,y,0) € R3 : x +y> = R} and
S, = {(z,y,Df) € R* : 2> +y*> = R }, where Dy
denotes the separation distance and Ry, is the radius of the
kth ring on the vth aperture. The number of antennas in the
kth ring of the vth aperture is N;,, with constant inter-element
spacing A4. Furthermore, we assume that the antennas on the
vth aperture are rectangular antennas (similar to a microstrip
patch) each with a surface area A, = A;A,, where A, and
A, denote the horizontal and vertical lengths of the patch,
respectively, and are made from ideal metamaterial structures
capable of independently tuning their reflection coefficients
for all three polarization states. The phase configuration in the
three polarizations is given by

(z
D, —dlag[E(I) 04 E(y) oS! E(Z) s,
where E,(L]t) and 0553 € [0,2x] are the amplitude and phase
shift in the jth polarization, respectively, j € {x,y, z}. The
EM propagated in the z direction has an instantaneous electric
field given by E(t) = E@ (t)& + EW (t)§ + E*)(t)2, where
. N i(w J .
EO(t) = ED)e (wr+0r) and w is the angular frequency.
The radiated electric field, E(r), at an arbitrary point
in the free space r = [rg,ry,7.], excited by the current
distribution J (s) € R? at an arbitrary point s = [s, sy, S.]

located at antenna element on the kth ring of the Tx aper-
ture is a solution of the inhomogeneous Helmholtz equation
VXxVxE(r)-k3E(r) = ikgnJ (s), where V is the gradient
operator, 77 = 120 is the intrinsic impedance and ko = 27/
denotes the wave number in free space [14]. The incurred
electric field received at location 7,, on the mth Rx antenna
element, imposed by the current distribution at location s,, on
the nth Tx antenna element, can be expressed as

Br =5 [ [ G s T(s)dsdrn 4 N ()
m 2A a St m

where N, = S, N denotes the uniformly distributed noise
on the surface of the Rx antenna element and G (r,,, s,) €
C3*3 denotes the dyadic Green function given by

G (rm, Sn) =Gy (Dmn) I3 + Go (Dmn) pmep?n7la ()

where D,,,,, denotes the distance between r,, € S, and s,, €

St, I3 denotes the 3 x 3 identity matrix,

—1

G1 (D) = W

(—1 — i/ﬁoDmn + H0D2 ) § (Dmn) )

Gy (Dpp) = (34 3ikoDmn — g Drry) G (Dimn)

47r/<a(2)Df’nn
G (D) = exp (—ikgDmn), and the term py,,pl. in (2)
defines the polarization direction between the pair of antennas
and can be further expressed in fully polarized (FP) systems
as follows:

COSTCOST COSTCOSY COSICOSZ
pmnpz;m = |cosycosx cosycosy cosycosz|, (3)
COSZCOSX COSZCOSY COSZCOSZ

where cosz = (ry — Sg)/Dmn, cosy = (ry —
cosz = (r; — $2)/Dmn.

The channel gain between the (m,n)-th antenna pair
located in the transceiver aperture is given by G, .
25 Js, [s, G (rm, 8n) dspdry,. For perfectly aligned parax1al
apertures, the electric field received at Rx can be expressed as

Sy)/Dumn, and

E=GJ.+WN, “4)

where E = [El,EQ,...,ENkT]T is a 3N, x 1 vector
denoting the total electric field at the Rx aperture such that

Vi € {1,2,....N,} ,E, = [B™ EW BV, g, =
(T1, T2, T, )" is a 3N, x 1 current matrix such that
.7] = [ 8(58)7 S(y)7 S(Z)]7 N - [vaNQa"',NkT]T iS the

3Ny, x 1 noise vector, and G is 3Ny, x 3Ny, is the channel
matrix. The channel gain between the (m,n)th Tx-Rx antenna
pair can be approximated in closed-form expression following
the procedure in [16], and is given by

o AtAr ~ . Ko (Tr - Sx) Az
G ~ID.. G (D) sine (2Dmn
. Ko (7"1/ )
sinc (2 Do > Cmns  (5)
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where A; = A, denotes the area of the rectangular patch
antenna in the corresponding aperture and (,;,,, is given by

Cnm =

o (=1 = itig Dy + K2D2,) Is+

4rkiD3,
(34 3ikoDinn — kg D) PrnPin) - (6)
The overall FP channel matrix can be expressed as
g(fﬁm) g(ry) g(-TZ)
G=|gw) g gl (7
glzo) gl glz2)

where G, Wp, g € {z,y, 2}, is N, x N, matrix and the
(m,n)th entry, 7(7%), denotes the channel gain between the

(m,n)th pair of antennas in polarization pq.

III. ORBITAL ANGULAR MOMENTUM

The OAM waves refer to the spatial structure of the EM
field and its rotation around the central axis of the beam. A
distinctive feature of EM waves carrying non-zero OAM is
the emergence of continuous, helically shaped wavefronts that
torqued around the direction of propagation. To fully charac-
terize the EM field in terms of OAM, a complete vectorial
analysis is typically required. However, even under the scalar
field approximation, the helical nature of OAM wavefronts
is commonly represented by an exponential phase factor of
the form exp(jl¢), where ¢ is the transverse azimuthal angle
or phase and [ € 7Z denotes the topological charge which
characterized each vortex or the OAM mode. The magnitude
7| indicates the number of twists the wavefront completes over
a unit wavelength distance, and the sign of [ determines the
direction of the twist. A notable property of OAM modes
is their inherent orthogonality, which, in principle, allows
spatial multiplexing by enabling multiple beams to co-exist
without interference [12]. Let us assume that the pair of the
(m,n)th antennas is located on the kth ring of Tx and Rx, the
position vectors are characterized by 7y, = Ry, (& cos(¢x, ) +
ysin(¢g,)) and i, = Ry, (& cos(¢g,.) + g sin(ey,.)), respec-
tively. This distance separation between the antenna pair on
the transceiver is written as

Dy = \/Rﬁt + R2_ + 2Ry, Ry, 08 ($ky — drt) + DI,
3

where Dj denotes the center separation between Tx and Rx.
The channel matrix G? for polarization pq given in (7) is
a circulant matrix and can be diagonalized by the discrete
Fourier transform (DFT) matrix D = [dy,ds, - ,d] of
dimension Ny, x L, where L denotes the total number of OAM
modes and d; € CV#+*! is an eigenvector of the DFT matrix
corresponding to the [th OAM mode. For the [th unfocused
OAM mode', d; is given by [15]

Al (FN) e

In this work, we assume the case where the distance to the Rx is not
known to the Tx, therefore, the unfocused OAM modes are generated by the
OAM Tx.

d, =

where IN denotes the vector containing the index of the
antenna elements, 1 is a column vector with all entries equal
to 1 and [ is the OAM mode.

The Ith OAM mode is generated by

A=l e~
=g,z Mnbedd (10)
5 if n is even
where n = 1,2,---, L, I is a vector that contains the OAM

modes 0,+1,—1,+2,-2,--- | N, —1/2.

In case of the conventional SP channel, with the electric
field vector of the EM wave oscillates only in the = or y
direction, while wave propagation is along the z direction, the
channel gain in (7) can be diagonalized using a DFT matrix
as follows.

A €C, ifi=j
0, ifi#j

In case of FP systems, we assume that Tx has three perfectly
orthogonal polarizations without cross-polarized channel gain.
This can be achieved by employing the Gaussian elimination
(GE) based precoding scheme in Tx by perfectly eliminating
G Vp £ ¢, terms from the channel gain in (7) [16]. Then,
the FP channel can be diagonalized using the DFT matrix as

AP — pHglea)p — { (11)

A2 0 0
AFP) — | o Al o |, (12)
0 0 A2

where A®PD — (D(P>)Hg<Pq>D(P), Vp = q and p,q €
{z,y, 2}, is the diagonalized channel gain of the pq polar-
ization state.

Using polarization multiplexing, Tx can send identical OAM
modes on multiple orthogonal linear polarization indepen-
dently, improving capacity without inter-channel interference
among different polarizations.

A. Capacity Formulation

In this section, we evaluate the capacity expression for the
diagonalized channel gain in the case of SP and FP while
considering the single-ring and multiple-ring HMIMO OAM
systems.

B. Single Ring Model with Closely Spaced Antennas

Assuming a single-ring model with diagonalized SP channel
in (11), the capacity can be expressed as

P,
C5P) = log, (det (I + U;A(SP)QA(SP)H>> . (13)

where P, denotes the total transmit power, o2 is the noise
variance, and QP9 is the Ny, . X N}, power allocation matrix
such that Tr(Q*?) < 1.

Similarly, for FP systems with block diagonal channel ma-
trix given in (12), the capacity can be expressed as the sum of
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the capacity over diagonalized channels in three independent
polarizations, given by

oFP) _ ZIOgQ (det <I + A(m)Q(m)(A(m)) )) ;

p,q
p=q

14
In case of a suboptimal power allocation scheme, the power is
divided equally between the three perpendicular polarizations
such that QP9 = I/(3Ny,), otherwise the capacity is maxi-
mized by employing the optimal power allocation strategy that
can be adopted by assigning power to the individual channel
in each polarization according to the waterfilling algorithm.
From (14), it can be deduced that considering a uniform power
allocation over each polarization and channels, the capacity
can be at least doubled given that Rx is located close to Tx
while assuming perfect polarization without mismatch.

C. UCA with Multiple Closely Spaced Rings

Consider a UCA-based aperture where the total antenna el-
ements are arranged in multiple rings and the spacing between
the antennas and rings is uniform throughout the aperture and
is less than \/2. The overall channel gain matrix can then be
expressed as

Goamy,  Goamy, Goamyy,
GoaMa,  G0AMas Goam,y,

Goam = . . . . , (15)
Goamy,;  Goamy, , Goamy, x,

where QOAM” denotes the channel gain between the ith UCA
ring in Tx and the jth UCA ring in the Rx aperture. For
FP systems, Goam,; is the equivalent channel gain in (7).
Each polarized channel is diagonalized independently using
the DFT, and the overall DFT matrix takes the form of

DOAMl 0 Ce 0
0 DOAM2 Ce 0
Doam = : : . : ; (16)
0 0 Doamy,

where Doam, denotes a block diagonal DFT matrix for each
polarized channel matrix of the ith ring. For OAM processing,
the DFT matrix is applied to each polarized channel generated
by the set of antenna elements located on each ring of the Tx
such that AS\Y) = DE, G oamPoam.

The capacity of the FP OAM-HMIMO transceiver with

multiple-ring aperture can be expressed as

P, H
cl) = tom, (e (1+ LA QAL ") )

(a
ZZlogQ (det (I+ A(”q) Q(pq (AY (pq) ,Z)H)> 7

A7)

where (a) follows the determinant of the block diagonal matrix
A with the ith submatrix denoted by a;, that is, det(A) =

[T det(as).
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Fig. 2: Fabricated SP UCA: (a) front and back view of the
array structure capable of generating 5 OAM modes, (b)
fabricated array, and (c) NF scanning results from the NSI
near-field Anechoic Chamber.

IV. RESULTS AND DISCUSSIONS

In this section, we first validate the theoretical performance
of single-ring SP systems through measurements and then
extend the analysis for multi-ring OAM-assisted FP HMIMO
systems. The measurement-based magnitude and phase pro-
files for different OAM modes are compared with the one
approximated by Green’s function in (2).

A. Measurement Setup

To validate the theoretical approximation of the field gen-
erated by different OAM modes, we carried out practical
experimentation on an in-house designed and fabricated UCA
with Ni, = 9, as shown in Fig. 2. The elements of the
UCA antenna are uniformly distributed over a ring with an
approximate diameter of 105 mm. Each unit cell of the UCA is
vertically polarized and is implemented using microstrip patch
antenna technology with dimensions of 20 x 13.20mm?. The
antenna is fed through a coaxial probe located 3.10mm from
the broader edge. The UCA is designed to operate at a central
frequency of 5.8 GHz manufactured on a Rogers RO4003C
substrate with dimensions 274.00 x 198.00 x 0.51mm? with
a relative dielectric constant ¢, = 3.38 and a tangent loss
of tand = 0.027. To generate OAM modes, a Rotman
lens built on a Taconic RF-60 substrate with dimensions of
477.00 x 198.00 x 0.64mm? is used. A feed network on the
same RF-60 substrate (dielectric constant of ¢, = 6.15 and
loss tangent of tand = 0.0038) is used to connect the UCA
to the Rotman lens. The Rotman lens comprises 9 array ports
and 5 beam ports to generate L = 5 distinct OAM modes
such that [ = 0,41, &2, where each array port is connected
to the antenna element on the UCA using phase-matched
transmission lines to ensure accurate mode excitation [17].
The beam ports of the Rotman lens are used to ensure the
orthogonality of the generated OAM modes. The field patterns
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Fig. 3: Measurement based phase/magnitude profiles of SP (vertical-polarized) array for different OAM modes.
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Fig. 4: Simulation based phase/magnitude profiles where the colorbars are in degrees (phase) and dB (magnitude).
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Fig. 5: Capacity performance of single ring UCA as a function
of total number of OAM modes (L) and varying Tx-Rx
separations (Dj).

for particular OAM modes are scanned in a near-field system-
incorporated (NSI) anechoic chamber.

Fig. 3 shows the magnitude and phase profile of the mea-
sured field pattern for the three corresponding OAM modes
with [ = 0,+1,42 while similar agreement is observed
for modes —1 and —2 and are skipped here. Taking into
account the same operating setup, the phase and magnitude
profiles of the field patterns approximated by the Green’s
function are provided in Fig. 4 for comparison. It is evident
from the qualitative comparison that the simulation results
are in good agreement with the measurements, demonstrat-
ing reliable consistency between experimental validation and
theoretical approximations used in the proposed approach.

B. Simulations Setup

Through extensive simulations, we evaluated the capacity
of OAM-aided MIMO systems where the channel between
Tx and Rx is modeled according to (5) for single-ring and

——R = 0.05m, Ay = 0.3)
——R=0.1m, Ay = 0.3\
~, —_—R= 0.2m, Ad = 0.3\

—
o
w
T
1
‘.
’
.
2
4

—_
o
N

Capacity (bits/s/Hz)

10

Fig. 6: Capacity performance of multiple ring UCAs as a
function of Tx and Rx aperture size (R) and the spacing
between antennas (Ag).

multiple-ring scenarios. The operating frequency of the system
is 5.8 GHz, 02 = 5.6 x 1079, the transmit power is P, = 10
dBm, and the maximum aperture is R = R; = R,.. Unless
stated otherwise, the same configuration is used as in Section
IV-A.

Fig. 5 presents the theoretical capacity of a single-ring
model presented in Section IV-A as a function of the OAM
modes and the varying distance between Tx and Rx. It can
be seen in the figure that increasing the number of OAM
modes leads to improved capacity; however, a higher number
of modes is more beneficial in a case where Rx is located in
the near-field of Tx. The near field boundary is calculated by
2(2R; + 2RT)2 /A =~ 1.5876m where R; and R, denote the
maximum radius of the aperture of Tx and Rx, respectively
[18]. However, in the far field, an increase in the number of
modes beyond 3 shows a negligible performance gain.

Fig. 6 shows the capacity as a function of the Tx-Rx
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Fig. 7: Capacity performance of OAM-HMIMO with FP and
SP multiple ring UCA aperture for a varying transmit power.

separation for different aperture sizes and antenna spacing in
the case of multiple UCA-based apertures. In the simulation
setup, the number of rings, with a uniform spacing of 0.3\
between the rings, is set to 3, 6, and 12 in the aperture of
size 0.05,0.1, and 0.2m, respectively. Similarly, for the 0.4\
spacing, 2, 4, and 9 rings are accommodated in the fixed-
size aperture. Furthermore, the maximum number of OAM
modes utilized in each ring is set to L = N, /2 such that
I =10,+1,-1,42,-2,--- , N}, — 1/2]. Fig. 6 shows that
the capacity decreases with distance, which is consistent with
the observations made in Fig. 5. Furthermore, a large antenna
spacing leads to performance degradation because a larger
spacing results in accommodating fewer antennas in fixed
aperture. Additionally, for fixed antenna spacing, a higher
number of UCA rings can be placed on an aperture of a larger
radius, which leads to higher capacity.

Fig. 7 presents the capacity performance of the FP OAM-
HMIMO compared to the SP OAM-HMIMO for varying trans-
mit power. In the simulation setup, we consider Ay = 0.3\,
aperture radius of 0.1lm with 6 number of UCA rings and
L =5 such that [ = 0,+£1, +2. It is clear from the figure that
the capacity performance of HMIMO can be further improved
by utilizing polarization multiplexing together with OAM.
The FP system in conjunction with OAM provides a higher
capacity (solid lines) than the conventional SP counterpart
(dotted lines). The reason behind the capacity improvement is
that FP systems utilize multiple independent and orthogonal
polarization to transmit different OAM modes. In addition,
the increase in the transmit power at the Tx leads to better
performance in the case where Rx is close enough to Tx with
a separation distance less than 20m, while the performance
improvement decreases as the Rx are located beyond this
distance range.

V. CONCLUSION

In this paper, we have analyzed the performance of HMIMO
by exploiting OAM and polarization multiplexing. The Green’s
function-based EM informed channel model was used to
capture multiple polarizations in the considered system model.

Theoretical analyses were performed for single- and multiple-
ring UCAs. Through simulation results, it was demonstrated
that utilization of the polarization multiplexing by transmitting
orthogonal OAM modes over multiple independent polar-
izations improves the performance of the HMIMO systems.
Moreover, the measurements obtained from the fabricated
single-ring array validated the approximated OAM field pat-
terns. In future work, our aim is to investigate more compre-
hensive system models adopting continuous apertures while
considering practical design parameters and the impact of
cross-polarization ratio and misalignment of OAM modes.
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