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tion without enlarging the antenna array sizes of the transceivers.
We specifically consider that both the transmitter and receiver
are equipped with an HMIMOS consisting of compact sub-
wavelength TP patch antennas and operating in the near-field
(NF) regime. To characterize TP MU-HMIMOS systems, a TP
NF channel model is constructed using the dyadic Green’s
function, whose characteristics are leveraged to design two
precoding schemes for mitigating the cross-polarization and inter-
user interference contributions. Specifically, a user-cluster-based
precoding scheme that assigns different users to one of three
polarizations, at the expense of system’s diversity, is presented
together with a two-layer precoding technique that removes
interference using a Gaussian elimination method. A theoretical
correlation analysis for HMIMOS-based systems operating in
the NF region is also derived, revealing that both the spacing
of transmit patch antennas and user distance impact transmit
correlation factors. Our numerical results showcase that the
users located far from the transmit HMIMOS experience higher
correlation than those closer in the NF region, resulting in a lower
channel capacity. In terms of channel capacity, it is demonstrated
that the proposed TP HMIMOS-based systems almost achieve
1.25 and 3 times larger gain compared to their dual-polarized
version and conventional HMIMOS systems, respectively. It is
also shown that the the proposed two-layer precoding scheme
combined with two-layer power allocation realizes the highest
spectral efficiency, among compared schemes, without sacrificing
diversity.

Index Terms— Channel modeling, holographic MIMO surface,
near-field communications, full polarization, precoding design,
spectral efficiency.

I. INTRODUCTION

HE explosive development of mobile devices and multi-
media applications appeals for powerful wireless commu-
nication techniques to provide larger bandwidths and higher
throughput. Some communication technologies are employed
to increase the capacity of wireless communications, e.g.,
TeraHertz [1] and millimeter-Wave communications [2],
as well as extreme multiple-input multiple-output (MIMO) [3],
[4], [5], [6]. However, the massive data traffic and high relia-
bility of wireless communications still pose serious challenges
to algorithmic and hardware designs.
Holographic MIMO surface (HMIMOS), an evolution of
reconfigurable intelligent surface (RIS), provides feasible and
engaging research directions toward realizing highly flexible
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antennas by intelligently leveraging electromagnetic (EM)
waves [7], [8], [9], [10], [11], [12], [13]. Specifically, an HMI-
MOS consists of almost infinite antennas in compact size
achieves spatially continuous aperture [14], [15], and it is
verified to have many merits. For example, the work in [7]
proved theoretically the flexibility of HMIMOS configura-
tion and its advantages in improving spectral efficiency. The
authors in [16] showed that large RISs can achieve super-
directivity. Benefiting from these merits, HMIMOS can be
applied in many scenarios, such as wireless power transfer
and indoor positioning [7], [17]. However, the full exploitation
of this technology is still infeasible due to various non-trivial
technical issues.

The main challenge of the HMIMOS technology is the
constrained performance gain that depends on array size. Since
an HMIMOS incorporates large amount of patch antennas
with sub-wavelength inter-element spacing in a small area,
there exists strong correlation between the patch antennas,
which degrades the performance [18], [19], [20], [21]. In fact,
stronger correlation is induced when increasing the number of
patch antennas added to a fixed surface area (i.e., when the
inter-element spacing is reduced). In fact, it has been proved
that the degrees of freedom (DoF) brought by increasing
the number of patch antennas are limited by the size of
HMIMOS [22], [23]. However, it is still unknown how to
effectively improve the spectral efficiency of an HMIMOS in
a given area when its performance limit is reached.

The integration of the dual-polarization (DP) or tripo-
larization (TP) feature is expected to further improve the
performance without enlarging antenna array size, offering
polarization diversity which can boost spectral efficiency
[24], [25]. Inspired by the favorable performance gain brought
by polarization techniques, a few recent works discussed
the deployment of polarized RIS systems [26], [27], [28],
[29], [30]. A DP RIS-based transmission system to achieve
low-cost ultra-massive MIMO transmission was designed
in [26]. In [30], an RIS-based wireless communication struc-
ture to control the reflected beam and polarization state for
maximizing the received signal power was proposed. Never-
theless, there are still open challenges in polarized wireless
communications.

The primary difficulty of wireless systems using polarization
is channel modeling. There are mainly two types of EM
assumptions in channel modeling, i.e., the near-field (NF) and
far-field assumptions. The former regime is characterized by
TP, while the latter by DP, since one of the polarizations
vanishes in the transition from the NF to the far-field region.
Differently from conventional channel models that exploit only
a single polarization, the polarized channel involves additional
components, i.e., the co-polarized and cross-polarized chan-
nels. Besides, for polarized channel, there exists an interplay
between spatial and polarization correlation [31]. Thus, the
conventional independent and identically distributed assump-
tion cannot be directly adopted to model co-/cross-polarized
channels [27]. However, in most of the existing literature,
the powers of the co-polarized channels are assumed to be
equal [28], [29], and the power allocation is ignored [32],
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which can hardly happen in practice. Therefore, a realistic
polarized channel model is required.

The interference elimination in polarized systems is a dif-
ficult task. In particular, both spatial and cross-polarization
interferences have destructive impacts on the system perfor-
mance [15], [33]. The former comes from the closely placed
antennas, while the latter stems from the interplay between
the co-polarization and cross-polarization components. There
are only a few works dealing with polarization interference
elimination in wireless communications. For example, [24]
eliminated the cross-polarization component in DP multi-user
(MU) communications by performing successive interference
cancellation in each user cluster. In addition, the higher gain
brought in TP systems gets along with the more complex
cross-polarization interference. Specifically, the sum of two
cross-polarization components jointly influences the perfor-
mance of TP systems, which is different from the single cross-
polarization component in DP systems.

In order to exploit the potential of polarized MU HMIMOS-
based wireless communications, this paper presents a TP
MU-HMIMOS channel model for the NF regime, which is
employed to design a user-cluster-based precoding scheme
and a two-layer precoding technique aiming at mitigating
interference and handling power imbalance. The proposed
channel model is proved to be efficient enough through both a
novel theoretical analysis and extensive numerical results. It is,
particularly, showcased for the investigated NF regime that
TP HMIMOS-based systems are more efficient than DP and
conventional HMIMOS-based systems, and that users located
closer to the transmit HMIMOS exhibit lower correlation than
those being far from it. The main contributions of this paper
are summarized as follows:

« Building on the dyadic Green’s function, we present a NF
channel model of MU HMIMOS-based communication
systems that captures TP characteristics. Specifically,
both transmit and receive HMIMOSs are divided into
many small pieces and we adopt two Fraunhofer assump-
tions to approximate their NF channel. The assump-
tions are then proved to be applicable in the considered
scenario.

o To combat the cross-polarization and inter-user inter-
ference contributions in the considered TP HMIMOS-
based systems, we propose two precoding schemes for
MU operation. The first scheme is a user-cluster-based
precoding employing one-third of the available diversity
to alleviate interference, while the second one relies on
a two-layer precoding based on the Gaussian elimination
and block diagonalization (BD) to remove interference.
In addition, a two-layer power allocation (PA) method
is presented to manage the power imbalance, which is
shown to achieve higher spectral efficiency.

o A novel theoretical correlation analysis is presented to
substantiate the practicality of the proposed channel
model. It is particularly shown that the spacing of patch
antennas and the distance between transmit and receive
HMIMOS determine correlation. Our simulation results
reveal that, not only the number of transmit antennas has
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Fig. 1. The considered TP MU-HMIMOS downlink communication system
consisting of a BS with Ny patch antennas serving K users, each equipped
with N;. patch antennas.

the significant impact on the degree of freedom (DoF),
but also the shape of the HMIMOS affects it. The per-
formance of proposed precoding schemes is extensively
compared with alternative PA strategies.

The remainder of this paper is organized as follows.
In Section II, the TP MU-HMIMOS system model and polar-
ization generation are introduced. The NF channel model
for TP MU-HMIMOS using Green’s function is presented in
Section III. Section IV presents two precoding schemes to
eliminate interference. A two-layer PA method is discussed
in Section V. Section VI presents the theoretical analysis
and numerical results of the TP MU-HMIMOS performance.
Finally, conclusions are drawn in Section VII.

Notation: Fonts a, a, and A represent scalars, vectors,
and matrices, respectively. AT, AT, A~ and ||A||; denote
transpose, Hermitian (conjugate transpose), inverse (pseudo-
inverse), and Frobenius norm of A, respectively. A, ; or [A]; ;
represents A’s (i, 7)th element. tr(-) gives the trace of a matrix,
I, (with n > 2) is the n x n identity matrix. 5 ; equals to
1 when k = 4 or 0 when k # 4. Finally, notation diag(a)
represents a diagonal matrix with the entries of a on its
main diagonal, and blkdiag[A, ..., Ax] is the block diagonal
matrix created by matrices Aq,..., Ay along the diagonal.

II. TP MU-HMIMOS
A. System Model

In the considered TP MU-HMIMOS communication sys-
tem, the BS is equipped with an HMIMOS of size Ay =
Lg, x Lg, where L, and L, , denote surfaces’ horizontal
and vertical lengths, respectively, and the K users have also
a TP HMIMOS of size A, = L., x L., with L, , and
L, , being their common horizontal and vertical lengths,
respectively. The HMIMOSs at the BS and each of the users
are composed of N, and N, patch antennas, respectively.
Thus, the sum of the receive patch antennas in the downlink is
N, = KN,. Each patch antenna is made from metamaterials
that are capable of independently adjusting their reflection
coefficients in three polarizations [3], [26], [34], as shown in
Fig. 1. We represent the phase configuration matrix (i.e., the
analog beamforming) of the HMIMOS at the BS by the block-
diagonal matrix ®° € C3N+*3N: whose non-zero blocks
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Fig. 2. Elliptic polarization state generated by TP HMIMOS.

&5 € C3*3, with n = 1,2,..., N, refer to the three-
polarization configuration of each nth patch antenna. Each of
these configurations is represented by the following diagonal
matrix:

. '05 ‘05 *05
®; = diag[E; ¢/ By e B3 /] (1)
where 0}, .0, . and 0, . € [0,27] are three independent

phase shifts in the excited triple polarization states, with
By o E; . and Ep . € [0,1] denoting the corresponding
amplitude reflection coefficients at the nth patch antenna.

Assuming that the EM wave propagates towards the z
direction, thus, it can be decomposed into the components
(Ex(t), Ey(t), E.(t)) in three orthogonal directions, i.e., in X,
y, and z directions, the instantaneous electrical field is

E(t) = E,(0)% + E,(t) ¥ + E.(1)z, 2)

where E;(t) £ Ejexp(i(wt + 6,,,)) with j € {z,y,2},
and (0, 5,0n,4,0,,.) are the phases of the three polarized
components that are controlled by each nth patch antenna
in the HMIMOS. In the sequel, the term ¢ referring to
the dependence in time is omitted for simplicity, i.e., E(t)
becomes F in the following.

B. Generated Polarization Ellipse

The conjoint characteristics of three polarized wave compo-
nents (E,, E,, E.) determine a general elliptical polarization,
as shown in Fig. 2.

The elliptical polarization plane and and spectral density
are all controlled by HMIMOS, and these information can
be exploited in information exchange, such as encoding and
precoding [35]. Specifically, the polarization plane’s normal
vector W = (sz,vvy,wz) is given by [36]

Wn x =

)

W,, =

Wn,z =

—2E, ,E, .sin(0,, —0,..),
- 2En,zEn,r Sin(on,z - en m)a
—2E, B ysin(0, . — 0ny),

n,z)
3)

and the spectral density tensor is given by

E? E,E e E,E, e
EyEwe_“’w E; EyEze"ﬂyz
E,E e "= EZEye_“%Z E?

Sq = G

with ¥;; = 6; — 0; is the phase difference between two
polarized waves. In this work, we assume that the initial phase
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setting in the three polarization states is the same, resulting in
linearly polarized states.
The pseudovector of the spectral density tensor is given by

V = (1&77 —A5,A2) [37], i.e.,
Ar=—2Im{E,E}, A;=—2Im{E,E!},

x Ay = —2Im{E,E;}. (5)

The complex vector E = (E.,E,,E.) and its conjugate
vector E* form a polarization plane in space, which is the
same plane as the polarzation ellipse since V is perpendicular
to E and |V] is equal to 2/7 times the area of the polarization
ellipse [37]. As shown in Fig. 2, v is the angle between
the normal vector of polarization plane and the z axis, and
the angle « is the angle between the projection of normal
vector on zy-plane and X axis. It can be observed that
both amplitude and phase shift of HMIMOS determine the
polarization parameters.

III. PROPOSED NEAR-FIELD CHANNEL MODEL

The radiated electric field E(r) at the location r € R? in
the half free-space, resulting from the current J(r’), which
is generated at the location r’ € R3, is given by the dyadic
Green’s function theorem as follows [22], [38]

E(r) 2 iwu/ ds'G (r,r’) - J ('), (6)
s

where S denotes the surface of the HMIMOS transmitter,
w is permittivity, and p is permeability. The dyadic Green’s
function is defined as [39]:

G(r,r') & {i—l—vv

1 1 =

= 1 - I !
( + kor k8r2> g(r,x')
NERE

ki¢r?  kor
where I is identity matrix, VVg(-) denotes the second-order
derivative of function g(-) with respect to its argument, ky =
27” is the wavenumber with A being the wavelength, and the

unit vector r denotes the direction between the source point
and radiated field. The scalar Green’s function is [39] and [40]:

eiko ‘rfr'|

g(r,x) & (8)

4 |r — 1’|

Inspired by the work in [41], which calculates the sound
field radiated from a plane source using the scalar Green’s
function, we derive the dyadic Green’s function that takes
polarization into consideration. Specifically, the N -patch
HMIMOS is divided into N, rectangles, each with size A® =
A3 A;. Each patch is regarded as a point (z7,,y;,) in a first
coordinate system, and is further investigated in a second
coordinate system defined within (z{,y() (this is equivalent
to the size of each patch antenna). Under this consideration,
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the electric field can be rewritten as follows:
E(r) = Z/ dr! G (v,r)) - J (r])
AZ/2 pA3)2
- / [0 s
Az/2J A3 /2
\VAV zkorn
I —J( 9
|: + k(2) :| 47_(_?,,“ (rn)7 ( )
with the distance r,, given by:
ra=r =1 = /(@ —at, — 25)? + (v — v — vp)? + 22
= — 2+ G — )2 + 22, (10)

where &, = r — 2/, and § = y — y/,. We henceforth assume,
for simplicity, that the current distribution J(r},) = J,. (v} )X+
Jy(r},)y is constant, and J,(r}) = J,(r]) = 1.

If A and A; are infinitely small, the distance to the field
point (i.e., the receiver) is much greater than the dimensions
of the source, hence, the Fraunhofer approximation can be

2y 4+ yb%/ Ry ~ (0,0), where R, is:
Rp=+/(z=27,)2+(y—v,) (11)

In this case, the distance 7, from the nth transmit patch
antenna in the exponential term is approximated by:

adopted, i.e.,

+22=1/22 + 2 +22.

T = \/(in —20)% + (Un — y0)? + 22
@ = Eazh Tt vl Yh
~ R,— =040 200 RO (u(r,r)))
R, 2R, R, 2R,
b - -, / ~ /
(%) R, — xTiIO . yriyo7 (12)
R, R,
where (a) is Taylor series expansion, and u(r,r],) = 22‘—2% —
12 ~ / 12 "
‘%L + 21}%?0 g’%, with O (u(r,r})) being the negligible

higher order terms. In addition, (b) results from the fact that
12 12

vV Zo 1Y%
2R

n

the term ’ is small.

By making the reasonable assumption that 1/r, ~ 1/ R,
the radiated electric field from the nth transmitting patch
antenna can be obtained as follows:

AL/2 pAL)2 eiko[r—rl,|
dx}dyy, =
/A‘/2/A /2 00 ur R, AT R,

AL/2 pA3)2 ~
/ / dzodyo G (En, Gin; 20, 4), (13)
Az /2)-ng /2
where we have used the function definition:
N exp{iko []:Zn - “‘1’%—‘6 — y}%—yé}}
G i.'na "n;x/’ / — _ n n
(. §ni 0. o) 47 R,
eikoén j./, 1:/
= exp | iky | — 220
. ynyéb
x exp | tko | —== . (14)
P ( ’ [ R
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Using the notation A® = AjA7 and sinc(z) = SINZ - the
last integral in (13) can be solved as follows:
N, AL A;
~ - 2 ~
e = [ 1, [ 1, drbdss Gl i )
n=1 7/ = zy
Ns _gikoRn ko@nAS kot AS
=A°® —sinc ~—Zsinc —Y%. (15)
T ATR, 2R, 2R,

By making use of the following two terms given in (7):

- i 1 ~ 3 31
C n)— 1‘~_7~—7~ , C n)— _1 , (16)
1( ) ( kOR’n k(Q)}:&%) 2( ) (k(%R% kORn )
the wireless channel with polarization between the nth trans-
mit patch antenna and a receiving point can be written as

H, = E(R)Cp = E(Ry) (e1(Ra)T+ 2(R)Fun ), (17)

. - A r—r/ . .
where the unit vector r,, = rrr" denotes the direction of each
n
receive-transmit patch-antenna pair.

A. Channel Matrix and Feasibility

It is, in general, expected that the receive HMIMOS will
be much smaller than the transmit one, hence, it is reasonable
to assume that the power received by each patch antenna will
be proportional to the receive area A" £ A7AY. Therefore,
the channel between each mth, with m = 1,2,..., N, receive
and each nth transmit patch antennas can be expressed as:

iko R ) / s
e(l 0flmn ) kO . — ' VA
'nm =A°A" = Smc ( m~ ”) z
47 Ry 2R,n
T Ty gcz
Folym — )} iy Eln Mo
. g1 Yy Yz
smc Cmﬂ Hm'rm Hmrw Hmn ’
zx z 2z
mn Hmn7 Hmyn7 Hmn

(18)

where C,,, £ cl(Rmn)I + CQ(Rmn)F‘mnF‘mn € C3%3. The
overall channel matrix can be thus represented as follows:

H=|H, H, H,|cCN>3N (]9
H., sz H..
where H,, € CN-*Ne with p,q € {x,y,2}, denotes

the polarized channel that collects all channel components
transmitted in the pth polarization and received in the qth
polarization. We will next prove the validity of our two core
assumptions following our proposed channel model.
Recall that, in order to derive the above expressions,
we have used the following two approximations:
Jn A
. exp(zk{ WT yQan”D =~

/
o

| 0 ) was adopted in (12), implying that the
transmitter patch antenna is small enough compared to
twice the distance between the transmitter and receiver;
o« T, R Rn was used in the derivation of (13).

1 (or equivalently

Following these assumptions, the length limit of each

patch antenna - can be deduced. Specifically, since
exp (%#) —A3 <ah <A and A5 <yh <A,
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. ko(ASZ+A%%) ~ ko (AL +A57)
it holds cos (T) 1. Thuzs, —sE <,
or equivalently, k“ —2— < 1 and —=% < 7. Therefore, the

limitation on the patch antenna 51zes at the receiver and
transmitter is

AL <AL < 2\/AR,, AL <AL <2\/AR,.  (20)

Since the near-field region is determined by condition
e < M [42], [43], the aperture at the transmitter

is D = \/m and the aperture at the receiver is
Dy = /L2, + L2, If we consider that Ny , = N, = /N

(N, and Ny, are the numbers of horizontal and vertical
patch antennas at the BS) and N, , = N,, = VN, (Ny.4
and N, , denote the numbers of the horizontal and vertical
patch antennas at each user), the near-field region is deduced:

Ng(A%)? + 4N, (A7) + 8v/ NN, AS A"
: :

By letting R, =7Nr, the length limit of each patch antenna is
(A3)? N(A3)? + Ny (A7)
+2V/ NN, ASAL).

Note that this inequality always holds since 16Ny > 1 and
16N, > 1, which proves the feasibility of the proposed
channel model for TP HMIMOS comunication systems.

NF < 2D

+ (A3 < 4AR, = 16(
(22)

IV. INTERFERENCE ELIMINATION IN TP MU-HMIMOS

There are mainly two interference sources in TP
MU-HMIMOS systems: one from the cross-polarization and
the other from the inter-user interference. Different from DP
systems, the cross-polarization interference in TP systems is
much more complicated, since it relates to the sum of two
cross-polarization components. To eliminate these two interfer-
ence sources, a precoding scheme based on user clustering is
presented in this paper. However, this scheme compromises the
system diversity. Thus, a two-layer precoding design is further
presented to fully exploit diversity. Specifically, in the first
layer, the interference from the cross-polarization components
is eradicated by Gaussian elimination approach. In the second
layer, the interference from other users in the co-polarized
channels is suppressed through BD method. Here are details
of two proposed precoding schemes.

A. User-Cluster-Based Precoding

Based on the proposed channel model H in (19), the input-
output relationship of the considered TP HMIMOS comuuni-
cation system is given by

Hxaf ny sz Xy
y=|Hy. Hy, Hy| [xy| +mn, (23)
Hz:c sz sz Xz
where x = [XT XZ“’XT} (CSNT»Xl with Xp c (CNTXl,p c

{x,y, 2} is the transmitted signal, y € C3*! is the received
signal, and n € C3N~*1 is the additive Gaussian noise.
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User 1 .

BS with HMIMOS e

Fig. 3. User cluster scheme in TP MU-HMIMOS systems.

It can be observed that the received signal suffers from
the interference caused by two cross-polarization components,
which is more severe than the interference in DP systems.
Therefore, in order to suppress the cross-polarization interfer-
ence, the precoding matrices P, P,, and P, are introduced
as follows:

y(l) = Hg:xPaCX.T + H_TyPyXy + HxZPZXZ)
y(2) = H,,P.x, + H,,Pyx, + H.P.x.,

y® =H_P,x, +H,P,x, +H_ P.x.. (24

Intuitively, the cross-polarization interference can be miti-
gated if each user is assigned to only one polarization. Inspired
by this idea, a precoding design based on user clustering was
proposed in [44] for DP communication systems. According to
this scheme, each data stream can be independently transmitted
in different polarizations without interference. This scheme
can be also extended to TP systems, as shown in Fig. 3.
Specifically, the K users are sorted in different polarizations
based on their distances to the BS, such that d; < dy < ... <
dg, resulting in three disjoint subsets: i) the x-subset L% =
{1,4,..., KM} containing |£*| = K /3 (we consider the case
that K'/3 is an integer) users with K1) = K/3 — 2; ii) the
y-subset £Y = {2,5,..., K®)} with |£¥| = K/3 users where
K®) = K/3 —1; and iii) the z-subset £* = {3,6,..., K}
including |£?| = K/3 users with K©®) = K/3. The
corresponding sub-channel matrices for the user cluster are
derived as:

r 1 1 T 2 2
iy .. iR hiY . Y
4 4 5 5
quo_ | BB | gue | BT R
x . ’ Yy - . 9
K@M K@ 7TK® K@)
hN,‘l "'thNs_ hﬁrl "'hNTNS
T
. W9 ) .
HEC — 11 1N, c CKNT/SXNSC (25)
K® K®
_hNA .. .thNs_

Since each user is assigned to one polarization, the cross-
polarization and inter-user interference terms are suppressed.
The corresponding precoding matrices for three polarizations

8833
are designed as follows Vi = 1,2,..., N,:
1 1 K K
Po=p sl
(k) _ q
Poq =1, kel
g€ {nyh{ (0 (26)
Pgi =0, otherwise.

However, the proposed user-cluster-based precoding scheme
mitigates cross-polarization interference at the cost of impact-
ing system diversity. In fact, the system diversity is reduced,
since there is only one third of the patch antennas used for
each user. Therefore, in order to fully exploit the polarization
diversity, we next present a two-layer precoding scheme.

B. Two-Layer Precoding

1) First-Layer Precoding (Gaussian Elimination Based Pre-
coding): Different from DP systems, the interference is
much more complex since it involves the sum of two cross-
polarization components in TP systems. In order to eliminate
the cross-polarization interference sum, a Gaussian elimina-
tion based precoding design is introduced. Specifically, the
precoding matrices P, P, and P force the interference of
two cross-polarization components in all received signals to
be zero, i.e.,

H"P=|H, 0 H,.||P,|=
H., H, 0 ||P.

@D

© oo

where HXP collects all cross-polarization components, and
P = [P, P}, P1]". Thus, the matrix P lies in the null-space
of the matrix HXF.

Perform Gaussian elimination to the matrix HXF first, i.e.,

0 Iy, H;'H,.
H, 0 H,.
Hzac sz 0
0 Iy, H, H,.
=|(In, O H 'H,.
0 0 - (H H.,) HH, -H H,
(28)
Let
0 Iy, A][P, 0
Iy, 0 B| |Py| =10}, 29)
0 0 C| |P. 0
where
A = H;ylez, B = Hy_ley27
C= - (H 'H.,) 'H,'H, —H;H.. (0
Thus,
P,=—-AP.,P, = -BP_, (31)

where P lies in the null space of C, i.e., C°. To compute
the P, we adopt orthogonal projection operator [45], i.e.,

C° =1y, - Ci(CCH™!C, (32)
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and

P. = HI (H..C°HI))  H..C°. (33)

With the designed precoding matrix P, the channels are

=-H,,H,H,.P.-H, H_H,.P. + H,.P.

x

= *HmmH;IHszz = HzTPT;

H,. P, +H, P, +H,.P.

=-H,H H,.P.-H,H_ 'H,.P. +H,.P,
=-H,,H, H,.P.=H,P,. (34)

Thus, the received signal with the precoded channel is

y=|¥y|=|Hypo Hyy, Hy||Pyxy| +n
_yZ HZZL’ HZy HZZ PZXZ
HE, 0 0 1[x.
=0 HY 0 ||x,], (35)
| 0 0 HE||x.

where HqPq = H,P,q € {z,y,2} is the co-polarized
channel in the first-layer precoding.

Through Gaussian elimination method, the cross-
polarization interference is eliminated in the first-layer.
Thus, we only need to further eliminate the inter-user
interference in each co-polarized channel, which is performed
in the second-layer precoding as discussed in the next
subsection.

2) Second-Layer Precoding (BD Based Precoding): With
the transmit polarization vector }32,’“) € C3N=xNs and receive
polarization vector F e C3N-*Nr ' the precoded chan-
nel for the kth user becomes (Fg»k))THP(k)ng), where the

co-polarized channel matrix HP *) is

15 LA 0
k
Y= o wr® o (36)
0 o ubW

Let C; = rank(HL,),C, = rank(H} ) and C. =
rank(HE,) be ranks of each co-polarization sub-channel,
respectively. In typical scenarios, C;, = C, = (., ie., the
number of independent channels in three polarizations is the
same. However, zth polarization vanishes with the distance
along z-axis, thus, practically, C, # C,, Cy in TP systems.

Perform BD in each co-polarized channel to design the

precoding matrix F. Taking HY as an example, we have
Yoz = Hfszlle +ng, € CNTle (37)

and the kth user is

K
y® =12, VEOx®  H1E 3 REXE) n®) - G8)
k' #k

The interference channel matrix for the kth user is

= (1) (k—1)
T(k) = [(HE )Ta ceey (Hfr )T

rxr xT X )

k+1 K
X(fo( i ))T>a(H§x( ))T]T (39)
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Perform singular value decomposition (SVD) decomposi-
tion of T;’;?,

—(k V(ﬁk)
T = 0% v 0=] |V (40)
T,0
Therefore,
HE = HP, V), € oV (Ve T) gy

where the projection on the null space VSIIF )0 enables inter-user
interference elimination. ]
The SVD decomposition of the channel H*) is

. . AR 0 V(k)]
HY =T® { Tl (42)
The precoding matrix is
Foo = [VipVi' o Vipg Vit e €% @)

where the inter-user interference is removed and the user signal
is strengthened at the same time.

The similar design can be applied to Hgy and HY, to obtain
F,, and F .. The spatially precoded channel is

HE, 0 0
F __ F
H =| 0o Hf o0
0 0 HE

e((j,fil\/vT><-?)]\7,,‘7 (44)

where the channel ng = Hzf’quq, p,q € {z,y,z}.
We have the received signal

HE, 0 0 Xg
y=Hfx=| 0 HE 0| |x,
0 o HE| |[x

e C3Nr-x1 - (45)

Therefore, through the BD elimination method in the
second-layer precoding, the inter-user interference in three
co-polarized channels is removed. It should be noted, how-
ever, that although the proposed two-layer precoding scheme
removes the cross-polarization interference without sacrific-
ing polarization diversity, it requires higher computational
complexity compared with the user-cluster-based precoding.
As previoously mentioned in this section, the ranks of three
co-polarized channels are different in TP systems, thus, an effi-
cient PA is necessary. This is explicitly discussed in the
following section.

V. POWER ALLOCATION IN TP SYSTEMS

Since the ranks of three independent channels ng,p €
{z,y,z} are different, i.e., the power imbalance exists,
an effective PA becomes important. There are mainly three
PA schemes in TP system.

o PA1 (Polarization Selection based Power Allocation):
In PAI, one of three polarizations with the best channel
condition is selected for data transmission, then the users
in the selected polarization are allocated power using
water filling method.

It should be noted that PA1 can also be further refined,
i.e., the polarized channel for each user is selected, and
then all selected channels are rearranged for further PA
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among users. This is recommended when some users are
far away from the transmitter, because the zth polar-
ized component decays fast and only z,yth polarized
components dominate the communications. However, the
complexity of this scheme is heavily high, thus we do
not apply it in this work.

o PA2 (Equal Power Allocation): In PA2, three polariza-
tions are allocated with the same power, and then users
in each polarizations are allocated equal power.

A simplified comparison between PAl and PA2 is given
here, the power allocated to the pth polarization is ),, and
the power allocated to the kth user in the pth polarization is
G, p. Therefore, in PA1, @, = 1 and G}, are obtained using
water filling PA method. In PA2, Q, = 3 and Gy, = -
For fair comparison, we assume that all polarized channels are
normalized and only focus on PA among three polarizations.

Accordingly, the capacity of PA1 and PA2 are

RPA =log, (1 + f;) . RP? =3log, (1 - Qg > .

- 30
(46)
Since
A\ _ @ 9% @
1 = — 4+ = +1 47
( + 302 2705, + 3ok + o2, 1 “47)
we have
RPAI < RPAZ, (48)

which substantiates that three polarizations should all be
employed instead of just selecting the best polarized channel
for data transmission. Based upon this observation, we pro-
pose a two-layer PA method to fully exploit three polarized
channels, which is termed as PA3 in this paper. Specifically,
in the first layer, the three polarizations are allocated different
power weights. Then, the users in the same polarization is allo-
cated power using water filling method. Therefore, the power
allocated to users in different polarizations is the product of
the power in the first layer and second layer. In the following
subsections, the two-layer PA scheme, i.e., PA3, is illustrated.

A. The First Layer of PA3: PA Among Different Polarizations

Typically, waves in three polarizations experience different
pathloss. Intuitively, the polarization state with the highest
power is the best link for communications. Thus, it is nec-
essary to allocate power based on polarization state. Here,
we define a polarized matrix

E=|0 E, 0]|=| 0 [HE, [ 0 |
0 0 E. 0 0 [HE. |7
(49)

where |HF \? is the squared Frobenius norm of the matrix HF.
The water filling based PA is applied to the defined polarized
matrix E, i.eé, the power allocated to the pth polarization is

Qp = (e— %)* [46].

w
prp
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B. The Second Layer of PA3: PA Among Different Users in
the Same Polarization

In the first-layer precoding,

0 (50)

where A% = diag(Ap1,. .., Ar,)» and 7, = rank(Hgm(k)).
We have the block diagonal matrix for all K users, i.e.,

A = blkdiag[A® ... AT, (51)
Since
HE, Y a®a®yimE, ")
_ A(F) ~ AT .
_ G [A 0 &) [[A™]T 0 ekt

where Gg;) is the power allocated to the kth user in zth
polarization, and G = v g [G&';)]T[\Nf(k)ﬂ,

The water filling is performed on the diagonal elements of
A to determine the optimal power matrix G. Specifically, for
the ith element in the kth diagogal power matrix for the kth
- ﬁ)* [46], [47], [48], where
S\k,i is the ith element in the kth diagonal block in A.

Therefore, combining the allocated power in two layers for
the kth user in pth polarization as QG ; (or @, Gr), we have
the PA matrix (Q ® Ixn, )G, where Q and G are diagonal
matrices.

user, the power is Gj,; = (e

VI. PERFORMANCE EVALUATION

In this section, we provide the theoretical analysis and
simulation evaluation of the channel model, i.e., channel
correlation factors and DoF. In addition, the sum rate of the
proposed two precoding schemes are also evaluated.

A. Channel Correlation Analysis

There are mainly two channel correlation matrices: the
correlation matrix R® at the transmitter and the correlation
matrix R"” at each receiver. The nth transmit patch antenna
with location r,, and the fth transmit patch antenna with
location ry, will be spatially correlated by the following factor:

R* (17, v)) o< (E(r},) E' (1))

= //ermdQI'm/G (T, I';L)
x GT (I‘m/,rz) (J(rm)I (rm))

where 1 denotes transpose operation. Due to the reciprocity,
the receive correlation can also be obtained in the same way.
We assume that (J(r,,)J () = dmms /3, as a consequence
of the fluctuation-dissipation theorem [49], [50], we have:

R* (v, r}) oc Im{G(dne)}, (54)

(53)

where d,,, is the distance between the nth and /th transmit
patch antennas, and G (d,,¢) is the dyadic Green function for
a bounded surface.

Inspired by the theory of images for bounded planes, the
dyadic Green function G.(d,,) is the superposition of the
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Transmit HMIMOS

¢

Ty = (*T;'Lvy;ué)

Receive HMIMOS

Fig. 4. Free space with the original source r}, = (z},,y},,0) and its image

Tm = (x'/nv y'/rm Z)

electric free-space dyadic Green functions [51]. As shown
in Fig. 4, the source point r), = (z/,,y,,,0) has an image
point r,,, = (z),,y,,, %), and the field point (also in transmit
HMIMOS) is ), = (2}, y,,0). Therefore, G(dy¢) is the sum
of free space Green function Go(r),,r}) induced by original
source point r/, and Green function (_}imag(rm, r}) due to the
image source r,,,, which is given by:

GC(P;N rlé) = C"O(r;w rlé) + Gimﬂg‘(rmv I‘Z), (55
where the free space Green function due to the nth transmit
patch antenna is [51]

Go(r),,r)) = [(&2 + §§ + 22)
1 0 o .0 ;o
k—V 874_ 84‘2&2)}9(%#@)7
(56)
and the Green function of the image dyadic source

r,, is [51]

Gima,g (rm 9 I‘%)

Il
T
>
=
|
g3
<
+
IS
I
~

1 .0 .90 0
+ ﬁv <_x8x_y8y+zz>} 9(rm, 1)
(57
Since rimag = rm — 1y = (2, — 25,y —yp, 2) = (£,9, 2),

where & = z],—x, § = y,,—y, are differences between the nth
and /th transmit patch antennas, and Z is the distance between
transmit and receive HMIMOS. The derivative of scalar Green
function g (r,,,,r}) given in (8) is:

~ 89 ('Fimag) ikO'Flmag -1

ikoTima,
g, = Sl — cikoimas (58)
Timag Trrlmag
- - ~ 9 - i
where Timag = [Timag| = /2% +9% 422, and 5= Timag = —ﬁ
Therefore,
0 T 1koTimae — 1 _ .1 =
= P g < 51koTim
aig (rimag) == gr = — Anid Te!toTimas, (59)
T Timag T nag
Let f, =
0 ~ _ k’ 1mag — 13 korimag + Seikofimag (60)
o " 4t '
mag imag
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We obtain the intermediate variable

ga:ac (’Fimag)

- 2 [ tumo] = 2 [2 (a5

Z']{:O":imag -1+ k%i‘Q Z3k0i‘ 352 ikoTs
- — e imag
47T7‘f’mag 47r7‘i4mag 4777*i5mag
(61)
Thus,
— B 1 3
[Gimag (rma I'Z)] o = _g(rimag) — ﬁgm (rimag)- (62)
0
The imaginary part of [Gimag (T, PZ)]M is
Im { [ imag rlmdg)} mm}
sin(koTimag)  €0S(koTimag)  SIn(KoTimag)
= AT Fimag 47rk0rlmag ATk2F 13mag
fz Sin(kofimag) S:E Cos(koflmag)
47Tr1111ag 47Tk0T1mag
§§L§ﬂ§£@9ﬁ£§i§)
4 k2T lmag )
(63)

_ Similarly, the imaginary part of the xth polarization in
Go(r),,r}) is given by:

_ sin(kodne) — cos(kodne)  sin(kodne)
Im{[Go(d,e)] } = _
w{[Goldndl,} == 7t Tk, T AnRd,

B 2 sin(kodne) B 332 cos(kody)
4rd3, drkod?,
35)2 Sin(kodng)
217 sintFiodne) 64
k2D, )

Therefore, the imaginary part of the xth co-polarization
component of G.(r},r}) is

i {([Gule ]} = {[Gon]..)
—|—Im{[ imag Tlmag)]m}’

where the two summation terms are given in (63) and (64),
respectively.

The above equations provide theoretical analysis for HMI-
MOS in NF regime. It is shown that both the spacing d,,, and
distance Z contribute to correlation factor. A similar derivation
can be applied to the receiver correlation matrix R". It should
be noted that the user correlation is not considered in this
subsection, however, a similar analysis is straightforward.

The role of the transmit patch antennas spacing on the trans-
mit correlation factor R® (r],,r}) as a function of the number
of transmit antennas is illustrated in Fig. 5; the transmit corre-
lation factor was computed via (54) and (65). The wavelength
A = 1 m, the transmitter is equipped with Ny = 50 patch
antennas, and the distance between transmit and receive HMI-
MOS is 2 = 0.3\. The spacing of adjacent transmit patch
antennas is A7 = A7 = 0.05A,0.2) and 0.4, respectively.
It can be observed from the figure that, the larger number
of transmit antennas and the larger spacing between patch

(65)
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Spatial correlation
T
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Number of transmit patch antennas
Fig. 5. Simulated spatial correlation factors for different transmit patch
antennas spacing versus the number of transmit antennas with distance
z=0.3\

Spatial correlation
N
;

2 . . . . .
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Number of transmit patch antennas

Fig. 6. Simulated spatial correlation factors for different distances between
transmit and receive HMIMOS versus the number of transmit antennas with
spacing A7 = A7 = 0.1A.

antennas reduce the normalized spatial correlation, since the
distance between transmit patch antennas in (65) increases.

The distance Z between the transmit and receive HMIMOS
also has impacts on transmit correlation factors, which is
shown in Fig. 6. The wavelength A = 1 m, the transmitter
is equipped with Ny = 50 patch antennas with spacing
A3 = Aj = 0.1\, and the spacing of between two HMIMOS
is Z = 0.2X,0.4) and 0.8\, respectively. An interesting obser-
vation is shown in Fig. 6, where it is demonstrated that users
located further from the transmit HMIMOS experience higher
spatial correlation, while those being closer to transmitter have
smaller spatial correlation. From a first glance, it seems that
this finding contradicts the conclusion in Fig. 5, where it is
shown that the black curve Z = 0.8\ has 5 times higher
correlation than the red curve Z = 0.2\ for the first two
transmit patch antennas. However, the behavior in Fig. 6
is explained from the NF consideration. In this region, the
EM field is quasi-static and spatial coherence occurs in the
overlapped source areas of the order of 722 [49]. This implies
that the users being placed with larger distance Z have a higher
spatial coherence. Concluding, for fixed spacings and numbers
of transmit patch antennas in the NF regime, the furthest user
experiences the highest transmit spatial correlation.

The normalized correlation factors of all co-polarized chan-
nels are also given in Fig. 7. The wavelength is A = 1 m,
the transmitter is equipped with Ny = 50 patch antennas
with spacing A7 = Aj = 0.4X. Three users are placed
at distance z = 0.1X,0.2X\ and 0.4\, respectively. From the
figure, all co-polarized channels of users at further distance
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Fig. 7. Simulated normalized spatial correlation factors of all co-polarized
channels for different users at distance z v.s. the number of transmit antennas.
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Fig. 8.  Eigenvalues of the co-polarized and cross-polarized HMIMOS
wireless channels for a single user lying in the NF regime (z = \).

suffer the higher correlation, which proves that the closer
users are less spatially correlated in NF region. It can be
observed from the figure that zth co-polarized channel has
a higher spatial correlation factor than both xth and yth
co-polarized channel, and its correlation decays fast with the
number of transmit antennas, this can be accounted to that
zth component dominates in the NF region and are more
likely to be influenced by the spacing of two transmit patch
antennas. On the other hand, the users at further distance z
are more spatially correlated due to that the spatial coherence
is proportionally to the area dependent of z, which exactly
matches the former correlation analysis. What’s more, the dis-
crepancy of correlation factors in three polarization channels
increases as the distance further, which motivates distance-
aware procession in wireless communications.

The eigenvalues of co-/cross-polarized channels RY =
[HY]"HY i,j € {z,y, 2} are depicted in Fig. 8 and Fig. 9.
The wavelength A = 1 m, the transmitter and receiver are
equipped with 225 patch antennas, and the spacing between
patch antennas is 0.4\. The user is located at distance z = A
in Fig. 8 and z = 3\ in Fig. 9. It can be observed from
both figures that cross-polarized components are significant,
thus, they need to be eliminated for efficient wireless commu-
nication. In addition, in short distance, non-zero eigenvalues
of the zth co-polarized channel are as much as the other two
co-polarized channels in Fig. 8, implying similar contributions
to the zth and yth co-polarized channels in the system.
However, as shown in Fig. 9, when distance becomes further,
the zth and yth co-polarized channels are gradually more
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Fig. 9.  Eigenvalues of the co-polarized and cross-polarized HMIMOS
wireless channels for a single user lying in the NF regime (z = 3\).
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Fig. 10.  The channel capacity of a TP HMIMOS, DP HMIMOS, and
conventional HMIMOS systems.

dominant than zth co-polarized channel since they have more
number of high value eigenvalues. This is accounted for that
zth polarized component decays with the distance, and it even
goes to zero in the far-field.

The channel capacity comparison of TP HMIMOS,
DP HMIMOS [52], and the conventional HMIMOS equipped
with single polarized patch antennas is demonstrated in
Fig. 10. The wavelength A = 1 m, the transmitter and receiver
are equipped with 36 and 9 patch antennas, respectively, and
the spacing between patch antennas is 0.4A. In Fig. 10 (a),
the single user is located at the distances z = 0.5\. It can
be observed that the TP HMIMOS has the largest capacity,
since the full polarization is exploited, and the capacity grows
as SNR increases. However, as the distance z between the
transmitter and receivers increases, the gap between TP HMI-
MOS and DP HMIMOS decreases, as shown in Fig. 10 (b)
with SNR = 10 dB. This showcases that the zth polarization
component decays fast with the distance. It is thus apparent
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Fig. 11. DoF v.s. number of transmit antennas with the fixed surface at
different users.

that the capacity of TP HMIMOS gradually coincides with the
DP HMIMOS as the z distance increases.

B. Diversity Analysis in TP Systems

If the channel between N, transmitter antennas and N,
receiver antennas is full-rank, the transmitted signal experi-
ences N, N, different paths, thus, the maximal diversity gain
is N,.N; [53]. Considering that both spatial diversity and polar-
ization diversity contribute to the systems diversity, TP sys-
tems can further improve the reliability of the communications.
The diversity gain (DoF) is defined as [54]

- ()’

where the transmit and receive correlation factors in R can be
computed through (54).

The DoF of the generated channel with different number of
transmit antennas is given in Fig. 11. The HMIMOS surface
is A, = A, = 100\ (square shape), and we consider three
users located at z = 5\, 7\ and 9), respectively. It can be
observed from the figure that the further users have a smaller
DOF since the zth component decays fast with the distance.
More importantly, the simulated curves all reach plateau, for
example, the DoF of user at z = 7\ ceases increasing when the
number of transmit antennas exceeds 300, which reflects that
increasing transmit antennas cannot improve the performance
continuously. In other words, the DoF of the TP HMIMOS is
performance limited.

The influence of HMIMOS shape on the DoF is given in
Fig. 12. The HMIMOS surface is fixed as A, = A, = 642,
and the user is located at z = 5. It can be observed from
the figure that different shapes affects DoF. Specifically, the
square shape has the largest DoF while the circle shape has
a lower DoF. This is due to that the circle shape has a lower
spacing between patch antennas and a higher correlation, thus
generates a lower DoF than other shapes. This observation is
similar to that in [40], which proposed that more antennas can
be inserted inside a square than inside a circle without severely
degrading diversity gain performance. In addition, the higher
ratio between the long length and the short length has a lower
DoF, e.g., the DoF of rectangle shape with 16\ x 4\ is higher
than 32\ x 2. This can be explained by that the number of

(66)
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Fig. 12. DoF v.s. number of transmit antennas with the fixed surface for the
user located at z = 5A.

vertical patch antennas is fixed, in which the shorter length
produces higher spatial correlation, thus results in lower DoF.

C. Spectral Efficiency in TP System

Since the -cross-polarization interference is eliminated
through two-layer precoding schemes, the performance of
systems is mainly affected by co-polarization components. The
signal-to-interference-plus-noise ratio (SINR) for the kth patch
antenna in ith (i € {x,y, z}) polarization is

Qin,i|H5,kPi,kxi,k|2
F K ’
Qi3 1 >k 2y, Py i |* + 03,
where HF  1s the channel matrix in the ith co-polarization

for the kth patch antenna. Thus, the spectral efficiency of the
ith co-polarization is

SINRy,; =

(67)

rank(A)

Z log, |1+

where the matrix A; collects the singular values of the channel
matrix for ¢th co-polarization, and G; collects power for all
users in the ith polarization.

The averaged spectral efficiency of different precoding
schemes combining with different PA methods v.s. signal-to-
noise ratio (SNR) for K = 3 users is shown in Fig. 13. The
parameter setting Ny = 225, N, = 36, A7 = A = 0.4\ and
K = 3 users are located at z = A, 3\ and 5\, respectively.
It can be observed from Fig. 13 that the user-cluster-based
method (denoted as UE precoding) is outperformed by the
two-layer precoding scheme. This happens because only one
third of the polarization diversity is utilized in the former
method. In addition, the two-layer precoding scheme with the
two-layer PA method shows the highest spectral efficiency
while the polarization selection based PA method has the
lowest spectral efficiency. This is due to that three polarized
channels are fully exploited in the former case while only one
polarized channel is employed in the latter case.

The averaged spectral efficiency of different precoding
schemes combining with different PA methods v.s. SNR given
K = 6 users is shown in Fig. 14. The parameter setting
Ny =225, N, = 36, A" = AS = 0.4 and 6 users are located
at z = A, 2X,3),4),5), and 6, respectively. Through the
comparison between Fig. 13 and Fig. 14, the averaged spectral
efficiency of both precoding schemes decreases as the user

iGA?
R21*10g2 |I+Q : |* 7] J ‘7 (68)
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Fig. 13.  Spectral efficiency of the two proposed precoding schemes with
different PA schemes for K = 3 users.
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Fig. 14.  Spectral efficiency of the two proposed precoding schemes with
different PA schemes for K = 6 users.

number grows. In addition, in the two-layer precoding scheme,
the gap between PA2 and PA3 is smaller in K = 6 users than
that in K = 3 users. This can be explained by that the channel
singularity reduces when the number of users grows, thus the
performance gap between PA2 and PA3 decreases.

VII. CONCLUSION

This paper presented a NF channel model for TP MU
HMIMOS-based wireless communication systems, which was
based on the dyadic Green’s function. The proposed channel
model was used to design a user-cluster-based precoding
scheme and a two-layer precoding scheme for mitigating
cross-polarization and inter-user interferences, which are indis-
pensable components in polarized systems. The theoretical
correlation analysis in the NF region demonstrates that the
space and distance have opposite effects on correlation.
Our simulation results showcased that the considered TP-based
systems have higher channel capacity than both DP-based and
conventional HMIMOS systems in the NF regime, however,
this superiority gradually vanishes in the far-field regime as the
zth polarized components disappear. In addition, it was shown
that when increasing the number of transmit antennas, one
gradually reaches the DoF limit, while the shape of the HMI-
MOS also has a big effect on the achievable DoF. Furthermore,
since the proposed two-layer precoding scheme combined with
two-layer PA fully exploits the three polarizations to handle
the power imbalance, it was verified that it always yields
the best spectral efficiency among the compared precoding
schemes. In the future, we intend to study the polarization
mismatch loss and the impact of imperfect channel knowledge
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on the proposed methods when considering realistic scenarios.

We

also plan to capitalize on the cavity-model theory for

the considered channel modeling problem and analyze the
envelope correlation coefficients.
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