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Abstract—In recent years, thanks to the advances in
meta-materials, the concept of continuous-aperture MIMO
(CAP-MIMO) is reinvestigated to achieve improved communi-
cation performance with limited antenna apertures. Unlike the
classical MIMO composed of discrete antennas, CAP-MIMO
has a quasi-continuous antenna surface, which is expected to
generate any current distribution (i.e., pattern) and induce
controllable spatial electromagnetic (EM) waves. In this way,
the information is directly modulated on the EM waves, which
makes it promising to approach the ultimate capacity of finite
apertures. The pattern design is the key factor to determine
the communication performance of CAP-MIMO, but it has not
been well studied in the literature. In this paper, we develop
pattern-division multiplexing (PDM) to design the patterns for
CAP-MIMO. Specifically, we first study and model a typical
multi-user CAP-MIMO system, which allows us to formulate
the sum-rate maximization problem. Then, we develop a general
PDM technique to transform the design of the continuous
pattern functions to the design of their projection lengths on
finite orthogonal bases, which can overcome the challenge of
functional programming. Utilizing PDM, we further propose a
block coordinate descent (BCD) based pattern design scheme to
solve the formulated sum-rate maximization problem. Simula-
tion results show that, the sum-rate achieved by the proposed
scheme is higher than that achieved by benchmark schemes,
which demonstrates the effectiveness of the developed PDM for
CAP-MIMO.

Index Terms— Continuous-aperture MIMO (CAP-MIMO),
large intelligent surface (LIS), reconfigurable intelligent surface
(RIS), holographic MIMO (H-MIMO), electromagnetic informa-
tion theory (EIT).

I. INTRODUCTION

ROM 3G to 5G, the system performance of wireless
communications has been greatly improved by the wide
use of multiple-input multiple-output (MIMO) [2], [3], [4].
Equipped with multiple discrete antennas with half-wavelength
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CAP-MIMO

Fig. 1. An example of CAP-MIMO based communication scenario.

spacing, MIMO is capable of enhancing the wireless trans-
missions by exploiting spatial multiplexing and diversity [5],
[6], [7]. Inspired by the potential benefits of MIMO with an
increasing number of antennas, exploring the ultimate trans-
mission performance of a limited MIMO aperture has attracted
extensive attention in the communication community. As an
ultimate MIMO structure with extremely dense antennas, the
concept of continuous-aperture MIMO (CAP-MIMO), which
is also called as holographic MIMO [8], [9], [10], [11],
[12], large intelligent surface (LIS) [13], [14], [15], [16],
or reconfigurable intelligent surface (RIS) [17], [18], [19],
is reinvestigated for wireless communications in recent years.

Unlike the classical MIMO composed of multiple discrete
antennas with half-wavelength spacing [2], [3], [4], by deploy-
ing a large number of sub-wavelength elements in a compact
space, CAP-MIMO takes the form of a quasi-continuous
electromagnetic (EM) surface [17]. Thanks to the recent
advances of highly-flexible reconfigurable antennas, some
early attempts at reconfigurable quasi-continuous apertures
have been made [20], [21], [22], [23]. For example, the authors
in [24] proposed a design method for synthesizing the binary
meta-hologram pattern implemented in a leaky waveguide that
can radiate signals towards a prescribed direction. Besides,
by densely deploying a large number of small metamaterial
elements based on electrical resonators, the research in [25]
reported a continuous-aperture metasurface to achieve high
array gain with limited size. In addition, the authors in [26]
realized a electric-driven metasurface, and the EM wave with
arbitrary polarization can be generated and radiated.

As shown in Fig. 1, an ideal CAP-MIMO is expected to have
full control freedom of generating any current distribution on
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its spatially-continuous surface [10], so that its radiated EM
waves can be artificially configured in a desired manner. In this
way, the information for receivers can be directly modulated on
the spatial EM waves and radiated to the physical space. Rely-
ing on this mechanism, the physical properties of spatial EM
waves can be sufficiently exploited [27], leading to extreme
spatial resolution [13, Fig. 5], high spectrum efficiency [14,
Fig. 7] [15, Fig. 4] and high energy efficiency [17, Fig. 4].
Thus, CAP-MIMO becomes a promising technology to satisfy
many challenging requirements of future wireless networks,
such as the wide in-building coverage, high-speed uplink
transmission, and high-accuracy localization [17].

A. Prior Works

Realizing an ideal CAP-MIMO has a long history in the
research field of micro-wave and photonics, dating back
to Wheeler’s work in 1965 [28] and Staiman’s work in
1968 [29], respectively. By deriving the eigenfunctions of
continuous-space EM channels, the capacity bound between
two continuous volumes was derived in [30] and [31]. The
recent works on CAP-MIMO include antenna design [25],
physical model [32], performance analysis [11], channel esti-
mation [8], and so on. For example, the authors in [28]
proposed to realize CAP-MIMO by exploiting the current
sheet made of tightly coupled dipole array and the monolayer
metallic made of magnetic particles. Then, to characterize the
propagation process of the EM waves, the authors in [32] mod-
eled the wireless channels between CAP-MIMO transceivers
as Gaussian random fields. Subsequently, the author in [13]
derived the analytical expressions of the spatial degrees of
freedom (DoFs) of CAP-MIMO, and the authors in [11] fur-
ther analyzed its near-field DoFs. Moreover, the authors in [8]
proposed to exploit the geometrical property of arrays to real-
ize the overhead-reduced channel estimation for CAP-MIMO.
By utilizing special beam structures, a CAP-MIMO channel
estimation scheme was proposed in [9], whose training over-
head and complexity do not scale with the number of elements.

The pattern, i.e., the current distribution on the continu-
ous aperture of CAP-MIMO, is the key factor determining
the CAP-MIMO performance [13]. To support the coherent
transmission of multiple data streams, it is necessary for
CAP-MIMO transmitter to adopt a series of distinguishable
patterns to carry different symbols [11], [12]. Specifically, the
authors in [11] considered a near-field line-of-sight scenario,
where one linear-aperture CAP-MIMO transmitter serves
one linear-aperture EM-wave receiver. By adopting a series
of square-wave functions to generate the patterns, the EM
waves carrying different symbols can be radiated towards
different spatial angles. Furthermore, the authors in [12]
considered a similar near-field line-of-sight scenario with a
couple of linear-aperture CAP-MIMO transceivers. Particu-
larly, a wavenumber-division multiplexing (WDM) scheme
was proposed to directly generate the patterns by Fourier
basis functions. In this way, the transmitted symbols belong-
ing to different streams are modulated on different spatial
wavenumbers of radiated EM waves and transmitted, which is
similar to the frequency-division multiplexing in conventional
communications.
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From the above discussions, we can find that, most exist-
ing works have directly adopted the patterns generated by
given special functions to realize coherent transmission for
CAP-MIMO [11], [12]. Although these schemes can improve
the performance of CAP-MIMO to some extent, they only
work efficiently in some special communication scenarios,
such as single-user, linear-aperture, and/or near-field trans-
missions. To support CAP-MIMO in general scenarios with
complex propagation environment and multiple distributed
receivers, it is essential to design the patterns flexibly accord-
ing to the continuous channel functions, which resembles the
space-division multiplexing in conventional MIMO systems.
Unfortunately, to the best of our knowledge, such a flexible
and general pattern design scheme has not been well studied
in the literature. One possible reason may be the mathematical
challenge introduced by the design of continuous pattern func-
tions of CAP-MIMO, which is usually non-convex functional
programming [33] and thus difficult to be solved by the
classical discrete signal processing techniques for conventional
MIMO systems.

B. Our Contributions

To fill in this gap, in this paper,! we develop a general
pattern-division multiplexing (PDM) technique to flexibly
design patterns for multi-user CAP-MIMO. Our contributions
are summarized as follows.

o Based on the EM propagation principle, we study and
model a typical multi-user CAP-MIMO based com-
munication system, where one CAP-MIMO transmitter
with planar aperture serves multiple users coherently.
This allows us to formulate the sum-rate maximiza-
tion problem to optimize the CAP-MIMO patterns,
and it also provides a possible framework for other
technical problems in multi-user CAP-MIMO sys-
tems, such as channel estimation and energy efficiency
optimization.

o We develop a general PDM technique to flexibly design
the patterns of CAP-MIMO according to the knowledge
of continuous channel functions. The key idea is to
use series expansion to project the continuous pattern
functions of CAP-MIMO onto an orthogonal basis space,
thus the design of continuous pattern functions is trans-
formed to the design of their projection lengths on finite
orthogonal bases. In this way, the challenging problem
of optimizing continuous patterns of CAP-MIMO can be
addressed.

« Utilizing the developed PDM technique, we further pro-
pose a block coordinate descent (BCD) based pattern
design scheme to solve the formulated sum-rate maxi-
mization problem for multi-user CAP-MIMO. Simulation
results show that, the multi-user patterns designed by the
proposed scheme are almost mutually orthogonal, and the
sum-rate achieved by the proposed scheme is higher than
that achieved by benchmark schemes.

'Simulation codes are provided to reproduce the results presented in this
article: http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html.
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C. Organization and Notation

Organization: The rest of this paper is organized as
follows. Section II introduces the system model of multi-
user CAP-MIMO and formulates the problem of sum-rate
maximization. The general PDM technique to address the
continuous patterns of CAP-MIMO is developed in Section III,
and the specific pattern design scheme to solve the formulated
problem is proposed in Section IV. Simulation results are
presented in Section V to validate the effectiveness of the
proposed scheme. Finally, conclusions are drawn and future
works are discussed in Section VI.

Notation: C, R, R,, and Z denote the set of complex,
real, positive real, and integer numbers, respectively; [-] 71,
[]*, []*, and [-]" denote the inverse, conjugate, transpose, and
conjugate-transpose operations, respectively; | - || denotes the
Euclidean norm of its argument; || - ||p denotes the Frobenius
norm of its argument; det|-| denotes the determinant of its
argument; E,{-} is the expectation operator with respect to the
random vector z; R{-} denotes the real part of its argument;
In(-) denotes natural logarithm; rect (-) is the generalized
rectangular function whose value takes one/zero when the
condition in its argument is true/false; mod(a,b) denotes the
remainder of a/b; V, denotes the first-order partial derivative
operator with respect to z; surfaces are indicated with calli-
graphic letters S and |S| denotes the Lebesgue measure of S;
I, denotes an L x L identity matrix.

II. SYSTEM MODEL AND PROBLEM
FORMULATION FOR CAP-MIMO

In this section, we study and model a typical multi-
user CAP-MIMO based communication system, where one
CAP-MIMO transmitter with planer aperture simultaneously
serves K users in the downlink. Specifically, we first intro-
duce the system model of a CAP-MIMO transmitter in
Subsection II-A. Then, the EM channels between the trans-
mitter and the users are illustrated in Subsection II-B. Next,
the EM waves at the users are modeled in Subsection II-C.
Finally, the problem of the sum-rate maximization for multi-
user CAP-MIMO system is formulated in Subsection II-D.

A. CAP-MIMO Transmitter

As shown in Fig. 2 (a), we consider a CAP-MIMO trans-
mitter with aperture St of area At = |St| working in a
3-D homogeneous medium. In the ideal case, CAP-MIMO
has an almost continuous antenna aperture, which is able to
generate any current distribution on its continuous surface for
wireless communications [10], [11], [12], [13]. Let j(s,t) €
R3 denote the monochromatic current density at a generic
location s := (s;,s,,5.) € R? and time ¢. The ideally
controllable current distribution at the CAP-MIMO transmitter
can be written as

i(s,t) =R {j(s)e ¥}, seSr, (D

where f is the current frequency. For simplicity but without
loss of generality, we assume that the communication system
works in narrowband, which is exactly the well-known and
widely-used time-harmonic assumption in EM analysis [34].
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This allows us to ignore the time-related component e 27 /%
and focus on the time-independent current density j(s) € C3.
Consider that the CAP-MIMO transmitter simultaneously
serves K tri-polarization receivers (i.e., K users) in the
downlink.2 Let x £ [z1, -+ ,2x]" € CK denote the symbols
transmitted to K users, respectively. We assume that these
symbols have the normalized power, i.e., Ex {xxH} = Ig.
Then, similar to the conventional MIMO beamforming [35],
the symbols x to be transmitted are modulated on K different
CAP-MIMO patterns {6 (s)}szl, which aims to make these
symbols orthogonal at different users as much as possible, and
thus high channel capacity can be achieved. For simplicity,
we assume that CAP-MIMO employs linear superposition to
combine multiple information-carrying patterns {6y (s)}f=1
for coherent transmission, thus the combined current distribu-
tion j(s) on the CAP-MIMO aperture can be modeled as

K
()= 6k (s)xr, s€Sr, 2
k=1

where pattern 6, (s) € C3 is the component of current density
that carries symbol x.

B. Electromagnetic Channels

To model the radiated information-carrying EM waves in
space, we define e(r) € C3 as the electric field at point r :=
(14, 7y, 72) € R3, which is induced by the current distribution
j(s) on the CAP-MIMO aperture. According to Maxwell’s
equations, the current distribution j(r’) and the electric field
e(r’) satisfy the following inhomogeneous Helmholtz wave
equation [34]:

V xVxe(r)—rge(r) =jroZoj(r'), 3)

where r’ € R? is any arbitrary point in space; kg is the spatial
wavenumber; and Z; is the intrinsic impedance of spatial
medium, which is 376.73  in free space.

Then, to explicitly express the relationship between the
current distribution j(s) at the transmitter and the electric field
e(r) at the receiver, Green’s method [34] is utilized to solve
(3). By introducing channel function G(r,s) € C3*3, the
electric field e(r) at point r can be induced from (3) as

e(r) =

where channel function G(r,s) plays a role similar to the
channel matrix in classical MIMO systems. From the perspec-
tive of mathematics, G(r,s) is the system impulse response,
i.e., Green function. In particular, G(r,s) is determined
by the specific wireless environment. For example, in ideal
unbounded and homogeneous mediums, G(r,s) is [34]

<13 _(r=s)(r— S)T> 5)

[r —sf?
2In contrast to [15] and [16] where the uplink capacity of multi-user
CAP-MIMO was analyzed, this paper focuses on the pattern design for a
downlink multi-user CAP-MIMO system with tri-polarization transceivers.
Due to the power constraint of CAP-MIMO, inter-user interference, and tri-
polarization transmissions, the pattern design problem is challenging to solve,
which motivates us to propose a general scheme based on optimizations.

G(r,s)j(s)ds, 4)
St

jkoZg eirolir=sl

G(r,s) =

4 |lr —s||
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Fig. 2. The concept of CAP-MIMO based wireless communications. (a) illustrates a CAP-MIMO transmitter, which has a quasi-continuous antenna aperture
St for radiating information-carrying EM waves e(r). (b) illustrates K tri-polarization single-antenna receivers (i.e., K users) each being able to sense the
three polarizations of incident wave ej, and then combine the three components via 1), to decode symbol x.

in the far field, while G(r, s) is usually modeled as a stochastic
process in scattering environments [14].

C. Electromagnetic-Wave Receivers

As shown in Fig. 2 (b), we assume that all K EM-wave
receivers (i.e., K users) are located in the far-field region, and
each user is equipEed with an ideal tri-polarization antenna
with area Ag = Zl\—w, which satisfies Ag < At [15]. In this
case, similar to a discrete antenna, each user can be reasonably
approximated by a point in 3-D space.

Let r;, € R? denote the 3-D location of the k-th user.
In the ideal case, user k& with a tri-polarization antenna
can sense the three polarizations of the EM waves reaching
point ry (i.e., holographic capability [11]). Then, the three
polarization components are combined to decode symbol xy
with a polarization combiner 1, € C3.> Thus, according to
(2) and (4), the EM wave received by user k£ can be expressed
as

G (s)0x (s)ds

St

Yk = €r + g = Ty

Desired signal to user k

K
+ Y @ Gk(s)ej(s)der\r\l’kj (6)

I S
J=Lj#k T Noise

Interferences from other users

where e, = e(ry), Gi(s) := G(ry,s), and n;, € C? is
the EM noise at user k, which is produced by all incoming

3There are two potential ways to achieve an adjustable combiner 1 1o 1) The
receiver antenna can actively adjust its polarization direction to combine the
polarization components in the analog domain, i.e., polarization-adjustable
reconfigurable antennas [36]. 2) The receiver can digitalize the polarization
components and then combine them in the digital domain.

EM waves that are not generated by the transmitter [34]. For
simplicity, we follow the isotropic propagation assumption
used in [12], thus ny for all k € {1,---, K} can be mod-
eled as mutually independent additive white Gaussian noises
(AWGNSs) with zero mean and variance o2I3. Our work can be
easily extended to the general colored-noise case by replacing
0?13 in the following analysis with the specified E {nkng}.

D. Sum-Rate Maximization Problem Formulation

Based on the above system model, in this subsection,
we formulate the sum-rate maximization problem for multi-
user CAP-MIMO. By calculating the sum of multi-user mutual
information, the sum-rate of K users, can be derived from (6)
as

K
Ryum = »_ logy det |Ts + a1, )
k=1
where o, and Jj are respectively given by

Q= Gk(s)ak (S) dS,
St
K H
Jp= Z G (s)0, (s)ds( G(s")0; (s) ds')—l— o?T3.
=17k 57 S

(®)

In practical systems, we are interested in investigating the
maximum sum-rate subject to a given power constraint. By
integrating the radial component of the Poynting vector over
a sphere with infinite-length radius [34], we introduce the
following lemma to upper-bound the total transmit power of
CAP-MIMO in the sense of expectation.

Lemma 1 (Transmit power constraint of multi-user
CAP-MIMO): The total transmit power of the multi-
user CAP-MIMO based communication systems can be

Authorized licensed use limited to: Tsinghua University. Downloaded on August 07,2023 at 07:08:42 UTC from IEEE Xplore. Restrictions apply.



2354

upper-bounded by the following inequality:

Z/ 165 (s)|*ds < Pr, ©)

where Pr can be viewed as the allowable maximum “transmit

power” of CAP-MIMO, which is implicitly associated with

the physical radiation power and measured in A2 (or mA?).
Proof: Please see Appendix A. ]
By combing (7) and (9), the original problem of sum-rate

maximization subject to the transmit power constraint can be

formulated as

Zlog2 det |13 + akak.] 1|

P, : max Roum = (10a)

o(s)

(10b)

S [ 1o lPas < P
k=17ST

where 6(s) is defined as 6(s) := {0 (s)}szl. Our goal is to
maximize the sum-rate in (10a) by appropriately designing the
continuous pattern functions 6(s), i.e., the current distribution
on the continuous aperture St of CAP-MIMO.*

Remark 1: Generally, the pattern design problems such as
P, in (10) are difficult to solve. The reason is that, the
continuous pattern functions 8(s) within integrals exist in both
optimization objective and constraint in problem P, in (10),
which is actually non-convex functional programming [33].
In this case, since the partial derivatives of the optimization
objective with respect to O(s) are difficult to obtain, the
classical signal processing techniques for discrete arrays, such
as gradient descent and Lagrange dual method [37], are hard to
be adopted. Such kind of non-convex functional programming
is common in the optics and micro-wave areas, especially for
the design of the radiation patterns of directional antennas, and
these problems are usually addressed by using commercial EM
simulation software such as high frequency structure simulator
(HFSS), which results in high time and space complexity.

III. DEVELOPED PATTERN-DIVISION MULTIPLEXING
(PDM) FOR CAP-MIMO

To address the challenging optimization of continuous
pattern functions as shown in problem P, in (10), in this
section, we develop PDM technique to design CAP-MIMO
patterns. The key idea is to use series expansion to expand
the continuous pattern functions in an orthogonal basis space.
In this way, the continuous pattern functions are projected
onto finite orthogonal bases, thus the design of these functions
is transformed to the design of their projection lengths in
the orthogonal basis space, which makes optimizing con-
tinuous functions feasible. Specifically, in Subsection III-A,
we introduce the developed PDM technique to deal with
CAP-MIMO patterns. Then, in Subsection III-B, we provide
the performance analysis of the developed PDM.

4Due to the difficulties of hardware implementations [20], [21], [22], [23],
generating any patterns on a continuous aperture is challenging for current
technologies. However, the optimized 6(s) can be viewed as ideal pattern
designs for CAP-MIMO. In practice, these ideally designed patterns can
be appropriately adjusted, such as low-resolution quantization or discrete
sampling, to satisfy the hardware constraints of practical CAP-MIMO systems.
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A. A General Pattern-Division Multiplexing (PDM)
Technique

Different from the existing methods which adopt the pat-
terns directly generated by special functions for coherent
transmissions [11], [12], in this section, we develop PDM
technique to flexibly design the patterns for CAP-MIMO
according to the knowledge of continuous channel func-
tions {Gk(s)}k{{:l. Particularly, the developed PDM aims to
strengthen the desired information-carrying signals and make
the EM waves carrying different symbols as much orthogonal
as possible at the users. In this way, higher channel capacity is
expected, which is similar to the space-division multiplexing
in classical MIMO systems.

To efficiently optimize the continuous pattern functions
{H;Q(S)},CK:1 in problem P, in (10), inspired by the pattern
design methods in antenna theory, an intuitive idea is to use
series expansion to project these continuous functions onto
an orthogonal space [34]. In this paper, we use Fourier bases
to expand the spatial continuous pattern functions. Since the
Fourier transform of spatial domain is exactly the wavenumber
domain, this choice of bases allows us to better understand and
analyze the pattern design from the perspective of wavenumber
space. In this way, we obtain the following lemma.

Lemma 2 (Fourier series expansion of pattern functions):
For an arbitrary continuous pattern function 0x(s) € C3
defined in volume s := (s3,8y,5,) € Sr, if Oi(s) is
absolutely integrable, pattern function 6;(s) to be designed
can be equivalently rewritten as

= Z Wk,n\I/n (S)a

where we define n := (ng,ny,n,) € Z* and ) o :=
> oo Zn“;: s 2om.——oo to simplify notations. Partic-
ularly, the projection length wy,, € C® in the wavenumber
domain and the Fourier base function ¥y, (s) € C can be
written as

s € S, an

Ur (s)ds, neZ? (12a)

_ 1 / 0
' \/AT eSSt
L ) 2 o ) )
VAT
s € St, (12b)

where L, Ly, and L, denote the maximum projection lengths
of volume St on the z-, y-, and z-axis of 3-D coordinate
system, respectively. The Fourier bases ¥y, (s) satisfy

n'—n

which guarantees the orthogonality between any two basis
functions.

Note that, different from the Fourier basis functions in
[14] which represent the spatial plane-wave channels, the
basis functions in (12) have no physical significance, which
only provide functional degrees of freedom for the further
optimization of pattern functions 6(s). Since their indexes
n := (ng,n,,n.) € Z> only take integer values, the equality
(270, /Ly)° + (27, / Ly)* + (270 / L.)* = 3 does not hold

’ (13)
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Fig. 3. The normalized channel gain ||.# {G1(s)rect (s € St)}||% against the normalized wavenumber k. /0, where frequency is fixed as f = 2.4 GHz

in (a) and distance is fixed as d = 0.1 m in (b).

in most cases. Then, using the series ex%ansion in Lemma 2,
the continuous pattern functions {6} (s)},_, in problem P, in
(10) can be equivalently replaced by their discrete projection
lengths {Wk,n}kK:1 in the wavenumber space.

To this end, we introduce the following two useful corol-
laries to address the continuous pattern functions:

Corollary 1 (Continuous-discrete transform for electric
field): Let K = (Kg, Ky, k,) denote the wavenumber and
Z {-} (k) denote the Fourier transform of its argument on
surface St at wavenumber . By adopting Fourier series
expansion for pattern function 6,(s), the product of channel
function Gy(s) and pattern function €;(s) in integral |, sp ds,
i.e., the electric field, can be equivalently rewritten as

Gy(s)0; (s)ds = Z Qe nWin,

Vk>] S {17 >K}a

St
(14)

where

Qin = F {Gi(s)} (kn) = [ Gi(s)¥n (s)ds,

St

15)

in which Q; , € C3%3 is exactly the Fourier transform of
function Gy(s)rect (s € St) over the CAP-MIMO aperture
St at wavenumber K, = (27r2—;”,27r%,277%). In particu-
lar, according to Parseval’s theorem, the following equation
naturally holds:

/5 IGLEIds =S [

where the left-hand side is the integral of the Frobenius
norms of continuous functions while the right-hand side is the
sum of the Frobenius norms of discrete matrices. Particularly,
HGk(s)H% can be viewed as the channel gain in the spatial
domain at position ry and ||an||§ can be viewed as the
channel gain in the wavenumber domain at wavenumber K,,.

Corollary 2 (Continuous-discrete transform for power con-
straint): According to Parseval’s theorem, the Euclidean norm

2, (16)

of pattern function @y, (s) in integral | Sr ds, i.e., the transmit
power of x, can be equivalently rewritten as

/ 104 &)[2ds = 3 wenl® VEe {1, K}, (7)
St m

which guarantees the conservation of system energy.

Utilizing the continuous-discrete transforms in Corollary 1
and Corollary 2, we note that the continuous functions
{Gk(s)}f:1 and {Bk(s)}szl can be replaced by their projec-
tion lengths {Qk,n}fﬂ and {wk,n},ﬁ{:l, respectively. Thus,
the functional programming [33] can be reformulated as a
common digital signal processing problem. However, since
the number of expansion items is infinite as shown in
(14), (16) and (17), the optimization of projection lengths
{Wk:,n}szl is still unacceptable for practical computing
devices. Therefore, how to address the infinite expansion items
becomes a critical issue for the pattern design of CAP-MIMO

Fortunately, thanks to the inherent physical properties
of function Gy(s)rect (s € St), some recent works have
revealed that, the value of Hﬂk,nH%, i.e., the channel gain in
the wavenumber domain, is high in the low-wavenumber band
and negligible in the high-wavenumber band in most cases.
For example, the authors in [12] have shown by simulations
that, in a typical system with two linear-aperture CAP-MIMO
transceivers, the wavenumber-domain channel gain within the
band of [—kg, ko] is usually much higher than that within
the other bands [12, Fig. 4]. By deriving the closed-form
expression of . {Gy(s)rect (s € St)}, the authors in [38]
have analytically proved that, the wavenumber-domain channel
gain within the band of [—kq, k9] dominates in the whole
wavenumber domain [38, Fig. 2, Fig. 3]. Some works on
channel modeling have also pointed out that, the small-scale
fading of CAP-MIMO channel can be modeled by the sum of
finite Fourier plane-wave representations, which also implies
that ignoring high-wavenumber expansion items has little
impact on channel quality [10, Eq. (39)].
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To observe the above fact, here we take a specific sce-
nario for example. For simplicity, we consider a single-user
CAP-MIMO system working at frequency f, where the
CAP-MIMO transmitter is deployed on the x-axis with aper-
ture St = {(sm,sy,sz) |sz] <0.5m,s,=0,s,=0
the user is located at (0,0, d). Then, we plot the normalized
channel gain ||.% {G1(s)rect (s € ST)}H% against the normal-
ized wavenumber k,/ko in Fig. 3 (a) and Fig. 3 (b) with
different setups. From these two figures, one can observe that,
for all our considered setups, the channel gain within the band
of ky € [—kKo, ko] dominates in the wavenumber domain.
Particularly, when |k, /ko| is larger than 1, compared with
|kz/Ko| = 0, the wavenumber-domain channel gain suffers a
large loss of about -30 dB, which is in agreement with the
results in existing works [10], [12], [38].

As a result, this fact inspires us to approximate the Fourier
expansion series Zf Q. nWjn with finite low-wavenumber
and high-power items that satisfy [27 72| < ro, |27 74| < ko,
and |27 7=| < Ko and ignore those high-wavenumber and low-
power items, which actually exploits the idea of compressed
sensing [39]. In this way, we obtain the following proposition.

Proposition 1 (Finite-item approximation of expansion
series): Define N := (N, N,,N,) with N;, N,, and
N, being the numbers of the reserved expansion items
on the x-, y-, and z-axis, respectively. Let ZE =
ngzf N, Z%’:_ N, Zgzzzf n, for notation simplification.

and

Then, the electric field in (14) and the transmit power in (17)
can be approximated® by

N
G(s)0; (s)ds = > QpnWjn, Vk,j€{l,--+ K},
ST n
(18a)
N

/ 10k (8)2ds ~ 3 [wenl®, VE € {1, K}, (18b)
St

n

where the numbers of reserved expansion items N are sug-
gested to be set to

- Iﬁ)oLm - RoLy - HoLz
Nm_[ o —"Ny_{ o —"NZ_{ or | (19)

Proof: Employ a truncation operation on (14) and (17),
and then find the minimum positive integers N, N, and IV,
subject to ZW% > Ko, Qﬂg?y’ > Kg, and 2772[: > Ko. [ |

Exploiting the above proposition, the total number of expan-
sion items becomes finite, which is acceptable for the practical
computing devices. For example, when L, = 0.5 m and
f = 2.4 GHz, the number of reserved items on the x-axis
can be chosen as N, = [%W = 4. In this way, it becomes
feasible to design the continuous pattern functions {H;C(S)},CK:1
for CAP-MIMO via optimizing the finite projection lengths

K.
{Wkn},_, in the wavenumber space.

SThis approximation is valid when the evanescent waves are negligible,
i.e., the users are not too close to the CAP-MIMO aperture. In this case, all
wavenumber components of propagating waves take the real values within
[—Ko, +ko], thus the suggested N in (19) ensures a safe approximation.

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 41, NO. 8, AUGUST 2023

B. Performance Analysis of Developed PDM Technique

Since the developed PDM includes a finite-item approxima-
tion as shown in Proposition 1, the CAP-MIMO system will
suffer a performance loss. Nevertheless, it can be expected
from Corollary 1 and Corollary 2 that, when the number
of the reserved expansion items increases, this performance
loss will approach zero asymptotically. In this subsection,
to show the PDM’s capability of approaching the ideal solution
asymptotically, we analyze the performance loss caused by the
finite-item approximation. To this end, in order to make the
problem analytically tractable and get insightful results, here
we consider a simplified CAP-MIMO system with single user
(K = 1), while the general multi-user case will be studied in
Section IV.

1) Achievable User signal-to-noise ratio (SNR): To analyze
the performance loss caused by the finite-item approximation
while employing PDM, we first study the achievable user SNR
in the ideal case. Since K = 1, for notation simplification,
we temporarily omit the subscript & of channel function
Gy(s), pattern function 8y (s), and polarization combiner
1,,, respectively. Then, the original sum-rate maximization
problem P, in (10) can be equivalently reformulated as the
following SNR maximization problem:

B ’¢H Js. G(s)8 (s) ds ’

Ps:  max , 20a
T w60 YPHpo? 200
s.t. / 16 (s)||°ds < Pr, (20b)

St

where v is the user SNR, and v € C? is used to decode
symbols at the user side, as shown in Fig. 2 (b).

Different from most CAP-MIMO systems whose perfor-
mance limits are difficult to obtain due to the non-convex
functional programming, we prove that the single-user
CAP-MIMO system has a closed-form and optimal pattern
design, given as below:

Lemma 3 (Achievable user SNR): The maximum achiev-
able SNR of the single-user CAP-MIMO system, i.e., the
optimal solution to problem Ps in (20), can be expressed as

_Pr

~OP — )\max{ i G(s)GH(s)ds}, 21)

where Apmax {-} denotes the maximum eigenvalue of its argu-
ment. In particular, the optimal user SNR ~°P* can be achieved
when

VPIGH ()€ { [5, G (") GH (') s’}

0(s)= |
2

\/fsT GY(s)€ max {fSTG(S/)GH(S/)dS,}H ds

(22a)
Emax G(S)GH(S)dS
- {fST } ) (22b)
[0 {5, G1Gs)as}

where &€ .. {-} denotes the eigenvector corresponding to the

maximum eigenvalue of its argument.
Proof: Please see Appendix B. [ ]
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Remark 2: When the user is located in the far-field region,
the squared channel function GH(s)G(s) takes the similar
amplitude for all s € S, thus we have ||GH ||
|GH(s0)G(s0)|| wherein s is the central coordmate of ST In
this case, it can be observed from (21) that, the achievable user
SNR can be approximated by v°P* ~ P “TAr HGH s0)G(so0)||,
where ||GH (s0)G(so || can be v1ewed as the gain of channel
between the CAP-MIMO transmitter and the user. One can
find that, the achievable user SNR ~°P' is approximately pro-
portional to the transmit SNR 5—5 and the area of CAP-MIMO
aperture Ar.

2) Performance Loss Caused by Finite-Item Approximation:
By combining Corollary I and Lemma 3, the achievable user
SNR in the ideal case, i.e., v°P* in (21), can be equivalently
rewritten as

2
; (23)

= — Zﬂnwn

o2

where €2,, and w,, are the Fourier transform of G (s) on
surface St and the inverse Fourier transform of 6 (s) at
wavenumber K, respectively, written as

Q, = G (s) Uy (s)ds, (24)
St
Wn:\/iTT/STO s) Uy (s)ds. (25)

After employing the finite-item approximation in Proposition 1
for v°Pt in (23), the non-ideal achievable SNR 4 can be written
as:

2

Z Quwn

To analytically evaluate the truncation error of the finite-item
approximation in Proposition 1 on the system performance,
here we define a new metric called SNR loss: A := ~°Pt — 4,
which is related to the CAP-MIMO transmit power and the
noise power at the user. Then, our goal is to derive the upper
bound of the SNR loss A for a given IN, which characterizes
the worst-case performance loss caused by the finite-item
approximation in Proposition 1. By exploiting some inequality
techniques, we obtain the following lemma:

Lemma 4 (Upper bound of SNR loss): Given the numbers
of the reserved Fourier expansion items N = (N, N,, N),
the SNR loss A can be upper-bounded by

(26)

0-2

P
A< VT4 vi) [ IGEIRas @)
T
where 1 € [0, 1] is defined as
N 2
n
2on €]l

which can be regarded as a threshold describing the degree of
finite-item approximation.
Proof: Please see Appendix C. [ |
Remark 3: From (27) we can observe that, the upper bound
of the SNR loss A is approximately proportional to the
transmit SNR % and the aperture area At of CAP-MIMO.
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Algorithm 1 Proposed Pattern Design Scheme for the Sum-
Rate Maximization of Multi-User CAP-MIMO Systems

Input:  Channel functions Gy, (s) with respect to s € St
for all users k € {1,--- , K}.
Output: Optimized sum-rate Rs,,; optimized combiners
1) at users; optimized patterns 6 (s) on the aperture of
CAP-MIMO transmitter.
Initialize ) and 0 (s);
while No convergence of Ry, do
Update p by (31);
Update 7 by (34);
Update w by (40) and (41);
Update 6 (s) by (42);
Update R, by (10a);
end while
return Optimized R, 1°P", and 6°°" (s).

sum?

R A A ol s

It implies that, for a given N, larger aperture area At will
lead to larger performance loss. This explains why N should
be set according to the aperture size, as shown in (19).
Besides, when the number of the reserved expansion series
N increases, i.e., n — 1, the upper bound of the SNR loss A
gradually goes to zero. It indicates that, despite the existence
of the finite-item approximation, the performance loss can
be artificially controlled by setting an acceptable N while
employing the developed PDM. In this way, the pattern design
scheme based on PDM is promising to approach the ideal
solution asymptotically.

IV. PROPOSED PATTERN DESIGN SCHEME
BASED ON PDM TECHNIQUE

In this section, to show how to design CAP-MIMO patterns
through the developed PDM technique, we propose a BCD
based pattern design scheme to solve the sum-rate maximiza-
tion problem P, in (10) as a typical example. Specifically,
in Subsection IV-A, we present the whole process of the
scheme design. Then, in Subsection IV-B, the convergence
and computational complexity of the proposed pattern design
scheme are discussed.

A. Proposed Pattern Design Scheme for Sum-Rate
Maximization

In this subsection, we propose a BCD based pattern design
scheme to solve the sum-rate maximization problem P, in
(10). Firstly, we consider to decouple the continuous pattern
functions by adopting an equivalent transform for sum-rate
maximization problem [40, Theorem 1], and we obtain the
following lemma.

Lemma 5 (Equivalent problem for sum-rate maximization):
By introducing auxiliary variables p = [py, -, pk]" € RE
and the combining vectors ) := {¢k}kK:1 for all K users,
the original sum-rate maximization problem P, in (10) can
be equivalently reformulated as

Z logypi— ﬁ Z pkEk+

P1: max R,

5 (29a)
p,,0(s)
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(29b)

Z/ 16, (s)|2ds < Pr.,
St

where 1, € C? is the polarization combiner at user k as
shown in Fig. 2 (b), and E}, is the mean-square error (MSE)
of the decoded symbol ) = 'zzyl,fyk, defined as

By = {81 — 24"}

— ‘1 — | Gi(s)0k (s)ds

St
K
p>
j=1,j#k

To solve the equivalent problem P; in (29), similar to
conventional MIMO beamforming, a scheme of pattern design
can be established by optimizing variables p, combiners 1,
and continuous pattern functions 6(s) alternatively until the
convergence of sum-rate Ry,p,. For clarity, we summarize the
whole process of this pattern design scheme in Algorithm 1,
where the updates of p, v, and O(s) are introduced in the
following three parts, respectively.

1) Fix v and 0(s), Then Optimize p: While fixing the user
combiners ) and the CAP-MIMO pattern functions 6(s), the
optimal solutlon to the auxiliary variables p can be obtained
by setting 2 °‘"“ to zero for all k € {1,---, K}, written as

2

P Gi(s)0; (s)ds| +07|l4p]”.

St

(30)

pzpt Ek_ , ked{l,---

2) Fix p and 0(s), Then Optimize 1p: While fixing the auxil-
iary variables p and the pattern functions 8(s) of CAP-MIMO,
after removing the unrelated components in problem P; in
(29), the subproblem of optimizing the user combiners 1) can
be reformulated as

K} 31)

Py : mix — prkAwk + 2me{¢k6k} (32)

k=1

where Ay and 3, are defined as

Ak_z

H
)ds( G (s)0; (s’)ds’) +0°13,
St

(33a)

B = G (s)0 (s)ds (33b)
St

Note that, subproblem P, in (32) is a standard convex

quadratic programming (QP), thus the optimal solution to )
can be easily calculated as

P = AP, ke{l,-- K} (34)

3) Fix p and v, Then Optimize 0(s): Given fixed auxiliary
variables p and the user combiners ), after removing the
unrelated components in problem P; in (29), the subproblem
of optimizing the continuous pattern functions 6(s) can be
reformulated as

max

35a)
0(s) (

Z Prgr (

k=1

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 41, NO. 8, AUGUST 2023

K
Z/ 16 (s)||*ds < Pr,  (35b)
k=1"ST

where the function gy, (0 (s)) is defined as

K 2
g (0(s) =) : ¥k Gi(s)6; (s)ds
j=11/5r
- m{ PG (5)0% (5) ds}. (36)
St

To address the challenging functional programming shown in
(35), we consider to employ the continuous-discrete transforms
in Corollary 1 and Corollary 2, as well as the finite-item
approximation in Proposition 1, to address the continuous
channel functions and pattern functions. In this way, problem
Ps3 in (35) can be reformulated as

Py: max Y pudn (W (37a)

K N
Z Z Hwk’HHQ < Pr,

k=1 n

(37b)

where we have defined w as the set of all projection lengths
Wi.n and

K 2

N
=2 |2 hlaWin
j=1| n
in which hy, ,, := Qg’nzpk..
To simplify notations, we define h; and wy as the
vectorized sets of hy , and wy , for all n = (ng,ny,n;) €
{{_Naza T 7N:E}7 {_Nya T 7Ny}7 {_sz e 7Nz}}a
respectively. In this way, the optimization problem P, in (37)
can be equivalently reorganized as

N
— 2R {Z hgnwm} , (38)

max Zpk Z wj’2—2%{hlgwk} (39a)
Jj=1
Z [wil* < Pr, (39b)
k=1

which is a standard quadratically constrained quadratic pro-
gramming (QCQP). By adopting Lagrange multiplier method
[41], the optimal solution to problem Ps; in (39) can be
obtained by

-1

K
Wi = pi [ o0 Y b Iy, | by, VEE {1,

j=1

7K}>

(40)

wherein Np := (2N, + 1)(2N, + 1)(2N, + 1) is the total
number of the reserved Fourier expansion items. Note that, ¢ is
the Lagrange multiplier, which should be chosen such that the
complementarity slackness condition of the power constraint
(39b) is satisfied, i.e.,

K
(COPt = min{C >0: Z HwkH2 < PT} .

k=1

(41)
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One-dimensional binary search can be an efficient way to solve

(41) and obtain the optimal Lagrange multiplier °P* [40].
Finally, after calculating the optimal projection lengths
wzpt}kzl, according to Lemma 2, the final solution to the

patterns on CAP-MIMO aperture can be obtained by

N
077 (s) =Y wihWn (s), s €S,

n

(42)

which completes the proposed pattern design scheme.

Remark 4: In this paper, we focus on studying the theoret-
ical performance of a multi-user CAP-MIMO system. Due to
the difficulties in generating any current distribution and the
high-complexity iterative procedure, the online implementa-
tion of the proposed pattern design is challenging for current
technologies. Therefore, a potential application scenario in the
future may be low-mobility communications with slow-fading
channels, where the patterns do not need to update frequently.
Besides, a possible way to utilize the proposed pattern design
is to generate the offline codebook, so that the mobile users
can be served through a beam training process.

B. Convergence and Complexity Analysis

1) Convergence: The convergence of the proposed pattern
design scheme is asymptotic due to the finite-item approx-
imation as shown in Proposition 1. Specifically, here we
introduce superscript ¢ as the iteration index for Algorithm 1,
e.g., 0'(s) refers to the set of pattern functions at the end of
the t-th iteration. Thus, the convergence of Algorithm 1 can
be summarized as follows:

Rium (P, 9"71,0" (s))

(@)
> Rlum(p'™ 91,6 (5))

(®) ©)
Z Réum(thrla 17bt7 et (S)) Z Réum(pta ¢tﬂ Ot (S)))

where (b) and (c) follow since the updates of auxiliary variable
p in (31) and combiner %) in (34) are monotonous, while (a)
follows when the number of reserved expansion items Npg
is sufficiently large. It is because a performance gap exists
between problem Ps in (35) and problem Py in (37), which
is caused by the finite-item approximation in (18). When Ng
increases, this performance gap can be close to zero gradually
according to Lemma 4, which ensures the strict convergence
of Algorithm 1.

2) Complexity: The computational complexity of the pro-
posed pattern design scheme is mainly introduced by the
updates of variables p, 1, w, and pattern functions 6(s),
as shown in (31), (34), (40), and (42), respectively. Let I
denote the sampling number of the continuous integral opera-
tion |, Sr ds. Then, the computational complexity of updating
auxiliary variable p is O (12K?I, + K* + 4K), which is
mainly caused by the calculation of MSE E. The complexity
of updating combining vector % is O (10K?I, + K + 21K),
which is due to the matrix inversion in (34). Different from
the updates of p and 1 with closed-form expressions, the
update of w requires solving QCQP in (39). Thus, for a
given accuracy tolerance ¢, the complexity of updating w is

(43)
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CAP-MIMO
transmitter

Electromagnetic-wave
receivers

Fig. 4. An illustration of the simulation scenario, where one CAP-MIMO
transmitter simultaneously serves eight users.

O (log, (1/e) VN + 1(1 + 2Np)N3), which is caused by
the matrix inversion in (40) and the one-dimensional binary
search for optimal (°P!. Finally, the complexity of updating
0(s) is O (I;Np), which is caused by the discrete-continuous
transform as shown in (42). In general, since the aperture of
CAP-MIMO is nearly continuous, it is reasonable to assume
I; > K and Np > K. Thus, the overall computational
complexity of the proposed pattern design scheme can be
approximated by O (I,I,K? +log, (1/€) I,N#®), wherein
I, is the iteration number required by the convergence of
sum-rate Rg,n,. Thanks to the finite-item approximation in
Proposition 1, the computational complexity of the proposed
pattern design scheme is similar to that of the well-known
weighted mean-square error minimization (WMMSE) [40].

V. SIMULATION RESULTS

A. Simulation Setup

1) Simulation Scenario: For the simulation scenario,
we consider a 3-D scenario with the topology shown in Fig. 4,
where one CAP-MIMO transmitter serves K = 8 users
simultaneously. Following the same setup in [15], we assume
that the CAP-MIMO transmitter is deployed on the xy-plane
with its center located at (0,0, 0), i.e.,

L,

L
‘sz| S P |Sy| S Jasz = 0}7 (44)

Sr = {(sx,sy,sz) 5 5

where the CAP-MIMO aperture has a square shape with the
area of Ar = 0.25m?, i.e., L, = L,, = 0.5 m. Particularly, all
users are located in a square region, where four of them are
located at (+1m, +1m,30m), and the other four are located
at (£5m, £5m, 30 m), respectively.

2) Simulation Parameters: Unless otherwise specified, the
simulation parameters are set as follows [34]. The frequency
of information-carrying current density j(s) and electric field
e(r) is set to f = 2.4 GHz, and the intrinsic impedance
is set to Zyp = 376.73 2. The maximum transmit power of
CAP-MIMO s set to Pr = 100 mA? for all schemes to
be compared, and the noise power is set to 02 = 5.6 x
1073 V2/m?. To observe more space-related insights, channel
functions { Gy, (s)}kK:1 are generated by the free-space channel
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model® (5). The sampling number of integral /. Sr ds is set to
I, = 1024. To show the impact of finite-item approximation
in Proposition 1, here we consider three different setups for
the finite-item approximation of expansion series: (i) N, =
Ny =Tand N, =0 (ie., Np = 225); (i) N, = N, = 4 and
N, =0 (i.e., Np = 81); (iii) N, = Ny =1 and N, =0
(i.e., Np = 9). Note that, for the considered aperture St in
(44), setup (ii) is exactly the setting of N provided in (19),

ie., [fgl=] = Fgﬁy—‘ = 4. All pattern functions {0y (s)}r_,

and user combiners {1 k}le are randomly initialized by the
standard complex-Gaussian stochastic processes and variables,
respectively.

3) Simulation Benchmarks: Inspired by the multi-user pat-
tern designs employed in [12] and [16], we consider the
following three benchmark schemes for comparison.

i) Match-filtering (MF) scheme [16]: Different from our
proposed scheme that designs patterns via alternating opti-
mization, the authors in [16] directly employed the conjugate
of channel functions as the patterns of an uplink multi-user
CAP-MIMO system. Although this MF scheme can maximize
the desired signal for each user, the inter-user interference
cannot be well suppressed. Here we extend this MF scheme
to the studied downlink case as a baseline. Without loss of
generality, we assume the antennas at users are in the y-axis
polarization and fix all combiners as 1, = [0,1,0]". Then,
the pattern functions are set to 8, (s) = /pGj (s)y,,, wherein
p is associated with the power allocated to K users. To satisfy
the power constraint Zszl s, 118% (s)||?ds = Pr, a scaling
operation can be employed to determine the value of p. Finally,
the optimized patterns @;"(s) can be substituted into (7) to
evaluate the sum-rate.

ii) Fully-digital MIMO [12]: The authors in [12] made a
comparison between a CAP-MIMO system and a fully-digital
MIMO system by dividing the continuous aperture into several
patches spacing of half wavelength. Then, the pattern of each
patch is assumed to be rectangular function, of which the
amplitude and phase can be optimized like discrete antennas
[12]. In this paper, we extend this baseline to our studied
tri-polarization multi-user case. Specifically, the considered
aperture sized of L, x L, allows the fully-digital MIMO
to deploy M = M, x M, = [2L,/\] x [2L,/A] patch
antennas. Assume that each patch antenna has an effective
aperture area of |S,,| = A, = A?/4/m. The m-th patch
antenna is centered at (S, z,Sm,y,0) with region S,, =

2 2
{(Sxa Sy, Sz)||5:r - 5m,x| + ‘Sy - 5m,y| < Am/777 Sz = 0}7
in which sp,, = mod(m—1M;)N2 — L,/2,
Smy = [(m—1)/Mg]A/2 — L,/2. Next, the pattern
function of the m-th patch at region S, is assumed to be
Or.m(s) = \/jfnrect (s € Sm) Vim € C3, where {vi » }M_;
is exactly the digital precoder for user k. Therefore, the
overall pattern function can be written as

M
05 (s) = rect (s € Sp) Viem, k€ {1,--- , K}

m=1

(45)

6Since the formulations in this paper do not impose requirements on
the mathematical structure of channel functions {Gy(s)}X_,, the proposed
pattern design scheme is also applicable to the other channel models.
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Fig. 5. Sum-rate against the aperture area A .

By substituting (45) into the expression of electric fields,
we obtain:

St

M
1
Gi(s)8; (s)ds = — G (s)dsv, .,
e v O T
M

=Y Hpmvjm=Hwv;,  (46)

m=1
where Hj,, = \/%mfsm Gi(s)ds € C3%3 is the
channel between the m-th antenna and userH k;, Hy =
My, Heads and v = [vE oo v 17 By substi-

tuting (45) and (46) into the original problem P, in (10), the
sum-rate maximization problem can be reformulated as

K

Rsum = Z 10g2 (1 + aII;Ilelak?)
k=1

Py : max
{Vk}£{=1

K
st Y |lvell* < Pr, (47)
k=1

where oy, =Hj vy and J, = Zf:l,#kaVj (Hkvj)H +0%1;.
Note that problem P; is exactly a standard sum-rate maxi-
mization problem in multi-user MIMO system, which can be
solved by the well-known fractional programming in [37].

iii) Upper bound: To evaluate the interference cancellation
capability of different schemes, similar to the ideal assumption
in multi-user MIMO systems, we consider the interference-
free sum-rate as the upper bound for comparison, which is
realized by ideally assuming all inter-user interferences are
fully canceled and then employing the proposed pattern design
scheme under setup (i) of N, i.e., Np = 225.

B. Sum-Rate Against the Aperture Area At

To show the impact of CAP-MIMO aperture area on the
system performance, we first plot the sum-rate against the
aperture area At in Fig. 5, where the aperture shape of
CAP-MIMO always remains a square, i.e., L, = L,. From
this figure, we have the following three observations.
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Firstly, the proposed PDM achieves a higher sum-rate than
the MF scheme. For example, when At = 1 m?, the sum-rate
achieved by the proposed scheme is 17.90 bps/Hz, which is
about 24% higher than 13.69 bps/Hz achieved by MF scheme.
The reason is that, the MF scheme directly employs the conju-
gate of channel functions to generate K patterns for multiple
users, and the negative impact of inter-user interference is
ignored. In this way, the beams steering towards different users
may spatially overlap, which causes a high interference. In
contrast, the proposed PDM jointly designs the patterns for K
users, which takes account of the influence of interference in
its optimization procedure. During the algorithm implementa-
tion, the proposed scheme actually makes a trade-off between
the amplification of desired signals and the suppression of
inter-user interference. In this way, the EM waves carrying
symbols can be accurately steered towards the users with
stronger spatial orthogonality, and thus higher sum-rate can
be achieved.

Secondly, the proposed PDM achieves different perfor-
mances while given different setups of N for finite-item
approximation. Particularly, the PDM scheme under setup
Nrp = 9 suffers an increasingly large performance loss
compared with those under setups Nr = 81 and Np =
225. The reason is that, the reserved number expansion
ittms Nrp = 9 is so small that the finite-item approxi-
mation in (18) cannot provide enough functional DoFs to
well optimize the pattern functions {Bk(s)}le. Besides,
compared with the PDM scheme under Np = 81, that
under Np = 225 achieves almost negligible performance
improvement. It implies that, for the considered aperture St
in (44), when Np = 81, the number of functional DoFs
has been sufficiently large enough to well design the con-
tinuous pattern functions {Gk(s)}iil. The reason is that, the
wavenumber-domain channel gain of CAP-MIMO dominates
within the low-wavenumber band of [—kg, ko], as shown
in Fig. 3. Thus, ignoring the high-wavenumber items of
Fourier expansion series has very limited impact on pattern
designs, which demonstrates the effectiveness of the setup of
N provided in (19).

Finally, we obtain the similar results in [12] that the
CAP-MIMO schemes outperform the scheme of fully-digital
MIMO. The reason is from three aspects. First, the rectangular
function is directly employed as the pattern of each discrete
patch. Compared with a continuously controllable patch, each
patch of MIMO has limited degree of freedom to manipulate
the radiated EM waves. Second, the channel between the
m-th antenna and user k is Hy, ,,, = \/%7 me Gy (s)ds. Since
continuous channel function G (s) varies at different positions
over s € Sm, such an integral may result in a power loss
of Gi(s) (unless patch is small enough, e.g., A/10 diameter
[12]). Physically speaking, it means that the eigenmode of the
patch antenna does not perfectly match the incident waves.
That is why smaller reconfigurable antennas are preferred by
metasurfaces [25]. Third, compared with the practical MIMO
with discrete antennas, the reconfigurable aperture of CAP-
MIMO fully covers the given region St. It determines that
CAP-MIMO can obtain higher array gains to enhance the
desired signals for users.
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Fig. 6. Sum-rate against the maximum transmit power Pr.

C. Sum-Rate Against the Transmit Power Pr

To show the impact of transmit power on the system per-
formance, we plot the sum-rate against the maximum transmit
power Pr in Fig. 6. We have the following third observations.

Firstly, for all considered schemes, the achievable sum-rate
increases quickly as the transmit power becomes higher,
while the proposed PDM always outperforms the benchmark
schemes in the considered range of transmit power. For exam-
ple, when the transmit power Pr is 103 mA?, the maximum
sum-rate achieved by fully-digital MIMO is 12.69 bps/Hz,
while that achieved by the proposed PDM scheme is about
15.96 bps/Hz, which achieves an improvement of about 26%.

Secondly, the performance gaps, including the gap between
the upper bound and the proposed scheme and the gap
between the proposed scheme and the MF scheme, become
larger as the maximum transmit power Pr gets higher. The
reason behind this phenomenon is that, the performance gaps
among these three schemes highly depend on the inter-user
interference, and the sum-rate is simultaneously influenced by
the inter-user interference and the noise. When the transmit
power is low, the inter-user interference are relatively low,
thus the noise dominates, which makes the performance gaps
among these schemes small. In contrast, when the transmit
power of CAP-MIMO increases, the interference will be more
serious, which finally dominates in the undesired factors for
sum-rate improvement.

Finally, as Pr increases, one can note that fully-digital
MIMO outperforms the CAP-MIMO with MF scheme when
Pr is about 316.2 mA?. The reason is that the MF scheme
ignores the inter-user interference. When the transmit power
Pr rises, the desired signals as well as the uncontrolled
interference increase simultaneously, which limits the rate of
sum-rate improvement. In contrast, the fraction programming
in [37] is adopted to design the precoder of fully-digital
MIMO. This scheme actually achieves a balance between
amplifying desired signals and suppressing inter-user inter-
ference, thus the increase of sum-rate improvement is faster.
This indicates that designing interference-suppressed patterns
is necessary to make multi-user CAP-MIMO effective.
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D. Patterns 0(s) of CAP-MIMO

To show the pattern functions optimized by the proposed
pattern design scheme, by fixing Np = 81, we present the
normalized amplitude of the x-component of the optimized
patterns 6y(s) for the former four users in Fig. 7, and their
phase in Fig. 8, respectively. We observe from Fig. 7 that, after
optimizing the patterns via the proposed scheme, the power
of the patterns for different users are mainly distributed in
non-overlapping regions, which seems like several orthogonal
functions. It indicates that, in order to maximize the sum-
rate, the pattern functions carrying different symbols are
designed to be as orthogonal as possible to reduce the inter-
user interference. Besides, from Fig. 8 one can notice that,
the phase values of the patterns carrying different symbols
are symmetrically distributed. It indicates that the information-
carrying EM waves are steered toward the angular directions
where the four users are located, respectively, as shown in
Fig. 4. This interesting phenomenon is similar to the result of
the conventional MIMO beamforming, which aims to generate
spatially-orthogonal beams toward multiple users. We can
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Fig. 9. Sum-rate against the network radius R.

conclude that, both of these two figures have provided intuitive
explanations for the sum-rate improvement, which has also
demonstrated the effectiveness of the proposed pattern design
scheme.

E. The Impact of User Positions on Sum-Rate

In this subsection, we show the impact of users’ posi-
tions on the sum-rate of a multi-user CAP-MIMO system.
Specifically, we consider two different setups. Following the
variable-controlling principle, for the first setup, we assume
that the distances between all K users and the transmitter’s
center are equal. Thus, K users are evenly located on a
circle centered at (0,0, L) with radius R, and the circle is
parallel to the zy-plane. Particularly, the k-th user’s position
is (Rcos(¢r), Rsin(¢y), L) wherein ¢y, = 2kw/K. Typically,
we consider four different vertical distances L = 2m, 5m,
10m, 30m, and then simulate the sum-rate as a function of
network radius R. For the second setup, we assume that the
positions of K users are randomly distributed in the volume
V ={R € [2m,30m],L € [2m,30m], ¢; € [0,2n],Vk €
{1,---,K}} to account for the practical case. By fixing
N = 81, we plot the sum-rate as a function of network radius
R in Fig. 9, and we obtain the following two observations.

Firstly, the sum-rates for all schemes decrease as the vertical
distance L increases. For example, when R = 10 m, the pro-
posed PDM scheme can achieve the sum-rate of 29.32 bps/Hz,
26.51 bps/Hz, 22.90 bps/Hz, and 9.18 bps/Hz for L = 2m,
5m, 10m, and 30m, respectively. There are two reasons
for this phenomenon. One reason is that, as the receivers
get far away from the transmitter, more transmitted power
is lost into space due to the larger-scale fading of channels,
leading to a decrease in the signal strengths at the receivers.
The other reason is that, limited by the spatial resolution
of the CAP-MIMO aperture, the transmitter is increasingly
difficult to accurately steer the desired signals toward the target
positions.

Secondly, as the network radius R increases, the sum-rate
for each scheme experiences two stages: Increase to a peak at
first and then gradually decrease at R = 2m. This interesting
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phenomenon can be explained as follows. During the first stage
when R is small, the users in the network are close, which
results in serious inter-user interference. As R increases, the
interference gradually weakens, leading to an increasing sum-
rate. Then, during the second stage, when R is sufficiently
large, the negative effect of large-scale channel fading becomes
more significant, resulting in a decrease of the sum-rate.

VI. CONCLUSION AND FUTURE WORKS

In this paper, we have developed PDM technique to design
the CAP-MIMO patterns. Specifically, we have studied and
modeled a multi-user CAP-MIMO system, which may provide
a framework for some open problems, such as the analyses of
channel DoFs and capacity [38]. The developed PDM is able
to transform the design of the continuous pattern functions
to the design of their projection lengths on finite orthogonal
bases. Thus, PDM may serve as a signal processing framework
for some technical problems in CAP-MIMO systems, such
as channel estimation [17] and energy efficiency optimization
[42]. Utilizing PDM, we have proposed a BCD based pattern
design scheme to solve the formulated sum-rate maximization
problem. Simulation results have shown that, the sum-rate
achieved by the proposed scheme is higher than that achieved
by benchmark schemes. In the future, the CAP-MIMO pattern
design with lower complexity is important, and some modern
tools like deep reinforcement learning [43] can be leveraged
for the efficient pattern design of CAP-MIMO.

APPENDIX A
PROOF OF LEMMA 1

By integrating the radial component of the Poynting vector
over a sphere with infinite-length radius, for a deterministic
source in a given surface St, the physical radiation power
can be upper-bounded by the integral of the Euclidean norm
of j(s) over s € St [34]. Here we extend this proof to the
case in the sense of expectation, where the current distribution
j(s) is a stochastic process composed of multiple patterns that
carry symbols x, as shown in (2).

Firstly, we calculate the Poynting vector S(r) by its
definition:

5(r)1
= 57" (0el)
"2z Zx o (/G >H | G(r.5)6;(s)ds,

J#J
(48)

K K o
where 37, £ Y ji—1 2j1,j - Utilizing Ex{xxfl} =
Ik, the physical radiation power of CAP-MIMO P..q4 in the
sense of expectation can be calculated as

{ /Q S(r)r2dw}

Prag = lim Ex

T—00
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2
G(r,s)0; (s)ds|| r?dw,
St

(49)

= lim — /
r—o0 2Zo —Ja

wherein r = ||r|| and w € © is the solid angle of 4 steradians.
Note that, when 7 is large enough, the channel function G(r, s)
can be approximated by

: j H
JkoZo €70 I — ) o in(00)s
4T r r2 ’

G(r,s) =

(50)

where ¢ € [0,7) and ¢ € [—m, ) are the elevation angle and
azimuth angle respectively, which is associated with points
r and s. Plane wave wave vector K (¢, ) takes the form of

K (¢, p) = 2F[cos psin ¢, sin psin ¢, cos ¢] . By substituting
(50) into (49) we obtain
Prad
li KOZO I;— — e %" (#9)sg (s)ds 2dw
réoo 32 Sr 372 k
K Zo s, T 2
< lim -2 13— — ) eI 08|l dsdw
T—00 327r St
<3 / 105 (9)]%as 5D
k=151

where Cauchy-Schwarz inequality is applied to the right side
of the equality to derive its upper bound. It can be observed
from (51) that, the component related to r is limited when

r — 00, 1.e.,
2
0 < lim / / <13 - > eI (@0)s || dsdw < oo.
r—00 St
(52)

Therefore, the physical radiation power of CAP-MIMO can
be upper-bounded by the component in (51) unrelated to r,
written as

(53)

Z/ 16 (s)[%ds < Pr,
ST

which completes the proof.

APPENDIX B
PROOF OF LEMMA 3

Obviously, the optimal solution to P, in (20) is achieved
when fST |0 (s)||’ds = Pr. Thus, by applying Cauchy-
Schwarz inequality for the objective of problem P, in (20),
we obtain

o 2
]zp Js, G(5)0(s) ds‘
PHapo?

PIG(s H ds

’y:

fsT

s, 16 (9)1Pds
Pt 11)02
I Ul
¥Tpo?

(a)

; (54)
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where equality (a) holds when
GH(s)3p
Vs, IGH()p*ds’

Thus, problem P in (20) can be equivalently reformulated as

0(s)=/Pr (55)

H H
" (f5, G(s)GH(s)ds) v
Pepo? '
It is a standard Rayleigh quotient thus ~y can be maximized

when combiner ) takes the eigenvector corresponding to the
maximum eigenvalue of matrix |, Sr G (s)GH(s)ds, written as

& max G(s)G"(s)d
o {fST S S s} . -

€ { s, G(5)GT(s)ds

Then, the pattern design scheme in (22) can be obtained by
substituting (57) into (55) and ~°P' in (21) can be obtained
by substituting (22) into (20), which completes the proof.

(56)

= 14T

APPENDIX C
PROOF OF LEMMA 4

For simplifying notations, here we define > - 41
N o .
> 0% — > . Then, the full derivation process of Lemma 4 is
summarized as follows.
Firstly, by substituting v°P*
~°PY — 4, we obtain:

oo (£ )

2

in (23) and 4 in (26) into A =

oo
Z Q. Wn

n=N-+1

2

(@ 2 ||
S ? Zﬂnwn nWn|l — nWn
n n=N+1 n=N+1
(b) 1 o] 0o
S ; Zﬂnwn Z ann
n n=N+1
aWn nWn (58)
n=N+1

where inequality (a) follows since R {z"y} < ||z|| |ly| and
(b) follows since ||z|| — ||y|| < ||z — y/||. Then, by substituting
Wy, in (24) as well as 6(s) and v in (22) into (58), we obtain:
A
1 Pr
=5 i
o Ar [, IGH(

(s)epds

/SZQ\I/

T n

s)||ds
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X Q,7,(s)GH(s)epds
/ST n§+1
1 Pr
.7, d
o*Ar [ [|GH(s)p|*ds /STzn: e
X / D 2 Ua(s)GH(s)ppds| . (59)
St n=N-+1

Next, by utilizing Cauchy-Schwarz inequality H /. Sr zHdeH <
\/fST ||z||2ds\/f$T lly||>ds, we further obtain

U2AT /

A<

ZQ\I/

n

X / > QuU,(s)
St n=N+1
P N ’
T
Q.U
+02AT /ST ; n¥a(s)) ds
o 2
X / > QuUa(s)
St n=N+1
(a) PT (e’ (e’
n n=N+1

Y el

n=N+1

(60)

N
>l
n

where (a) follows since ||>_z|| < > ||z||. Finally, the upper
bound of A can be derived as

o0

ST lallE

n=N+1

P
<3 Z 19207

o0

Sl

n=N+1

N
> 12al17

h Pr | w— =
= oy 2 [Raley | (1 =m) Y (12l

1_

+ 7 nZIIQ I ZIIQ I

@SV i) [ e as

(61)
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where (a) follows since ||z|| < ||z||p; (b) holds since 1 =

PO

||QHH% > ||Qn||§, and (c) holds according to Parse-

val’s theorem shown in (16). This completes the proof.
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