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In this paper we study the effective degree of
freedom (EDoF) for extremely large-scale multiple-
input multiple-output (XL-MIMO) systems. We
consider two XL-MIMO hardware designs, uniform
planar array (UPA) based and continuous aperture
(CAP) based XL-MIMO, as well as two representa-
tive near-field channel models: scalar Green func-
tion based and dyadic Green function with triple
polarization based models. First, for UPA-based
XL-MIMO with a discrete array aperture, we eval-
uate the EDoF performance by applying discrete
channel matrices generated by the scalar or dyadic
Green channel model. Then, for CAP-based XL-
MIMO, a tailored EDoF performance evaluation
framework for a two-dimensional (2D) CAP plane
based system is constructed by leveraging asymp-
totic analysis and extending the analysis approaches
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for a one-dimensional (1D) CAP line segment based
system. This framework incorporates the triple-
polarized auto-correlation kernel function, which can
efficiently capture the impact of multiple polariza-
tion on the EDoF performance. Numerical results
show that, with an increase in the number of anten-
nas, the UPA-based XL-MIMO system can achieve
an EDoF performance close to the EDoF perfor-
mance for the CAP plane based XL-MIMO sys-
tem. Moreover, the EDoF performance can be en-
hanced by the multiple polarization in channels and
increased physical size of the transceiver.

1 Introduction

With the rapid development of wireless com-
munications, the anticipated beyond fifth-generation
(B5G) and sixth-generation (6G) wireless communi-
cation networks have been widely studied (Zhang
JY et al., 2020; Tataria et al., 2021; You XH et al.,
2021). Concurrently, the escalation in communica-
tion demands and the variety of application scenar-
ios have introduced substantial challenges (Huang
et al., 2021; Ouyang et al., 2022; Du et al., 2023;
Zheng et al., 2023; Sun et al., 2024). To tackle
these challenges, many promising enabling technolo-
gies have been widely applied in wireless communi-
cation (Letaief et al., 2019; Zhang JY et al., 2020;
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Chen et al., 2021; Du et al., 2024; Gong et al., 2024;
Shi et al., 2024; Wang et al., 2024b). Among these
technologies, XL-MIMO technology holds high ex-
pectations (Cui et al., 2023; Lu et al., 2023; Lei
et al., 2024a, 2024b; Tang et al., 2024; Wang et al.,
2024b).

MIMO technology has been viewed as an im-
portant enabler of wireless communication networks
since the advent of fourth-generation (4G) wireless
communication networks (Marzetta, 2010; Björnson
et al., 2019, 2024; Gan et al., 2021; Zhang JY et al.,
2021; Chen et al., 2023). As an evolution of con-
ventional massive MIMO (mMIMO) technology, XL-
MIMO employs an extremely large number of anten-
nas, for example, thousands, even tens of thousands,
of antennas (Lu et al., 2023; Xu et al., 2023; Wang
et al., 2024b). The extremely large array aperture
in XL-MIMO necessitates the consideration of near-
field spherical wave characteristics, which are typi-
cally neglected in conventional mMIMO due to the
small or moderate array aperture (You CS et al.,
2023; Liu YW et al., 2024; Liu ZH et al., 2024; Wang
et al., 2024b; Xu et al., 2024). Mainly three promis-
ing XL-MIMO hardware designs, i.e., uniform linear
array (ULA) based (Cui and Dai, 2022), UPA-based
(Lu and Zeng, 2022), and CAP-based (Zhang ZJ and
Dai, 2023) XL-MIMO designs, have attracted signif-
icant attention (Liu ZL et al., 2024; Wang et al.,
2024a, 2024b).

To fully explore the benefits of XL-MIMO tech-
nology, the performance limit analysis for XL-MIMO
systems is vital. Several works have studied the
degree of freedom (DoF) for near-field XL-MIMO
systems (Yuan et al., 2022; Jiang and Gao, 2023;
Ouyang et al., 2023; Xie et al., 2023). Ouyang et al.
(2023) reviewed three DoF-related performance met-
rics and compared their characteristics and insights,
and provided important guidelines for DoF perfor-
mance analysis for near-field XL-MIMO systems.
Among the various performance metrics, EDoF has
garnered significant research interest. EDoF is an
approximate mathematical solution for the number
of dominant singular values of the channel (Ouyang
et al., 2023). Note that EDoF can be directly related
to the slope of the capacity performance of systems,
which is intuitive in depicting the capacity perfor-
mance. Based on the scalar Green function based
channel model (we call it the scalar Green chan-
nel model in the following briefly), Jiang and Gao

(2023) and Xie et al. (2023) studied EDoF for both
the ULA-based and 1D CAP line segment systems.
Notably, the EDoF expressions in Xie et al. (2023)
were computed in a novel closed form. Moreover,
Yuan et al. (2022) analyzed the EDoF performance
for the UPA systems with the dyadic Green function
based channel model (we call it the dyadic Green
channel model in the following briefly). Note that
the dyadic Green function captures triple polariza-
tion, which is more accurate for describing near-field
electromagnetic (EM) characteristics compared with
the scalar Green channel model. However, existing
research on the EDoF analysis of CAP systems has
been limited to scenarios involving the 1D CAP line
segment.

In practice, 2D plane based XL-MIMO systems
are extensively researched and advocated (Wang
et al., 2024b). The UPA-based system with the dis-
crete array aperture and the 2D CAP plane based
system with the continuous array aperture are re-
garded as two promising plane-based XL-MIMO
hardware designs. It is crucial to assess the EDoF
performance of these designs and explore their re-
spective performance limits. Note that the CAP
plane based system can be regarded as a special case
of the UPA-based system by considering an infinite
number of antennas while maintaining the array size.
However, the performance analysis for the CAP- and
UPA-based systems is carried out in the continuous
integral dimension and the discrete matrix dimen-
sion (Ouyang et al., 2023), respectively. Conducting
further studies to analyze the EDoF performance of
2D CAP plane systems and compare their perfor-
mance with that of UPA systems is both interesting
and essential.

To address the research gap, in this study, we
analyze the EDoF performance of both UPA-based
and 2D CAP plane based XL-MIMO systems with
both the scalar and dyadic Green channels. For
UPA-based XL-MIMO, we evaluate the EDoF per-
formance by leveraging the discrete channel matri-
ces for both the scalar Green and the dyadic Green
channels. Moreover, we propose a novel EDoF per-
formance analysis framework specifically for the 2D
CAP plane systems over the dyadic Green channel,
with the aid of asymptotic analysis for the EDoF
performance analysis framework for the UPA sys-
tem. This framework embraces the auto-correlation
kernel with triple polarization considered, capturing
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the impact of multiple polarization on EDoF perfor-
mance. Finally, numerical results are provided to
compare the performance of the UPA system and
2D CAP plane system, and to evaluate the effects of
polarization and the physical size of the transceiver.

2 System model

In this section, we introduce the system model
of the UPA-based and CAP plane based XL-MIMO
systems. Specifically, the system features and chan-
nel models are discussed.

2.1 UPA-based XL-MIMO

2.1.1 System feature

We first investigate the UPA-based XL-MIMO
as illustrated in Fig. 1, where both a transmitter
and a receiver are equipped with a UPA with point
antenna elements. The transmitting plane lies in
the XY plane with its left-bottom point being the
origin. The transmitting array consists of MV an-
tennas per column and MH antennas per row. Thus,
the transmitter is equipped with M = MHMV an-
tennas in total. The antenna spacings in the verti-
cal column and horizontal row are Δt,V and Δt,H,
respectively, and the vertical and horizontal side
lengths for the transmitter are Lt,V = MVΔt,V and
Lt,H = MHΔt,H, respectively. For the convenience
of analysis, we define the antenna index row by row
as m ∈ {1, 2, . . . ,M} from left to right and from
bottom to top. Thus, the location of the mth an-

Transmitter

Receiver

M = MHMV

MV

1
x1 MH

y

rt,m

O

1 NH

NV

1

N = NHNV

rr,n

z

(0, 0, D)

Fig. 1 Illustration of the investigated XL-MIMO
system

tenna element at the transmitter can be denoted
as rt,m = [o(m)Δt,H, j(m)Δt,V, 0]

T ∈ R
3, where

o(m) = mod(m− 1,MH) and j(m) = �(m− 1)/MH�
are the indices of the horizontal and vertical direc-
tions for the mth antenna element at the transmitter,
respectively. Furthermore, VT denotes the transmit-
ting volume.

Similarly, for the receiver equipped with a UPA,
let NV, Δr,V, and Lr,V = NVΔr,V denote the number
of antennas per column, the vertical antenna spac-
ing, and the vertical side length, respectively. More-
over, we denote the number of antennas per row, the
horizontal antenna spacing, and the horizontal side
length as NH, Δr,H, and Lr,H = NHΔr,H, respec-
tively. The receiver is equipped with N = NHNV

antennas, which are also indexed row by row as
n ∈ {1, 2, . . . , N} based on the same indexing princi-
ple as the transmitter. Thus, the location of the nth

antenna element at the receiver can be represented
as rr,n = [t(n)Δr,H, k(n)Δr,V, D]T ∈ R

3, where
t(n) = mod(n− 1, NH) and k(n) = �(n− 1)/NH� are
the horizontal and vertical indices of the nth antenna
element at the receiver, respectively. Moreover, D is
the distance between the left-bottom antenna ele-
ment of the transmitter and the left-bottom antenna
element of the receiver.

2.1.2 Scalar Green channel model

The channel based on the scalar Green function
between a particular receiving point rr ∈ R

3 and a
particular transmitting point rt ∈ R

3 can be denoted
by (Yuan et al., 2022)

G (rr, rt) =
1

4π

exp (−jκ0 ‖rr − rt‖)
‖rr − rt‖ , (1)

where κ0 = 2π/λ is the wavenumber and λ is the
wavelength. For the UPA-based XL-MIMO sys-
tem, the channel matrix generated by the scalar
Green function between the receiver with N anten-
nas and the transmitter with M antennas can be
denoted as HS ∈ C

N×M , whose (n,m)th element,
[HS]nm = Gnm, is the scalar Green function between
the nth receiving antenna and mth transmitting an-
tenna, defined as (Yuan et al., 2022)

Gnm = G (rr,n, rt,m) =
1

4π

exp (− jκ0dnm)

dnm
, (2)

where rr,n ∈ R
3 is the location of the nth receiv-

ing antenna, rt,m ∈ R
3 is the location of the mth



1726 Wang et al. / Front Inform Technol Electron Eng 2024 25(12):1723-1731

transmitting antenna, and dnm = ‖rr,n − rt,m‖ is
the distance between the nth receiving antenna and
the mth transmitting antenna.

2.1.3 Dyadic Green channel model

Note that the scalar Green function omits the
polarization effect, which would have a great effect
on the system performance in near-field communi-
cations (Yuan et al., 2022; Wei et al., 2023; Wang
et al., 2024b). To capture full polarization effects,
the dyadic Green function can be applied. Specifi-
cally, the dyadic Green function between a particular
receiving point rr ∈ R

3 and a particular transmitting
point rt ∈ R

3 can be denoted by G (rr, rt) ∈ C
3×3,

defined as

G (rr, rt) =

(
I3 +

∇rr∇H
rr

κ2
0

)
G (rr, rt) , (3)

where G (rr, rt) is the scalar Green function
based channel matrix between rr and rt given as
Eq. (1) (Arnoldus, 2001; Wei et al., 2023; Lei et al.,
2024a).

As observed in Eq. (3), the dyadic Green channel
G (rr, rt) can be derived by scaling the scalar Green

channel G (rr, rt) with the operator
(
I3 +

∇rr∇H
rr

κ2
0

)
.

An arbitrary dyadic Green function G ∈ C
3×3 can

be written in a matrix form with the (p, q)th ele-
ment Gpq being the scalar Green function between
the pth polarization of the receiving point and the
qth polarization of the transmitting source point,
where p, q ∈ {x, y, z}. Thus, the dyadic Green chan-
nel between the receiver with N antennas and the
transmitter with M antennas can be denoted by
HD ∈ C

3N×3M :

HD =

⎡
⎣H

xx Hxy Hxz

Hyx Hyy Hyz

Hzx Hzy Hzz

⎤
⎦ , (4)

where Hpq ∈ C
N×M is the scalar Green function

channel matrix between the pth polarization of the
receiver with N antennas and the qth polarization
of the transmitter with M antennas. Hpq ∈ C

N×M

can be further represented in the matrix form as

Hpq =

⎡
⎢⎢⎢⎣
Gpq

11 Gpq
12 · · · Gpq

1M

Gpq
21 Gpq

22 · · · Gpq
2M

...
...

...
Gpq

N1 Gpq
N2 · · · Gpq

NM

⎤
⎥⎥⎥⎦ , (5)

where [Hpq]nm = Gpq
nm is the (p, q)th element of

the dyadic Green function between the nth re-
ceiving antenna and the mth transmitting antenna
G (rr,n, rt,m), defined as

G(rr,n, rt,m)=
1

4π

(
I3 +

∇rr,n∇H
rr,n

κ2
0

)
G(rr,n, rt,m).

(6)

2.2 CAP plane based XL-MIMO

2.2.1 System feature

As for the CAP plane based XL-MIMO system,
we consider a scenario with both a transmitter and
a receiver equipped with a 2D CAP plane, where the
transmitter is located in the XY plane with its left-
bottom point being the origin. Correspondingly, the
vertical and horizontal side lengths for the transmit-
ter are Lt,V and Lt,H, respectively. Lr,V and Lr,H

are the vertical and horizontal side lengths for the
receiver, respectively. Moreover, the distance be-
tween the left-bottom points of the transmitter and
the receiver is D. Let SR and ST denote the receiv-
ing CAP region and the transmitting CAP region,
respectively. For the ease of EDoF analysis in the
following, we define variables such as the side length
and the locations of transmitting/receiving points
similar to those of the UPA system. However, all the
analysis frameworks introduced in this paper hold
for arbitrary parameter settings instead of limiting
the variables in the CAP system similar to that of
the UPA system.

2.2.2 Green function based channel

Note that the 2D CAP planes show continuous
features. For the scalar Green channel model, the
channel between a particular receiving point rr ∈ R

3

in SR and a particular transmitting point rt ∈ R
3

in ST can be denoted by G (rr, rt) by substituting
respective coordinates into Eq. (1). Moreover, the
dyadic Green channel G (rr, rt) ∈ C

3×3 for a partic-
ular receiving point rr ∈ R

3 in SR and a particular
transmitting point rt ∈ R

3 in ST can be computed
by substituting respective coordinates into Eq. (3).

3 EDoF analysis

In this section, we construct the EDoF perfor-
mance analysis framework for the 2D CAP plane
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systems over both the scalar and dyadic Green chan-
nels. To maintain integrity, we first briefly introduce
the EDoF analysis framework for the UPA system.

3.1 UPA-based XL-MIMO

3.1.1 Scalar Green channel model

For the UPA system with the scalar Green chan-
nel given as Eq. (4), the EDoF εS can be approx-
imately computed as (Yuan et al., 2022; Ouyang
et al., 2023)

εS =
tr2 (RS)

‖RS‖2F
, (7)

where RS = HH
S HS ∈ C

M×M is the correlation ma-
trix for the scalar Green channel.

3.1.2 Dyadic Green channel model

For the dyadic Green channel given in Eq. (4),
the EDoF εD can be approximated as

εD =
tr2 (RD)

‖RD‖2F
, (8)

where RD = HH
DHD ∈ C

3M×3M is the correlation
matrix for the dyadic Green channel.

3.2 CAP plane based XL-MIMO

3.2.1 Scalar Green channel model

For CAP plane based XL-MIMO, the EDoF per-
formance analysis framework, which is different from
that of the UPA-based XL-MIMO system, should
be implemented due to its continuous array aper-
ture. From the mathematical vision, the CAP plane
based system can be viewed as a special case of the
UPA-based system, assuming an infinite number of
antennas while maintaining the physical array size.
However, it is not convenient or technically sound to
evaluate the EDoF performance for the CAP plane

based system based on the EDoF performance anal-
ysis framework for the UPA-based system by con-
sidering an infinite number of antennas. This is
because the channel matrices would be of infinitely
high dimension, leading to extremely high compu-
tational complexity, and the EDoF results are also
not intuitive for obtaining technical insights into the
EDoF performance analysis for the CAP-based sys-
tem. Thus, it is vital to derive a tailored EDoF per-
formance analysis framework for the CAP-based sys-
tem. Notably, the auto-correlation kernel K(rt, rt′)

is defined to indicate the correlation characteristic
between two transmitting points in the transmitting
region ST for rt ∈ ST, rt′ ∈ ST over the scalar Green
channel as follows (Jiang and Gao, 2023):

K(rt, rt′) =

∫
SR

G∗ (rr, rt)G (rr, rt′)drr, (9)

where G (rr, rt) is the scalar Green channel between
the transmitting point rt and the receiving point rr.
Note that the (m1,m2)

th element of the correlation
matrix RS can be computed as

[RS]m1m2
=

N∑
n=1

G∗
nm1

Gnm2 , (10)

where Gnm1 and Gnm2 can be calculated as in
Eq. (2). Then, tr (RS) and ‖RS‖2F in Eq. (7) can
be further written as in Eq. (11) (see the bottom of
this page).

Then, by applying the asymptotic analysis for
Eq. (11) with the invariant array physical size over
M → ∞, N → ∞, [RS]m1m2

, tr (RS), and ‖RS‖2F
can be asymptotically represented as in Eq. (12) (see
the bottom of this page), according to the asymptotic
representation (Jiang and Gao, 2023)⎧⎪⎨

⎪⎩
drr = dyrdzr → Lr,HLr,V

NHNV
,

drt = dytdzt → Lt,HLt,V
MHMV

,

drt′ = dyt′dzt′ → Lt,HLt,V
MHMV

.

(13)

⎧⎨
⎩
tr (RS) =

∑M
m=1

∑N
n=1 [RS]

2
mm =

∑M
m=1

∑N
n=1 |Gnm|2,

‖RS‖2F =
∑M

m1=1

∑N
m2=1 [RS]

2
m1m2

=
∑M

m1=1

∑N
m2=1

∣∣∣∑N
n=1 G

∗
nm1

Gnm2

∣∣∣2. (11)

⎧⎪⎪⎨
⎪⎪⎩
[RS]m1m2

→ NHNV
Lr,HLr,V

K(rt, rt′),

tr (RS) → NHNVMHMV
Lr,HLr,VLt,HLt,V

∫
ST

∫
SR

|G (rr, rt)|2drrdrt,

‖RS‖2F → (NHNVMHMV)2

(Lr,HLr,VLt,HLt,V)2

∫
ST

∫
ST

|K(rt, rt′)|2drtdrt′ .

(12)
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Based on the above derivations, the EDoF for
the CAP system over the scalar Green channel can
be derived as in the following theorem:
Theorem 1 For the CAP-based XL-MIMO sys-
tem over the scalar Green channel, by applying the
asymptotic analysis for Eq. (7) with the invariant
array physical size over M → ∞, N → ∞, we can
compute the EDoF performance as

ΨS =

(∫
ST

∫
SR

|G (rr, rt)|2drrdrt

)2
∫
ST

∫
ST

|K(rt, rt′)|2drtdrt′
. (14)

3.2.2 Dyadic Green channel model

For the CAP system over the dyadic Green
channel, motivated by the above analysis of the
scalar Green channel model, we also start from the
correlation matrixRD and dyadic Green channelHD

for the UPA system.
Relying on the structure of HD given in Eq. (4),

for the ease of representation, we denote the polar-
ization subscripts as x → 1, y → 2, and z → 3,
respectively. Based on Eq. (4), the (c, d)th element
of RD ∈ C

3M×3M can be constructed as

[RD]cd =

3∑
i=1

N∑
n=1

(
Gip

na

)∗
Giq

nb, (15)

where Gip
na is the (i, p)th element of the dyadic Green

function between the nth receiving antenna and the
ath transmitting antenna G (rr,n, rt,a), as defined
in Eq. (6), with a = 1, 2, . . . ,M , b = 1, 2, . . . ,M ,
{p, q} ∈ {1, 2, 3}, c = (p− 1)M + a, and d =

(q − 1)M + b.
Furthermore, tr (RD) and ‖RD‖2F in Eq. (8) can

be expanded as Eq. (16) (see the bottom of this page)
according to Eq. (15). Note that the diagonal ele-
ments of RD are derived by letting c = d in [RD]cd
as

(p− 1)M + a = (q − 1)M + b, (17)

which holds only under the conditions p = q and
a = b. This can be easily proven based on the value
ranges of these variables. Thus, we can write tr (RD)

as in Eq. (16) by letting p = q and a = b to com-
pute [RD]cc. Note that the polarization effect can be

clearly observed in the expanded form of Eq. (8) as
in Eq. (16).

Then, we define the polarized auto-correlation
kernel to describe the correlation characteristic be-
tween two particular transmitting points in ST for
rt ∈ ST and rt′ ∈ ST, over a particular polarization
direction pair {p, q} ∈ {1, 2, 3}:

K̄(rt, rt′, p, q)=

3∑
i=1

∫
SR

[
Gip(rr, rt)

]∗
Giq (rr, rt′)drr,

(18)
where Gip (rr, rt) is the (i, p)th element of the dyadic
Green channel between rr ∈ SR and rt ∈ ST. Com-
pared with the auto-correlation kernel function for
the scalar Green channel in Eq. (9), the polarized
auto-correlation kernel function in Eq. (18) can cap-
ture the polarization effect for a particular polariza-
tion direction pair {p, q} ∈ {1, 2, 3}, which can pro-
vide fundamentals for the EDoF performance com-
putation for the CAP system over the dyadic Green
channel with polarization.

Under the asymptotic condition M → ∞, N →
∞ with the invariant array physical size, we can ob-
tain the asymptotic form of tr (RD) and ‖RD‖2F as
Eq. (19) (see the top of the next page) by apply-
ing similar asymptotic representations of drr, drt,
and drt′ as in Eq. (13). As observed in Eq. (19),
compared with Eq. (12), the asymptotic represen-
tations of tr (RD) and ‖RD‖2F capture the polariza-
tion effects by considering all possible polarization
direction pairs {p, q} ∈ {1, 2, 3}, with the aid of the
polarized auto-correlation kernel function defined in
Eq. (18).

Thus, based on the above derivations, the EDoF
performance for the CAP plane system with the
dyadic Green channel can be derived as follows:
Theorem 2 For the CAP plane system based on
the dyadic Green channel, by applying the asymp-
totic analysis for Eq. (7) over M → ∞, N → ∞ with
the invariant array physical size, the EDoF can be
calculated as

ΨD=

(∑3
i=1

∑3
p=1

∫
ST

∫
SR

∣∣Gip (rr, rt)
∣∣2 drrdrt

)2
∑3

p=1

∑3
q=1

∫
ST

∫
ST

∣∣K̄(rt, rt′ , p, q)
∣∣2drtdrt′

.

(20)

⎧⎨
⎩
tr (RD) =

∑3M
c=1 [RD]cc =

∑3
p=1

∑3
i=1

∑M
a=1

∑N
n=1

∣∣Gip
na

∣∣2,
‖RD‖2F =

∑3M
c=1

∑3M
d=1 |[RD]cd|2 =

∑3
p=1

∑3
q=1

∑M
a=1

∑M
b=1

∣∣∣∑3
i=1

∑N
n=1

(
Gip

na

)∗
Giq

nb

∣∣∣2. (16)
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⎧⎨
⎩
tr (RD) → NHNVMHMV

Lr,HLr,VLt,HLt,V

∑3
p=1

∑3
i=1

∫
ST

∫
SR

∣∣Gip (rr, rt)
∣∣2 drrdrt,

‖RD‖2F →
(

NHNVMHMV
Lr,HLr,VLt,HLt,V

)2∑3
p=1

∑3
q=1

∫
ST

∫
ST

∣∣K̄(rt, rt′ , p, q)
∣∣2drtdrt′ .

(19)

In this section, we have provided the EDoF per-
formance analysis frameworks for two plane based
XL-MIMO hardware designs, i.e., UPA-based and
2D CAP plane based systems, over two near-field
Green function based channel models, i.e., scalar and
dyadic Green function based models. The EDoF per-
formance frameworks in this section are available for
the scenario with one transmitting plane and one re-
ceiving plane with any antenna array aperture sizes.
The EDoF performance analysis for the scenarios
with multiple transmitting or receiving planes is an-
ticipated to be further conducted based on the fun-
damental frameworks considered in this paper.

4 Numerical results

In this study, we consider the square UPA and
2D CAP plane XL-MIMO systems, where Lt,V =

Lt,H and Lr,V = Lr,H. The number of antennas per
side length in the UPA is equal, that is, MV = MH

and NV = NH. For ease of representation, let Lt and
Lr denote the side lengths of the transmitting plane
and the receiving plane, respectively. The carrier
frequency is 3GHz.

Fig. 2 investigates the EDoF performance for
the UPA system versus the number of antennas per

Lt = Lr = 12λ 
Lt = Lr = 15λ 
Lt = Lr = 18λ

Number of antennas per side length with MV=NV 

ED
oF

Fig. 2 EDoF performance for the UPA system over
the dyadic Green channel against the number of an-
tennas per side with different side lengths (Lt = Lr

and D = 40λ)

side with different side lengths. As observed, with
the increase in the number of antennas, the EDoF
would first increase and then reach an approximately
saturated performance. Moreover, for a fixed trans-
mitting distance, increasing the physical size of the
transceiver can undoubtedly increase the EDoF per-
formance. For instance, the scenario with Lt = Lr =

18λ can achieve about 89.4% EDoF improvement
compared with the scenario with Lt = Lr = 15λ.
When the physical size of the transceiver increases,
the number of antennas that achieves approximately
saturated EDoF performance would also increase.

Fig. 3 analyzes the EDoF performance of the
UPA system as a function of the number of antennas
per side, considering different lengths of the receiv-
ing side. The figure reveals that for a fixed trans-
mitting array aperture size, the EDoF performance
benefits from a larger receiving array aperture size.
For instance, about 94.4% EDoF improvement can
be achieved for Lr = 6λ compared with Lr = 4λ.
Moreover, as the receiving array aperture size in-
creases, the number of antennas required to achieve
nearly optimal EDoF performance increases. More
simulation results can be found in the supplementary
materials.
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Number of antennas per side length with MV=NV 

Lr = 2λ
Lr = 4λ
Lr = 6λ

10 15 20 25

Fig. 3 EDoF performance for the UPA system against
the number of antennas per side with different re-
ceiving side lengths over the dyadic Green channel
(Lt = 20λ and D = 40λ)
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5 Conclusions

In this study, we carried out the EDoF per-
formance analysis for the UPA and the 2D CAP
systems. More importantly, the scalar and dyadic
Green near-field channels were considered. First, we
derived the EDoF performance for the UPA system
by using discrete channel matrices based on either
the scalar or dyadic Green function. For the 2D
CAP plane system, asymptotic analysis was applied
to construct the EDoF performance analysis frame-
work based on the scalar or dyadic Green channel.
For the numerical results, we presented a compara-
tive analysis of the EDoF performance between the
UPA-based and 2D CAP plane based XL-MIMO sys-
tems. We analyzed the effect of polarization and
the physical size of the transceiver. It was observed
that, with an increasing number of antennas, the
EDoF performance of the UPA system would ap-
proach that of the 2D CAP plane system. Moreover,
the EDoF performance benefits from the polariza-
tion and the physical size of the transceiver. Future
studies are anticipated to further explore the EDoF
analysis for three-dimensional antenna array struc-
tures as in Yuan et al. (2024).
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