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Abstract—For the existing near-field multiuser communica-
tions based on hybrid beamforming (HBF) architectures, high-
quality effective channel estimation is required to obtain the
channel state information (CSI) for the design of the digital beam-
former. To simplify the system reconfiguration and eliminate the
pilot overhead required by the effective channel estimation, we
considered an analog-only beamforming (AoBF) architecture in
this study. The AoBF is designed with the aim of maximizing the
sum rate, which is then transformed into a problem, maximizing
the power transmitted to the target user equipment (UE) and
meanwhile minimizing the power leaked to the other UEs. To
solve this problem, we used beam focusing and beam nulling
and proposed two AoBF schemes based on the majorization-
minimization (MM) algorithm. First, the AoBF scheme based
on perfect CSI is proposed, with the focus on the beamforming
performance and regardless of the CSI acquisition. Then, the
AoBF scheme based on imperfect CSI is proposed, where the
low-dimensional imperfect CSI is obtained by beam sweeping
based on a near-field codebook. Simulation results demonstrate
that the two AoBF schemes can approach the sum rate of the
HBF schemes but outperform HBF schemes in terms of energy
efficiency (EE).

Index Terms—Beam focusing, Beamforming, Majorization-
minimization, Multiuser communications, Near field

I. INTRODUCTION

M ILLIMETER wave (mmWave) communications and
terahertz (THz) communications are regarded as key

technologies to support the very high data rate for future
wireless communications. To deal with the serious path loss of
signal propagation in these bands, large-scale antenna arrays
are equipped at base stations (BSs) to improve the beam gain.
Fortunately, the small wavelength of mmWave and THz wave
allows the integration of more antennas on a small surface.
However, the utilization of large-scale arrays enlarges the
Rayleigh distance to dozens of meters, which makes the near-
field effect not negligible. Different from far field, the wireless
propagation in the near field is precisely modeled as spherical
waves instead of plane waves [1], [2]. Thus, the near-field
beam can be focused on a specific location, which is different
from the far-field beam aligned to a certain angle regardless
of distance. Therefore, the conventional far-field multiuser
interference suppression methods may not be suitable for near-
field multiuser communications [3].
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To mitigate the multiuser interference in the near field,
various beamforming architectures are designed. The most
flexible solution is the fully digital beamforming architec-
ture [4]. However, this solution causes overwhelming hardware
costs for large-scale MIMO systems since each antenna needs
to be connected to a radio frequency (RF) chain. To deal
with this problem, hybrid beamforming (HBF) architectures
are widely used. An HBF scheme for near field is proposed
to perform analog beamforming and digital beamforming
alternatively until the HBF results approach the solutions of
the fully digital beamforming [4]. However, this scheme is
designed based on the perfect knowledge of channel state
information (CSI), which is impractical. One method is to
estimate the near-field channels [5]. Due to the equipped large-
scale antenna arrays, the dimension of the channel matrix is
high , and the channel estimation is complex and challenging.
To address this problem, beam sweeping is performed to obtain
the low-dimensional imperfect CSI. Based on the imperfect
CSI obtained by beam sweeping, a two-stage HBF scheme is
proposed for far-field communications [3]. In the first stage of
this scheme, the analog beamforming is designed according
to the code word selected by beam sweeping, and then,
the effective channel [6] is estimated. In the second stage,
digital beamforming is designed based on the effective channel
to mitigate the multiuser interference. This two-stage HBF
method is extended to the near field [7]. To simplify the system
reconfiguration and eliminate the pilot overhead required by
the effective channel estimation, in this study, we consid-
ered using analog-only beamforming (AoBF) architecture to
replace the HBF. Similar to the reconfigurable intelligent
surface (RIS) composed of passive reflecting elements [8],
[9], AoBF can flexibly adjust the beam pattern only relying
on phase shifters. As shown in Fig. 1, the AoBF architecture
omits the digital beamforming module. The removal of the
digital beamforming module can improve the energy efficiency
(EE) [10], [11]. Note that AoBF can be adopted by the BS to
simplify the system reconfiguration, while the RIS is typically
placed between the BS and the user equipment (UE) to pro-
vide additional propagation path for the wireless signal [12].
Besides, the architectures of AoBF and RIS are also different
considering the deployment of RF chains, where the RF chain
includes mixers, analog-to-digital converters (ADC) or digital-
to-analog converters (DAC), and date converters [13]. These
components are necessary for the BS but not included in the
RIS. To reduce the pilot overhead, an AoBF scheme based on
the majorization-minimization (MM) method is proposed for
partially connected mmWave MIMO in the far field, which is
named as A-MM [14]. However, this far-field scheme cannot
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Fig. 1. Beamforming architecture comparison: (a) the HBF architecture; (b) the AoBF architecture.

be directly extended to near-field communications due to the
inappropriateness of channel modeling and codebook design.

In this study, we considered the AoBF for near-field mul-
tiuser MIMO systems. The AoBF is designed with the aim
of maximizing the sum rate, which is then transformed into
a problem, maximizing the power transmitted to the target
UE and meanwhile minimizing the power leaked to the other
UEs. To solve this problem, we used beam focusing and
beam nulling and proposed two AoBF schemes based on the
MM algorithm. First, the AoBF scheme based on perfect CSI
is proposed to show the feasibility of replacing HBF with
AoBF in the near field, with the focus on the beamforming
performance and regardless of the CSI acquisition. Then, the
AoBF scheme based on imperfect CSI is proposed to meet
the practical requirement where the low-dimensional imperfect
CSI is obtained by beam sweeping based on a near-field
codebook. Since the best code word from beam sweeping
corresponds to an area rather than an accurate location, we
proposed a heuristic method to approximate the channel vector
by generating auxiliary points within the area.

Notations: Symbols for vectors (lower case) and matrices
(upper case) are in boldface. The symbols C and R denote the
set of complex-valued and real-valued numbers, respectively.
For a vector a, ∥a∥2 and [a]n denote the l2-norm and the nth
entry, respectively. For a matrix A, [A]m,:, [A]:,n, [A]m,n,
and AH denote the mth row, the nth column, the entry at mth
row and nth column, and the conjugate transpose (Hermitian),
respectively. ℜ{·} denotes the real part of a complex-valued
number. ∠(·) denotes the phase of a complex-valued number.
CN (0, σ2) denotes the complex Gaussian distribution with
zero mean and variance being σ2.

II. SYSTEM MODEL

Considering the downlink transmission for the multiuser
MIMO system in the near field, the BS is equipped with
NBS antennas in terms of uniform linear arrays (ULAs) and
serves K UEs simultaneously. The number of UEs served
simultaneously is restricted by the number of RF chains at
the BS, i.e., K ≤ NRF. For simplicity, we assume the RF
chains are fully utilized in this study, i.e., K = NRF. The
origin (0, 0) of the XY-plane is assumed to be located at the
center of the ULA as shown in Fig. 2. The location of the
kth UE is denoted as (xk, yk) in Cartesian coordinates. The
conversion between Cartesian and polar coordinates can be
expressed as follows:

(φk, ρk) =

(
arctan

xk

yk
,
√
x2
k + y2k

)
, (1a)

(xk, yk) = (ρk sinφk, ρk cosφk) . (1b)

Given the wavelength λ of signals and the adjacent distance
between antennas d = λ/2, the nth antenna in ULA is located
at (dγn, 0), where γn ≜ n− (NBS +1)/2, n = 1, 2, . . . , NBS.
The distance between the kth UE and the nth antenna can be
computed by using the following equation [15]:

ρ(n)(φk, ρk) =
√
(xk − dγn)2 + y2k

=
√
ρ2k + d2γ2

n − 2dγnρk sinφk.
(2)

Then, the channel steering vector in the near field is defined
as follows:

u(φk, ρk) ≜

1√
NBS

[
e

−j2πρ(1)(φk,ρk)

λ , . . . , e
−j2πρ(NBS)(φk,ρk)

λ

]T
.

(3)
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Fig. 2. The channel models: (a) in the far field; (b) in the near field.

As shown in Fig. 2a, the distance in the far field under planar
wave assumption can be simplified as follows [15]:

ρ(n)(φk, ρk) =ρk(1 +
d2γ2

n

ρ2k
− 2dγn sinφk

ρk
)

1
2

≈ρk(1−
dγn sinφk

ρk
) = ρk − dγn sinφk,

(4)

where (d2γ2
n)/ρ

2
k is ignored since ρk ≫ d in the far

field, and then, the approximation is performed according
to the first-order Taylor expansion (1 + x)1/2 ≈ 1 +
1/2x. By ignoring the constant phase independent of n,
the channel steering vector in the far field can be denoted
as u′(φk) ≜ 1√

NBS

[
ej2πd sinφk/λ, . . . , ej2πNBSd sinφk/λ

]T
,

whose phases are linear to the antenna index n. Note that the
far-field steering vector is only related to the angle of the UE,
regardless of the distance. In the near field, the assumption
ρk ≫ d does not hold anymore, and the approximation based
on Taylor expansion is not accurate when n is large. Thus,
the planar wave assumption in Eq. (4) fails in the near field.
On the contrary, the near field steering vector in Eq. (3) is
related to both the angle and the distance. The introduction of
the distance dimension provides more degrees of freedom for
beamforming.

Within the Rayleigh distance [16] DR ≜ 2N2
BSd

2/λ,
as shown in Fig. 2b, the near-field spherical-wave channel
model [5] for the kth UE is denoted as follows:1

hk =

√
NBS

L

L∑
l=1

αk,lu (φk,l, ρk,l) , (5)

where L, αk,l, and (φk,l, ρk,l) are the number of the channel
paths, the complex channel gain of the lth path, for l =
1, 2, . . . , L, and the polar coordinate of the UE or scatterers,
respectively. Given the channel model hk in Eq. (5), the
received signal at the kth UE is denoted as follows:

yk =
√
PhH

k Fx+ nk, (6)

1In this study, we designed the scheme based on the mathematically
abstracted channel modeling for the convenience of signal processing and
system analysis [17]. However, the proposed scheme can be extended to the
physically consistent modeling (PCM) to consider the physical effects of wave
propagation [17]–[19]. In our future study, we will investigate AoBF based
on PCM.

where F ∈ CNBS×K , x ∈ CK , yk, and nk denote the beam-
forming matrix at the BS, the signals transmitted to K UEs, the
received signal, and an additive white Gaussian noise (AWGN)
with zero mean and σ2 variance, i.e., nk ∼ CN

(
0, σ2

)
,

respectively. In addition, the total power of the BS is P , and
the transmitted signals subject to the unit power constraint,
i.e., E{xxH} = IK .

To maximize the sum rate of near-field multiuser MIMO,
the beamforming design problem is formulated as follows:

max
F

K∑
k=1

Rk,

s.t. ∥F ∥F = K,

(7)

where the achievable rate of the kth UE can be computed by
the following:

Rk ≜ log2 (1 + SINRk) , (8a)

SINRk ≜

P
K

∣∣∣hH
k [F ]:,k

∣∣∣2
P
K

K∑
i ̸=k

∣∣∣hH
k [F ]:,i

∣∣∣2 + σ2

. (8b)

Note that SINRk represents the signal-to-interference-plus-
noise ratio (SINR) for the kth UE. Particularly, maximizing the
sum rate in Eq. (7) is equivalent to maximizing the SINR of
each UE. Thus, we can transform Eq. (7) into K subproblems
as follows:

max
F

SINRk,

s.t.
∥∥F∥∥

F
= K.

(9)

During the downlink transmission, the BS designs F to
maximize the sum rate.

For HBF schemes, as shown in Fig. 1a, the HBF is im-
plemented by the combination of analog beamforming and
digital beamforming [7], i.e., F ≜ FABFDB. The analog
beamforming is denoted as FAB ≜ [v(1), v(2), . . . ,v(K)],
where each code word v(k) ∈ CNBS with the constant
modulus constraint

∣∣[v(k)]n
∣∣ = 1/

√
NBS is determined by

beam sweeping and implemented by phase shifters [3]. Then,
the effective channel h̃k = FH

ABhk can be obtained by
pilot-assisted channel estimation. Based on h̃k, the digital
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beamforming FDB can be designed via zero forcing (ZF) or
weighted minimum mean-squared error (WMMSE) with the
constraint

∥∥FAB[FDB]:,k
∥∥
F
= 1. This constraint means that

the HBF provides no power gain.
For our AoBF scheme, F is merely designed by analog

beamforming, i.e., F ≜ FRF as shown in Fig. 1b. Thus, the
pilot overhead required by the effective channel estimation
in the HBF schemes can be omitted. The AoBF is denoted
as FRF ∈ CNBS×K with the constant modulus constraint
|[FRF]n,k| = 1/

√
NBS. We design the phase of each entry

in FRF to maximize the sum rate.

III. AOBF FOR NEAR-FIELD MULTIUSER MIMO

To simplify the system reconfiguration and eliminate the
pilot overhead required by the effective channel estimation, we
considered the AoBF architecture in this study. In this section,
we proposed two AoBF schemes for near-field multiuser
MIMO by exploiting the extra degree of freedom in the
distance domain provided from spherical waves. The AoBF
scheme based on perfect CSI is first proposed to show the
feasibility of replacing HBF with AoBF in the near field, with
the focus on the beamforming performance and regardless
of the CSI acquisition. Then, the AoBF scheme based on
imperfect CSI is designed to meet the practical requirement
where the low-dimensional imperfect CSI is obtained by beam
sweeping based on a near-field codebook.

A. AoBF Based on Perfect CSI

With the focus on the beamforming performance and re-
gardless of the CSI acquisition, we assume that the CSI is
perfectly known. As the analog beamforming for all UEs is
coupled in Eq. (8b), signal-to-leakage-and-noise ratio (SLNR)
is applied to replace SINR for decoupling in this study [20].
The expression of the SLNR in AoBF is denoted as follows:

SLNRk ≜

P
K

∣∣∣hH
k [FRF]:,k

∣∣∣2
P
K

K∑
i ̸=k

∣∣∣hH
i [FRF]:,k

∣∣∣2 + σ2

. (10)

Note that the difference between the SINR in Eq. (8b)
and the SLNR in Eq. (10) lies in the interference term in

the denominator. For SINRk,
K∑
i ̸=k

∣∣∣hH
k [FRF]:,i

∣∣∣2 denotes the

power of the interference from all other UEs to the target UE,

i.e., the kth UE. For SLNRk,
K∑
i ̸=k

∣∣∣hH
i [FRF]:,k

∣∣∣2 represents

the power leaked from the target UE to all the other UEs.
Reducing the interference power from the other UEs to the
target UE and mitigating the leaked power from the target
UE to the other UEs are intrinsically equivalent for multiuser
interference suppression. Thus, the optimization problem in
Eq. (9) can be converted into the following:

max
[FRF]:,k

SLNRk,

s.t.
∣∣[FRF]n,k

∣∣ = 1√
NBS

.
(11)

To simplify Eq. (11), a weight parameter ω is introduced to
the optimization, and the constant term ωσ2K/P is removed
for its independence of [FRF]:,k. The objective function of the
simplified problem can be expressed as follows:

min
[FRF]:,k

−
∣∣∣hH

k [FRF]:,k

∣∣∣2 + ω

K∑
i ̸=k

∣∣∣hH
i [FRF]:,k

∣∣∣2. (12)

The original problem in Eq. (7) is transformed into the
problem in Eq. (12), maximizing the power focused on the
target UE and meanwhile minimizing the power leaked to the
other UEs. To solve this nonconvex problem, we use beam
focusing and beam nulling based on the MM method [20].
The MM method is an iterative algorithm, with each iteration
consisting of a majorization stage and a minimization stage.
In the majorization stage, the original non-convex objective
function is transformed into a surrogate function that is easy
to optimize at the feasible point. The feasible point is obtained
from the initialization or the last iteration. This surrogate
function serves as an upper-bound function with the same
value and derivative as the original function at the feasible
point. Then, in the minimization stage, the surrogate function
is minimized to update the feasible point. Owing to the closed-
form solutions of the surrogate functions, the iterations achieve
fast convergence [20]–[22].

Since the first term in Eq. (12) is concave, we can get the
following equation:

−
∣∣∣hH

k [FRF]:,k

∣∣∣2
= − [FRF]

H
:,k hkh

H
k [FRF]:,k

≤ −([FRF]
(t)
:,k)

Hhkh
H
k [FRF]

(t)
:,k

− 2
(
hkh

H
k [FRF]

(t)
:,k

)H (
[FRF]:,k − [FRF]

(t)
:,k

)
= −2

(
hkh

H
k [FRF]

(t)
:,k

)H

[FRF]:,k + c1,

(13)

where [FRF]
(t)
:,k is the feasible point obtained in the

tth iteration and c1 is a constant independent of

[FRF]:,k. Since
∣∣∣hH

k [FRF]:,k

∣∣∣2 is real-value, we can

get ℜ{−
∣∣∣hH

k [FRF]:,k

∣∣∣2} = −
∣∣∣hH

k [FRF]:,k

∣∣∣2. Thus, if we
obtain the real value of both sides in Eq. (13), we can get the
following equation:

−
∣∣∣hH

k [FRF]:,k

∣∣∣2 ≤ −2ℜ
{
[FRF]

H
:,k hkh

H
k [FRF]

(t)
:,k

}
+ c1,

(14)
where

ℜ
{(

hkh
H
k [FRF]

(t)
:,k

)H

[FRF]:,k

}
=ℜ

{
[FRF]

H
:,k hkh

H
k [FRF]

(t)
:,k

}
.

(15)

Based on the Lemma 1 proposed by [23], each entry of the
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second term in Eq. (12) satisfies as follows:∣∣∣hH
i [FRF]:,k

∣∣∣2
= [FRF]

H
:,k hih

H
i [FRF]:,k

≤
(
[FRF]

(t)
:,k

)H

hih
H
i [FRF]

(t)
:,k

+ µ
(
[FRF]:,k − [FRF]

(t)
:,k

)H (
[FRF]:,k − [FRF]

(t)
:,k

)
+ 2ℜ

{(
[FRF]:,k − [FRF]

(t)
:,k

)H

hih
H
i [FRF]

(t)
:,k

}
= µ [FRF]

H
:,k [FRF]:,k

+
(
[FRF]

(t)
:,k

)H (
µINBS − hih

H
i

)
[FRF]

(t)
:,k

+ 2ℜ
{
[FRF]

H
:,k

(
hih

H
i − µINBS

)
[FRF]

(t)
:,k

}
= 2ℜ

{
[FRF]

H
:,k

(
hih

H
i − µINBS

)
[FRF]

(t)
:,k

}
+ c2,

(16)
where c2, INBS

∈ CNBS×NBS , and µ denote a constant inde-
pendent of [FRF]:,k, a unit diagonal matrix, and the maximum
eigenvalue of the one-rank matrix hih

H
i , respectively. Thus,

we can get the following equation:

K∑
i ̸=k

∣∣∣hH
i [FRF]:,k

∣∣∣2

≤ 2ℜ

[FRF]
H
:,k

K∑
i ̸=k

(
hih

H
i − µINBS

)
[FRF]

(t)
:,k

+ c3,

(17)
where c3 ≜ (K − 1)c2. By adding the corresponding sides of
Eqs (14) and (17), we have the following equation:

−
∣∣∣hH

k [FRF]:,k

∣∣∣2 + ω

K∑
i ̸=k

∣∣∣hH
i [FRF]:,k

∣∣∣2
≤2ℜ

{
[FRF]

H
:,k

(
−η

(t)
1 + ωη

(t)
2

)
[FRF]

(t)
:,k

}
+ c4,

(18)

where

η
(t)
1 ≜ hkh

H
k , (19a)

η
(t)
2 ≜

K∑
i ̸=k

(
hih

H
i − µINBS

)
, (19b)

c4 ≜ c1 + c3. (19c)

The right part of the inequality in Eq. (18) is an available sur-
rogate function of the original objective function in Eq. (12).
By ignoring the constant variable c4 and the multiplier 2, the
problem in Eq. (12) can be rewritten as follows:

min
[FRF]:,k

ℜ
{
[FRF]

H
:,k

(
−η

(t)
1 + ωη

(t)
2

)
[FRF]

(t)
:,k

}
. (20)

Based on ∥a− b∥2F = ∥a∥2F + ∥b∥2F − 2ℜ{aHb}, the problem
in Eq. (20) can be rewritten as follows:

max
[FRF]:,k

∥∥∥[FRF]
H
:,k +

(
η
(t)
1 − ωη

(t)
2

)
[FRF]

(t)
:,k

∥∥∥2
F
. (21)

Algorithm 1 AoBF Based on Perfect CSI
1: Input: NBS, hk, ω, ϵ, Tmax.
2: for k = 1 : K do
3: for n = 1 : NBS do
4: Initialize [FRF]

(t)
n,k = 1√

NBS
ej∠([hk]n), t = 0.

5: end for
6: repeat
7: Obtain η

(t)
1 via Eq. (19a).

8: Obtain η
(t)
2 via Eq. (19b).

9: Obtain [FRF]
(t+1)
:,k via Eq. (22).

10: t = t+ 1.
11: until stop condition is satisfied.
12: [FRF]:,k = [FRF]

(t)
:,k .

13: end for
14: Output: FRF.

Fig. 3. Illustration of beam sweeping code words and auxiliary points.

Due to the constant modulus constraint and the property of
vectors, the closed-form solution of Eq. (21) is expressed as
follows:

[FRF]
(t+1)
n,k = e

j∠
([(

η
(t)
i −ωη

(t)
2

)
[FRF]

(t)
:,k

]
n

)
. (22)

The details of the AoBF scheme based on perfect CSI are
exhibited in Algorithm 1. The stop condition in Step 11 is
set as

∥∥[FRF]
(t)
:,k − [FRF]

(t−1)
:,k

∥∥2
2
≤ ϵ or t > Tmax.

B. AoBF Based on Imperfect CSI

In practice, the perfect CSI is unknown, and the estimation
of the high-dimensional CSI is challenging. Normally, to
address this problem, beam sweeping is performed to obtain
the low-dimensional imperfect CSI [24]. For the near-field
beam sweeping, the space is scanned in both the angle
and distance dimensions based on a polar-domain near-field
codebook V [5]. The (p, q)th code word of V is given by the
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Algorithm 2 AoBF Based on Imperfect CSI
1: Input: NBS, p̃k, q̃k, R, S, ω, ϵ, Tmax.
2: for k = 1 : K do
3: Initialize [FRF]

(t)
:,k = vp̃k,q̃k , t = 0.

4: for r = 1 : R do
5: for s = 1 : S do
6: Obtain (φ̂k,r, ρ̂k,r,s) via Eqs (24) and (25).
7: end for
8: end for
9: repeat

10: Obtain ζ
(t)
1 via Eq. (28a).

11: Obtain ζ
(t)
2 via Eq. (28b).

12: Obtain [FRF]
(t+1)
:,k via Eq. (27).

13: t = t+ 1.
14: until stop condition is satisfied.
15: [FRF]:,k = [FRF]

(t)
:,k .

16: end for
17: Output: FRF.

following equation:

vp,q ≜ u(φ̄p, ρ̄p,q),

φ̄p ≜ arcsin

(
2p− 1

NBS
− 1

)
, p = 1, 2, . . . , NBS,

ρ̄p,q ≜
N2

BSd
2

2qβ2
∆λ

{
1− sin2 φp

}
, q = 1, 2, . . . , NDIS,

(23)

where p and q are the indices in angle and distance dimensions
and β∆ is a parameter related to the correlation between
adjacent code words at the same angle [5].

Since the best code word selected by near-field beam sweep-
ing corresponds to an area rather than an accurate location,
we proposed a heuristic method to approximate the unknown
hk by generating auxiliary points within the area as shown
in Fig. 3. The numbers of auxiliary points in the angle and
distance dimension are denoted as R and S, respectively. The
index of the best code word selected by beam sweeping for the
kth UE is denoted as (p̃k, q̃k). Thus, the angle of the (r, s)th
auxiliary point in the corresponding area is denoted as follows:

φ̂k,r ≜ arcsin

(
2p̂k,r − 1

RNBS
− 1

)
,

p̂k,r ≜ R(p̃k − 1) + r,

r = 1, 2, . . . , R.

(24)

The distance of the (r, s)th auxiliary point is denoted as
follows:

ρ̂k,r,s ≜
N2

BSd
2

2q̂k,sβ2
∆λ

(
1− sin2 φ̂k,r

)
,

q̂k,s ≜
4S

2S
(

1
q̃k

+ 1
q̃k+1

)
+
(

1
q̃k−1 − 1

q̃k+1

)
(2s− 1)

,

s = 1, 2, . . . , S.

(25)

Then, the steering vectors corresponding to the auxiliary points
within the area are used to approximate hk, and the objective

Fig. 4. The performance of AoBF based on imperfect CSI with different R
and S.

function in Eq. (11) can be transformed into the following
equation:

max
[FRF]:,k

1
RS

R∑
r=1

S∑
s=1

∣∣∣u(φ̂k,r, ρ̂k,r,s)
H [FRF]:,k

∣∣∣2
1

RS

K∑
i ̸=k

R∑
r=1

S∑
s=1

∣∣∣u(φ̂i,r, ρ̂i,r,s)H [FRF]:,k

∣∣∣2 + σ2

.

(26)
Note that the generation of auxiliary points introduces no extra
overhead to the scheme since it is a pure calculation process
rather than a sampling operation in the space. Then, the MM
algorithm is used to solve Eq. (26). The closed-form solution
in the tth iteration of MM optimization can be denoted as
follows:

[FRF]
(t+1)
n,k = e

j∠
([(

ζ
(t)
i −ωζ

(t)
2

)
[FRF]

(t)
:,k

]
n

)
, (27)

where

ζ
(t)
1 ≜

R∑
r=1

S∑
s=1

u(φ̂k,r, ρ̂k,r,s)u(φ̂k,r, ρ̂k,r,s)
H, (28a)

ζ
(t)
2 ≜

K∑
i ̸=k

R∑
r=1

S∑
s=1

{
u(φ̂i,r, ρ̂i,r,s)u(φ̂i,r, ρ̂i,r,s)

H

− 1

NBS
INBS

}
. (28b)

The AoBF scheme based on imperfect CSI is summarized
in Algorithm 2. The stop condition in Step 14 is set as∥∥[FRF]

(t)
:,k − [FRF]

(t−1)
:,k

∥∥2
2
≤ ϵ or t > Tmax.

IV. SIMULATION RESULTS

In this section, the performance of the proposed AoBF
schemes are evaluated. For the downlink transmission, a ULA
with NBS = 64 antennas is equipped at the BS. The number
of channel paths is set to be L = 3 for each UE. The
complex-valued channel gains follow αk,1 ∼ CN (0, 1) and
αk,l ∼ CN (0, 0.01) for l = 2, 3. There are K = 4 UEs
served by the BS, and the locations of UEs and scatterers are
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Fig. 5. Beam pattern comparison: (a) the beam pattern generated by analog-only beam steering based on perfect CSI; (b) the beam pattern generated by
analog-only beam steering based on imperfect CSI; (c) the beam pattern generated by HBF with WMMSE based on perfect CSI; (d) the beam pattern generated
by HBF with WMMSE based on imperfect CSI; (e) the beam pattern generated by AoBF based on perfect CSI; (f) the beam pattern generated by AoBF
based on imperfect CSI.

randomly generated within the near field. More specifically,
the angles follow a uniform distribution in [−π/2, π/2), and
the distances to the central point of the ULA are randomly
generated within the Rayleigh distance DR. The weight pa-
rameter of the MM method is set to be ω = 1000. The
parameters of the stop condition in Algorithms 1 and 2 are
set to be ϵ = 10−9 and Tmax = 1000. For the beam sweeping
in the near field, the number of the code words in the angle
dimension is set to be NBS = 64, and the number of the code
words in the distance dimension is set to be NDIS = 320. The
parameter of the polar-domain near-field codebook V is set
to be β∆ = 1.6 [5]. According to Fig. 4, the changing point
of the auxiliary point number is 4. Thus, we set R = 4 and
S = 4. Monte Carlo simulations are performed based on 2000
random channel implementations.

A. Beam Pattern Comparison

The beam patterns that are generated by analog-only beam
steering, HBF with WMMSE-based digital beamforming, and
our AoBF based on perfect CSI and imperfect CSI schemes
are exhibited in Fig. 5. There are K = 3 UEs served by the
BS. The locations of these UEs in polar coordinates are set
to be (−23.57◦, 50λ), (17.46◦, 150λ), and (−64.16◦, 100λ),
respectively. We set the first UE located at (−23.57◦, 50λ) as
the target UE. As shown in Fig. 5, the AoBF and HBF can
mitigate the multiuser interference by maximizing the power
transmitted to the target UE via beam focusing and minimizing
the power leaked to the other UEs via beam nulling in the
near field. The normalized beam gains focused on the UEs
are listed in Table I. The beam gains from the BS to the target
UE in the perfect-CSI-based schemes are close to 0 dB since
the beam can be accurately focused on the target UE with the
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TABLE I
NORMALIZED BEAM GAIN OF EACH UE

Schemes CSI UE 1 UE 2 UE 3

Analog-only beam steering Perfect −7.5991e−7 dB -15.3376 dB -14.6842 dB
Analog-only beam steering Imperfect -2.1414 dB -15.9440 dB -15.2837 dB

AoBF Perfect -0.0105 dB -40.3274 dB -32.4819 dB
AoBF Imperfect -2.1255 dB -31.3642 dB -21.0754 dB

HBF-WMMSE Perfect -0.0130 dB -41.3534 dB -37.2225 dB
HBF-WMMSE Imperfect -2.4056 dB -36.2031 dB -24.1222 dB

-15 -10 -5 0 5 10 15 20 25 30 35 40
0

10

20

30

40

50

HBF-WMMSE (perfect CSI)

HBF-WMMSE (imperfect CSI)

HBF-ZF (perfect CSI)

HBF-ZF(imperfect CSI)

AoBF (perfect CSI)

AoBF (imperfect CSI)

Analog-only beam steering (perfect CSI)

Analog-only beam steering (imperfect CSI)

Random Phases

Fig. 6. Comparisons of the proposed schemes with the existing schemes in
terms of the sum rate for different SNRs.

help of the perfect CSI. On the contrary, the beam gains from
the BS to the target UE in the imperfect-CSI-based schemes
are lower to about −2 dB since the UE locations obtained
by beam sweeping are inaccurate and the inaccurate beam
focusing leads to gain loss. Based on perfect CSI, AoBF can
achieve similar beam patterns as HBF. Based on imperfect
CSI, owing to the generation of auxiliary points, the nearby
power around the unimportant UEs is also attenuated in AoBF.
Thus, it appears as a null-beam region. These results intuitively
indicate the effectiveness of our AoBF schemes for multiuser
interference suppression via beam focusing and beam nulling.

B. Sum Rate Evaluation

In Fig. 6, the performance of AoBF is compared with
analog-only beam steering [3], HBF with ZF-based digital
beamforming, and HBF with WMMSE-based digital beam-
forming [7] in the near field, respectively. The perfor-
mance is evaluated in terms of the sum rate with differ-
ent signal-to-noise ratios (SNRs). The SNR is defined as

P
∣∣∣hH

k [F ]:,k

∣∣∣2/(Kσ2). The number of UEs is set to be
K = 4. Particularly, the perfect-CSI-based schemes can be
considered to show the performance of upper bounds. Based
on the perfect CSI, the performance of our AoBF schemes can
approach that of HBF-ZF and HBF-WMMSE. This implies the
possibility of replacing HBF with AoBF. Based on imperfect
CSI, HBF-WMMSE and HBF-ZF outperform AoBF since dig-
ital beamforming in HBF provides more degree of freedom for

-10 -5 0 5 10 15 20 25 30
0
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40

45

50
HBF-WMMSE (near field)

AoBF (near field)

HBF-WMMSE (far field)

A-MM (far field)

Fig. 7. Comparisons of the near-field schemes and the far-field schemes.

Fig. 8. Illustration of the beam pattern generated by imperfect-CSI-based
AoBF if the UEs are located at the same angle in the near field.

beamforming compared with AoBF. Owing to the multiuser
interference suppression ability of our AoBF scheme as shown
in Fig. 5b and f, AoBF outperforms analog beam steering. For
instance, based on imperfect CSI, AoBF can achieve 29.18%
performance improvement over the analog-only beam steering
at SNR = 20 dB.

In Fig. 7, the performance of AoBF in the near field is
compared with the existing far-field schemes, including the
far-field HBF-WMMSE scheme [3] and the far-field A-MM
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Fig. 9. Comparisons of the proposed schemes with the existing schemes in
terms of the sum rate for different NBS.

scheme [14]. For a fair comparison, we extend the partially
connected A-MM scheme [14] to the fully connected structure.
The A-MM scheme is designed based on far-field modeling
and a far-field codebook. Thus, it cannot distinguish UEs
located at different distances in the near field. Our AoBF
scheme is designed based on the near-field system model and
codebook. The beamforming method is also adjusted accord-
ingly. The ability to distinguish UEs in AoBF is improved,
thanks to the introduction of the distance dimension. As shown
in Fig. 8, AoBF can distinguish UEs located at the same angle
and different distances. Thus, it can be seen in Fig. 7 that the
near-field AoBF schemes perform slightly better than the far-
field A-MM. The gap between AoBF and HBF-WMMSE in
the near field is narrower than that between A-MM and HBF-
WMMSE in the far field. At SNR = 20 dB, AoBF achieves
85.90% of the sum rate of HBF-WMMSE in the near field,
while A-MM can only achieve 85.50% of the sum rate of
HBF-WMMSE in the far field. Compared with the far-field
A-MM, the better performance of near-field AoBF is achieved
due to the extra degree of freedom in the distance dimension.

In Fig. 9, we compare AoBF with the existing schemes in
terms of the sum rate with different NBS. In this simulation,
the UE number is set to be K = 4, and the SNR is set to
be 20 dB. It can be seen that the performance of all schemes
improves with the increase of NBS. This is caused by two
reasons. First, the ULA with more antennas generates more
focused beams and, therefore, achieves larger beam gains.
Second, the resolution of beam sweeping with a larger array is
higher. The accuracy of the UE location from beam sweeping
is improved, and the gap between the imperfect CSI and the
perfect CSI is reduced with the increase of NBS. Based on
perfect CSI, the performance of AoBF and HBF is close. Thus,
the gap between the AoBF and the HBF schemes based on
imperfect CSI becomes narrower with the increase of NBS.
Therefore, the increase of the antenna number is an effective
way to improve the performance of AoBF if the cost is
permitted.

In Fig. 10, we compare AoBF with the existing schemes

(a)

(b)

Fig. 10. Comparisons of the proposed schemes with the existing schemes
for different K: (a) in terms of the sum rate; (b) in terms of the averaged
achievable rate.

in terms of the sum rate and the averaged achievable rate
(
∑K

k=1 Rk)/K with different K. In this simulation, the an-
tenna number is set to be NBS = 64, and the SNR is set to be
20 dB. It can be seen that the sum rate of all schemes increase
with the increase of K. The averaged achievable rates of these
schemes decrease with the increase of K. The reason is that
the interference among UEs becomes more severe with larger
K.

C. EE Evaluation
Compared with HBF, AoBF removes the digital beamform-

ing module and, therefore, can achieve system reconfiguration
simplification and EE improvement. The EE is defined as
follows [25], [26]:

EE ≜

K∑
k=1

Rk

Ptotal
, (29)

where

Ptotal ≜P +NRFPRF +NBSNRFPPS + PBB. (30)
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Fig. 11. Comparisons of the proposed schemes with the existing schemes in
terms of EE for different SNRs.

The variables P , PRF, PPS, and PBB represent the power of
the BS, each RF chain, each phase shifter, and digital beam-
forming in the baseband, respectively. We set PRF = 26 mW,
PPS = 10 mW, and PBB = 200 mW [27], [28].

As shown in Fig. 11, we compare AoBF with the existing
schemes in terms of EE with different SNRs. Our AoBF
schemes achieve better EE than the HBF schemes [7], owing
to the removal of the digital beamforming module. In addition,
AoBF outperforms analog-only beam steering due to the
higher sum rate achieved by multiuser interference suppression
in AoBF. Based on imperfect CSI, AoBF achieves 14.60%
and 30.95% EE improvement over the HBF-WMMSE and the
analog-only beam steering at SNR = 10 dB, respectively.

V. CONCLUSION

In this study, we have proposed two AoBF schemes for
multiuser near-field communications based on perfect CSI
and imperfect CSI, respectively. The proposed AoBF schemes
can approach the performance of HBF with simplified system
configuration and higher EE. The future study will focus on
the AoBF design based on PCM.
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