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Deep Learning of Near Field Beam Focusing in Terahertz

Wideband Massive MIMO Systems

Yu Zhang and Ahmed Alkhateeb

Abstract—Employing large antenna arrays and utilizing large
bandwidth have the potential of bringing very high data rates
to future wireless communication systems. However, this brings
the system into the near-field regime and also makes the con-
ventional transceiver architectures suffer from the wideband
effects. To address these problems, in this letter, we propose
a low-complexity frequency-aware beamforming solution that is
designed for hybrid time-delay and phase-shifter based RF archi-
tectures. To reduce the complexity, the joint design problem of
the time delays and phase shifts is decomposed into two subprob-
lems, where a signal model inspired online learning framework is
proposed to learn the shifts of the quantized analog phase shifters,
and a low-complexity geometry-assisted method is leveraged to
configure the delay settings of the time-delay units. Simulation
results highlight the efficacy of the proposed solution in achiev-
ing robust performance across a wide frequency range for large
antenna array systems.

Index Terms—Near field communication, deep learning, mas-
sive MIMO, Terahertz communications.

I. INTRODUCTION

E
MPLOYING large antenna arrays and utilizing the large

bandwidth available at millimeter wave and terahertz

(THz) bands are two key trends in current and future wireless

communication systems. However, these new characteristics

also bring new design challenges. Two particular challenges

are: (i) With a large antenna array aperture, the system is

more likely to operate in the near-field region. This makes

the conventional far-field planar wave propagation assump-

tion invalid and challenges the beamforming design problems.

(ii) With the wide bandwidth, the classical phase shifter based

analog-only beamforming experiences beam squinting/mis-

focusing, leading to degradation in the beamforming gain

and increase in the introduced network interference. These

problems motivate adopting new transceiver architectures and

developing novel beamforming solutions for near-field wide-

band communication systems, which is the focus of this

letter.

Prior Work: A common approach to improve the

performance of a wideband system is by equipping the antenna

arrays with the time delay (TD) units which can introduce a

constant group delay to the different frequency components
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of the transmit/receive signals. For instance, in [1], [2], [3],

the authors demonstrate the potential of such TD units based

arrays in achieving robust beamforming gain performance and

in facilitating other operations (such as beam training and

alignment) in the wideband systems. However, the TD-based

arrays come with a higher manufacture cost and they also

consume more power than the conventional phase-shifter (PS)

based antenna arrays. With the motivation to address this

increased cost and power consumption, [4], [5] studied the

near-field wideband beam focusing problem using PS-only

architectures. Although the average performance within the

considered bandwidth is optimized, the peak gains are still

majorly sacrificed. To strike a balance between performance

and hardware cost/power consumption, the hybrid TD-PS

based architecture is introduced, where the wideband beam-

forming problem is studied under both far-field [6] and near-

field [7] channel models. However, the achieved performance

in the existing work relies on accurate channel knowledge,

which incurs high training and acquisition overhead given the

large number of antennas.

Contribution: In this letter, we develop a low-complexity

beamforming approach for TD-PS architecture that is capable

of learning and optimizing the near-field wideband beams

without requiring any channel knowledge. Specifically, an

online learning framework that is inspired by the signal model

is developed to learn the phase shifts of the quantized analog

PSs and achieve fast convergence despite the large num-

bers of antennas. Further, a low-complexity geometry-assisted

method is devised to configure the delay settings of the TD

units. The proposed framework relies only on the power mea-

surements of the received signal at different subcarriers, and

does not require any explicit channel or location information.

Simulation results demonstrate the capability of the proposed

solution in learning optimized near-field beams that achieve

robust performance in practical wideband large-antenna array

systems.

II. SYSTEM AND CHANNEL MODELS

A. System Model

We consider a system where a THz massive MIMO base

station (BS) with M antennas is communicating with a single-

antenna user equipment (UE). The system adopts OFDM

transmission/reception with K subcarriers and operates at a

center frequency fc over a bandwidth B. In the uplink, if the

UE transmits a symbol sk ∈ C at the k-th subcarrier, then the

received signal at the BS after combining can be expressed as

yk = wH hk sk + wH nk , ∀k = 1, . . . ,K , (1)
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Fig. 1. The considered system architecture where we assume a general non-
uniform linear array that adopts analog PSs and TD units. The user equipment
is assumed to be within the near field region of the large-dimensional array.

where we assume that the transmitted symbol sk satisfies the

average power constraint E{|sk |2} = PT

K with PT denoting

the total transmit power. w is the combining vector, hk ∈
C
M×1 is the uplink channel vector between the UE and the

BS at the k-th subcarrier, and nk ∼ CN (0, σ2k I) is the receive

noise vector at the BS with σ2k being the noise power.

The combining vector w in (1) takes different forms in

different transceiver architectures. In this letter, we consider

a practical system where the BS has only one RF chain

and employs analog-only beamforming using a network of

r-bit quantized PSs. Further, to mitigate the severe beam split

effect in the wideband systems, we assume that the system

is equipped with time-delay units. These TD units are RF

circuit blocks that introduce a constant group delay to the

different frequency components of the received signal [3].

For example, if the n-th TD unit is configured to introduce

a delay of τn seconds, then the phase shift incurred for

the signal at the k-th subcarrier is −2πfk τn . As shown in

Fig. 1, we assume that every P PSs are connected to one TD

unit, i.e., forming a partially connected architecture. Without

loss of generality, we assume that the system adopts a total

number of N TD units such that M = NP. With this architec-

ture, and unlike the conventional PS-only beamforming, the

beamformer becomes frequency-dependent. Specifically, the

effective combining vector at the frequency fk is given by

wk =
1√
M

ej (−2πfk τ⊗1P+θ), (2)

where ⊗ is Kronecker product, τ ∈ R
N×1 is the delay vector,

θ ∈ R
M×1 is the phase vector (of the phase shifters), and 1P

denotes the P × 1 all one vector. In the rest of this letter, we

will use the approximation

w(f ) ≈ wk , ∀f ∈
[
fk − B

2K
, fk +

B

2K

]
, (3)

i.e., we will assume that the effective beamforming is constant

across each subcarrier.

B. Near Field Wideband Channel Model

Without loss of generality, we assume a 2-D geometry,

where both the BS antenna array and the UE’s antenna are

at the x-y plane. The BS is assumed to employ a linear array

that is aligned with the y axis and that has a half aperture

of D
2 . The center of the BS array is assumed to be at the

origin. Based on that, the positions of the M BS antenna ele-

ments can be written as pm = [0, D2 αm ]T , ∀m = 1, 2, . . . ,M ,

where αm takes a value in [−1, 1], i.e.,

− 1 ≤ αM < αM−1 < · · · < α2 < α1 ≤ 1. (4)

It is worth noting that we do not assume that the BS adopts

a uniform linear array (ULA), meaning that αm , ∀m can be

any values in [−1, 1] and only need to satisfy the sequential

constraint, i.e., αM < · · · < α2 < α1. Finally, we denote the

UE’s position as q = [qx , qy ]
T ∈ R

2. Hence, the distance

between the UE’s antenna and the m-th BS antenna element

is given by dm = ‖pm − q‖2.

Given the large aperture of the array adopted by the BS,

we consider a practical scenario where the UE is within the

near field region of the BS. Therefore, and based on the above

geometry, the channel coefficient between the UE and the m-th

BS antenna at the k-th subcarrier is given by

[hk ]m =
ρkλk
4πdm

e
−j 2π

λk
dm

, ∀k = 1, . . . ,K , m = 1, . . . ,M , (5)

where λk is the wavelength of the k-th subcarrier and ρk sub-

sumes all the other factors such as antenna pattern of the BS

array, pathloss, and channel gain at the k-th subcarrier.

III. PROBLEM FORMULATION

Given the system and channel models described in

Section II, we cast the problem as a joint design of phase

shifts of the quantized phase shifters and the delay configura-

tions of the TD units. The overall objective is to maximize the

average beamforming gain, or equivalently, the signal-to-noise

ratio (SNR), of the system across all the subcarriers. Formally,

this objective can be written as

max
τ ,θ

1

K

K∑

k=1

∣∣∣wH
k hk

∣∣∣, (6)

s. t. τn ∈ [0, τmax], ∀n = 1, 2, . . . ,N , (7)

θm ∈ Ψ, ∀m = 1, 2, . . . ,M , (8)

where wk is given by (2), τmax ∈ R+ denotes the maximum

delay that the TD unit supports, and Ψ is a finite set with

2r possible phase values drawn uniformly from (−π, π]. In

addition to the constraints (7) and (8), we also assume that

the channels, hk , ∀k , are unknown, as acquiring the channel

state information (CSI) is typically challenging in systems with

fully analog transceiver architectures [8].

IV. PROPOSED SOLUTION

In this section, we present our proposed near field wideband

beam focusing solution. The proposed approach decomposes

the original joint design problem (6) into two subproblems:

(i) The quantized analog phase shifter design subproblem,

which focuses on maximizing the beamforming gain at the

center frequency, while setting all the TD units to have zero

delays; and (ii) the TD unit design subproblem, which focuses

on maximizing the average beamforming gain achieved across

all the subcarriers by properly configuring the TD units.

Despite this decomposition, we will show in Section V that

the performance achieved by the proposed solution approaches
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Fig. 2. The adopted actor-critic learning architecture where the actor
network is implemented using the fully-connected neural network and the
critic network is designed to reflect the underlying signal model.

that of the prior work [7] which (different than our solution)

requires full channel knowledge and uniform array geometry.

The motivation of this decomposition is partially originating

from the observation that unless the number of elements in

each sub-array is very large, then the performance degradation

caused by the wideband effect for this sub-array is negligible.

A. Decomposition of the Original Problem

The combining vector in (2) can be expressed as wk =
wTD,k 
wPS, where wTD,k = e−j2πfk τ⊗1P is the TD-based

frequency-dependent combining vector and wPS = 1√
M

ej θ is

the phase-shifter based frequency-flat combining vector. The

symbol 
 denotes the element-wise product. Correspondingly,

the design of the quantized analog phase shifters can be

formulated as the following optimization problem

θ
� = argmax

θ

∣∣∣wH
PShfc

∣∣∣, (9)

s. t. [wPS]m =
1√
M

ejθm , (10)

θm ∈ Ψ, ∀m = 1, 2, . . . ,M , (11)

where hfc denotes the channel at the center frequency. After

obtaining θ
�, the design problem of the TD units can be

expressed as follows

τ
� = argmax

τ

1

K

K∑

k=1

∣∣∣
(
wTD,k 
 ŵ�

PS

)H
hk

∣∣∣, (12)

s. t. wTD,k = e−j2πfk τ⊗1P , (13)

τn ∈ [0, τmax], ∀n = 1, 2, . . . ,N , (14)

[θ̂
�
]m = argmin

θ∈Ψ
|θ − ([θ�]m + 2πfcτn )|,

∀n, ∀m ∈ {(n − 1)P + 1, . . . ,nP}, (15)

where ŵ�
PS = 1√

M
ej θ̂

�

. The constraint (15) is to ensure that

the gain at the center frequency, i.e., the objective function

of (9), will not be influenced after the introduction of the

TD units. Next, in Sections IV-B and IV-C, we present the

proposed solutions for solving (9) and (12).

B. The Design of the Analog Phase Shifters

As mentioned before, the design of the quantized analog

PSs focuses on maximizing the beamforming/combining gain

at the center frequency fc . We adopt the similar reinforce-

ment learning (RL) formulation as in the previous work [9].

Specifically, we define the state st as a vector that consists

of the phases of all the phase shifters at the t-th iteration,

that is, st = [θ1, θ2, . . . , θM ]T . We define the action at as

the element-wise changes to all the phases in st . Since the

phases can only take values in Ψ, a change of a phase repre-

sents the action that a phase shifter selects a value from Ψ.

Therefore, the action is directly specified as the next state,

i.e., at = st+1, which can be viewed as a deterministic tran-

sition in the Markov Decision Process (MDP). We define

the reward as the achieved beamforming gain difference

between the action (i.e., new beam, denoted as wPS,t ) and the

state (i.e., the previous beam, denoted as wPS,t−1). Formally,

rt = |wH
PS,thfc |2 − |wH

PS,t−1hfc |2.

Moreover, to improve the sample efficiency of the proposed

algorithm in learning over large antenna arrays, we develop

a signal model inspired online RL-based search algorithm.

Specifically, we improve the existing actor-critic architecture

based beam learning algorithm [9] by designing a special

critic network that better utilizes the underlying signal model.

Formally, the critic network takes the following form

f (st , at ) = wH
atQQ

Hwat − wH
st QQ

Hwst , (16)

where Q ∈ C
M×v is the model parameters with v ∈ N+ being

a hyperparameter, wat = 1√
M

ej at and wst = 1√
M

ej st . The

complete beam learning framework is illustrated in Fig. 2.

C. The Design of the Time Delay Units

In this subsection, we introduce the proposed low complex-

ity geometry-assisted TD unit design algorithm. Before we

delve into the details, it is worth mentioning that the motiva-

tion of leveraging geometry to design the delay configuration

of the TD units can be found in the following observations.

First, the TD units are mainly adopted to compensate for the

different delays experienced at the different parts of the large

array. This implies that the design can be determined based on

the distance differences between the elements on the antenna

array and the UE. Second, the absolute distance difference

between any two antenna elements on the array and the UE is

upper bounded by the array aperture, i.e., D. Third, depending

on the relative positions of the BS and UE, the delay profile on

the BS’s array (i.e., the experienced delay value as a function

of antenna element) presents different monotonicity properties.

These observations provide useful insights and guidance for

the considered TD units design as they help constrain the

search space of the delay configurations. Moreover, as indi-

cated by the first observation, the introduction of the TD units

is to compensate for the differences in the propagation delays

experienced at the different receive antenna elements, which

are directly related to the different propagation distances.

Therefore, understanding and finding such distance differences

could facilitate the design of the TD units. Based on this,

we introduce the concept of the distance difference function

(DDF), which directly determines the design of the delay units.

To be more specific, we set the point pref = [0, D2 ]
T as the

reference point of the BS array. Further, we define ∆ = 1−α

as the relative coefficient with respect to the reference point,1

1As described in Section II-B, the position of an antenna is determined via
its coefficient −1 ≤ α ≤ 1.
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which implies that ∆ ∈ [0, 2]. Therefore, the reference dis-

tance, defined as the distance between pref and the considered

UE position q, is given by dref = ‖pref − q‖2. Based on the

reference distance, we define the DDF fd for any point on the

array p∆ = [0, (1−∆)D2 ]
T and the UE as

fd(∆, q) = d(∆)− dref , (17)

where d(∆) = ‖p∆−q‖2. As can be seen, the DDF depends

only on ∆ and q. Besides, dref corresponds to ∆ = 0, and

fd = 0 when ∆ = 0. Moreover, an important observation is

that the monotonicity property of fd depends on the UE posi-

tion q relative to the BS array. Without loss of generality, we

assume qx > 0. Then, the UE position space can be divided

into three regimes based on the value of qy : (i) qy > D
2 ;

(ii) qy < −D
2 ; and (iii) |qy | < D

2 . For these regimes, fd
is monotonically increasing when qy > D

2 and is monoton-

ically decreasing when qy < −D
2 . When |qy | < D

2 , fd first

decreases and then increases. It is worth noting that the delay

configuration of the TD units is closely related to fd which

essentially characterizes the additional propagation distance at

different parts of the array. Specifically, the ideal delay con-

figuration of the m-th antenna is given by
fd(∆m ,q)

c , where

∆m = 1− αm . However, as can be seen from (17), in order

to obtain the exact expression of fd, the UE position q should

be known. Since in practice systems, however, the UE posi-

tion is either unavailable or noisy, it is important to develop

search algorithms that are able to find an approximation of fd,

and hence design the delay configurations, without requiring

the UE position. Next, we describe the proposed low com-

plexity delay search method. Each search cycle in this method

consists of the following three steps:

1) Select a Linear Approximation: Inspired by the behavior

of the DDF fd, we propose a low complexity linear approxima-

tion based search algorithm to design the delay configurations

of the TD units. Specifically, we use the following piecewise

linear function to approximate fd, that is

f̂d(∆; {ax , ay , b}) =
{

ay
ax

∆, 0 ≤ ∆ ≤ ax ,
b−ay
2−ax

(∆− ax ) + ay , ax < ∆ ≤ 2,
(18)

where the approximation function f̂d is parameterized by

ax , ay , b, with (ax , ay ) modelling the coordinate of the only

breakpoint of (18) and b modelling the intersection of the

second part of (18) with ∆ = 2. Therefore, the approxima-

tion problem essentially becomes a joint search problem of

ax , ay and b. Since ax , ay and b should satisfy the con-

ditions determined by the properties of fd, 0 ≤ ax ≤ 2,

−D
2 ax ≤ ay ≤ D

2 ax , −D ≤ b ≤ D, we discretize the orig-

inal continuous search space into a finite size discrete grid.

Specifically, we denote Ax ⊆ [0, 2] as the finite search set

that contains the search points of ax , Ay|ax ⊆ [−D
2 ax ,

D
2 ax ]

as the finite search set of ay given ax , and B ⊆ [−D ,D ] as

the finite search set of b. In each search cycle, one combina-

tion of the possible values of ax , ay , and b are selected, which

gives one candidate approximation of fd.

2) Compute the Delay Configurations: After obtaining f̂d,

the delay search is then conducted based on sampling of the

corresponding delay difference function, defined as f̂τ = f̂d
c . If

we set one sampling point at the center of each sub-array to

have the set {∆1,∆2, . . . ,∆N }, with 0 ≤ ∆1 < ∆2 < · · · <
∆N ≤ 2, then, the delay configuration vector will be

τ =
[
f̂τ (∆1), f̂τ (∆2), . . . , f̂τ (∆N )

]T
. (19)

3) Evaluate the Configured Delays: In this step, the ana-

log phase shifters are first reconfigured to compensate for the

additional phase shifts introduced by the TD units, according

to (15). Then, the system measures the receive beamforming

gain at the different subcarriers to determine the performance

of the current delay configurations. This completes one cycle

of the proposed delay search algorithm.

D. Complexity Analysis

For the analog PS design problem, the proposed signal

model-based learning architecture reduces the computational

complexity when comparing with the signal model-unaware

architecture [9]. Specifically, the complexity reduction of the

proposed solution mainly comes from the following aspects.

First, the signal model-based critic network design reduces its

complexity from O(M 2NbNiter), where we assume a fully-

connected neural network-based critic network architecture as

in [9], to O(MNbNiter), with Nb denoting the mini-batch size

and Niter denoting the total number of iterations. Second, from

training perspective, the convergence of the proposed solution

is much faster than the signal model-unaware architectures,

meaning that Niter is normally also small. To be more specific,

from the simulation result, it indicates that, for a 256-antenna

BS with 3-bit quantized PSs, the training of the critic network,

depending on the number of real power measurements, is able

to converge within 1000 ∼ 5000 iterations. And with a well-

trained critic network, the actor network is typically able to

converge within only 20 ∼ 50 iterations. Finally, due to the

decoupling of the original joint TD-PS design problem (6), the

search space becomes much smaller, which generally leads to

less search complexity.

V. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed

near field wideband beamforming design algorithm.

A. Simulation Setup

In this simulation, we consider the scenario where a BS

receiver adopts a linear array with 256 elements. While the

positions of the antenna elements within the array are ran-

domly sampled, giving rise to an unknown and non-uniform

array geometry, we assume that the aperture of the array is

given by (M − 1)λc
2 , with λc being the wavelength of the

center frequency and M = 256. Furthermore, we assume that

the system is operating at a center frequency of 100 GHz

(hence λc = 0.3 centimeter) and has a bandwidth of 10 GHz.

Moreover, each antenna of the array is followed by a 3-bit

analog PS. The signals from the P adjacent PSs are first com-

bined and then processed by the same TD unit, as illustrated

in Fig. 1. The value of P depends on the number of TD units

in the specific simulations.
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Fig. 3. The evaluation of the proposed solution. (a) shows the beam focusing
performance at different frequencies (lowest, center and highest frequencies

of the considered bandwidth) to a user at q = [2,−2]T that is marked by
the red square, where the figure to the left shows the performance of PS-only
architecture and the figure to the right shows the performance of the TD-PS
hybrid architecture with the proposed beam focusing algorithm. (b) shows the
beamforming gain performance with different numbers of TD units.

B. Numerical Results

In Fig. 3(a), we visualize the beam focusing performance

of the proposed solution at different frequencies to a user at

q = [2,−2]T , where we show the lowest, center and highest

frequencies of the considered bandwidth. The average beam-

forming gain performance at these frequencies is plotted on

the considered user grid. Specifically, the figure to the left in

Fig. 3(a) shows the performance of the PS-only architecture

with the phase shifts designed based on the center frequency.

As can be seen, due to the frequency-flatness of the analog

phase-shifters, the beam can only focus on the considered user

at the center frequency, while being completely deviated at the

other two frequencies, an effect that is oftentimes referred to

as beam split. By leveraging the TD-PS hybrid architecture

and the proposed beam focusing solution, the beamforming

vector becomes frequency-dependent. As a result, the beams

at different frequencies are all able to focus on the user,

as shown in the figure to the right in Fig. 3(a).

The wideband performance of the proposed algorithm when

utilizing different numbers of TD units is then evaluated.

As can be seen from Fig. 3(b), if the BS adopts a PS-only

architecture (without TD units), the system experiences quite

severe performance degradation in the considered bandwidth.

Specifically, although the system has a bandwidth of 10 GHz,

the 3 dB bandwidth achieved by the PS-only architecture is

only around 1 GHz. Moreover, most of the subcarriers expe-

rience less than −10 dB beamforming gain with considerable

subcarriers having even over −20 dB beamforming gain loss

compared to the center frequency. However, by leveraging

only 8 TD units, meaning that every 32 antennas share

one TD unit, the performance gets improved quite signifi-

cantly, where the 3 dB bandwidth is widened to almost 6

GHz. If the number of the TD units is allowed to be further

increased to 16 TD units, the system is able to achieve almost

frequency-flat performance. To better understand the achieved

performance by the proposed solution, we compare it with the

prior work [7], where the authors propose a phase-delay focus-

ing (PDF) method that achieves beam focusing with perfect

channel knowledge. As can be seen in Fig. 3(b), the proposed

solution is able to approach the PDF performance with negli-

gible difference. It is worth noting that the proposed solution

achieves such performance while not requiring any channel

knowledge and while being generic to arrays with arbi-

trary geometries. This reduces the system operation overhead

and enhances the robustness of the beam focusing solution

against various hardware imperfections.

VI. CONCLUSION

In this letter, we developed a low-complexity wideband

beamforming solution for hybrid TD-PS based RF architec-

tures operating in the near-field regime. To perform beamform-

ing, the proposed solution does not require any explicit channel

knowledge and relies only on the power measurements of the

received signal at different subcarriers. The sample efficiency

of the proposed solution is enhanced by designing a sig-

nal model inspired actor-critic architecture to learn the phase

shifts, and by leveraging a geometry-assisted linear approx-

imation model to configure the TD units. Important future

extensions of this letter include near-field wideband beam

codebook learning, interference aware near-field beam pattern

learning, and beam/codebook learning under user mobility.
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