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Abstract—This study centers on Line-of-Sight (LoS) MIMO
communication enabled by a Transmissive Reconfigurable
Intelligent Surface (RIS) operating in the Terahertz (THz)
frequency bands. The study demonstrates that the introduction
of RIS can render the curvature of the wavefront apparent
over the transmit and receive arrays, even when they are
positioned in the far field from each other. This phenomenon
contributes to an enhancement in spatial multiplexing. Notably,
simulation results underline that the optimal placement of the
RIS in the near-field is not solely contingent on proximity to the
transmitter (Tx) or receiver (Rx) but relies on the inter-antenna
spacing of the Tx and Rx.

I. INTRODUCTION

Recent shifts in the patterns of multimedia consumption

have caused a substantial surge in mobile data traffic. The

growing popularity of wireless networks has led to a greater

need for high-speed wireless communication systems [1]. To

accommodate the elevated data rates anticipated in future

wireless communication systems, it becomes essential to

explore advanced solutions at the physical layer and to seek

out new spectral bands. Among the spectrum bands showing

promise for facilitating ultra-high-speed communication is

the Terahertz (THz) band, stretching from 0.06 to 10 THz.

The THz band is characterized by its extensive bandwidth,

which varies from tens of gigahertz to several terahertz, in

accordance with the transmission distance [2].

Nonetheless, operating in this frequency band does pose

certain challenges in regard to radio signal propagation.

Moreover, its possible applications are largely constrained

to shorter-range communications. Successful communication

in this band is heavily dependent on maintaining a direct

line-of-sight (LoS) connection or leveraging robust signal

reflections. However, due to the combined characteristics

of a relatively small wavelength and restricted transmission

range, this opens up an opportunity for employing multiple-

input multiple-output (MIMO) technology with practical

physical dimension arrays in LoS scenarios. In fact, when

the curvature of the radio wavefront becomes apparent across

the transmit and receive arrays, the channel matrix’s rank

improves, even under pure LoS conditions. Therefore, LoS
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conditions are well-suited for THz communication, offering

advantages such as minimal path loss and improved spatial

multiplexing [3].

THz communications have a significant role to play in

wireless backhaul networks. They can serve as an alternative

to fiber cables or complement existing fiber infrastructure to

enhance wireless backhaul. In cases where replacing fiber is

considered, it’s essential to establish a direct LoS connection

with the maximum possible distance [4]. Consequently, it

may not always be feasible to maintain both base stations

within each other’s near-field region. This could potentially

result in the loss of the beneficial exploitation of wavefront

curvature to amplify the rank of the channel matrix.

Reconfigurable Intelligent Surfaces (RISs) have surfaced

as an innovative type of passive, non-regenerative relay

technology. It can be programmed to reflect or refract elec-

tromagnetic waves with desired phase shift [5]. Operating in

THz bands, an RIS generates a radiating near-field, known

as the Fresnel zone, that extends over several meters. Placing

an adequately sized RIS between base stations has the

potential to make the wavefront curvature discernible across

the arrays, leading to an enhancement in the channel matrix’s

rank.

Papers [6,7] establish that the Intelligent reflecting surface

(IRS)-assisted system’s capacity is optimum only when the

IRS is in the vicinity of the transmitter (Tx) or receiver (Rx).

However, both these works assume the Tx and Rx in the

far field of the IRS, where the wavefront is approximated

as planar and does not influence the rank of the channel

matrix. As a result, the optimal placement of the RIS in the

near field might not align with its optimal position in the far

field, which serves as a driving motivation for this present

study.

This work considers a transmissive RIS-assisted MIMO

system operating in THz bands, with LoS Tx-RIS and RIS-

Rx connections, and without a direct path between the Tx

and Rx due to obstruction by the RIS. The key idea of the

paper is that since the degrees of freedom (DoF) in LoS

MIMO escalate as the wavefront curvature becomes notice-

able over the transmit and receive arrays, concatenating two

LoS MIMO links via a RIS—which acts as the receiver for

the first link and the transmitter for the second link—ensures

both links in its Fresnel zone, thereby making the wavefront

curvature noticeable over the Tx and Rx even though they

are in the far-field to each other.
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Fig. 1: Depiction of the RIS geometry assumed in the system

model.

The main contributions of this work include:

• The application of RIS to extend the near-field, thereby

enhancing the DoF available for LoS spatial multiplex-

ing.

• The computation of the optimal positioning of the RIS

in the near-field.

• The examination of variation of optimal position with

inter-antenna distance using the singular values of the

effective channel matrix.

II. SYSTEM MODEL AND ASSUMPTIONS

A. Signal Model

Consider a THz transmissive RIS system equipped with

Nt ≥ 1 antennas at the Tx and Nr ≥ 1 antennas at the

Rx. The RIS is positioned in the xy-plane and comprises a

total of W = Wx ×Wy elements. Every element possesses

dimensions of Lx in width and Ly in length. The gaps

between neighboring elements are denoted as dx along the

x-axis and dy along the y-axis. Assuming the RIS to be

lossless, the transmitting coefficient of the (a, b)th element

is represented as βw = ejϕa,b , where ϕa,b ∈ [0, 2π).
The channel matrix for the direct link that connects the

Tx and the Rx is denoted by H ∈ CNr×Nt . Similarly, T ∈
CW×Nt signifies the channel matrix from the Tx to the RIS,

R ∈ CNr×W the channel matrix from the RIS to the Rx,

Φ ∈ CW×W the diagonal transmission matrix of the RIS,

where Φ = diag{β1, ..., βW }. Hence, the effective MIMO

channel matrix for the system setup with only the Tx-RIS-Rx

link can be represented as H̃ = RΦT .

Let us denote the transmitted signal vector as s ∈ CNt×1.

Define the transmit signal covariance matrix as Rs ,

E[ssH ] ∈ CNt×Nt , with Rs � 0, accounting for its

positive semi-definite nature. A Tx with an average sum

power constraint, which can be expressed as E[‖s‖2] ≤ P ,

equivalently represented as tr(Rs) ≤ P is considered. The

received signal vector, represented as y ∈ CNr×1, can be

described as

y = H̃s+ n = (RΦT )s+ n (1)

where n ∼ CN (0, σ2INr
) characterizes the additive noise

at the receiver, σ2 represents the average noise power.

B. Channel Model

We assume that both the Tx and Rx are in the Fresnel

zone of the RIS given by 0.62
√

L3
RIS/λ < D ≤ 2L2

RIS/λ
[8], where D is the distance measured from the RIS and

LRIS = max(WxLx + (Wx − 1)dx,WyLy + (Wy − 1)dy) is

the maximum physical dimension of the RIS. We model the

channel considering the spherical wavefront of the radiated

waves.

Antenna arrays are conventionally represented as an en-

semble of point radiators, whereas an RIS consists of rect-

angular elements with substantial dimensions. Consider the

RIS with the center of the (0, 0)th RIS element placed on the

z-axis of the coordinate system, as shown in Fig. 1. Within

(a, b)th RIS element, the transmitting coefficient ejϕa,b re-

mains constant. Hence, the position vector of the (a, b)th
RIS element is pa,b = (adx, bdy, z), where dx = dx + Lx,

dy = dy + Ly and z is the z-coordinate corresponding to

the centre of the (0, 0)th RIS element. The locations of

arbitrary transmit and receive antennas are (Dm, θm, φm)
and (Dn, θn, φn), respectively. Therefore, their Cartesian

coordinates are

pm = (Dm cosφm sin θm, Dm sinφm sin θm,

Dm cos θm), m = 1, . . . , Nt

(2)

pn = (Dn cosφn sin θn, Dn sinφn sin θn,

Dn cos θn), n = 1, . . . , Nr,
(3)

where Dm and Dn represent the distances from the origin

to the m th transmit and n th receive antennas, the azimuth

and polar angles are represented by φ and θ. The entries of

the channel from the Tx to the RIS are denoted as [8]

[T ]w,m =
√

PLm
a,be

−jkDm
a,b . (4)

In (4), k = 2π/λ denotes the wavenumber, where λ
signifies the carrier wavelength, Dm

a,b , ‖pm − pa,b‖
represent the distance between the m th transmit an-

tenna and the (a, b)th RIS element, while PLm
a,b =

(GmLxLye
−κabs(f)(D

m
a,b))/4π(Dm

a,b)
2 is the respective path

loss with Gm and κabs(f) denoting the

m th transmit antenna’s gain and the molecular absorp-

tion coefficient at the carrier frequency f . The entries of

R ∈ CNr×W can be expressed as [9, eq. 7]

[R]n,w =

√

Gne
−κabs(f)(Dn

a,b
) LxLy

jλDn
a,b

F (θnw)e
jkDn

a,b , (5)



where j is the imaginary unit, Gn denotes the n th receive

antenna’s gain, while Dn
a,b , ‖pn − pa,b‖, F (θnw) =

(1 + cos θnw)/2 is the leaning factor according to the Fresnal-

Kirchhoff diffraction formula with θnw denoting the angle

made by n th receive antenna with the normal to the RIS at

w th element. Using (4) and (5), the effective MIMO channel

matrix H̃ entries are written as

[H̃ ]n,m =

Wx−1
∑

a=0

Wy−1
∑

b=0

√

PLm
a,bGn

LxLy

jλDn
a,b

F (θnw)

e−jk(Dm
a,b−Dn

a,b)ejϕa,be−(κabs(f)/2)(D
n
a,b).

(6)

To model the direct link between the Tx and Rx, the LoS

channel model is employed, whose channel coefficient is

given by [3]

[H ]n,m =

√

GnGme−κabs(f)(Dn,m)λ

4πDn,m
e−jkDn,m

, (7)

where Dn,m , ‖pn − pm‖, respectively.

III. PROBLEM FORMULATION AND SOLUTION

To determine the fundamental capacity limit, we make

the assumption that both the Tx and Rx possess CSI.

Consequently, the MIMO channel capacity in bits per second

per Hertz (bps/Hz) is defined as follows:

C = max
Rs:tr(Rs)≤P,Rs�0

log2 det

(

INr
+

1

σ2
H̃RsH̃

H
)

.

(8)

The capacity of the MIMO channel facilitated by the

RIS, presented in (8), is intrinsically connected to the RIS

transmission matrix, Φ. This matrix impacts both the effec-

tive channel matrix, H̃ , and the resulting optimal transmit

covariance matrix, Rs. The objective is to maximize the ca-

pacity by jointly optimizing Φ and Rs, under the constraints

that dictate the total transmit power and the uni-modular

nature of the transmission coefficients. The formulation of

this optimization problem is as follows:

(P) max
Φ,Rs

log2 det

(

INr
+

1

σ2
H̃RsH̃

H
)

(9)

s.t. Φ = diag{β1, . . . , βW } (10)

|βw| = 1, w = 1, . . . ,W (11)

tr(Rs) ≤ P (12)

Rs � 0. (13)

The solution to this optimization problem is derived from

the analysis presented in [10]. An alternating optimization

algorithm is applied to solve (P), subsequent to the trans-

formation of the objective function of (P) in terms of the

optimization variables in {βw}Ww=1∪{Rs}. It follows solving

two subproblems of (P) to optimize the transmit covariance

matrix Rs and a single transmission coefficient βw in Φ

while keeping all other variables constant.

A. Optimization of Rs With Given {βw}
W
w=1

Consider the truncated singular value decomposition

(SVD) of H̃ to be represented as H̃ = Ã∆̃B̃H . Here,

B̃ ∈ CNt×E , where E = rank(H̃) ≤ min(Nr, Nt)
signifies the maximum quantity of data streams that can be

transmitted over H̃ . The optimal Rs is expressed as

Rs
∗ = B̃diag{p∗1, . . . , p

∗
E}B̃

H
, (14)

where p∗i represents the optimal power allocated to the ith
data stream adhering to the water-filling strategy: p∗i =

max
(

1/p0 − σ2/[∆̃]2i,i, 0
)

, i = 1, . . . , E. The parameter

p0 is determined such that the condition
∑E

i=1 p
∗
i = P

is satisfied. Therefore, the channel capacity with given

{βw}Ww=1 is

C =

E
∑

i=1

log2



1 +
˜[∆]

2

i,ip
∗
i

σ2



 . (15)

B. Optimization of βw With Given Rs and {βi, i 6= w}Wi=1

Denote R = [r1, ..., rW ], T = [t1, ..., tW ]H with rw ∈
CNr×1 and tw ∈ CNt×1, Rs = URs

ΛRs
UH

Rs
as the eigen-

value decomposition (EVD) of Rs, where URs
∈ CNt×Nt

and ΛRs
∈ CNt×Nt , T ′ = TURs

Λ
1/2
Rs

= [t′1, ..., t
′
W ]H ∈

CW×Nt , where t′w = Λ
1/2
Rs

UH
Rs

tw ∈ CNt×1. The optimal

βw is given by:

β∗
w =

{

e−j arg{Ψw}, if tr(X−1
w Y w) 6= 0

1, otherwise
(16)

where Xw = INr
+

1
σ2

(

∑W
i=1,i6=w βirit

′H
i

)(

∑W
i=1,i6=w βirit

′H
i

)H

+ 1
σ2 rwt

′H
w t′wr

H
w , ∀w ∈ W ,

Y w = 1
σ2 rwt

′H
w

(

∑W
i=1,i6=w t′ir

H
i β∗

i

)

, ∀w ∈ W ,

Ψw ∈ C denotes the sole non-zero eigenvalue of X−1
w Y w

and W = {1, . . . ,W}.

C. Alternating Optimization

We begin by generating L > 1 sets of {βw}Ww=1, where

|βw| = 1, ∀w and the phases of βw follow a uniform

distribution within the range of [0, 2π). For each set of

transmission coefficients, we calculate the optimal transmit

covariance matrix Rs using equation (14) and determine the

associated channel capacity. The set yielding the maximum

capacity is selected as the starting point for the algorithm.

The algorithm then progresses by iteratively solving the two

subproblems until the convergence is achieved.

IV. SIMULATION RESULTS

To understand the position of the RIS between the Tx

and Rx that maximizes the capacity, we examine the setup

depicted in Fig. 2. Uniform planar arrays are utilized at

both the Tx and Rx. It is assumed that the arrays and the

RIS are all in the same plane (the XY-plane), with their

centers in alignment. We now fix the positions of Tx and

Rx and consider different locations of RIS by varying its



Fig. 2: Illustration of the simulation setup.

z-coordinate to find the maximum capacity corresponding

to each location using the algorithm specified in section-III.

Throughout the analysis, we consider the RIS to be large

enough to block all direct paths between the Tx and Rx.

We assess a MIMO configuration with Nt = Nr = 4, i.e.,

2 × 2-element uniform planar arrays, and a RIS of 1600

elements, i.e., 40× 40 for different inter-antenna spacing in

the Tx and Rx. We consider the Tx, Rx, and RIS centers

at (x = 0.0122, y = 0.0122) and fix the Tx and Rx at

equal distances from the plane z = 0, with the z-coordinates

0.2629 and −0.2629, respectively. We now vary the z-

coordinate of the RIS across 50 evenly spaced locations in

the range (−0.1860, 0.1860) for each inter-antenna distance

of Tx and Rx. Note that all the distances are in meters. We set

the Carrier frequency f as 300 GHz, κabs(f) = 0.0033m−1,

Gm = Gn = 20 dBi, P = 10 dBm, σ2 = −90 dBm,

Lx = Ly = λ/2, dx = dy = λ/8. For the algorithm, the

number of random initializations is established as L = 100,

and the convergence threshold, in terms of the relative

increase in the objective value, is set to γ = 10−5. It is

important to highlight that the inter-antenna spacing variation

for both the Tx and Rx is equivalent. The performance

of the RIS-assisted MIMO is compared with LoS MIMO.

The maximum capacity of the LoS MIMO is calculated by

determining the corresponding optimal transmit covariance

matrix Rs using (14).

As depicted in Fig. 8, the maximum achievable capacity

of LoS MIMO demonstrates a progressive increase with the

augmentation of the inter-antenna spacing at the Tx and

Rx. This is because, a greater spacing between the antennas

enables improved spatial signal separation and enhances the

curvature of the wavefront across the arrays, as discussed in

prior studies [3] and [11]. This contributes to increased DoF

and multiplexing gain, which can be interpreted from Figs.

4 and 5. The data rate of each stream (as per (15)) depends

on the singular value magnitude and power allocated via the

water-filling strategy. For the case 2λ, high singular value

variance resulted in no power assigned to the least singular

value stream, reducing DoF. From 2λ to 4λ, the increment in

achievable capacity is attributed to an increase in both DoF

and multiplexing gain. Once maximum DoF is achieved,

the increment is because of the improved multiplexing gain,

which can be noted from case 4λ to 7λ to 10λ.
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Fig. 3: Variance of singular values of the channel versus z-

coordinate of RIS.

The integration of RIS extends the near-field, rendering

the curvature of radiated wavefronts more prominent over the

arrays. This extension augments singular values (Figs. 4, 6),

enhancing DoF (Fig. 5(a), 7(a)). The position corresponding

to the maximum capacity depends on the gains achieved

through beamforming and multiplexing. For scenarios in-

volving shorter inter-antenna distances, the high variance of

singular values (Fig. 3) leads to substantial beamforming

gain, positioning the RIS closer to the Tx or Rx for optimal

system performance. However, as antenna spacing widens,

the dominance of multiplexing gain over beamforming gain

due to low variance (Fig. 3) necessitates shifting the optimal

position away from the Tx and Rx (Fig. 8).

V. CONCLUSION

We have analyzed the potential of RIS to extend the near-

field region and enhance the spatial multiplexing capabil-

ities of LoS MIMO systems. This RIS functionality can

significantly strengthen the wireless backhaul performance

at Terahertz (THz) frequencies. We have studied the optimal

placement of the RIS in the near field by considering various

locations, and through an alternating optimization algorithm,

determined the maximum capacity associated with each

position. Our findings reveal that the optimal position for the

RIS in the near field does not necessarily coincide with the

proximity of either the Tx or Rx, as in the far field. Instead,

it hinges on the inter-antenna spacing of the Tx and Rx. This

observed trend is attributed to the capacity improvement due

to multiplexing being more significant than beamforming.
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Fig. 4: LoS MIMO: Singular value versus data stream.
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Fig. 5: LoS MIMO: Optimal power allocated versus data stream.
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Fig. 6: RIS aided MIMO: Singular value versus data stream of locations corresponding to maximum capacity.
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Fig. 7: RIS aided MIMO: Optimal power allocated versus data stream of locations corresponding to maximum capacity.
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