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Abstract—An intelligent reflecting surface (IRS) at terahertz
(THz) bands is expected to have a massive number of reflecting el-
ements to compensate for the severe propagation losses. However,
as the IRS size grows, the conventional far-field assumption starts
becoming invalid and the spherical wavefront of the radiated
waves should be taken into account. In this work, we consider a
spherical wave channel model and pursue a comprehensive study
of IRS-aided multiple-input multiple-output (MIMO) in terms
of power gain and energy efficiency (EE). Specifically, we first
analyze the power gain under beamfocusing and beamforming,
and show that the latter is suboptimal even for multiple meters
away from the IRS. To this end, we derive an approximate,
yet accurate, closed-form expression for the loss in the power
gain under beamforming. Building on the derived model, we
next show that an IRS can significantly improve the EE of
MIMO when it operates in the radiating near-field and performs
beamfocusing. Numerical results corroborate our analysis and
provide novel insights into the design and performance of IRS-
assisted THz communication.

I. INTRODUCTION

Terahertz (THz) communication is widely deemed a key
enabler for future 6G wireless networks due to the abun-
dance of available spectrum at THz bands [1]]. However, THz
wireless links are subject to severe propagation losses, which
require transceivers with a massive number of antennas to
compensate for these losses and extend the communication
range [2]]. On the other hand, unlike sub-6 GHz systems, the
power consumption of THz radio-frequency (RF) circuitry is
considerably high, which might undermine the deployment of
large antenna arrays in an energy efficient manner [3]]. To over-
come this problem, the novel concept of intelligent reflecting
surface (IRS) can be exploited to build transceivers with a
relatively small number of antennas, which work along with
an IRS to achieve high spectral efficiency with reduced power
consumption [4]]. Thus, the performance analysis of IRS-aided
THz communication is of great research importance.

There is a large body of literature investigating the modeling
and performance of IRSs at sub-6 GHz and millimeter wave
bands. Most of them, though, treat the IRS element as a typical
antenna that re-radiates the impinging wave, and leverage
antenna theory to characterize the path loss of the IRS-aided
link. Furthermore, they assume far-field, where the spheri-
cal wavefront of the emitted waves degenerates to a plane
wavefront. Although these approaches are popular due to their
simplicity, they might not capture the unique features of IRSs,
and especially at THz bands. To this direction, [S] introduced

a path loss model for the sub-6 GHz band by invoking plate
scattering theory, but assuming a specific scattering plane;
hence, it is applicable only to special cases. The authors in 6]
extended the said path loss model to arbitrary incident angles
and polarizations, but considered the far-field zone of the IRS.
Recently, a stream of papers (e.g., [7], [8]], and references
therein) proposed a path loss model that is applicable to near-
field, using the “cos?” radiation pattern [9] for each IRS
element, which differs from the plate scattering-based model.

Although there are still many critical questions about the

operation of THz IRSs, there is a dearth of related literature.
From related work, we distinguish [10]], where the authors
showed that the far-field beampattern of a holographic IRS
can be well approximated by that of an ultra-dense IRS,
and then proposed a channel estimation scheme for THz
massive multiple-input multiple-output (MIMO) aided by a
holographic IRS. However, due to the high propagation losses
and the short wavelength, a THz IRS is expected to consist
of a massive number of passive reflecting elements, resulting
in a radiating near-field, i.e., Fresnel zone, of several meters.
Additionally, to effectively overcome the path loss of the
transmitter-IRS link, the transmitter will need to operate near
the IRS, which is in sharp contrast to sub-6 GHz massive
MIMO of macrocell deployments. In conclusion, a THz IRS
calls for a carefully tailored design that takes into account the
aforementioned particularities.

This paper aims to shed light on these aspects, and study the

channel modeling and performance of THz IRS. In particular:

o We provide a near-field channel model for THz frequen-
cies. Our model is physically consistent, and takes into
account the size of the IRS elements in the path loss
calculation, as well as in the spherical wavefront of the
radiated waves.

e We show that a typical THz IRS is likely to operate
in the Fresnel zone, where conventional beamforming
is suboptimal and hence can reduce the power gain.
More importantly, we analytically evaluate that loss by
providing an approximate closed-form expression.

¢ We compare IRS-aided MIMO with MIMO, and demon-
strate the energy efficiency (EE) gains of the former
architecture. More specifically, we determine the optimal
number of IRS elements required to attain the same rate
as MIMO with reduced power consumption, and reveal
the EE scaling laws.
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Fig. 1: Illustration of the IRS geometry considered in the channel model.

Notation: Dy (z) = % is the Dirichlet sinc function;

A is a matrix; a is a vector; [A]; ; is the (7, j)th entry of A;
AT and A are the transpose and conjugate transpose of A,
respectively, vec(A) is the column vector formed by stacking
the columns of A; and CN(p,X) is a complex Gaussian
vector with mean g and covariance matrix 3.

II. SYSTEM MODEL
A. Signal Model

Consider a THz IRS system where the transmitter (TX)
and receiver (Rx) have a single antenna each. The IRS is
placed in the xy-plane, and it consists of N = N, x N,
passive reflecting elements. Each reflecting element is of size
L, x L,, and the spacings between adjacent elements are
d, and d, along the = and y directions, respectively. The
reflection coefficient of the (n,m)th IRS element is e/#nm,
where ¢y, ,, € [—, w]. We next focus on the Tx-IRS-Rx link.
The baseband signal at the receiver is then written as

y =hl®h;s + 7, €))

where ® = diag(vec(®)) € CN*VN, with & € CN=*Nv and
(@], = €7¥mm, is the IRS’s reflection matrix, h, € CN*1 s
the channel from the Rx to the IRS, h; € CV*! is the channel
from the Tx to the IRS, s ~ CN(0, P,) is the transmitted
data symbol, P; is the average power per data symbol, and
i ~ CN(0,02) is the additive noise.

B. Channel Model

1) Spherical Wavefront: Unlike antenna arrays that are
typically modeled as a collection of point radiators, an IRS
comprises rectangular reflecting elements whose size cannot
be neglected. Assume that the center of the (0,0)th IRS ele-
ment is placed at the origin of the coordinate system, as shown
in Fig. |1l Across the (n,m)th IRS element, the reflection
coefficient e?%~m remains constant, and the phase difference
between adjacent elements is measured from their centers.
Thus, the position vector of the (n,m)th IRS element is
Pn.m = (nd;,md,,0), where d,, £ d,+L, and d, = d,+L,.

Let X\ denote the carrier wavelength. Henceforth, we consider
L,=L,=\/2and d, =d, =0 [8], [11].

The Tx and Rx are located in (D, 6, ¢;) and (D, 0,., ¢,.),
respectively, and hence their position vectors in Cartesian
coordinates are

Pt = (D¢ cos ¢y sin 0y, Dy sin ¢y sin 6y, Dy cos 0y), 2)
= (D, cos ¢, sinb,., D,.sin ¢, sin 0,., D,. cos8,.),  (3)

where D; and D, are the distances measured from the (0,0)th
IRS element, while ¢ and € denote the azimuth and polar
angles, respectively. The baseband channel from the Tx to the
IRS is specified as h; = vec(M;), where My € CN=*Nv jg
the auxiliary matrix with entries [|12]]

Ml = 3/PL, e Pnm. )

In @), k = 2—“ is the wavenumber, PLn m 18 the path loss
between the Tx and the (n,m)th IRS element, and D!, =

n,m
[Pt — Pnml| is the respective distance, with Df, = D;.

Similarly, we have h, = vec(M,), where M, € CN«*Ny
is the auxiliary matrix with entries

[M'r}n,m =/ PL:L m€ —ikD, ) 5)

where PL;, ,, is the path loss between the Rx and the (n,m)th
IRS element, and Dy, ,, 2 p, — Pn,ml||, with Dgo = D;.
Using @) and (@), the received signal in (T)) is recast as

N,—1N,—1

Y= Z Z VPL, e k(DY DL ) i s 4 i (6)

n=0 m=0

where PL,, ,,, = PLfLmPL:hm denotes the overall path loss of
the Tx-IRS-Rx link through the (n,m)th reflecting element.
Hence, the receive signal-to-noise ratio (SNR) is

2
,1Ny
SNR—— > Z VPL e H P D7) g3
n=0 m=0
(7

In the sequel, we detail the path loss model for THz bands,
which relies on the plate scattering paradigm [[13].

2) Scattered Field by an IRS Element: We focus on an
arbitrary IRS element and omit the subscript “n, m” hereafter.
The Tx and Rx are in the far-field of the individual element,
which implies that D;, D, > 2L2. /), where 2L2 /X is
the Fraunhofer distance and Ly.x = max(Lg, L,) is the
maximum dimension of the element. Consequently, a plane
wavefront is assumed across the IRS element. For simplicity,
we consider a transverse electric incident wave which is
linearly polarized along the x-axis. The electric field (E-field)
of the incident plane wave is hence given by

€z, 3

where e, denotes the unit vector along the xz-axis. Next,
the scattered field E; at the receiver location (D0, ®;)
is determined using physical optics techniques, whereby the
IRS element is modeled as a perfectly conducting plate.

E, = E;e —jk(ysin 0, —2z cos 04)
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Fig. 2: Squared magnitude of the scattered field versus observation angle 6,
for incident angle §; = 30° and scattering plane ¢ = 60°; |E;|? = 1,
carrier frequency f = 300 GHz, and D, = 4 meters.

Specifically, the squared magnitude of the scattered E-ﬁeltﬂ
is given by [13| Ch. 11]

L.L\?|E;?
B2 = () EiL b6, 6,6, )sine® (X)sine?(Y)

A D?
9
L.L,\° |Ei|?
~ ( )\ y) D% F(0t7¢r;9r)v (10)

where F(0;, ¢,.,0,) = cos? 0;(cos? 0, cos? br+sin? or), while
X 2 “ff sinf, cos ¢, and Y = Wiy (sind,. sin ¢, — sin ;).
The approximation in (I0) follows from sinc(X) ~ 1 and
sinc(Y) ~ 1 for X =~ 0 and Y = 0, which holds for L, < A
and L, < \. This is also verified in Fig. @ It is worth stressing
that each IRS element is expected to be of sub-wavelength size
in order to act as an isotropic scatterer [|14].

3) Path Loss: Recall that the relation between P; and E;
is |Ei|?/(2n) = P.G:/(4nD?), where 7 is the free-space
impedance, and G; is the transmit antenna gain [[15]]. Hence,
the power density of the scattered field is

o _ IBP _ (Lol > BG,
Y X ) 4xDID?

Considering the receive aperture A, = G, \?/(4r) yields the
receive power

F(eta¢r797')~ (11)

GG,
m@w%fﬂ@mhar).

Finally, taking into account the molecular absorption losses at
THz bands gives the path loss of the Tx-IRS-Rx link through
the (n, m)th element

Pr:SsAr:Pt (12)

GG, (L,L,)? B . .
PLn m — #F 0 r H’r K;abs(f)(Dn,mJ’_Dn,m)
™ @Dl Dy O e »

13)

where Kaps(f) is the molecular absorption coefficient at the
carrier frequency f. From Fig. EI, we see that PL,, ,,, marginally
changes across the IRS, even for 100 x 100 elements and

IThe IRS elements can alter the phase of the scattered wave. The reflection
coefficient does not appear in the formula of || Es||? since |e/#n.m |2 = 1.
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Fig. 3: Path loss across an 100 x 100-element IRS; f = 300 GHz, kqps(f) =
0.0033 m~!, Ly, = Ly = A2, dy = dy = 0, G¢ = G, = 20 dBi,
p: = (0,—0.3,0.6), Dy = 0.67 m, p, = (0,1,1), and D,- = 1.41 m.

a Tx distance D; = 0.67 m. This is because of the small
physical size of the IRS at THz bands. Hereafter, we will
assume that PL,, ,,, = PL, where PL is calculated using D;
and D, measured from the (0,0)th IRS element.

TABLET
IRS WITH L, = Ly = A/2 AND d; = dy; = 0 AT f = 300 GHz.
Nz X Ny-elements  Physical Size [m2]  Fresnel Region [m]
80 x 80 0.039 x 0.039 [0.15, 3.2]
100 x 100 0.05 x 0.05 [0.22, 5]

III. POWER GAIN OF IRS-AIDED THZ SYSTEM
A. Fresnel Region

The near-field of an IRS refers to distances that are
smaller than the Fraunhofer distance Dp = 2L%¢ /), where
Ligs = max (NyLy + (Ny — 1)dy, NyLy + (N, — 1)dy) is
the maximum physical dimension of the IRS. In our work, we
focus on the radiating near-field, i.e., Fresnel region, which
corresponds to distances D > A satisfying [[15]

0.624/ L /A < D < 2L{g /A

From Table [, we verify the small physical size of THz IRS,
as well as its large Fresnel region. Consequently, it is very
likely that the Tx and Rx are in the near-field of the IRS,
where the spherical wavefront of the impinging waves across
the IRS cannot be neglected.

(14)

B. Near-Field Beamfocusing

Let us define the normalized power gain as

(Dt r . 2
[Nt ! TPt e
G= NZN? , (15)
with G € [0, 1]. The receive SNR in (7) is now written as
N2GP,PL
SNR ~ ———. (16)
o

The power gain is maximized by near-field beamfocusing.
Hence, the phase induced by the (n,m)th IRS element is
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Fig. 4: (a) Normalized power gain vs. distance Dy for an 100 x 100-element IRS, where p; = (0.4,0.4, 2), 0
(b) Normalized power gain vs. number of elements for an N, X Ny-element IRS, where N, =

parameters are f = 300 GHz, Ly = Ly = A/2, and dp = dy = 0.

which yields G = 1 and SNR = N2P,PL/o?. As expected,
the SNR of an IRS-aided system grows quadratically with the
number N of IRS elements [16]. Note, though, that the IRS
needs to know the exact locations of the Tx and Rx in order
to perform beamfocusing.

C. Far-Field Beamforming

In this section, we analyze the power gain under conven-
tional far-field beamforming, which relies on the parallel ray
approximation. First, using basic algebra, we have that

; (nd;)?  2cos ¢, sinf,.nd
(mdy)?  2sin ¢, sin 0, md, 1/2
+p - b . (18)

In the far-field D, > Dp, the first-order Taylor expansion

(14 x)® ~ 1+ az can be applied to (I8), while ignoring the

quadratic terms (nd,)?/D? and (md,)?/D?. This yields
D:L,m

~ D, — nd; cos ¢, sin 0, — mdy sin ¢, sinf,., (19)

which corresponds to the plane wavefront model.

Remark 1. The far-field steering vector is defined as
a(p,0) = vec(M), where M € CNe*Nv s the matrix with
elements [M]n ™= ejk(ndz cos ¢ sin 0+md,, sin ¢ sin 0). Thus, the
channel vector is h = /PLe=7*Pa(¢,0).

Let us now consider that the Rx is in the far-field of the IRS
whilst the Tx is close to the IRS; in fact, this deployment yields
the maximum SNR, compared to placing the IRS somewhere
in between [17]. If the IRS employs beamforming based on
the angular information (¢, 6;) and (¢, 0,.), i.e.,

©n,m = —k(nd, cos ¢, sin ; + md,, sin ¢ sin 6,
+ ndy cos ¢, sin 0, + md, sin ¢, sind,.), (20)

the power gain will decrease. To analytically characterize
this reduction, we use the second-order Taylor expansion
(14 x)* =~ 1+ az + za(a — 1)z? and neglect the terms

—Exact
0.8} o Approximate |
0.6
]
0.4}
0.2+
O - L L L
0 20 40 60 80 100

Number of elements N,
(b)

10.016 m.
The other

and 0.755 < Dy

z <10, <
4,1), and Dy = 1.15

5< <
y» Pt = (0.4,0. m.

O(d?/D?%),q > 3, which yields the (Fresnel) approximation
of the Tx distance

(nd,)?(1 — cos? ¢, sin® 6;)

Di,m ~ D+ 2D — nd,, cos ¢, sin 6,
t
: 2 1 —si 2 .2
+ (md,) ( 25;1 desin’0:) _ md,, sin ¢, sin 0;.
t

2y

Using (19), and (1), the normalized power gain in
reduces to the expession (22) at the top of the last page. The
accuracy of the approximation of the Tx distance is depicted
in Fig. @fa), and the validity of (22) is evaluated in Fig. (D).
Note that the lower limit of the Fresnel zone of an 100 x 100-
element IRS, with L, = L, = A\/2 and d, = d, = 0, is
0.22 meters according to Table I. Thus, the distances in the
numerical experiments were chosen so that the Tx does not
operate in the reactive near-field. As observed, beamforming
can substantially decrease the power gain even for distances
of several meters away from the IRS. This is because of
the mismatch between and (20). Moreover, from (22)),
we have the asymptotic result G — 0 as N — oo. In
conclusion, near-field beamfocusing should be used in most
cases of interest.

IV. PERFORMANCE OF IRS-AIDED THZ SYSTEM
A. Benchmark: MIMO System

Consider a MIMO system, where the Tx and Rx are
equipped with N, and N, antennas, respectively. For efficient
hardware implementation, hybrid array architectures are as-
sumed at both ends. The path loss of the direct channel, i.e.,
line-of-sight (LoS), is given by

GG N2,
PLamio = (gpz¢

where Dy = ||p, — p¢||. Assuming far-field, the LoS channel
is rank-one. Then, analog beamforming and combining yield
the receive SNR

(23)

NNy P;PLymvo

SNRmmmo = 5

(24)
g
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Fig. 5: Achievable rate, EE, and number of IRS elements versus distance D,
for & = 2 and a fixed IRS location at (0,0,0). In the MIMO system, Ny = 100
and N, = 100. The other parameters are G+ = G, = 20 dBi, P = 10
dBm, 02 = —174 dBm/Hz, B = 10 GHz, f = 300 GHz, L, = Ly =)\/2,
p: = (0,—0.6,1) with Dy = 1.16 m, and p, = (0, Dy, 1).

Lastly, the respective power consumption is calculated asﬂ

PéV[IMO — Pt + NT(PPS + PPA) + Nt(PPS + PPA)> (25)

where Pps = 42 mW and Ppy = 60 mW are the power
consumption values for a phase shifter and a power amplifier
at f = 300 GHz, respectively [3].

B. IRS-Assisted MIMO System

The Tx and Rx perform beamforming and combining to
communicate a single stream through an IRS of N elements.
Due to the directional transmissions, the Tx-Rx link is neg-
ligible, and thus is ignored. The received signal through the
Tx-IRS-Rx channel is given by

y =w (H,®H,fs + 1), (26)

where w € CN~*1 is the combiner, f € CNt*1 is the
beamformer, H;, € CN*Mt ig the channel from the Tx to the
IRS, H, € CN=*N ig the channel from the IRS to the Rx, and
n ~ CN(0,0%Iy,) is the noise vector. For ease of exposition,
we assume far-field for both the Tx and the Rx. Then,

H, = \/PL.e 7*Pra, (¢, O )alis (0, 0:),  (27)
H;, =+ PLte_jthaIRS(¢t7Gt)afl(¢txvelx)7 (28)

where PL; ~ PL; , and PL, ~ PL;  : the far-field re-
sponse vectors a,(-,-), a:(-,-), and ars(-,-) are specified
according to Remark 1} For f = a;(¢w, Ox)/vV N, Wi =

all (¢, 0:x)/v/ Ny, and proper ®, the receive SNR is
N;N,N?P,PLjgs

SNRgs = 3 )

(29)
g

where PLjgs is the path loss (I3 of the IRS-aided link. Using
varactor diodes, the power expenditure of an IRS element is
negligible [8]]. Thus, the power consumption is determined as

PRS(Ny, N,.) = Py + Ny (Pes + Ppa) + Ni(Pos + Pea). (30)

>The power consumption of signal processing is neglected.
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Fig. 6: Number of IRS elements N* versus distance D, for a = 2; p; =
(0,-0.6,1), pr = (0, Dy, 1), IRS at (0, (Dr — yt)/2,1) with y; = —0.6,
f =300 GHz, fiaps(f) = 0.0033 m~1, and Ly = Ly = \/2.

Proposition 1. The IRS-aided system with Ni/o and N/«
attains a higher SNR than MIMO with N; and N, for

A DD, o~ 3 Has(f)(Da—=Dyp—Dy)

>« .
LJJLZ! V F(Gta ¢r7 or)Dd

€1y

Proof. According to (24) and (29), the IRS-aided system

attains a higher SNR for N* > \/a?PLmmo/PLirs, Which
gives the desired result after basic algebra. O

N*

Using Proposition [I, we can now decrease the number
of Tx and Rx antennas by a factor « to reduce the power
consumption as

N, N,
P®S(Ny/a, N, Ja) = P, + ?(PPS + Ppa) + j(PPS + Ppa)
~ PMIMO /, (32)

while keeping the achievable rate fixed. Hence, the EE gain
with respect to MIMO is approximately equal to «.

V. NUMERICAL RESULTS

In this section, we assess the performance of IRS-aided
THz communication through numerical simulations. For this
purpose, we calculate the achievable rate as

R = Blog,(1 + SNR), (33)

where B is the signal bandwidth. Moreover, the EE is specified
as EE £ R/P..

A. Energy Efficiency

We consider a MIMO setup with N; = N, = 100 antennas,
ie., 10 x 10-element planar arrays. From Fig. 5] we verify
that the IRS-assisted system with N; = N, = 50 antennas
offers a two-fold EE gain. Consequently, an IRS can provide
an alternative communication link, in addition to LoS, where
the Tx and Rx employ a smaller number of antennas to
communicate with each other, hence saving energy. Note,
though, that the suggested benefits are valid when: 1) the
power expenditure of IRS elements is negligible compared
to that of conventional phase shifters; 2) the Tx operates near
the IRS in order to have a reasonable number of reflecting
elements N*; and 3) reflection losses are small [18]].
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B. IRS Placement and Near-Field Beamfocusing

We now investigate the impact of the IRS position on the
number of IRS elements N*. For the deployment in Fig. [3
Dy is small, and hence D? ~ D? + D?2. Further, ¢, = m/2
which gives F(6;, ¢,,0,) = cos? §;. Then, (BT) reduces to

. A DD, eféﬁabs(f)(\/D,%ngfD,,,th)’
LyLy cos 0,1/ D2 — D?
(34
which takes the asymptotic value
A Dy
L,L, cos 0,

N‘k

N* =« e%Wabs(.f)Dt

max (35)
as D, — oo; this follows from /D2 — D? ~ D, for
D, > D,. Thus, N* is bounded for a fixed IRS position near
the Tx. Due to symmetry, the same holds when the IRS is near
the Rx. For instance, N}, = 10,880 in Fig. [5| In contrast,
when the IRS is deployed always in the middle of the Tx and
Rx, N* increases as O(D;D,). This scaling law is depicted in
Fig. [6] Consequently, the IRS has to be close to the link ends
in order to compensate for the severe propagation losses with
a practical number of reflecting elements. Note that similar
findings were reported in [17]. In this case, the Tx/Rx will be
in the Fresnel zone of the IRS where near-field beamfocusing
becomes the optimal processing strategy; otherwise, the EE
gains previously discussed cannot be attained.

VI. CONCLUSIONS AND FUTURE WORK

We studied the channel modeling and performance of IRS-
assisted THz communication. First, we introduced a spherical
wave channel model and employed plate scattering theory to
derive the path loss. We next showed that the path loss is
nearly constant across the IRS thanks to its small physical
size. However, due to the large number of reflecting elements
with respect to the wavelength, the Fresnel zone of a THz IRS
is of several meters. To this end, we analyzed the power gain
under near-field beamfocusing and conventional beamforming,
and proved the suboptimality of the latter. One implication
of this is that the IRS needs to know the exact location of
the Tx and/or Rx, rather than their angular information, to
perform beamfocusing. Capitalizing on the derived model, we
finally investigated the EE scaling law of IRS-aided MIMO,
and showed that it can outperform MIMO. Numerical results

consolidate the potential of IRSs for THz communication. For
future work, it would be interesting to study the reflection
matrix design for a multi-antenna Tx/Rx that operates in the
Fresnel zone of the IRS, as well as pursue an EE analysis under
hardware impairments and channel estimation overheads.
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