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Abstract—In this paper, we introduce a theoretical framework
for analyzing the performance of multi-reconfigurable intelli-
gence surface (RIS) empowered terahertz (THz) wireless systems
subject to turbulence and stochastic beam misalignment. In
more detail, we extract a closed-form expression for the outage
probability that quantifies the joint impact of turbulence and
misalignment as well as the effect of transceivers’ hardware
imperfections. Our results highlight the importance of accurately
modeling both turbulence and misalignment when assessing the
performance of multi-RIS-empowered THz wireless systems.

Index Terms—Outage probability, performance analysis, re-
configurable intelligent surfaces, THz wireless communications.

I. INTRODUCTION

The sixth-generation wireless era (6G) is envisioned to
bring the fiber quality-of-experience into the wireless world,
by supporting aggregated data-rates that may exceed 1 Th/s
with outage probability in the order of 10~% [1]-[3]. To
achieve this challenging goal, both the research and indus-
trial societies turned their attention into the yet-unregulated
terahertz (THz) band [4]-[6]. On the one hand, THz links
can provide the required bandwidth, however, they come with
an inherent disadvantage; they are sensitive to blockage [7]-
[9]. To counterbalance blockage, the idea of creating alterna-
tive paths between the source (S) and final destination (D)
through reconfigurable intelligent surfaces (RISs) has been
considered [[10]-[[13]].

Inspired by this, a great amount of effort has been put
on designing RIS that operate in the THz band [14]-[17] as
well as theoretically characterizing the corresponding system
performance [18]]-[20]. In particular, in [[14], a vanadium diox-
ide (VOy)-based multi-functional RIS was presented, while,
in [15], a large-scale RIS that employs arrays of comple-
mentary metal-oxide-semiconductor (CMOS)-based chip tiles
operating at 0.3 THz was reported. In [16], a graphene plas-
monic metasurface was documented. On [21f], a broadband
plasmonic metasurface emitter, operating at the THz band,
was presented. The design of a graphene-based RIS structure
with beam steering and focusing capabilities at 4.35 THz was
discussed in [17]. From the performance analysis points of

view, the error performance of RIS-empowered THz wireless
satellite systems in the presence of antenna misalignment was
studied in [18]. In [19], the authors assessed the joint im-
pact of hardware imperfections and antenna misalignment on
RIS-empowered indoor THz wireless systems. The coverage
performance of RIS-empowered THz wireless systems was
quantified in [20].

Recently, the idea of using multi-RISs to ensure uninter-
rupted connectivity between the transmitter and the receiver
was reported in [22]. Despite the features and additional
degrees of freedom that this idea can enable, to the best of
the authors knowledge, a theoretical framework for analyzing
the achievable performance of multi-RIS THz wireless systems
has not been formulated yet. Motivated by this, we present an
analytical framework, which covers the aforementioned gap by
extracting closed-form expressions for the outage probability
(OP) of such systems in the presence of turbulence and beam
misalignment. This framework also accounts the impact of
transceiver’s hardware imperfections.

Notations: The product of 1z - -+ x is H1L=1 x;. Pr(A)
stands for the probability for the event A to be valid. The
modified Bessel function of the second kind of order n is
represented as K, () [23l eq. (8.407/1)]. The Gamma [23]
eq. (8.310)] function is denoted by I'(:), and the error-
function is represented by erf (-) [23, eq. (8.250/1)]. Fi-

-, ap
bi,ba, - by
function [23] eq. (9.301)].

nally, G | @ returns the Meijer G-

II. SYSTEM MODEL

As illustrated in Fig. |1} we consider a multi-RIS-empowered
outdoor THz wireless systems that consists of a single S and
D as well as N RISs. Both S and D are equipped with high-
directional antennas. We assume that the direct link between
the S and D is blocked. Each RIS acts as a reflector that steers
the incident beam towards the desired direction. The baseband
equivalent received signal at D can be expressed as [24]]

r=A(z+ns)+n4+n. (1)
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Fig. 1: Cascaded multi-RIS empowered THz wireless model.
In (]I[), x is the transmission signal, n stands for the additive

white Gaussian noise (AWGN) and is modeled as a zero-
mean complex Gaussian (ZMCG) process with variance N,,.
The S and D distortion noises, due to transmitter’s and
receiver’s hardware imperfections, are respectively modeled by
two independent RVs that are respectively denoted by ns and
n4. According to [25]-[27], for a given channel realization, 7,
and 74 are ZMCG processes with variances [28]—[30]

02 = k2P, and 02 = K2A?P,, (2)

s =

where k; and k, denote the error vector magnitude of the
S’s transmitter and the D’s receiver, while P represents the
transmission power.

Likewise, in (I),

L N
A= H hp,ib,igi H i igi- 3)
i=1 i=L+1
stands for the end-to-end (e2e) channel coefficient, while A, ;
and h; ; are the misalignment fading and the Gamma-Gamma
(GG) distributed turbulence coefficients that can be described

from the following probability density functions (PDFs):
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respectively. In (@),
Agi = [exf (0] ©

represents the fraction of the power captured by the i—th
RIS or the D in the ideal case of zero radial displacement.
Moreover,

/7b;
v = .

" V2w,
with b; and wg, representing the radius of the circular aperture
at the i—th RIS, with ¢ € [1, N — 1], or D’s side, for i = N,

(7

respectively and the beam waste on the corresponding plane.
Additionally, &; is the equivalent beam radius, weq,;, to the
pointing error displacement standard deviation square ratio and
can be evaluated as

w2

&= ﬁ 8)

S,

with Jii denoting the pointing error displacement (jitter)
variance.
The «; and §; parameters of (3) can be computed according

to [31]] as
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with \ being the wavelength C? the reflection index structure
parameter, which, according to ITU-T can be evaluated as
in [32]]. Additionally,

Wb%
Di = \/ o2Nd;

Finally, g; represents the deterministic path-gain coefficient of
the :—th link and can be written as

12)

9i = gyi (f,di) 7 (f,di), (13)
where
T;div Gs, for: =1
9si (fidi) = 47r(;‘di Ri_y, forie2,N—-1] , (14)
ﬁf-di\/ Gd, fori =N
is the free space path loss coefficient, and
1
7(f,di) = exp (—Q’f(f) di> ~ (15)

stands for the molecular absorption gain coefficient. In (T4),
f and c are the transmission frequency and the speed of light,
respectively; G, R; and G4 represent the S transmission
antenna gain, the ¢—th RIS reflection coefficient, and the
D reception antenna gain, respectively. Likewise, x(f) is
the molecular absorption coefficient, which depends on the
atmospheric temperature, pressure, as well as relative humidity
and can be evaluated as in eq. (8)].



III. OUTAGE PROBABILITY
From (I)), the signal-to-distortion-plus-noise-ratio (SDNR)
can be obtained as
A%P,
VT (W ) PN,
where N, is the noise variance.

The following proposition returns the outage probability of
the multi-RIS-empowered THz wireless system.

(16)

Proposition 1. The outage probability of the multi-RIS-
empowered THz wireless system can be evaluated as in (T7),
given at the top of the next page. In (), 75 is the transmission
SNR multiplied by the deterministic path-gain, i.e.,

Py Hl\il gi
g = — ==, 18
7 N, (18)
Proof: For brevity, the proof of the proposition is given
in the Appendix. ]

Note that from (I7), it becomes evident that hardware
imperfections set a limit to the maximum allowed spectral
efficiency of the transmission scheme. In more detail, since
the spectral efficiency, p, is connected with the SNR threshold
through

p=logy (1 4+ ), (19)
choosing a p greater than log, (1 + ﬁ) would lead to an

OP equal to 1.

IV. RESULTS & DISCUSSION

This section verifies the presented theoretical framework
by means of Monte Carlo simulations. In what follows,
lines are used to denote analytical results, while markers
are employed for simulations. Unless otherwise stated, the
following insightful scenario is considered. The relative hu-
midity, temperature, and pressure respectively are set to 50%,
273°K, and 101325 Pa. Also, Gs = G; = 50dBi, R; =1
for i € [1,N — 1] and f = 300 GHz. The transmission
power, bandwidth, B, and spectral efficiency of the trans-
mission scheme are respectively set to 0 dBW, 50 GHz and
2 bit/s/Hz. Moreover, d; = da = 100 m. At the destination
side, we assumed that the low noise amplifier’s gain and noise
figure (NF) are 35 dB, and 1 dB, respectively. The mixer
and miscellaneous losses are respectively 5 and 3 dB. The
mixer’s NF is 6 dB. The thermal noise power is evaluated as
N1 = kg T B, where kp is the Boltzman’s constant.

Figure 2] quantifies the impact of turbulence on the outage
performance of multi-RIS-empowered THz wireless systems
in the absence of misalignment and hardware imperfections,
assuming N = 2. In more detail, the OP is illustrated as
a function of d; and ds. In this figure, for the sake of
convenience, the corresponding values of or; and ogo are
respectively provided in the top horizontal and right vertical
axes. As expected, for a fixed d;, as da increases, opo in-
creases; thus, an outage performance degradation is observed.
Similarly, for a given ds, as d; increases, og; also increases,

i.e., turbulence intensity increases; in turn, the OP increases.
Finally, from this figure, we observe that for a given e2e
transmission distance, d; +ds, the worst outage performance is
observed for dy = d,. For example, for d; + dz = 300 m, the
OP for the case in which d; = 100 m and dy = 200 m is equal
to 2.6 x 10~2, while, for d; = ds = 150 m, it is 2.7 x 1072,

Figure [3|illustrates the OP as a function of o, for different
values of N = L and 74/~ in the presence of turbulence,
assuming that k; = k, = 0, and the transmission distances
for all the links are set to 100 m. In this scenario, we assume
that 0,1 = 0592 = -+ = 05,1 = 0,. As a benchmark, the
OP in the absence of misalignment fading is also plotted.
As expected, for given N = L and ~,/yn, the outage
performance degrades, as the intensity of misalignment fading,
i.e., 05, becomes more severe. Likewise, for fixed N = L and
Os, a8 Ys/7Ysn, the OP decreases. On the other hand, for given
os and vs/vh, as N = L increases, the OP also increases.
For instance, for o, = 4 cm and ~,/%n = 25 dB, the OP
increases by approximately 10 times, as N = L changes from
2 to 3. Finally, from this figure, the detrimental impact of
misalignment fading becomes apparent by comparing; thus,
the importance of accurately characterizing the channels of
the RIS-empowered THz wireless systems is highlighted.

Figure [] presents the impact of hardware imperfections in
multi-RIS-empowered THz wireless systems, assuming N =
2, and L = 0. Note that the case in which x; = x, = 0 cor-
responds to the case in which both the S and D are equipped
with ideal RF front-ends. From this figure, it becomes apparent
that, for a given k4, as k, increases, the OP also increases.
Similarly, for a fixed x;, an outage performance degradation
occurs, when .. increases. Additionally, for a constant k¢ +x.,
we observe that the OP is maximized for x; = k,.. Finally, it
is verified that systems with the same x? + k2 achieve the
same OP.

V. CONCLUSIONS

In this paper, we presented a theoretical framework for
the characterization of the outage performance of multi-
RIS-empowered THz wireless systems in the presence of
turbulence and misalignment that accounts the impact of
transceivers hardware imperfections. In this direction, a novel
closed-form expressions for the system’s OP was extracted.
Our results revealed that as the number of RIS and thus the
distance between S and D increases, the turbulence and mis-
alignment fading intensity becomes more severe; as a result,
the outage performance degrades. Likewise, the importance of
considering the impact of unavoidable transceivers’ hardware
imperfections was emphasized.

APPENDIX
PROOF OF PROPOSITION 1

The OP is defined as

Py =Pr(y <vm), (20)
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where ~, represents the SNR threshold. By applying (16)

in (20), we get
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where F4 (-) stands for the cumulative density function (CDF)
of A.

Next, we evaluate the CDF of A. In this direction, let us
rewrite (3) as

A=CY1Ys, (23)
where
N
=19 (24)
i=1
which is a constant, while
L
Vi =[] hpihei (25)
i=1
and
N
Vo= ][] hea (26)

i=L+1

In order to derive, a closed-form expression for the CDF of
Ay, we first need to evaluate the probability density functions
(PDFs) of Y7 and Y5.



For the PDF of Y7, we start the evaluation by assuming that
L = 1. In this case the PDF of Y; can be obtained as

iwr=0= [ p 5, (2)an e
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which, by applying (3) and (@), can be rewritten as
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A
By employing [34] ch. 2.6], (28) can be written as in (29),

given at the top of the next page. Additionally, by applying [35}
eq. (2.24.5/3)], 29) can be analytically expressed as
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which, with the aid of [36]], can be rewritten as
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For L = 2, the PDF of Y; can be obtained as

1 x
fri(w;L=2)= / “yL=1)fr, <;L = 1) dy,
o Y Y
(32)
which, by applying (31)), can be rewritten as in (33)), given at
the top of the next page. By employing [23] eq. (9.31/1)], we

can write (33) as in (34), given at the top of the next page.
Finally, by applying [35] eq. (2.24.5/3)] in (34), we get
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(33)

By recurrently conducting this procedure, for L = 3.4, -,
we prove that fy, (x) can be obtained as in (36), given at the
top of the next page. Moreover, by following similar steps,
and employing [34} ch. 2.6] as well as [35} eq. (2.24.5/3)], the
PDF of Y; can be evaluated as in (37), given at the top of the
next page.

Note that Y7 and Y5 are independent RVs; thus, the PDF of
Z =Y1Y5 can be evaluated as

falo) = [ LW . (z) dy,

which by substituting (36) and (37), can be written as in (39),
given at the top of the next page. By employing [36], (39)
can be rewritten in a closed-form as in (@0), given at the top
of the next page. Finally, by employing [35| eq. (2.24.5/3)],

(38)

&i+1 )
al?ﬁhfl '

we get (T), given at the top of the next page. The CDF of Z
can be evaluated as

Fé@ﬂlﬁmfzw)@h

which, by applying [35] eq. (2.24.5/3)], returns (3), given at
the top of the next page. From (3)), we can straightforwardly
express the CDF of A; as

(42)

z
Fy,(z) = Fz -~ >
Hi:1gi

which leads to (43), given at the top of the next page. Finally,
by applying (@) in 1)), we get (T7). This concludes the proof.

REFERENCES

[11 A--A. A. Boulogeorgos, A. Alexiou, T. Merkle, C. Schubert,
R. Elschner, A. Katsiotis, P. Stavrianos, D. Kritharidis, P. K. Chartsias,
J. Kokkoniemi, M. Juntti, J. Lehtomiki, A. Teixeird, and F. Rodrigues,
“Terahertz technologies to deliver optical network quality of experience
in wireless systems beyond 5G,” I[EEE Commun. Mag., vol. 56, no. 6,
pp. 144-151, Jun. 2018.

[2] A.-A. A. Boulogeorgos, A. Alexiou, D. Kritharidis, A. Katsiotis,
G. Ntouni, J. Kokkoniemi, J. Lethtomaki, M. Juntti, D. Yankova,
A. Mokhtar, J.-C. Point, J. Machodo, R. Elschner, C. Schubert,
T. Merkle, R. Ferreira, F. Rodrigues, and J. Lima, “Wireless terahertz
system architectures for networks beyond 5G,” TERRANOVA CON-
SORTIUM, White paper 1.0, Jul. 2018.

[3] A.-A. A. Boulogeorgos, J. M. Jornet, and A. Alexiou, “Directional ter-
ahertz communication systems for 6G: Fact check,” IEEE Veh. Technol.
Mag., vol. 16, no. 4, pp. 68-77, Dec. 2021.

[4] Z.Zhang, Y. Xiao, Z. Ma, M. Xiao, Z. Ding, X. Lei, G. K. Karagiannidis,
and P. Fan, “6G wireless networks: Vision, requirements, architecture,
and key technologies,” IEEE Veh. Technol. Mag., vol. 14, no. 3, pp.
28—41, sep 2019.

[5] T. A. Tsiftsis, C. Valagiannopoulos, H. Liu, A.-A. A. Boulogeorgos,
and N. I. Miridakis, “Metasurface-coated devices: A new paradigm for
energy-efficient and secure 6g communications,” IEEE Veh. Technol.
Mag., vol. 17, no. 1, pp. 27-36, Mar. 2022.

[6] A.-A. A. Boulogeorgos, S. Goudos, and A. Alexiou, “Users association
in ultra dense THz networks,” in IEEE International Workshop on Signal
Processing Advances in Wireless Communications (SPAWC), Kalamata,
Greece, Jun. 2018.

[7]1 C. Zhang, K. Ota, J. Jia, and M. Dong, “Breaking the blockage for big
data transmission: Gigabit road communication in autonomous vehicles,”
IEEE Commun. Mag., vol. 56, no. 6, pp. 152-157, Jun. 2018.

[8] A.-A. A. Boulogeorgos, A. Jukan, and A. Alexiou, MAC and Network-
ing. Cham: Springer International Publishing, 2022, pp. 377-398.

[9] G. Stratidakis, E. N. Papasotiriou, H. Konstantinis, A.-A. A. Boulogeor-
gos, and A. Alexiou, “Relay-based blockage and antenna misalignment
mitigation in THz wireless communications,” in 2nd 6G Wireless Summit
(6G SUMMIT), Mar. 2020.

[10] M. Di Renzo, A. Zappone, M. Debbah, M.-S. Alouini, C. Yuen,
J. de Rosny, and S. Tretyakov, “Smart radio environments empowered
by reconfigurable intelligent surfaces: How it works, state of research,
and the road ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp.
2450-2525, nov 2020.

O. Tsilipakos, A. C. Tasolamprou, A. Pitilakis, F. Liu, X. Wang, M. S.
Mirmoosa, D. C. Tzarouchis, S. Abadal, H. Taghvaee, C. Liaskos,
A. Tsioliaridou, J. Georgiou, A. Cabellos-Aparicio, E. Alarcén, S. Ioan-
nidis, A. Pitsillides, I. F. Akyildiz, N. V. Kantartzis, E. N. Economou,
C. M. Soukoulis, M. Kafesaki, and S. Tretyakov, “Toward intelli-
gent metasurfaces: The progress from globally tunable metasurfaces
to software-defined metasurfaces with an embedded network of con-
trollers,” Adv. Opt. Mater., vol. 8, no. 17, p. 2000783, Jul. 2020.

A.-A. A. Boulogeorgos and A. Alexiou, “Performance analysis of recon-
figurable intelligent surface-assisted wireless systems and comparison
with relaying,” IEEE Access, vol. 8, pp. 94 463-94 483, 2020.

A.-A. A. Boulogeorgos, A. Alexiou, and M. D. Renzo, “Outage perfor-
mance analysis of ris-assisted uav wireless systems under disorientation
and misalignment,” ArXiV, Jan. 2022.

(44)

(1]

[12]

[13]



o148y 1481
a1 b1 2 1 3 _ /OO 1\~ 2 s faby e -6 o —f

i L=1)= Sl — ’ —
v (x ) ( O ) T (o) T (51) Aiflx o\ Go'a 0 5 3 dy
' (29)

I, & —1 /Oo —13,0 ( aifry | & +1 ) 3,0 ( a2 &+1
(x;L=2) = = Gy Gy d 33
il ) HleF(ai)F(Bi)x o LT\ A0 | anBra ) T\ A0y | a2, B 6 ) v 63

2 . oo
Pl L =2) = =L (m)“’”% ylGi’:?(alﬁly

&+1 > Go3 <A0,2Q2y

1—06271—6271—52 )dy

Hi:l r (al) r AOJQI aq, ﬂh fl 31 Oézﬁg.’l? 1— 62
(34)
HiL:1 &i —13L,0 HiL:1 @i S +1L,6+1,- 8 +1
fri(@) = —¢ N Tl ey et I . : (36)
szlr(az)r(ﬁl) Hi:l QiAo,i aq, 7O[L7617 7aL7§17£27 7£L
2(N—L), ;B
G’o,(z(zv—)LgJ [37 Hﬁv:L-i-l Tf‘@L+17/3L+17@L+2,5L+2 e ,OéN,ﬁN}
Iy (z) = N ) (37)
iy Hi:L+1 [ () T (B:)
L s L
fz(x) = [[ii, & - / LG [[i; @B y S +1L,&+1,--,80+1
Hiv:1F<az)F(/Bz) 0 L,3L HiLzl QiAo,i Qq, - 7aLaﬁ1a'” 7aL7£17£23"' 7£L
G2N-L)0 [T @b
X 0,2(N—L) ; H Q, ar41, ﬂL+17 ar42, 6L+2 cer L, N, BN dy (39)
i=L+1 "
€L 0 [ 1800 HL— o 3 4+ 1,6+, & +1
fZ ) = T G 5 =1 ) ) )
D ety o Y T i e e B a6
@O2(N-L), Y N Q;
X Gan-n)0 | 5 II o:b; I—op41,1 =By, L —apqe, 1 = Brye--- 1 —an, 1= 0N | dy (40)
i=L+1 7

Qp, - 7041\/'7517"' 75N7£17.-.

HLﬂ & —1~2N+L,0 1
f2(v) = == z "GpoNyL N p— z
7 H - Hizl Ao,i

1+€1a1+£27"'71+€L ) (41)
Hi:l F(az)r(ﬁl) i=1 o, 5; agL

H'Lflfi 2N+L,L 1 1,6 +1,--- &0 +1
FZJ: = 1= ’ T ) ) 5 43
( ) Hivzlr(al)r(ﬁl) b HZ\LI oizll HiLzl Ao,i Qp, - 704N7ﬁ17"' 75N7£17'“ 7£L70 ( )
I, & IN+L,L 1 x L& 41, & +1
Fa,(z) = i= G2V it 45
( ) Hiv:11—‘<az)r(/81) bt Hlj\il ag.li. HiLzl Ao;i Hﬁ\;lgi 153 PR 7aNa517"' vﬁNagla"' 7£L»0 “43)




[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

H. Cai, S. Chen, C. Zou, Q. Huang, Y. Liu, X. Hu, Z. Fu, Y. Zhao,
H. He, and Y. Lu, “Multifunctional hybrid metasurfaces for dynamic
tuning of terahertz waves,” Adv. Opt. Mater., vol. 6, no. 14, p. 1800257,
May 2018.

S. Venkatesh, X. Lu, H. Saeidi, and K. Sengupta, “A high-speed
programmable and scalable terahertz holographic metasurface based on
tiled CMOS chips,” Nature Electronics, vol. 3, no. 12, pp. 785-793,
Dec. 2020.

M. Amin, O. Siddiqui, H. Abutarboush, M. Farhat, and R. Ramzan,
“A THz graphene metasurface for polarization selective virus sensing,”
Carbon, vol. 176, pp. 580-591, May 2021.

M. Ojaroudi and V. Loscri, “Graphene-based reconfigurable intelligent
meta-surface structure for THz communications,” in /5th European
Conference on Antennas and Propagation (EuCAP). 1EEE, Mar. 2021.
K. Tekbiyik, G. K. Kurt, A. R. Ekti, A. Gorgin, and H. Yanikomeroglu,
“Reconfigurable intelligent surfaces empowered THz communication in
LEO satellite networks,” ArXiV, Apr. 2021.

H. Du, J. Zhang, K. Guan, B. Ai, and T. Kiirner, “Reconfigurable
intelligent surface aided terahertz communications under misalignment
and hardware impairments,” ArXiV, Dec. 2020.

A.-A. A. Boulogeorgos and A. Alexiou, “Coverage analysis of recon-
figurable intelligent surface assisted THz wireless systems,” IEEE Open
Journal of Vehicular Technology, vol. 2, pp. 94-110, Jan. 2021.

M. Tal, S. Keren-Zur, and T. Ellenbogen, “Nonlinear plasmonic meta-
surface terahertz emitters for compact terahertz spectroscopy systems,”
ACS Photonics, vol. 7, no. 12, pp. 3286-3290, Nov. 2020.

C. Liaskos, A. Tsioliaridou, A. Pitsillides, S. Ioannidis, and I. Akyildiz,
“Using any surface to realize a new paradigm for wireless communica-
tions,” Communications of the ACM, vol. 61, no. 11, pp. 30-33, Oct.
2018.

I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and
Products, 6th ed. New York: Academic, 2000.

A.-A. A. Boulogeorgos, “Interference mitigation techniques in modern
wireless communication systems,” Ph.D. dissertation, Aristotle Univer-
sity of Thessaloniki, Thessaloniki, Greece, Sep. 2016.

A.-A. A. Boulogeorgos and A. Alexiou, “How much do hardware im-

[26]
(27]

[28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

perfections affect the performance of reconfigurable intelligent surface-
assisted systems?” IEEE Open Journal of the Communications Society,
vol. 1, pp. 1185-1195, 2020.

——, “Error analysis of mixed THz-RF wireless systems,” IEEE Com-
mun. Lett., vol. 24, no. 2, pp. 277-281, feb 2020.

T. Schenk, RF Imperfections in High-Rate Wireless Systems.
Netherlands: Springer, 2008.

A.-A. A. Boulogeorgos and G. K. Karagiannidis, “Low-cost cognitive
radios against spectrum scarcity,” IEEE Technical Committee on Cogni-
tive Networks Newsletter, vol. 3, no. 2, pp. 30-34, Nov. 2017.

A.-A. A. Boulogeorgos and A. Alexiou, “Analytical performance eval-
uation of beamforming under transceivers hardware imperfections,” in
IEEE Wireless Communications and Networking Conference (WCNC),
Marrakesh, Morocco, Apr. 2019.

A.-A. A. Boulogeorgos, N. Chatzidiamantis, G. K. Karagiannidis, and
L. Georgiadis, “Energy detection under RF impairments for cognitive
radio,” in Proc. IEEE International Conference on Communications -
Workshop on Cooperative and Cognitive Networks (ICC - CoCoNet),
London, UK, Jun. 2015.

M. Taherkhani, Z. G. Kashani, and R. A. Sadeghzadeh, “On the
performance of THz wireless LOS links through random turbulence
channels,” Nano Commun. Networks, vol. 23, p. 100282, Feb. 2020.
R. Hill, R. Bohlander, S. Clifford, R. McMillan, J. Priestly, and
W. Schoenfeld, “Turbulence-induced millimeter-wave scintillation com-
pared with micrometeorological measurements,” IEEE Trans. Geosci.
Remote Sens., vol. 26, no. 3, pp. 330-341, May 1988.

A.-A. A. Boulogeorgos, E. N. Papasotiriou, and A. Alexiou, “Analytical
performance assessment of THz wireless systems,” IEEE Access, vol. 7,
no. 1, pp. 1-18, Jan. 2019.

A. M. Mathai and R. K. Saxena, “Particular cases of Meijer’s G-
function,” in Lecture Notes in Mathematics. Springer Berlin Heidelberg,
1973, ch. 2, pp. 41-68.

A. P. Prudnikov, Y. A. Brychkov, and O. I. Marichev, Integral and Series:
Volume 3, More Special Functions. CRC Press Inc., 1990.

W. R. Inc., “The Wolfram functions site,” http://functions.wolfram.com/
07.34.16.0001.01} accessed: 2021-06-08.

The


http://functions.wolfram.com/07.34.16.0001.01
http://functions.wolfram.com/07.34.16.0001.01

	I Introduction
	II System model
	III Outage probability
	IV Results & Discussion
	V Conclusions
	References

