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Abstract—This paper focuses on quantifying the outage
performance of terahertz (THz) relaying systems. In this
direction, novel closed-form expressions for the outage
probability of a dual-hop relaying systems, in which both
the source-relay and relay-destination links suffer from
fading and stochastic beam misalignment, are extracted.
Our results reveal the importance of taking into account
the impact of beam misalignment when characterizing the
outage performance of the system as well as when selecting
the transmission frequencies.

Index Terms—THz wireless systems, Outage probability,
Performance analysis.

I. INTRODUCTION

Despite the adaptation of several game changing tech-
nologies, the envelop of fifth generation (5G) systems ca-
pabilities has been proven to be defined by the available
bandwidth [1]-[5]. Motivated by this, next generation
networks are expected to exploit higher frequency bands,
such as the terahertz (THz) one [6]-[10]. However,
THz links experience high channel attenuation, which
significantly limits the communication range [11]]-[14].

To overcome the aforementioned limitation, re-
searchers have recently turned their attention to relaying
systems [13]-[19]. In more detail, in and [16],
the authors used Monte Carlo simulations in order to
quantify the outage performance of a relay-assisted in-
vivo nano-scale network in the absence and presence of
direct link that operates in the THz band. For the same
system model, in [17], the energy efficiency was evalu-
ated. Additionally, in [18]], a number of different relaying
strategies for macro-scale THz systems was discussed.
Finally, in [19], the outage and error performance of a
mixed microwave-THz wireless systems were assessed.

To the best of the author’s knowledge, the theoretical
framework for the evaluation of THz wireless relaying
systems performance remains vastly unexplored. Moti-
vated by this, this paper studies the outage performance
of such systems. In particular, we extract novel closed-
form expressions for the system outage probability (OP),
which reveal the joint impact of beam misalignment
(BM), and multi-path fading.

This work has received funding from the European Commission’s
Horizon 2020 research and innovation programme under grant agree-
ment No. 761794.
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Fig. 1: System model.

Notations: The operator |-| denotes the absolute value,
whereas exp () represents the exponential function. Ad-
ditionally, v/ returns the square root of , while, min (-)
stands for the minimum operator. Meanwhile, the set of
the complex numbers is represented by C. In addition,
P, (A) represents the probability that the event A is
valid. Finally, the upper and lower incomplete Gamma
functions [20, eq. (8.350/2), (8.350/3)] are respectively
denoted by T" (-, ) and 7 (-, -), while the Gamma function
is represented by T (+) eq. (8.310)].

II. SYSTEM MODEL

As illustrated in Fig. [ we consider a dual-hop
decode-and-forward (DF) relaying system, in which all
nodes operate in the THz band. The source (S), relay
(R), and destination (D) nodes are respectively equipped
with Ng, N,, and N, antenna elements, and support
analog beamforming. Moreover, it is assumed that there
is no direct link between S and D. Finally, we assume
that R operates in half-duplex mode. As a result, each
communication period is divided into two phases. In the
first one, S transmits to R, while, in the second one, R
decodes, re-encodes and re-transmits the received signal
to D. In what follows, for the sake of simplicity, we
refer to the S-R and R-D links as the 1—st and 2—nd
one, respectively.

During the first phase, the baseband equivalent re-
ceived signal at R can be expressed as

Yr = u:HrvsS + Ny (1)

where n, is the adaptive white Gaussian noise (AWGN)
with variance N, 1, while u; and v, respectively rep-
resent the R and S beamforming vectors. Likewise, s
stands for the S transmitted signal, while H, is the
complex MIMO channel matrix.
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Similarly, in the end of the second phase, the baseband
equivalent received signal at R can be obtained as

ya = uyHgv, 5+ ng, (2)

with ng being the AWGN with variance N, 2, whereas
u; and v, respectively represent the D and R beamform-
ing vectors. Finally, s stand for the re-transmitted by D
signal.

The MIMO channel matrix H; with ¢ € {1,2} can be
modeled as

H; = hju;v], 3)

where u; and vy are the R and S perfectly-aligned
beamspace directions for the S-R link, while uy and va
stands for the corresponding vectors of the R-D link.
Finally, h; stands for the ¢—th channel coefficient and
can be analytically obtained as

hi = BRI Rl 4)
In (@), hgl) stands for the deterministic path gain
coefficient and can be obtained as [21] egs. (5)-(17)]

NVEC exp (—18(f1) da)

4n frdy
/GrrC
NVl exp (—38(f2) da)

4m foda

h(l)— for: =1
' forz =2

5)

where ¢ and f3 respectively stand for the speed of light
and the molecular absorption coefficient, while G, G+,
Gy, and G4 are the source, relay transmission and
reception, and destination antenna gains, respectively.
Likewise, f; and d; with i € {1, 2} are the transmission
frequency and distance of the S-R and R-D links. Note
that in the 275 — 425 GHz range, the molecular absorp-
tion coefficient can be accurately evaluated as

3
B(fi) = uk(fi), withie {1,2}, (6)
k=1
where
— A for ke {1,2}
uy (fi):{ Bt (4 =5) NG
leoplfl, for k=3
with
| giv(gov +g3), fork=1
Ak_{ 940 (gsv + gg), fork=2 "~ ®)
and
(g7v + 98)2, for k=1

By { (gg’U + 910)2 , for k=2 ©)
In @, 6 = 10.835 cm~1, dy = 12.664 cm~ 1, py =
—6.36 x 1073, p = 9.06 x 10~ s, py = —3.94 x
10725 2, p3 = 5.54 x 10737 s3. Meanwhile, in (8)
and @), g1 = 0.2205, g» = 0.1303, g3 = 0.0294,
gs = 2.014, g5 = 0.1702, g¢ = 0.0303, g; = 0.4093,
gs = 0.0925, g9 = 0.537, and g190 = 0.0956. Finally,

v represents the volume of mixing ratio of the water
vapor and can be obtained as v = ¢%, where p;
and p;, are respectively the relative hulﬁidity and the
atmospheric pressure in hPa. Finally, p, (T, p,) repre-
sents the saturated water vapor partial pressure in tem-

perature 7' and atmospheric pressure pp, and can be ex-

pressed as ps (T',p) = k1 (K2 + K3ph) exp (Fé4 ;:ZZ) ;

where k1 = 6.1121 hPa, ko = 1.0007, k3 = 3.46 x
1076 hPa ™!, kg = 17.502, k5 = 273.15°K, and kg =
32.18°K.

Moreover, hf represents the fading coefficient. Note
that the envelop of hgf ) is assumed to follow a gen-
eralized Gamma distribution with probability density
function (PDF) and cumulative density function (CDF)

that can be respectively expressed as

B O[Z_Iuétixai,uifl o i
f‘hif) | (I) - (ﬁgf))ai#i I‘(Mi) €Xp i (ﬁgf))ai
(10)
and
r <ui7ﬂi7@;fjsai>

where a; > 0 is a fading parameter, y; is the normalized
variance of the fading channel envelope, and fALl(-j ) is
the «y-root mean value of the fading channel envelop.
Additionally, hl(-m) stands for the misalignment fading
coefficient and its PDF can be obtained as f, ) (z) =
SCTZ ICifl, '

the collected signal at the receiver of the i—thzlink under
i
and o, ; respectively being the equivalent beam-width
and jitter standard deviation at the receiver plane of the
i—th link.

Finally, by assuming that, during the initial access
phase, the optimal beamforming vectors have been se-
lected; hence, the beam directions are orthogonal, i.e.,
u;fylulv}‘vsyl =1, and 11:;72112V§V7«72 =1, and that the
BM can be fully modeled by 1{"™, i € {1,2}, with the
aid of (@), (I and @) can be respectively simplified as

0<az<S,;, where S, ; is the portion of

perfect alignment conditions, whereas ( = with w;

Yr = his +n, (12)

and
Ya = ho§ + ng. (13)

III. PERFORMANCE ANALYSIS
A. End-to-end SNR statistics
Since R operates in DF mode, the equivalent end-to-

end SNR can be obtained as

pe = min (p1, p2) , (14)



where p; and py are respectively the S-R and R-D link
SNRs and can be obtained as

pi =il TP, (15)

with i € {1,2}, |p™ 2 = o282, and Py, Py
respectively being the S and R transmitted powers.

The following theorem and lemmas return the CDF
of p. for the general case in which both S-R and R-D
links experience BM, as well as for the special cases in
which a single or no link suffers for BM.

Theorem 1. For the general case, in which both links
suffer from BM, the CDF of p. can be evaluated as

Si
2 pi—1 /2 o
6/ Gi p;°

F.@)=1-] ZW&&; K

i=1 k=0 q;p;

k=G Sy il
X 1—‘ a C ’ Iu : ~ (e %3
o p?¢/2 (hz(‘f))
(16)
Proof: Please refer to Appendix A. [ |

Lemma 1. For the special case in which only one of the
S-R and R-D links suffer from BM, the CDF of the end-
to-end equivalent SNR can be expressed as (1), given
at the top of the next page.

Proof: Please refer to Appendix B. [ |

Lemma 2. For the case in which no-link experience BM,
the end-to-end equivalent SNR can be written as

2%3/2
o U\ Wis i 7mpoayre
Fu(r)=1-] )7, (1)
id\ L) = 1 — .
U T(iy)
Proof: Please refer to Appendix C. [ ]

B. Outage Analysis

The OP of the equivalent e2e link can be defined as
the probability that the equivalent e2e SNR falls below a
predetermined threshold, pyy, i.e. Py = P (pe < pin) ,
or equivalently

F,. (ptn), both links suffer from BM
P,=1{ F;%(ptn) only one link suffers from BM
Fjs(pen)  mo link suffers from BM

19)
IV. RESULTS & DISCUSSION

Respective numerical results for different scenarios
are presented in this section to highlight the joint
effect of antenna misalignment and fading. In more
detail, the following insightful scenario is considered.
The THz relaying system is operating under standard
environmental conditions, i.e. the relative humidity is
50%, the atmospheric pressure equals 101325 Pa and

the temperature is set to 296° K. Moreover, the operation
frequency is 275 GHz, the transmit and receive antenna
gains of both the S and R are set to 55 dBi. The
S-R and R-D links transmission distances are set to
10 m. Finally, unless otherwise stated, a; = a2 = 1,
and g3 = pe = 3. It should be noted that each
of the following figures contains both analytical and
Monte Carlo results represented by lines and discrete
marks, respectively.

Figure [2| demonstrates the outage performance of the
relaying systems for different values of f;, fo and
BM scenarios. In more detail, in Fig. Pla, the OP is
plotted against f; and fo2, assuming that both the S-R
and R-D links experience the same levels of BM, i.e.
051 = 0s2 = 1 cm. Similarly, the outage performance
for the case in which only the S-R link experience BM
of 04,1 = 1 cm, while the R-D one is BM-free is plotted
in Fig. Rlb, whereas the case in which the R-D link
suffers from BM of 0,2 = 1 cm and the S-R is BM-
free is provided in Fig.Plc. As a benchmark, in Fig.2ld,
the OP performance of the BM-free relaying system are
depicted. For the shake of comparison, in Fig. Dle, the
OP is plotted as a function of f, for fo = 275 GHz and
383 GHz, which are respectively the best and worst case
scenario, and for all the aforementioned BM scenarios.
From Fig. Pla, it becomes evident that, for the case
in which both links suffer from BM, there exist a low
OP transmission windows for f1, fo € [275,320 GHz.
Moreover, the worst outage performance are met for
fi = fo = 383 GHz. From Figs. 2lb and [lc, it
is observed that, for a fixed OP requirement, the link
that suffers from BM determines the bandwidth of
the transmission signal. Moreover, from Fig. Rld, it
is revealed that even in the absence of BM, the best
and worst outage performance are respectively met for
.fl = f2 = 275 GHz and fl = fQ = 383 GHZ,
where the minimum and maximum path-loss is observed.
This indicates the detrimental impact of path-loss on the
system performance. Likewise, from Fig. Rle, it becomes
evident that, for a given f, as fo increases, the OP
also increases. Also, for a fixed fo, as f; increases, the
outage performance degrades. Finally, from this figure, it
becomes apparent that the joint impact of BM and path-
gain should be taken into account when characterizing
the outage performance of the THz relaying system.

Figure [ illustrates the OP as a function of G4 for
different values of G, and BM scenarios, assuming
Pi/No/ptn = P2/No/psn = 50 dB, G,+ = 50 dBi,
and 0,1 = 052 = 1 cm. As expected, for given G,
and BM scenario, as G4 increases, the deterministic path-
gain increases and as a consequence the OP decreases.
For example, for the case in which both links suffer
from BM and G,, = 40 dBi, as G, shifts from 30
to 50 dBi, the OP decreases for about 30 times. Sim-
ilarly, we observe that, for fixed G5 and BM scenario,



<i

pil ¢i/2 e . ST /2 ;)2
sc xz Cl oy alk_Cl i 0,1 T 1 T
Frlo)=1-2 — g S¢ k! e (N ) T \ M G e
5—0 aiﬁgl/ (hz('f)> o i P (hz > Hj (hl ) ij

a7

300 320 340 360 380 280 300 320 340 360
f, (GHz)

f; (GHz)

280 300 320 340 360 380 400 420
£, (GH2)

(d)

| i
380 400 420

340 360 380 400 420
f, (GHz)

(©)

Analytical
o BM in both links
O BM only in S-R link]

oP

Y T T T , T T T
280 300 320 340 360 380 400 420
f, (GHz)

(e)

Fig. 2: OP vs f1 and fo, for different the following BM scenarios: (a) both S-R and R-D links experience BM; (b)
only S-R link suffers from BM, while R-D is BM-free; (c) only R-D link suffers from BM, while S-R is BM-free;
and (d) both S-R and R-D are BM-free. Also, OP vs f; for different values od f» and all the aforementioned

scenarios (e).
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Fig. 3: OP vs G, for different values of G, and
BM scenarios.

as G, , increases, the OP decreases. For instance, for
the scenario in which both links experience BM and
Gs = 40 dBi, as G, moves from 30 to 50 dBi, the
OP decreases approximately 30 times. By comparing,
the aforementioned examples, the reciprocity of the link

Py/Ny/py, =0 dB

Py/Ny/p,, = 10 dB
P,/Ny/p,, =20 dB

P,N/p,, =30 dB]
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Fig. 4: OP vs Py/Ny/pw, for different
Py/Ny/per, and BM scenarios.

P,/Ny/p,, =40 dB
T

values of

is revealed. Additionally, from this figure, we observe
that there exist a floor on the OP in respect to G.
Figure ] depicts the OP as a function of P /Ny/p:s
for different values of P»/No/py, and BM scenarios,
assuming that o051 = 0,2 = 1 cm. In more detail,
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the following BM scenarios are examined: (i) both links
suffer from the same level of BM, (ii) only the SR link
experience BM, while RD is BM-free, and (iii) only the
R-D link experience BM, while S-R is BM-free. Finally,
as a benchmark, the OP for the ideal case, in which both
the S-R and R-D links are BM-free, is delivered. From
this figure, we observe that, for a fixed P>/No/ps, and
BM scenario, as P /Ny/pyy, increases, the OP decreases.
For example, for the case in which both links suffer for
BM and P,/Ny/pi, = 30 dB, as Py /Noy/ps increases
from 20 to 30 dB, the outage performance improves for
about 10 times. Moreover, it becomes apparent that for
Py /No/pin > Pa/No/pip, there exists an OP floor that
depends on the quality of the RD link. As a result,
in the P1/No/ptn, > Pa/No/psn regime, systems in
which only the R-D link suffers from BM, and the cor-
responding ones that experience BM in both the S-R and
R-D links have approximately the same performance,
whereas, the same occurs for systems in which only the
S-R link suffers from BM and systems that both links
are BM-free. Additionally, for a given P;/No/pin, as
P> /Ny/pup, increases, the outage performance improves.
For instance, for the case in which both links suffer from
BM and Py /Ny/pin = 20 dB, a Py/Ny/py, increase
from 10 to 20 dB results at more than 10 times OP de-
crease. A similar outage performance improvement also
occurs for the cases in which only one or no-link suffers
from BM, under the same P»/Ny/p:, shift. Finally,
we observe that there exist an important performance
difference between THz relaying systems that suffer
from BM and the corresponding ideal ones. For example,
for P;/No/pin = 35 dB and Py/Noy/pn = 30 dB, the
system in which only the R-D link suffers from BM
achieves 9% better outage performance in comparison
with the one that both links experience BM and about
50% worst performance than the one that BM exists in
the SR link. This indicates the importance of accurately
modeling BM in THz relaying systems.

Figure [ illustrates the OP as a function of 0,1 =

0s2 = o, for different values of Pi/No/pw =
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Fig. 6: OP vs 01 and os.

P, /Ny/ psr, and the following BM scenarios: (i) both the
S-R and R-D links suffer from the same level of BM,
(ii) either the S-R or the R-D link experience BM, and
(iii) both links are BM-free. As expected, for a given
Py /No/ptn = Pa/No/pen, as o increases, the OP also
increases. For example, for Py /Ny/pw, = Pa/No/pn =
50 dB and the case in which both links suffer from BM,
as o increases from 1 to 5 cm, the OP also increases
from 9.9 x 1077 to 1.9 x 10~2. Additionally, for a given
o and BM scenario, as Py /No/pi, = Pa/No/pep in-
creases, the outage performance improves. For instance,
for o = 5 cm, in the case in which both links experience
BM, the OP decreases from 5.6 x 1072 to 1.9 x 1072, as
Py /No/pin = Pa/No/pun shifts from 40 to 50 dB. Sim-
ilarly, for the case in which only one link suffers from
BM, the same o and Py /No/p:n, = Pa/Ny/pen increase
results to an OP increase from 2.8 x 1072 t0 9.69 x 1073.
Likewise, from this figure, it becomes evident that THz
relaying systems in which only one link suffers from BM
outperforms the ones that both links experience BM, for
the same levels of BM and P /No/pi, = Pa/No/pin-
Finally, the BM-free THz relaying system outperforms
both the aforementioned scenarios.

Figure [@] plots the OP as a function of o7 and o,
assuming Py /No/pi, = P2/No/p, = 50 dB. As
expected, for a fixed o1, as o9 increases, the quality
of the R-D link degrades; hence, the OP increases. For
instance, for o1 = 5 cm, as oy shifts from 1 to 5 cm, the
OP changes from 9.69 x 1073 to 1.93 x 10~2. Similarly,
for a fixed o9, as o7 increases, an outage performance
degradation occurs. For example, for oo = 2 cm, as o3
increases from 1 to 5 c¢cm, the OP also increases for about
ten times.

In Fig. [1l the OP is plotted as a function of G,
for different values of oy, assuming Pi/No/pin =
Py/No/pen, = 50 dB, 051 = 052 = 05 and that both
links suffer from BM. As a benchmark, the case in which
both links are BM-free is also plotted. As expected, for a
given oy, as G increases, the OP decreases. Moreover,
for a fixed Gy, as o, increases, the outage performance
degrades. Finally, an OP floor in the high G regime is
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observed.

V. CONCLUSIONS

In this paper, we presented novel closed-form ex-
pressions for the OP of THz wireless relaying systems,
which take into account the intermediate links particu-
larities, namely deterministic path-loss, stochastic BM,
and fading. Our results highlighted the importance of
accurate characterization of the intermediate channels,
when assessing and designing such systems.

APPENDICES

VI. APPENDIX A

In general, the CDF of p. can be evaluated as
F, (z) = Pr(p. < z), which, by employing (I4), can
be rewritten as

Fp, (x) = Pr(min (p1, p2) < z), (20)

or equivalently
F, (v)=1—=Pr(min(p1,p2) 2 2). (21
The event Uy = {min(p1,p2) > x} can be rewritten

as Uy = {p1 >} N {p2 > x}, Moreover, since |h1]
and |hs| are independent random variables (RVs), p;
and po are also independent RVs; hence, (2I) can be
simplified as

Fp(z) =1=Pr({p1 > 2}) Pr({p2 > 2}),

or equivalently

(22)

Fy (x) =1 - (1= Pr({p1 < a})) (1 - Pr({pz < 2})).

(23)
By taking into account that Pr ({p; < z}) = F),, (z) with
i € {1,2}, @3) can be expressed as

2

Fp (@) =1~ [[ (1~ Ey ().

i=1

(24)

Next, by employing [21, Eq. (43)] and after some
algebraic manipulations, we can rewrite @4) as (16).
This concludes the proof.

APPENDIX B

In the special case, in which either the S-R or the R-D
link experience BM, according to (24), the CDF of p,
can be obtained as

— Fp, (@) (1= Fpym (@)

where i, j € {1,2} with ¢ # j. Note that in 23), F,, (x)

denotes the CDF of the SNR of the link that suffers from

BM, while Fum () is the one of the BM-free link.
Next, we derive F;""(z) as

Foe=(1 (25)

Fpom(z) = Pr (pj™ < x), (26)

wm

where p7™ is the SNR of the misalignment-free link,

which can be expressed as

o = 7| 27)
From @27), 28) can be rewritten as
() x
Fum(z) = Pr ‘hi ‘ < /X, (28)
J pj
or equivalently
T
Fp;})m ((E) = Fh(.f)’ — (29)
: V 7;

By taking into account (II)), (29), and [21] Eq. (43)], we
can express (23) as (7). This concludes the proof.

APPENDIX C

Following the same steps as Appendix A, the CDF
of the end-to-end SNR in the absence of BM in both
the S-R and R-D links can be obtained as Fu(z) =

1-— H?:l 1 — Fpum (:c)) , which, by employing (28),
we obtain . This concludes the proof.
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