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Abstract—This paper presents the theoretical frame-
work for the performance evaluation of terahertz (THz)
wireless fiber extender in the presence of misalignment
and multipath fading. In more detail, after providing the
appropriate system model that incorporates the different
operation, design, and environmental parameters, such as
the operation frequency, transceivers antenna gains, the
level of misalignment as well as the stochastic behavior
of the channel, we extract novel closed-form expressions
for the ergodic capacity. These expressions are expected
to be used as useful tools for the analysis and design
of such systems. Moreover, several insightful scenarios
are simulated. Their results highlight the importance of
taking into account the impact of misalignment fading
when analyzing the performance of the THz wireless fiber
extender.

Index Terms—Ergodic capacity, Misalignment fading,
Performance analysis, Wireless terahertz fiber extender, α-
µ fading.

I. INTRODUCTION

Terahertz (THz) fiber extenders have received consid-

erable attention due to the unprecedented increase in the

bandwidth and ultra-high data rates that they offer in

a cost-efficient and easy deployment manner [2]–[4] as

well as the fact that they can contribute to bridging the

connectivity gaps that exist between the radio frequency

(RF) access network and the fiber optic based backbone

network [2]. This application scenario is expected to

be employed in developing countries, where there may

not be much of a fiber optic structure and hence to

increase its reach and bandwidth to the last mile, without

requiring a huge amount of economic resources to dig

up the current brown-field [5], [6].

However, THz systems are subject to high path

losses [4], [7], which originate from the band’s high

frequencies that cause interaction and energy absorp-

tions by the molecules of the propagation medium [8].

To understand the nature of these absorptions and to

design countermeasures, a great amount of effort was

put in modeling the THz channel particularities [9],

evaluating their impact on the system’s performance [10]

and proposing countermeasures [11]–[13]. In particular,

the THz channel characteristics were studied in several
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works including [14]–[19] and references therein. In

more detail, in [14], the authors presented a novel

propagation model for THz nano-scale communications.

Additionally, in [15], a simplified path-loss model for

the 275− 400 GHz band was introduced. Furthermore,

in [16], a multi-ray THz propagation model was pre-

sented, while, in [17], a propagation model for intra-

body nano-scale communications was provided. Like-

wise, in [18], a path-loss model, which quantifies the

total absorption loss assuming that air, natural gas and/or

water are the components of the propagation medium,

was reported, whereas, in [19], a multi-ray THz propa-

gation model was presented.

Although all the above contributions revealed the

particularities of the THz medium, they neglected the

impact of fading, which can be generated due to scatter-

ing on aerosols in the atmosphere [20]. On the contrary,

in [21]–[24], the authors presented suitable stochastic

models that are able to accommodate the multipath

fading effect in the THz band. In particular, in [21],

the authors introduced a multi-path THz channel model,

where the attenuation factor was modeled as a Rayleigh

or Nakagami-m distributions under the non-line-of-sight

condition and as a Rician or Nakagami-m distribution

under the line-of-sight assumption. Moreover, in [22]

and [23], the authors assumed Rician fading to ac-

commodate the stochastic characteristics of the THz

communication channel. Likewise, in [24], the authors

used a log-normal shadowing path-loss model for THz

nano-sensor communications.

It is also widely known that another characteristic

of THz systems that may cause severe performance

degradation is the misalignment between the transmitter

(TX) and receiver (RX) antennas beams. The impact

of TX-RX beams misalignment in the THz link was

discussed in [21], [23] and [25]. In more detail, in [21]

and [25], the authors assumed deterministic models

to incorporate the impact of antennas’ misalignment,

while, in [23], it was considered to be a part of the

shadowing effect. The disadvantage of these models

is that they are unable to accommodate the stochastic

characteristics of phenomena such as thermal expansion,

dynamic wind loads and weak earthquakes, which result

in the sway of high-rise buildings and cause vibrations
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of the transceivers antennas; in other words, the effect

of misalignment between the TX and RX [26].

To the best of the authors’ knowledge, the effect of

misalignment over fading channel in the THz band has

not been addressed in the open literature. Motivated by

this, this paper is focused on providing the theoretical

framework for the quantification of the performance of

THz wireless fiber extenders. In particular, the technical

contribution of this paper is outlined below:

• We establish an appropriate system for the THz

wireless fiber extenders, which takes into account

the different design parameters, the channel char-

acteristics, as well as their interactions. These pa-

rameters include the transmission range, the TX

and RX antennas’ gains, the degree of TX and RX

misalignment, the transmission and noise power.

• In order to analytically evaluate the performance of

the THz wireless extender, we extract novel closed-

form expressions for the ergodic capacity.

Notations: The operators E[·] and | · | respectively

denote the statistical expectation and the absolute value,

whereas exp (x) and log2 (x) stand for the exponen-

tial function and the logarithmic function with base

2. Additionally, the operator ln (x) refers to the nat-

ural logarithm of x, while, the operator
√
x returns

the square root of x. Likewise, the set of the com-

plex numbers is represented by C, while CN (x, y)
denotes a x-mean complex Gaussian process with

variance y. The upper and lower incomplete Gamma

functions [27, eq. (8.350/2), (8.350/3)] are respec-

tively denoted by Γ (·, ·) and γ (·, ·), while the Gamma

function is represented by [27, eq. (8.310)]. Finally,

2F1(·, ·; ·; ·) and Gm,n
p,q

(

x

∣

∣

∣

∣

a1, a2, · · · , ap
b1, b2, · · · , bq

)

respec-

tively stand for the Gauss hypergeometric function [28,

eq. (4.1.1)] and the Meijer’s G-function [27, eq. (9.301)],

whereas Hm,n
p,q

[

z

∣

∣

∣

∣

(a1, b1), · · · , (ap, bp)
(c1, d1), · · · , (cp, dp)

]

is the Fox

H-function [29, eq. (8.3.1/1)].

II. SYSTEM & CHANNEL MODEL

As depicted in Fig. 1.a, we consider a THz wireless

fiber extender, in which the TX and RX are equipped

with highly directive antennas. The information signal,

x ∈ C, is conveyed over a flat fading wireless channel

h ∈ C with additive noise n ∈ C. Therefore, the

baseband equivalent received signal can be expressed as

y = hx+ n, (1)

where h, x and n are statistically independent. Likewise,

n is modeled as a complex zero-mean additive white

Gaussian process with variance equals No.

The channel coefficient, h, can be obtained as

h = hlhphf , (2)

(a)

(b)

Fig. 1: (a) System model. OLT stands for the optical line

terminal. (b) RX’s effective area and TX’s beam footprint

with misalignment on the RX’s plane.

where hl, hp and hf respectively model the deterministic

path gain, the misalignment fading, which results in

pointing errors, and the stochastic path gain.

The deteministic path gain coefficient can be ex-

pressed as hl = hflhal, where hfl models the propaga-

tion gain and can be written as hfl =
c
√
GtGr

4πfd
, where

Gt and Gr respectively represent the antenna orientation

dependent transmission and reception gains, c stands for

the speed of light, f is the operating frequency and d is

the distance between the TX and the RX. Additionally,

hal denotes the molecular absorption gain and can be

evaluated as hal = exp
(

− 1
2κα(f)d

)

, where κα(f) de-

notes the absorption coefficient that describes the relative

area per unit of volume, in which the molecules of the

medium are capable of absorbing the electromagnetic

wave energy, and can be evaluated as [15].

As demonstrated in Fig. 1.b, we assume that the RX

has a circular detection beam of radius α, covering an

area A. Moreover, the TX has also a circular beam,

which at distance d has a radius ρ that belongs in the

interval 0 ≤ ρ ≤ wd, where wd is the maximum radius

of the beam at distance d. Furthermore, both beams are

considered on the positive Cartesian x−y plane and r is

the pointing error expressed as the radial distance of the

transmission and reception beams. Due to the symmetry

of the beam shapes, hp depends only on the radial



distance r = |r|. Therefore, without loss of generality,

it is assumed that the radial distance is located along

the x axis. As a consequence and according to [30], the

misalignment fading coefficient, hp, which represents the

fraction of the power collected by the RX, covering an

area A at distance d can be approximated as

hp(r; d) ≈ Ao exp

(

− 2r2

w2
deq

)

, (3)

where wdeq
is the equivalent beam-width, whereas Ao

is the fraction of the collected power at r = 0 and

can be calculated as u =
√
πa√
2wd

, with a being the

radius of the RX effective area and wd is the radius of

the TX beam footprint at distance d. Additionally, the

equivalent beam-width, w2
eq , is related to w2

d through

w2
eq = w2

d

√
π erf(u)

2u exp(−u2) .

By considering independent identical Gaussian dis-

tributions for the elevation and horizontal displace-

ment [30], [31], the radial displacement at the RX

follows a Rayleigh distribution with probability density

function (PDF), which can be expressed as

fr(r) =
r

σ2
s

exp

(

r2

2σ2
s

)

, (4)

where σ2
s is the variance of the pointing error displace-

ment at the RX. By combining (3) and (4), the PDF of

|hp| can be expressed as [30]

fhp
(x) =

ξ

A
ξ
o

xξ−1, 0 ≤ x ≤ Ao, (5)

where ξ =
√

weq

2σs
is the ratio between the equivalent

beam width radius at the RX. Note that this model was

extensively used in several studies in free space optical

systems (see e.g., [32], [33] and references therein).

The stochastic path gain coefficient, |hf |, is assumed

to follow an α−µ distribution [34], with PDF given by

fhf
(x) =

αµµ

ĥ
αµ
f Γ(µ)

xαµ−1 exp

(

−µ
xα

ĥα
f

)

, (6)

where α > 0 is a fading parameter, µ is the normalized

variance of the fading channel envelope, and ĥf is the

α-root mean value of the fading channel envelop. Note

that this distribution is a general form for many well-

known distributions, such as Rayleigh (α = 2, µ = 1),

Nakagami-m (α = 2 and µ is the fading parameter),

Weibull (µ = 1 and α is the fading parameter), etc. [35].

III. PERFORMANCE ANALYSIS

Theorem 1 returns a novel closed-form expression for

the evaluation of the ergodic capacity.

Theorem 1. The ergodic capacity can be analytically

expressed as in (7), given at the top of the next page.

In (7), ∆ = |hl|2P
No

, Λ = ξ − 1, Φ = αµ−ξ
α

, X = µ

ĥα
f
Aa

0

and Θ = ξA
−ξ
0

µ
µ−

µα−ξ
α

ĥα
f
Γ(µ)

.

Proof: Based on (1), the instantaneous SNR of the

received signal can be obtained as

γ =
|h|2P
No

. (8)

Hence, the ergodic capacity can be defined as C =
E [log2 (1 + γi)] , or

C = E
[

log2
(

1 + ∆|hfp|2
)]

, (9)

which can be evaluated as

C =

ˆ ∞

0

log2
(

1 + ∆x2
)

f|hfp|(x)dx, (10)

where f|hfp|(x) stands for the probability density func-

tion of the random variable hfp = hfhp and can be

evaluated, according to [36], as

f|hfp|(x) =

ˆ Ao

0

1

y
f|hf |

(

x

y

)

f|hm|(y)dy. (11)

By substituting (5) and (6) into (11), the PDF of |hfp|
can be equivalently expressed as

f|hfp|(x) =
αµµxαµ−1

(

ĥf

)αµ

Γ(µ)

ξ

A
ξ
o

I(x), (12)

where

I(x) =
ˆ Ao

0

yξ−αµ−1 exp

(

−µ
xαy−α

ĥα

)

dy. (13)

By employing [27, eq. (8/350/1)], (12) can be written as

f|hfp|(x) = ξA
−ξ
0

µ
ξ
α

ĥα
fΓ (µ)

xξ−1

× Γ

(

αµ− ξ

α
, µ

xα

ĥf

A−α
0

)

. (14)

Next, by substituting (14) into (10), the ergodic ca-

pacity can be expressed as

C =
Θ

ln (2)

ˆ ∞

0

xΛ ln
(

1 + ∆x2
)

Γ (Φ, Xxα) dx, (15)

or, by using [28, eq. (15.1.1)], as

C=
Θ

ln (2)

ˆ ∞

0

xΛ+1
2F1 (1, 1; 2;−x)Γ (Φ, Xxα) dx.

(16)

Moreover, by employing [37, eq. (11)] and [27, eq.

(9.34/7)], (16) can be written as

C =
Θ

ln (2)

ˆ ∞

0

xΛG
1,2
2,2

(

∆x2

∣

∣

∣

∣

1, 1
1, 0

)

×G
2,0
1,2

(

Xxα

∣

∣

∣

∣

1
0,Φ

)

dx, (17)



C =
Θ∆−Λ+1

2

ln (2)
H

4,1
3,4

[

X

∆
α
2

∣

∣

∣

∣

(

−Λ+1
2 , α

2

)

,
(

1− Λ+1
2 , α

2

)

, (1, 1)
(0, 1) , (Φ, 1) ,

(

−Λ+1
2 , α

2

)

,
(

−Λ+1
2 , α

2

)

]

(7)
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Fig. 2: Capacity vs distance and Temperature, for f =
300 GHz, P

No
= 25 dB, σs = 0.01 m

which, by setting z = x2, can be expressed as

C =
Θ

ln (2)

ˆ ∞

0

x
Λ+1

2
−1G

1,2
2,2

(

∆z

∣

∣

∣

∣

1, 1
1, 0

)

×G
2,0
1,2

(

Xx
α
2

∣

∣

∣

∣

1
0,Φ

)

dz. (18)

Finally, by using [38] into (18), the ergodic capacity can

be rewritten as (7). This concludes the proof.

IV. RESULTS AND DISCUSSION

In this section, we present the joint effect of the deter-

ministic and stochastic path-gain, i.e., misalignment and

multipath fading, components in the ergodic capacity of

the THz wireless fiber extender by illustrating analytical

and simulation results. Unless otherwise is stated, it

is assumed that Gt = Gr = 55 dBi1, α = 2, and

µ = 4. Moreover, standard environmental conditions,

i.e., φ = 50%, p = 101325 Pa, and T = 296 oK, are

assumed. Finally, note that all the analytical results were

verified via respective Monte-Carlo simulations.

Fig. 2 shows the ergodic capacity as a function of

the transmission range and atmospheric temperature,

assuming f = 300 GHz, P
No

= 25 dB and σs =
0.01 m. We observe that, for a fixed temperature, as

the transmission range increases, the deterministic path-

loss also increases; hence, the ergodic capacity de-

creases. Similarly, for a given transmission range, as

the temperature increases, the molecular absorption loss

also increases; therefore, the ergodic capacity degrades.

Finally, it is evident that the impact of propagation loss

is more severe compared to the one of the molecular

absorption, since the ergodic capacity degradation due

to a transmission distance increase is considerably more

1According to [39] and [40], this antenna gain can be practically
achieved by employing high-gain Cassegrain antennas.
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Fig. 3: Capacity vs frequency and relative humidity, for

d = 10 m, P
No

= 25 dB, σs = 0.01 m.
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Fig. 4: Capacity vs frequency and distance, P
No

= 25 dB
and σs = 0.01 m.

detrimental than the corresponding degradation due to a

temperature increase.

Fig. 3 demonstrates the ergodic capacity as a function

of frequency and relative humidity, assuming d = 10 m,
P
No

= 25 dB and σs = 0.01 m. From this figure, it

is evident that the effect of humidity on the ergodic

capacity depends on the operation frequency. In more

detail, we observe that up to 320 GHz the effect of

relative humidity alteration is relatively low, whereas in

the 380 GHz region, it is detrimental. For example, in

300 GHz, a relative humidity alteration from 30% to

70% results to a 0.03% ergodic capacity degradation,

whereas the same alteration in the 380 GHz causes a cor-

responding 9.7% decrease. This indicates the importance

of taking into account the variation of the environmental

conditions in a geographical area, when selecting the

operation frequency.

Fig. 4 illustrates the ergodic capacity as function of

frequency and distance, assuming P
No

= 25 dB and σs =
0.01 m. For a given operation frequency, as the distance
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for f = 275 GHz and d = 40 m.
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increases the total path-loss also increases; hence, the

ergodic capacity significantly decreases. Furthermore,

for a fixed transmission distance, as the frequency in-

creases, the path-loss drastically increases; hence, the

ergodic capacity detrimentally decreases. For example,

for f = 340 GHz increasing the transmission distance

from 20 m to 60 m causes an ergodic capacity degrada-

tion of approximately 78.6%. Similarly, for d = 20 m
and a frequency alteration from 300 GHz to 400 GHz
results to an ergodic capacity decrease by about 15.7%.

Fig. 5 depicts the ergodic capacity as a function of P
No

,

for different values of µ and σs, assuming f = 275 GHz
and d = 40 m. The markers and lines indicate the

fading parameter µ, specifically the black ones stand for

µ = 1, the red ones for µ = 3 and the blue ones for

µ = 8. Also, the color filled markers denote the ergodic

capacity calculated with σs = 0.01 m, while the non-

filled markers represent the results with σs = 0.1 m.

Note that the ergodic capacity of the Rayleigh multipath

fading (µ = 1) is provided in this figure to serve as

benchmark for the worst case scenario. For a given
P
No

and σs, as the fading parameter µ increases the

effect multipath fading decreases; therefore, the overall

SNR improves yielding greater capacity. For example,

for P
No

= 40 dB and σs = 0.01 m changing µ from 1
to 3 and from 1 to 8, causes a 5.8% and 7.4% ergodic

capacity increase, respectively, while for the same P
No

and σs = 0.1 m, the same µ alterations lead to an er-

godic capacity increase of 7.3% and 9.5%, respectively.

Furthermore, for a given P
No

and µ, the increase of jitter

variance significantly deteriorates the achievable ergodic

capacity. For instance, for P
No

= 30 dB and µ = 3,

the increase of σs from 0.01 m to 0.1 m results to

an ergodic capacity degradation of 40%. Finally, this

figure reveals that the impact of misalignment fading

is somewhat more detrimental compared to the one of

multipath fading.

Fig. 6 presents the ergodic capacity as a function of the

transmission distance, for different values of σs, assum-

ing P
No

= 25 dB and f = 300 GHz. As expected, for a

given σs, the increase of the transmission distance causes

detrimental increase of the path-loss; as a consequence,

the achievable ergodic capacity severely degrades. For

example, for σs = 0.05 m, a transmission distance

change from 20 m to 50 m reduces the achieved ergodic

capacity by 60.8%. Furthermore, for a fixed transmission

distance, the increase of σs drastically deteriorates the

ergodic capacity. For instance, for d = 40 m, a σs

alteration from 0.01 m to 0.05 m, and 0.1 m results to

an ergodic capacity degradation of 16.8%, while a σs

change from 0.01 m to 0.075 m in a 34.2% ergodic

capacity degradation. This indicates the importance of

taking into account the level of antennas’ misalignment,

when evaluating the ergodic capacity performance of the

THz wireless fiber extender.

V. CONCLUSIONS

We studied the performance of wireless THz fiber

extenders, when the transceivers antennas are not fully-

aligned. In particular, by assuming α − µ fading and

Gaussian distributions for the elevation and horizontal

displacement, we provided the analytical framework for

evaluating the ergodic capacity. Our results illustrated the

degradation due to the effect of misalignment fading on

the ergodic capacity of the THz wireless fiber extender.

It was also revealed that the impact of misalignment

fading is somewhat more detrimental compared to the

one of the multipath fading. Finally, the importance of

accurate misalignment characterization in the realistic

performance analysis and design of THz wireless fiber

extenders was highlighted.
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