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Abstract: One of the key advantages of terahertz (THz) communication is its potential for energy effi-
ciency, making it an attractive option for green communication systems. Coherent THz transmission
technology has recently been explored in the literature. However, there exist few error performance
results for such a wireless link employing coherent THz technology. In this paper, we explore a
comprehensive terrestrial channel model designed for wireless line-of-sight communication using
THz frequencies. The performance of coherent THz links is analyzed, and it is found to be notably
affected by two significant factors, atmospheric turbulence and pointing errors. These could occur
between the terahertz transmitter and receiver in terrestrial links. The exact and asymptotic solutions
are derived for bit error rate and interrupt probability for binary phase-shift keying coherent THz
systems, respectively, over log-normal and Gamma–Gamma turbulent channels. The asymptotic
outage probability analysis is also performed. It is shown that the presented results offer a precise
estimation of coherent THz transmission performance and its link budget.

Keywords: atmospheric turbulence; coherent THz; binary phase-shift keying; pointing errors; outage
probability

1. Introduction

In light of the rapid development of new generation wireless technology, researchers
have begun to explore suitable ranges of the wider frequency spectrum to meet the growing
needs globally. The terahertz (THz) band, i.e., typically from 0.1 to 10 THz, has started
to attract increasing attention. Due to their higher frequencies, THz systems can utilize
smaller antenna sizes and tighter beamforming capabilities, leading to significantly re-
duced power consumption compared to traditional radio frequency (RF) systems. This
property aligns with the development of low-power, sustainable wireless communication
infrastructures. Seamless data transfer, unlimited bandwidth, sub-microsecond latency,
and ultra-fast THz device will revolutionize communications innovation, providing a new
way in which information is transmitted and accessed [1]. One of the key advantages
of THz communication in the context of green communications is its potential for low
energy consumption. Traditional RF systems, which operate in the MHz to GHz range,
face significant challenges in energy efficiency due to power-hungry components and high
transmission losses. THz communication, on the other hand, can achieve higher data
rates with lower power consumption by leveraging the shorter wavelengths and higher
frequencies. This makes THz communication a promising candidate for next-generation
green communication networks, where energy efficiency is paramount.

In terms of power consumption, THz communication systems can outperform tra-
ditional RF systems by several orders of magnitude. For instance, studies have shown
that the power consumption of THz transmitters can be significantly lower than that of
RF transmitters at comparable data rates. Moreover, the unique propagation characteris-
tics of THz waves, such as lower interference and higher spatial resolution, enable more
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efficient use of the available spectrum, further enhancing the energy efficiency of THz
communication networks.

THz wireless communication has developed rapidly since the 120 GHz frequency
and 10 Gbps communication demonstration system was reported in 2006 [2]. With the
advancement of THz communication technology, THz now features faster speeds, higher
atmospheric window frequencies, lower power consumption, enhanced integration, and
practical applications. Additionally, the data transmission rate of THz communication
systems is steadily increasing. A 100 GHz band THz wireless communication system was
proposed based on the transmission element surface [3]. The speed of THz communica-
tion systems was found to achieve up to 120 Gbps [4]. Using sub-band, airborne THz
band communication speed reached 150 Gbps recently [5]. Ref. [6] explored subcarrier-
modulated THz wireless systems, analyzing their performance under the log-normal (LN)
and Gamma–Gamma (GG) models. It provided a detailed examination of how composite
turbulence and pointing errors impact the system performance. However, these studies
only considered non-coherent THz links.

More recently, the research based on coherent THz technology is entering an active
stage. Coherent THz technology involves the generation and transmission of THz waves
using coherent light sources within the THz frequency band. Photoelectric technology
was used to generate signals and coherent reception of wireless THz communication [7].
Larger grooves were incorporated into each cycle of the grating, enhancing the transmission
grating’s structure as demonstrated in [8], which significantly increased the power output
of the coherent THz radiation source. In the development of a reliable THz generator,
the light source is driven by a compact accelerator due to the high energy of its pulses
and the frequency range between 0.1 THz and 60 THz [9]. Ref. [10] provided explicit
expressions for the probability density functions (PDFs), cumulative distribution functions,
and secrecy outage probability (SOP) of the end-to-end signal-to-noise ratio (SNR) using
Meijer’s G-function. The effectiveness of coherent THz detection using a photoconductive
antenna was explored [11], achieving broadband detection capabilities up to 10 THz, thus
spanning the entire THz band. Advancements in coherent THz wireless systems, enabled
by silicon photonic integrated circuits, have achieved error-free transmission at 1 MHz-THz,
with a bit error rate of 10−6 or lower, and a data rate of 50 Gbps [12]. Comparative studies
of two antenna designs, utilizing amplitude modulation and coherent data signals for a
wireless link operating near 300 GHz, were detailed [13]. Moreover, the real-time digital
coherent transmission of 34 GBd polarization division multiplexing quadrature phase shift
keying signals was showcased [14].

Nevertheless, the unpredictable characteristics of the terrestrial channels that coherent
THz waves traverse can have devastating effects on the integrity of transmitted data. The
propagation of coherent THz signals is not only affected by deterministic attenuations
such as molecular absorption and path loss but is also affected by random atmospheric
turbulence, especially in outdoor coherent THz signal propagation [15]. Among these
factors, the random variation of signal irradiance caused by atmospheric turbulence is a
main cause of the performance degradation in coherent THz wireless systems. In order
to combat and alleviate the problem, researchers have conducted extensive research on
terrestrial turbulent channels and proposed different channel models [16]. However, the
random behavior of pointing errors between the transmitter and receivers is another major
factor affecting the overall performance of wireless THz links, which needs to be considered
for channel model [17]. However, there exist few results for coherent THz wireless link
performance considering pointing errors. We comment that, as a quasi-optical wave, the
pointing error model in free space optical communication can serve as a valuable reference
for addressing THz dislocation fading [18–20].

To bridge the aforementioned research gap, in this work, the bit error rate (BER)
performance, asymptotic BER performance, and outage probability of a coherent THz
systems with pointing errors are investigated. The high-precision convergent sequence BER
for LN fading and the approximate sequence BER for GG channels are obtained. The loss of
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the signal-to-noise ratio (SNR) caused by pointing error is formulated, and the influence of
building swaying on the THz links is theoretically solved. Additional insights into coherent
THz wireless links are provided through our asymptotic studies.

The rest of this paper is organized as follows. Section 2 formulates the system model
for a coherent THz communication link experiencing atmospheric turbulent channels with
pointing error. In Section 3, the exact and asymptotic BERs for LN and GG turbulent
channels are derived. Section 4 provides an analysis of the outage probability under both
weak and strong turbulence conditions. Numerical results and discussions are presented in
Section 5. Finally, Section 6 concludes the paper.

2. System and Channel Models
2.1. System Model

The coherent THz communication system physically combines the received THz wave
with the local THz wave to recover signal information from the electric field. This system
can provide good background noise suppression and provide better spatial and frequency
selectivity. A basic coherent THz link is shown in Figure 1, we assume that both the
transmitting and receiving ends are equipped with a high-directional THz transmitter and
receiver. After propagating through the atmospheric turbulence channel, the THz signal at
the output of the coherent receiver can be modeled as

y = hx + n (1)

where x represents the transmitted signal, h denotes the channel state, y is the synthesized
electrical signal at the receiver, and n indicates additive white Gaussian noise (AWGN).

Figure 1. Block diagram of a coherent THz link.

It is noted that the pointing error and atmospheric attenuation are independent. There-
fore, the channel gain h, which comprehensively represents the various interactions—such
as path loss, absorption, scattering, and reflection—that THz waves undergo while prop-
agating through the medium from the transmitter to the receiver, can be expressed as
h = hlhpha, where hl represents the path loss, remaining constant under specific weather
conditions and link distances. The term hp denotes the pointing error loss factor, while
ha indicates the atmospheric attenuation loss factor. We observe that hl is deterministic,
whereas both ha and hp are random variables (RVs).

2.2. Statistical Models

Statistical models play a crucial role in understanding and predicting the behavior of
transmitted signals under various environmental conditions. This section delves into three
significant aspects of these models: deterministic attenuations, turbulence models, and
pointing errors. Each subsection provides a comprehensive analysis of the factors affecting
the signal integrity and the mathematical frameworks used to quantify these effects.

2.2.1. Deterministic Attenuations

Wireless propagation at THz frequencies also suffers relatively high attenuation due
to interactions between gas molecules and THz waves. The attenuation of THz wave due
to molecular absorption has been widely studied. We choose the ITU-R model, which
can perform the molecular absorption effect well, especially in the low frequency band of
THz frequency (0.1 to 1 THz). The 0.1–1 THz band offers a balance between bandwidth
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availability and manageable atmospheric attenuation, making it highly suitable for short-
to medium-range communication scenarios.

Even if there is no additional attenuation along the wave propagating path, the
received power at the receiver will decrease quadratically with the increase in distance.
This inevitable loss, named free space path loss (FSPL), always exists and can be calculated
using the Friis formula [21] as

LFS = 32.4 + 20 log( f ) + 20 log(d)− GTX − GRX (2)

where f is the frequency in MHz, d represents the distance between the transmitter and
receiver in kilometers (km), and GTX and GRX denote the antenna gains for the transmitter
and receiver, respectively. We use the Beer–Lambert law [22] to describe the loss over the
propagation path due to atmospheric attenuation.

hl(z) =
P(z)
P(0)

= exp(−σz) (3)

where P(0) is the transmission power, P(z) is the power at a distance of z (km), and σ
(1/km) is the attenuation coefficient. This parameter can also be measured physically in
the atmosphere.

2.2.2. Turbulence Models

In order to analyze the impact of turbulence-induced fading, we present statistical
models describing atmospheric fading. For weakly turbulent conditions, one considers a
LN fading model to characterize the fading of the atmosphere. Its probability distribution
function is as follows [23]:

fha,LN(ha) =
1

2ha

√
2πδ2

X

exp(−
(ln ha + 2δ2

X)
2

8δ2
X

) (4)

where δ2
X is the log-amplitude variance approximately equal to δ2

R/4, where δ2
R is the widely

used Rytov variance in the turbulence models which is expressed as δ2
R = 1.23C2

nk7/6z11/6.
Additionally, C2

n represents the refractive index structure parameter of the atmosphere, z
denotes the path length, and v = 2π/λ is the THz wave number, where λ is the wavelength.
For moderate to strong turbulence, the GG model is used widely, and its elaborate PDF is
given as [16]

fha,GG
(ha) =

2(αGGβGG)
αGG+βGG

2

Γ(αGG)Γ(βGG)
(ha)

αGG+βGG
2 −1 × KαGG−βGG(2

√
αGGβGGha) (5)

where Γ(·) represents the Gamma function, and Kα−β(·) denotes the modified Bessel
function of the second kind with an order of αGG − βGG. In the context of plane wave
propagation, which is a suitable approximation for long-distance transmissions using
reflector antennas, the effective parameters αGG and βGG, associated with small and large
eddies in a turbulent medium, are defined as follows [24]:

αGG =

exp

 0.49σ2
R(

1 + 0.65d2 + 1.11σ12/5
R

)7/6

− 1


−1

(6)

βGG =

exp

0.51σ2
R(1 + 0.69σ12/5

R )
−5/6(

1 + 0.9d2 + 0.62d2σ12/5
R

)
− 1

−1

(7)
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where the parameter d is defined as d =
√

kD2/4z, in which z is the path distance, k is the
wavenumber, and D is the receiver aperture diameter.

2.2.3. Pointing Errors

In line-of-sight (LOS) wireless coherent THz communication links, the loss of pointing
error due to misalignment is another important factor to determine the performance and
reliability of the link as illustrated in Figure 2.

Figure 2. Detector and beam footprint with misalignment on the detector plane.

As shown in Figure 2, consider a receiver (RX) with a circular detection beam that
propagates a distance z from the transmitter to a circular detector with an aperture radius a.
The distance r represents the instantaneous radial displacement between the center of the
detector and the beam’s centroid. The fraction of power collected by the receiver, due to
pointing errors, can be approximated by [25]

hp(r; z) ≈ A0 exp(
−2r2

w2
z,eq

) (8)

where A0 is the fraction of the collected power at r = 0, which is defined as A0 = [erf(v)]2,
and the equivalent beam width wz,eq is defined as w2

z,eq = w2
z
√

π
erf(v)

2v exp(−v2)
. In this case,

v =
√

πd/(
√

2wz) represents the ratio of the aperture radius to the beam width. The
parameter d signifies the receiver aperture’s radius, while wz denotes the beam waist at

distance z. For a Gaussian beam, the beam waist wz is defined as wz = w0

√
1 +

(
zλ

πw2
0

)2
,

where w0 is the beam waist at z = 0. Consequently, the PDF of hp can be derived as follows:

fhp(hp) =
γ2

Aγ2

0

hγ2−1
p , 0 ≤ hp ≤ A0 (9)

where γ = wz,eq/2σS represents the ratio of the equivalent beam width to the jitter standard
deviation, quantifying the severity of the pointing error effect.
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2.3. Channel Statistical Model

The probability distribution of the composite coherent THz wireless channel
h = hlhahp can be expressed as

fh(h) =
∫

fh|ha(h|ha) fha(ha)dha (10)

Because hl is a fixed parameter that serves as a scaling factor, the conditional distri-
bution can be written as fh|ha(h|ha) =

1
hl ha

fhp

(
h

hahl

)
, and the composite PDF for the three

distributions of LN and GG can be calculated. We derive the average BER of LN fading
with pointing error by substituting Equations (4) and (9) into Equation (10). The composite
PDF can be found as

fe,LN(h) =
γ2 exp(ua)

2(A0h1)γ2 hγ2−1 erfc(
ln( h

A0hi
) + µb√

8δX
)n (11)

where µb = 2σ2
X(1 + 2γ2), µa = 2σ2

Xγ2(1 + γ2).
Similarly, for the GG channel model of Equations (5) and (9) into Equation (10), the

composite PDF of the channel can be written as

fha,GG
(h) =

2γ2(αβ)
α+β

2 hγ2−1

(A0h1)
α2

Γ(α)Γ(β)
×
∫ ∞

h
A0h0

h
α+β

2 −1−γ2

a Kα−β(2
√

αβha)dha (12)

3. Bit Error Rate Performance

For the wireless coherent THz systems, the SNR can be expressed as Υ = γ̄h, where
γ̄ is the average SNR, and h is the channel gain. Based on the system model outlined in
Section 2, the BER for the BPSK modulation is given by

Pe(e|h) = Q(
√

2γ̄h) =
1
2

erfc(
√

γ̄h) (13)

The average BER can be expressed as

Pe=
∫ ∞

0
Pe(e|h) fh(h)dh (14)

The average BER can be reformulated by substituting Equation (11) into Equation (14)
as follows:

Pe,LN =
γ2 exp(µa)

4(A0h1)a2

∫ ∞

0
hγ2−1 erfc(

ln( Λ
A0hiC

) + µb√
8δX

) erfc(
√

γ̄h)dh (15)

By applying a variable transformation, Equation (15) can be written as

Pe,LN =
γ2µc

4
exp(µa − a2µb)

∫ ∞

−∞
exp(γ2µcx) erfc

(√
γ̄A0htµc exp(µcx − µb)

)
erfc(x) dx (16)

By introducing an auxiliary parameter B and dividing the integration range in
Equation (16) into [−∞, B] and [B, ∞], it is possible to derive

Pe,LN =
γ2µc

4
exp(µa − a2µb)

∫ B

−∞
exp(γ2µcx)

× erfc
(√

γ̄A0hlµc exp(µcx − µb)

)
erfc(x) dx + RB

(17)

where RB represents the error in the approximation, which is defined as
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RB =
γ2µc

4
exp(µa − γ2µb)

∫ ∞

B
exp(γ2µcx) erfc

(√
γ̄A0h1µc exp(µcx − µb)

)
erfc(x) dx. (18)

The upper bound of the approximation error RB is proved in reference [26]. RB can be
quantified under various system parameters, allowing us to calculate the corresponding
values of B. The findings indicate that the approximation error RB diminishes quickly as
B grows. By adjusting the value of B, the approximation error can be minimized to an
arbitrary level. Consequently, the average BER can be approximated as

Pe,LN ≈ P̃e,LN =
γ2µc

4
exp(µa − γ2µb)

∫ B

−∞
exp(γ2µcx)

× erfc
(√

γ̄A0hlµc exp(µcx − µb)

)
erfc(x) dx

(19)

In obtaining Equation (19), we use a series expansion of the complementary error function
([27], Equation (06.27.06.0002.01)) and an integral identity ([27], Equation (06.27.21.0011.01)) as

erfc(z) =

(
− 2√

π

∞

∑
k=0

(−1)kz2k+1

k!(2k + 1)

)
(20)

and ∫
exp(bz) exp(cz) dz =

1
b

[
exp(bz) erfc(az)− exp

(
b2

4a2

)
erf
(

b
2a

− az
)]

(21)

where

Sj = exp((2γ2 + 2k + 1)µcB/2) erfc(B)− exp((2γ2 + 2k + 1)2µ2
c /16)

× er f ((2γ2 + 2k + 1)µc/4 − B).
(22)

and

P̃e,LN =
γ2µc exp(µa − µ2

bγ2)

4
{ 1

a2µc
[exp(γ2µcB) erfc(B)− exp(

γ2µc

4
)er f (

γ2µc

2
− B)]

− 4√
π

∞

∑
k=0

(−1)k(γ̄A0hlµc)
2k+1

2

k!(2k + 1)(2a2 + 2k + 1)µc
exp

(
−µb(2k + 1)

2

)
Sj}.

(23)

In regions with asymptotically high SNR, the error rates can be approximated by
P∞

e = (Gc · γ̄)−Gd [28]. Here, GD is the diversity order, which indicates how quickly the
BER decreases as SNR increases, and GC is the coding gain, which affects the BER curve’s
shift in SNR compared to the benchmark curve (γ̄)−Gd . Analyzing the asymptotic BER helps
understand system performance in high SNR regions and the factors that limit performance
in terrestrial coherent THz links. From the behavior of the PDF of the instantaneous SNR
near the origin, the diversity order and coding gain can be derived. The PDF of the channel
gain can be expanded into a power series, given by lim

h→0
fh(h) = aht + gt(h), where gt(h)

satisfies lim
h→0

gt(h)
ht = 0. Thus, in our system, the diversity order and coding gain can be

determined, respectively, as

Gd =
t + 1

2
(24)

and

Gc =

(
2

t−3
2 aΓ( t

2 + 1)
√

π( t+1
2 )

)− 2
t+1

. (25)
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Here, t is a parameter related to the behavior of the PDF near the origin, and a is a
constant. The diversity order Gd indicates how the BER improves with increasing SNR,
while the coding gain Gc provides a measure of how efficiently the coding scheme utilizes
the available SNR. Consequently, for composite LN fading with pointing errors, performing
a limit operation on Equation (11) yields the PDF of the channel gain h near the origin as
derived in Section 2:

lim
h→0

fLN(h) =
γ2

(A0hl)
exp(µa)hγ2−1 + gγ2−1(h). (26)

The asymptotic BER can then be obtained from P∞
e = (Gc · γ̄)−Gd. Using Equations (21)–(23),

the diversity order and coding gain can be determined, then the asymptotic BER can be
expressed as

P∞
e,LN =

2
γ2
2 −1Γ( γ2

2 + 1
2 ) exp(µa)√

π(A0hl)a2 (γ̄)−
γ2
2 . (27)

For the GG channel model, using Equations (12)–(14), the average BER can be
written as

Pe,GG =
∫ ∞

0
{1

2
erfc(

√
γ̄h)

2γ2(αβ)
α+β

2

(A0hl)γ2 Γ(α)Γ(β)
hγ2−1

∫ ∞

h
A0hl

h
α+β

2 −1−α2

α Kα+β(2
√

αβhα)dhα}dh. (28)

The composite PDF of the GG model can be approximated [29] by finite series
as follows:

fGG(h) ≈
J

∑
j=0

{ 1
j!
(

αβ

A0hl
)j(νj(α, β)hβ−1+j − νj(β, α)hα−1+j)} (29)

where J =
⌊
γ2 − α

⌋
and

νj(α, β) =
γ2π

(
αβ

A0hl

)β
sin−1((α − β)π)

Γ(α)Γ(β)Γ(j − (α − β) + 1)| −(β − α2 + j) | .
(30)

It should be noted that although Equation (29) is an approximation of the composite
PDF for GG fading with pointing error, it is valid under the condition γ2 > α and converges
rapidly as the value of J increases. Utilizing an integral identity ([27], Equation (6.281.1)),

∫ ∞

0
(1 − Φ(px))x2q−1dx =

Γ(q + 1
2 )

2
√

πqp2q (31)

one can obtain an approximate BER with finite series as follows:

Pe,GG =
J

∑
j=0

{
1
j!

(
αβ

A0hl

)j
(

νj(α, β)
Γ(β + j + 1

2 )

2
√

π(β + j)γ̄β+j − νj(β, α)
Γ(α + j + 1

2 )

2
√

π(α + j)γ̄α+j

)}
. (32)

We notice that Equation (32) is obtained without additional approximation in
Equation (27). The PDF power series expansion near the origin for GG composite fad-
ing channels is derived as follows:

lim
I→0

= ν0(α, β)Iβ−1 + gβ−1(h) (33)



Entropy 2024, 26, 706 9 of 14

where v0(α, β) is defined as in Equation (29), and it is assumed that γ2 > α. Consequently,
the asymptotic BER can be found as follows:

P∞
e,GG =

2
β
2 −1Γ

(
β
2 + 1

2

)(
αβ

A0h1

)β

Γ(α)Γ(β) sin((α − β)π)Γ(−(α − β) + 1)
1

|γ2 − β|β Γ
(

β + 1
2

)√
πγ2γ̄− β

2 . (34)

It is interesting to find that when γ2 > α, the diversity order is Gd = β/2. This
suggests that in high average SNR regions, the GG fading effect has a greater impact on
BER performance than the pointing error effect.

4. Outage Probability Analysis

Besides BER, outage probability is another important performance index of coherent
THz wireless links. The outage probability is the chance that the instantaneous capacity is
insufficient to meet the necessary data rate [30]. Thus, the outage probability of a given
coherent THz link can be expressed as

Poutage(Λ) = Pr(Υ < Λ) =
∫ Λ

0
fΥ(Υ)dΥ (35)

where Pr(·) represents the probability of outage occurrence, Λ is the predefined outage
threshold, and fΥ(Υ) is the PDF of the instantaneous SNR. With our derived composite
PDF models, the outage probability under a specific transmission condition can be calcu-
lated. For weak turbulence, substituting the relationship Υ = γ̄h and Equation (12) into
Equation (35), one obtains the outage probability for LN channels as

Pout,LN =
1
2

[
exp(µc) erfc

 ln
(

Λ
A0h1γ̄

)
+ µb

µc

− exp
(

µa − γ2µb +
γ4µ2

c
4

)

× erf

γ2µc

2
−

ln
(

Λ
A0h1γ̄

)
+ µb

µc

].

(36)

5. Numerical Results and Discussion

In this section, we present numerical studies of the coherent THz links on turbulent
conditions from weak to strong, as well as the different propagation path distances. The
effects of varying turbulence strengths (from weak to strong) composited with pointing
errors on coherent THz links are considered, and the error performance of such links is
studied. Figure 3 shows atmospheric attenuation at frequencies up to 1 THz due to dry
air and moisture under clear weather conditions using the ITU-R model. In addition, at a
propagation path length of 1000 m, the FSPL with transmitter and receiver gain of 60 dBi
is shown in Figure 3. The total deterministic loss hl is the sum of the atmospheric loss
and FSPL.

Figure 3 gives the attenuation of Earth’s atmosphere in the frequency range of 1 GHz
to 350 GHz at sea level, the FSPL link path of 1 km at a pressure of 1013 hPa, temperature of
20 ◦C, and water vapor density of 7.5 g/m3. We select a 300 GHz fixed frequency link and
use an emerging high-gain LOS parabolic offset reflector at the transmitter and receiver.

The basic system parameters of the THz link are summarized in Table 1. It is worth
noting that since the THz transmitter receiver is affected by the half-power beam width,
the corresponding beam width ωz on the receiver side is much larger than the receiver
aperture diameter. Without loss of generality, one can assume 2.1 mrad beam divergence
and 1 mrad pointing error. The performance of coherent THz wireless links is influenced
by weather conditions, which can be characterized by refractive index structure parameter
C2

n and attenuation hl .
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Figure 3. Atmospheric decay due to molecular absorption and FSPL losses in the frequency ranges of
1 GHz to 350 GHz.

Table 1. Basic system parameters with values.

Parameter Value

Frequency 0.3 THz
Receiver diameter D(2a) 300 mm for 60 dBi

Noise standard deviation (σn) 10−7 A/Hz
Link distance z m

Half-angle beam divergence 2.1 mrad
Corresponding beam radius (ωz) 2.1 mrad × z

Jitter angle 1 mrad
Corresponding jitter standard deviation (σs) 1 mrad × z

Given that the LN channel model is appropriate only for weak turbulence conditions,
a relatively short link distance of z = 200 m is considered to compare the BER performance
between the LN and GG composite channels as depicted in Figure 4. In a separate analysis
of the GG composite channel, BERs for weak (δ2

R = 0.35), moderate (δ2
R = 1.26), and strong

(δ2
R = 24.15) turbulence conditions are presented for a THz link distance of z = 1000 m.

In Figure 4, the pointing error effects on the BER performance of coherent THz
links are clearly shown. The BER performance decreases with the addition of a point-
ing error. Though not shown in the figures, our results have been confirmed by Monte
Carlo simulations.

Excellent agreement is found between our series (with J = 30) and the exact BER
solutions, which demonstrate the high accuracy of our approximate BER solutions. In
addition, the exact BER and the asymptotic BER show a matching consistency at high SNR
regions. Compared to the GG composite model, the LN composite model represents lower
turbulence and therefore has better BER performance at the same transmission distance.
From Figure 4, a less than 1 dB SNR difference can be found between LN and GG composite
models at a BER of 10−6.
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Figure 4. BER performance of coherent THz links for two different turbulent channels with z = 200 m.

In Figure 5, BERs for weak (δ2
R = 0.35), moderate (δ2

R = 1.26), and strong (δ2
R = 24.15)

composite GG channels are given for coherent BPSK THz links. It is evident that BER
performance degrades significantly as the turbulence strength increases. For instance, at an
average SNR of 20 dB, the BER is around 10−2 under strong turbulence, while it improves
to approximately 10−4 under weak turbulence.

Figure 5. BER of coherent THz links for different turbulence intensities GG channel with pointing
errors for a distance z = 1000 m.

Therefore, Figure 6 presents the outage probability for conditions ranging from weak
to strong turbulence with Λ = 3 dB. Our series solutions closely match the exact outage
curves with J = 30 in practical SNR regimes.
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Figure 6. The outage probability of coherent THz links over the GG fading channel with
pointing errors.

6. Conclusions

In this work, the performance of coherent THz links was investigated. Both closed-
form solutions for BER and outage probability were obtained for such THz wireless links.
Asymptotic solutions were also derived and revealed some interesting insights into the
coherent THz wireless links. The presented results can be used to estimate coherent THz
links performance effectively and rapidly over LN and GG composited channels. Nu-
merical studies demonstrated that the derived closed-form solutions are highly accurate
for coherent THz link system performance estimation. In conclusion, our exploration of
coherent THz transmission technology provides valuable insights into its performance
under various channel conditions. Incorporating green communication principles under-
scores the potential of THz systems in achieving low-power, efficient, and sustainable
wireless communication.
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