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Abstract—Line-of-sight (LOS) wireless communication at ter-
ahertz (THz) frequency bands is envisioned to play a major
role in defining next-generation wireless technologies. This work
analyzes the performance of a potential LOS THz system experi-
encing propagation loss and misaligned antenna beams. The THz
channel particularities are discussed in terms of deterministic
path loss, molecular absorption effect and stochastic fading
due to antenna pointing errors. Assuming phase shift keying
(PSK) modulation schemes, simplified analytical expressions are
approximated for computing symbol error rate (SER) of the
proposed THz system. Monte Carlo simulations are applied
to verify theoretical model accuracy over various transmission
distances and misalignment scenarios. The derived SER formulas
match simulation results for Signal-to-noise ratio (SNR) above
35 dB at transmission distance up to 100 m and antenna
displacement jitter variance of 0.05 m2. In general, the theoretical
model mismatch does not exceed 2 dB for lower SNR levels.

Index Terms—Terahertz communications, Line-of-sight, Mis-
alignment, Average error probability, Deterministic fading, Path
loss, Molecular absorption, Performance assessment

I. INTRODUCTION

Future wireless technologies are anticipated to meet the
demand for bandwidth consuming services and achieve ultra-
fast low-latency wireless transmission. Emerging indoor and
outdoor wireless applications require short- to medium-range
data communications at a rate scale up to Terabit per second
(Tbps). Therefore, the telecom world has recently considered
utilizing millimeter-wave (mmWave) bands for fifth-generation
(5G) systems and beyond. Nonetheless, the foreseen quality
of service and user experience requirements are beyond the
capabilities of currently deployed mm-Wave systems. These
limitations motivated investigating higher frequency bands,
particularly in the THz spectrum (0.1-10 THz) in order to
secure unmatched bandwidth increase and achieve ultra-high
transmission rates [1], [2]. THz devices are seen to establish
effective alternatives for wireless fiber extenders, multi-hop
wireless backhaul links, indoor local-area-networks (LANs)
and several other applications.

Communications over THz bands encounter several chal-
lenges due to high frequency range and distinct channel char-
acteristics as opposed to lower-frequency channels. THz wave
propagation suffers severe attenuation due to deterministic
free-space path loss and molecular absorption caused by water
vapor and variant atmospheric conditions. This has destructive
effect on the transmitted electromagnetic (EM) signals as their

energy is transformed to medium molecules [3]. That is, such
channel attenuation imposes the employment of high-gain
antennas with narrow directive beams to ensure reliable energy
transmission between THz transmitter and receiver. However,
antenna beams may not be fully aligned due to fluctuations
induced by environmental turbulence, which cause antenna
swaying and thus pointing errors. The resultant pointing errors
severely degrade link quality and may result in system outage.
Though other factors, such as hardware impairments and
small-scale fading may affect THz link performance [4], path
propagation loss and the random antenna beam misalignment
are major fading contributors to LOS THz systems.

Several deterministic and stochastic models addressing the
THz channel have been proposed in the literature. The free
space path loss (FSPL), particularly diffraction and absorption
loss, was studied by [3], [5]. A simplified approach mod-
eling molecular absorption as a function of frequency and
atmospheric conditions was provided by [6]. The authors in
[7] quantified pointing error effect using conventional channel
models of Gamma-Gamma, Lognormal and Weibull distribu-
tions. In [8], the authors modeled misalignment as a random
factor affecting antenna gains. Another work considers more
comprehensive misalignment model [9], originally derived
for free space optical (FSO) links, and which accounts for
atmospheric turbulence, receiver detector size, displacement
jitter, this model was also adopted by [10], [11]. In all
aforementioned models, THz systems performance is assessed
in terms of outage probability and link capacity. To the
best of authors knowledge, performance of digital modulation
schemes over LOS THz channel has not been covered in the
open literature.

In this work, a THz communication system model is ap-
proximated, which includes the joint effect of misalignment
and path propagation loss. The approximated system assumes
minimal phase noise and hardware imperfections. Assuming
PSK modulation, novel closed-form analytical expressions are
derived for both instantaneous and average symbol error rates.
Accuracy is attested by carrying out Monte Carlo simulations
for different link parameter settings. The organization is as fol-
lows: section II presents system and channel model. Analytical
performance evaluation is covered in section III. Section IV
discusses simulation results and concluding remarks are given
in section V.
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II. SYSTEM MODEL

This study considers a LOS point-to-point (P2P) THz link
model with highly-directive, yet turbulent, transmit (TX) and
receive (RX) antennas. The TX antenna emits a Gaussian beam
onto a lens installed at the RX feed detector. Transmission is
assumed over a flat fading subcarrier propagating through a
channel h with additive white Gaussian noise (AWGN) n ∼
CN(0, σ2

n). For information signal s and received signal y, the
equivalent baseband model equation is

y = hs+ n (1)

All system components are statistically independent. The
complex AWGN has a zero-mean and a variance σ2

n.The
channel gain results due to three factors, which are: FSPL hp,
molecular absorption loss ha and misalignment fading effect
hm.

h = hphahm (2)

It should be noted that both FSPL and molecular absorp-
tion gains comprises channel deterministic attenuation, while
power loss due to pointing errors and misalignment is modeled
randomly. The following subsections substantially analyze
channel components and presents general rules for implement-
ing THz channel model.

A. FSPL Attenuation

Common LOS path loss is unavoidable for EM signal
propagation, according to Friis transmission equation [12]

hp =
c
√
GTXGRX
4πdf

(3)

Where GRX and GTX are RX and TX antenna gains, c
is the speed of light, f is carrier frequency and d is the
distance between the TX and RX antennas. It is evident that
the FSPL is much smaller for THz frequencies than mmWave
and Microwave frequencies. This manifest the necessity of
high antenna gains to mitigate THz spreading loss.

B. Molecular Absorption Loss

Energy dissipation due to molecular absorption is one of
the major fading sources that affects the THz channel. Atmo-
spheric molecules, such as water vapour and oxygen, partially
absorb the energy of emitted THz signals. Consequently, this
causes resonant peaks and splits THz frequency into multiple
transmission windows [2], [5]. As defined by Beer-Lambert
law, the absorption loss grows exponentially with distance
according to

ha = e−
1
2ka(f)d (4)

Where ka(f) is the absorption coefficient, which indicates
the area per unit volume within which medium molecules
absorb EM signal energy. Determination of the absorption
coefficient for high frequencies is a little involved and requires
consideration of atmospheric pressure, relative humidity and
medium temperature. Nonetheless, a simplified absorption
model, derived by [6], gives an accurate coefficient estimation
for a transmission window between 200 to 400 GHz frequency

band and up to one kilometer link distance. Following the
results of the corresponding model

ka(f) = g(f) + y1(f, ν) + y2(f, ν) (5)

and the terms y1(f, ν), y2(f, ν) and g(f) are evaluated as

g(f) = c0 + c1f + c2f
2 + c3f

3 (6)

y1(f, ν) =
0.2205ν(0.1303ν + 0.0294)

(0.4093ν + 0.0925)
2

+
(

100f
c − 10.835

)2 (7)

y2(f, ν) =
2.014ν(0.1702ν + 0.0303)

(0.537ν + 0.0956)
2

+
(

100f
c − 12.664

)2 (8)

Where c0 = (−6.36 × 10−3), c1 = (9.06 × 10−14Hz−1),
c2 = (−3.94×10−25Hz−2), c3 = (5.54×10−37Hz−3) and ν
is the volume mixing ratio of the water vapour which is given
by:

ν =
φ

100

pw(T, p)

p
(9)

Where φ is the relative humidity, p is the pressure and
pw(T, p) is the saturated water vapour partial pressure, which
can be calculated as [13]

pw(T, p) = q1(q2 + q3ph) exp

(
q4(T − q5)

T − q6

)
(10)

Where q1 = 6.1121, q2 = 1.0007, q3 = 3.46 × 10−6hPa−1,
q4 = 17.502 , q5 = 273.15 ◦K and q6 = 32.18◦K. Note
that ph is the pressure in hectopascal and T is the absolute
temperature. This model demonstrates relatively accurate rep-
resentation of absorption loss under moderate conditions of
1 atm pressure, temperature 296◦K and relative humidity of
50% [10]

C. Misalignment Fading

Directive antennas of THz transceivers are considerably
susceptible to environmental effects and buildings sways,
which results in pointing errors and misaligned antenna beams.
A realistic statistical model proposed by [9] is utilized to
address pointing error distribution and quantify the impact of
beam misalignment. As depicted in Fig. 1, assume a receiver
has circular aperture area of radius a. The transmitter radiates a
symmetric beam that has a waist wd at distance d. The pointing
error r is expressed as the radial distance between reception
area and transmitter beam focus centers.

It is noted that one-dimensional (1D) antenna displacement
follows Gaussian distribution [11]. Therefore, radial pointing
error r is resultant due to two 1D displacement components
and hence Rayleigh distributed with jitter variance σr. Figure
2 shows the probability density function (PDF) of radial
displacement for different jitter variances.

According to [9], the equivalent beam width that takes into
account the receiver radius is given by



Fig. 1. Transmitter beam footprint and receiver detector plane with misalign-
ment.

Fig. 2. PDFs of pointing error misalignment for jitter variances 0.01, 0.025
and 0.05 m2

w2
eq = w2

d

√
πerf(u)

2u exp (−u2)
, u =

√
πa√
2wd

(11)

The misalignment gain in the presence of pointing error can
then be approximated by

hm(r) ≈ A0 exp

(
− 2r2

w2
eq

)
(12)

Where A0 = (erf(u))
2 is fraction of power collected by the

receiver when r = 0. Since r is a Rayleigh random variable,
the PDF of misalignment fading can be written as [9], [10]

fhm
(x) =

γ2

Aγ
2

0

xγ
2−1, 0 ≤ x ≤ A0 (13)

The parameter γ = weq/2σr represents the ratio between
equivalent beam width and the standard deviation of pointing
error at the receiver. It is interesting to note that this misalign-
ment model is applicable to wide range of frequencies where
narrow symmetric antenna beams are used for transmissions
[4], [9], [11].

III. PERFORMANCE ANALYSIS

This section presents a simplified theoretical framework
for performance assessment of the proposed system model.
The instantaneous SNR expression is obtained to derive
novel closed-form expressions for average SER of uncoded
single-input-single-output (SISO) THz system. Since THz
transceivers are normally restricted to modulation schemes
with lower spectral efficiency [14], binary phase shift keying
(BPSK) and quadratic phase shift keying approaches are
assumed for symbol modulation.

Referring to (1), for a transmitted symbol power Es, the
instantaneous SNR, of the THz system is given by

SNRinst = |h|2ρ, ρ =
Es
σ2
n

(14)

Where ρ is the average SNR of an uncoded communication
system under AWGN with negligible quantization error.

A. BPSK Performance
In a BPSK system with transmitted signal s ∈
{
√
Es,−

√
Es}, the instantaneous symbol error probability of

a BPSK-modulated system, PeBPSK
is evaluated as [15], [16]

PeBPSK
= Q

(√
2× SNRinst

)
(15)

Where Q(.) is the tail distribution function of standard
Gaussian distribution. By considering the joint effect of the
THz channel and AWGN on a BPSK-modulated signal, The
instantaneous SER of the BPSK THz system is

PeBPSK
= Q

(√
2|hphahm|2ρ

)
(16)

It can be seen that the instantaneous system performance
is a random function of the THz channel fading gains. The
average symbol error rate (SER) can be found by obtaining
the mean value of the instantaneous system error. Since hm is
the only random fading component, average SER equation is

P eBPSK
= Efhm

[
Q

(√
2|hpha|2|hm|2ρ

)]
(17)

Where Efhm
[.] is the expected value with respect to misalign-

ment PDF given in (13). That is

P eBPSK
=

γ2

Aγ
2

0

∫ A0

0

Q

(√
2ρ|hpha|2x2

)
xγ

2−1 dx (18)

A closed-form evaluation of the integral (18) requires suitable
approximation of the Gaussian Q function. While several tight
bounds are available for approximating the normal tail func-
tion, one should consider applicability range and convergence
interval. Consequently, this work utilizes Chernoff exponential
bound discussed in [17], which is

Q(x) ≤ 1

2
exp

(
−1

2
x2
)
, x > 0 (19)

Substituting (19) into (18) and recalling (13), a tractable
formula to compute average SER is obtained by

P eBPSK
=
B

2AB
Γ (A,B) (20)



Where

A = ρA2
0|hpha|

2
, B =

γ2

2
(21)

and the function Γ(., .) is the lower incomplete Gamma
function.

B. QPSK Performance

The QPSK modulation scheme applies two BPSK modula-
tion on in-phase and quadrature components of the signal. The
instantaneous symbol error rate of the QPSK system, PeQPSK

,
is the probability of either branch has an error [15], [16] and
is given by

PeQPSK
= 1−

[
1−Q

(√
SNRinst

)]2
(22)

Therefore, substituting the expression for SNRinst and
obtaining average SER of the QPSK THz system as:

P eQPSK
= Efhm

[
1−

[
1−Q

(√
|hphahm|2ρ

)]2]
(23)

Following the same approach of (17) and making use of
(19), an exact formula of average SER of the THz QPSK
system is found to be

P eQPSK
=

2BB
AB

Γ

(
A
2
,B
)
− B

4AB
Γ (A,B) (24)

Where A and B are given in (21).
With a prior knowledge of system parameters, the equations

(20) and (24) give relatively accurate estimation of BPSK
and QPSK THz link performance, respectively. This is to be
demonstrated with simulation results for applicable ranges of
fading coefficients.

IV. SIMULATION AND RESULTS DISCUSSION

In this section, the THz system performance is investigated
by means of analytical and Monte Carlo simulation results.
The accuracy of the derived average SER formulas is demon-
strated for variable system parameters to determine applica-
bility range. System parameters for computer simulations are
provided in Table I. Unless otherwise specified, the default
transmission distance is 50 m and pointing error variance is
0.01 m2.

TABLE I
BASIC SYSTEM PARAMETERS FOR SIMULATION

Parameter Description Value

f THz carrier frequency 300 GHz
GTX TX antenna gain 55 dBi
GRX RX antenna gain 55 dBi
d TX-RX distance 30 - 80 m
T Medium temperature 296 ◦K
p Atmospheric pressure 101325 Pa
φ Relative humidity 50%
a RX detection area radius 10 cm
wd TX beam footprint radius 60 cm
σr Jitter variance 0.01 - 0.05 m2

Both deterministic and random fading components grow
as functions of THz transmission distance. Therefore, it is
convenient to compare theoretical and simulated system per-
formance for variable range of transmission distances between
30 to 80 m. This is presented in Fig. 3 and Fig. 4 for BPSK
and QPSK systems, respectively.

Fig. 3. BPSK average SER vs. Average SNR assuming jitter variance of 0.01
m2

Fig. 4. QPSK average SER vs. Average SNR assuming jitter variance of 0.01
m2

Moreover, stochastic misalignment fading is quantified ac-
cording to displacement jitter variance. Therefore, averaged
performance is also estimated assuming three jitter variance
values of 0.01, 0.025 and 0.05 m2, as shown in Fig. 5 and
Fig. 6 for BPSK and QPSK systems, respectively.

As expected, THz system performance severely degrades
with both increasing transmission distance and displacement
variance. Comparisons between theoretical error probabilities
and Monte Carlo simulation results, for both BPSK and QBSK
schemes, manifest good accuracy of the derived SER formulas
for SNR levels above 35 dB. For lower SNR ranges, the
derived SER expressions exhibit a maximum error of ∼2
dB SNR difference for distances above 30 m. For variable
displacement variance, the error does not exceed 1 dB. It is
important to note that the theoretical expressions (20) and



Fig. 5. BPSK average SER vs. Average SNR assuming transmission distance
of 50 m

Fig. 6. QPSK average SER vs. Average SNR assuming transmission distance
of 50 m

(24) are valid for a transmission distance range up to 100 m,
maximum jitter variance of 0.05 m2 and TX-RX beam radius
ratio between 6 and 10.

V. CONCLUSION

The work in this paper considers statistical modeling and
performance assessment of a LOS THz system applicable to
short and medium range communications. The THz chan-
nel is characterized by studying the effects of propagation
path loss, molecular absorption attenuation and transceivers
antennas misalignment. Furthermore, approximated analytical
formulas are derived to measure BPSK and QPSK system error
probability as a function of average SNR and deterministic
fading components. Theoretical performance results are veri-
fied against Monte Carlo simulations for different transmission
distances and displacement variances. It was observed that the
derived expressions are reasonably accurate for SNR levels
above 35 dBs and yield a maximum of 2 dB mismatch error
at SNR levels below 35 dB.

REFERENCES

[1] Z. Chen, X. Ma, B. Zhang, Y. Zhang, Z. Niu, N. Kuang, W. Chen,
L. Li, and S. Li, “A survey on terahertz communications,” China
Communications, vol. 16, no. 2, pp. 1–35, 2019.

[2] S. Liu, X. Yu, R. Guo, Y. Tang, and Z. Zhao, “Thz channel modeling:
Consolidating the road to thz communications,” China Communications,
vol. 18, no. 5, pp. 33–49, 2021.
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