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Abstract—In recent years, as more devices are connected to
wireless communication systems, the demand for spectrum has
increased. As conventional spectrum resources are limited, the
THz band becomes an interesting option of more spectrum for
wireless communication. However, the channel in THz band has
different characteristics compared to the channels in typical
frequency bands, and therefore, it is necessary to perform more
research to understand the THz channel propagation. In this
paper, we focus on the time domain THz channel model under
line of sight (LoS) propagation conditions and investigate the
channel propagation characteristics in time domain. Firstly,
in the full frequency band (FFB) scenario, the time domain
impulse responses, which correspond to the time domain THz
channel model, are presented for different distances. In the
impulse responses, there are significantly delayed paths due
to the molecular absorption which causes significant frequency
selectivity. Secondly, we extend the model to the limited frequency
band (LFB) scenario by applying the root raised cosine filters.
The results indicate that the richness of the delayed paths in
the impulse response depends on the selected frequency band. In
addition, the results indicate that the time delay and total energy
strongly depend on the distance whereas the delay spread varies
as a function of frequency.

Index Terms—Average delay, delay spread, impulse response,
THz, total energy.

I. INTRODUCTION

In the wireless communication field, spectrum scarcity is

an urgent issue since the demand for spectrum resources is

increasing year by year, but the spectrum is a finite resource

and the most of accessible spectrum has been allocated to the

existing wireless systems/services [1]. Several approaches to

solve the spectrum scarcity problem have been proposed. One

of the promising approaches is the usage of higher frequency

bands such as millimeter-wave (mmWave) band and terahertz

band (THz band). A significant benefit of wireless communica-

tion in THz band is the huge amounts of bandwidth, capable

of providing high data rates and/or serving a large number

of users such as eMBB (enhanced Mobile Broadband) and

mMTC (massive Machine Type Communication). Wireless

communications in THz has been expected to be used in

Beyond 5G and 6G Systems [2].

For system deployment at THz band, characteristics of

propagation in THz have to be investigated and understood.

Traditional wireless communication systems operate at signifi-

cantly lower frequencies compared to THz, such as ultra-high

frequency band (UHF: 300 MHz–3 GHz), where extensive

investigations on channel modeling have been made [3].

The propagation in THz band has two important aspects [4].

The first one is that path loss is significant due to the high

frequency, and the second one is that molecular absorption

leads to significant frequency selectivity even in a LoS case,

which contributes to the significantly low gain at certain

frequencies.

To understand the propagation in THz, and to provide

appropriate channel models for the THz wireless commu-

nications, previous works have been carried out. In [5], a

channel model incorporates the propagation aspects such as

the LoS, reflected, scattered, and diffracted paths by using

the ray tracing. However, the channel model may not fit

the wide-band scenario where molecular absorption leads to

frequency selectivity. In [6], non-stationary channel models for

the mmWave band were proposed. In [7], a stochastic channel

model is proposed for 300 GHz where the frequency scattering

for indoor scenarios is considered.

In [5], the channel models are proposed by adding a linear

phase component into the transmittance. Specifically, the phase

component of the frequency response is set based on linear

phase criterion, and after that, the channel impulse response

is obtained by using inverse Fourier Transform (IFT). How-

ever, these channel models don’t satisfy causality. Causality

requires that there is no output from the channel before it

is physically possible (for example taking into account the

propagation distance under the LoS conditions). In [8], the

phase component in the channel model is obtained based on

minimum phase, thus satisfying causality. The investigations

in [8] are limited to the short-range (1-100 cm) communication

and some important channel characteristics, such as average

delay, delay spread, and total energy in time domain have not

been shown.

In this paper, we have investigated the time domain channel

model for longer distance cases for different THz frequency

bands. In addition, The THz channel model propagation char-

acteristics (average delay, delay spread, and total energy) in

time domain are thoroughly presented and analyzed.



The rest of this paper is organized as follows. Section II

describes the system model followed by Section III with the

channel model for the FFB scenario. The channel model for

the LFB scenario is tackled in Section IV, while the channel

propagation characteristics are discussed in Section V. Finally,

the conclusions are presented in Section VI.

II. SYSTEM MODEL

A LoS case in THz band is assumed. In free space,

molecular absorption and spreading loss are the main loss

mechanisms. Antenna gain is assumed to be 0 dB without loss

of generality. The considered propagation models are shown

in Figs. 1 and 2 in which there are the transmitter, receiver,

and the channel between them. The first model in Fig. 1 is

the FFB, whose frequency band is full terahertz band (0.1

to 10 THz), and it would show the inherent characteristics

of the THz channel propagation. In the second model which

corresponds to the LFB in Fig. 2, there are band pass filters

(BPFs) at the transmitter and receiver, respectively. In this

case, the total channel includes the actual channel and the

band pass filters. Typical wireless communication is based on

the LFB and it would show the inherent effect of the channel

on the wireless communication.

The common parameters used in all results are as follows:

Pressure p = 1010 hPa, RH = 69.6%, and temperature T =
298.55 K.

Fig. 1. Propagation model in FFB secenario.

Fig. 2. Propagation model in LFB secenario.

III. CHANNEL MODEL IN FULL FREQUENCY BAND (FFB)

SCENARIO

A. Transmittance

When the signal goes through the channel, the electromag-

netic wave suffers attenuation due to the molecular absorption.

Then the radiative transfer theory [9] and the information

provided by the HITRAN database [10] are used to compute

the attenuation. The parameter transmittance |HFFB(f, r)|
2

is

defined as [8]:

|HFFB(f, r)|
2
=

Pr(f, r)

Pt(f, r = 0)
(1)
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Fig. 3. Transmittance |HFFB(f, r)|2 as a function of frequency, distance
r = 10 cm.

where f is the frequency, r is the propagation distance

between the transmitter and the receiver. Pt(f, r = 0) is the

transmitted signal power and Pr(f, r) is the received signal

power. HFFB(f, r) is the frequency response.

When molecular absorption loss and spreading loss are

considered, the transmittance (1) can be calculated as [11]:

|HFFB(f, r)|
2 = [Aabs(f, r)×Aspread(r)]

−1 (2)

where Aabs(f, r) is the molecular absorption loss and

Aspread(r) is the spreading loss.

The molecular absorption loss Aabs(f, r) can be found with

[12]:

Aabs(f, r) = Al(f, r)×Ac(f, r) (3)

with Al(f, r) and Ac(f, r) given as

Al(f, r) = exp

(

∑

m

kml (f)r

)

(4)

and

Ac(f, r) = exp

(

∑

n

knc (f)r

)

(5)

where Al(f, r) is the line absorption loss, Ac(f, r) is the

continuum absorption loss, m and n are indices for molec-

ular species and the source of the continuum absorption,

respectively and kl and kc are the line absorption coefficient

and the continuum absorption coefficient, respectively. In the

calculation of the line absorption and continuum absorption

coefficients, the am model [12] and the famous HITRAN

catalog [10] are used.

For an ideal isotropic transmitter, the spreading loss in the

LoS path is

Aspread(r) = 4πr2. (6)

Fig. 3 shows that the transmittance depends on the

frequency. That means electromagnetic wave suffers from

frequency-selective channel due to the molecular absorption.



0 1 2 3 4 5 6 7 8 9 10

Frequency(THz)

-4

-2

0

2

4

A
n
g
le

(r
a
d
ia

n
)

Fig. 4. Phase response ψ(f, r) as a function of frequency, distance r = 10
cm.

B. Minimum Phase

From Eq. (2), the amplitude response of the frequency

response is included in the transmittance, but not the phase

response. For the phase component, we use the minimum

phase to make a causal channel model. In [8], this approach

has been confirmed experimentally, but the previous linear

phase response has been shown to give erroneous results.

Impulse response with causality of the LoS path satisfies:

hFFB(τ) =

{

hFFB(τ, r), τ ≥ τl

0, τ < τl
(7)

where τl is the propagation delay of the LoS path and given

by τl = r/c.
The frequency response of hFFB(τ, r) is given by

HFFB(f, r) =

∫ ∞

τl

hFFB(τ, r)e
−j2πfτ dτ

= e−j2πfτl

∫ ∞

0

hFFB(τ + τl, r)e
−j2πfτ dτ

(8)

where

H
′

FFB(f, r) =

∫ ∞

0

hFFB(τ + τl, r)e
−j2πfτ dτ (9)

is defined as causal frequency response in the channel model.

Then

HFFB(f, r) = e−j2πfτlH
′

FFB(f, r). (10)

We define the amplitude and phase of H
′

FFB(f, r)

|H
′

FFB(f, r)| = exp(−β(f, r)) (11)

arg(H
′

FFB(f, r)) = ψ(f, r). (12)

Then

H
′

FFB(f, r) = exp[−β(f, r) + jψ(f, r)]. (13)

β(f, r) and ψ(f, r) are Hilbert transform pairs [12] [13] to

make the channel causal. Therefore
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Fig. 5. Impulse response hFFB(τ) as a function of τ . (a)-(c) Distance
r = 10 cm, r = 1 m, r = 10 m.

ψ(f, r) =
1

π
PV

∫ ∞

−∞

β(f
′

, r)

f − f ′
df

′

(14)

where PV represents Cauchy principal value. The phase

response ψ(f, r) in Eq. (14) is defined as minimum phase

which is shown in Fig. 4.

C. Impulse Response in the FFB scenario

According to (10)-(14), we obtain the frequency response

(including amplitude and phase responses) of the causal chan-

nel model.

Inverse Fourier Transform can be applied to get the impulse

response. Finally the causal impulse response is as follows:

hFFB(τ) = F−1[HFFB(f, r)]. (15)

D. Numerical Results

In this section, we show some simulations of impulse

response at different distances in the FFB scenario. We can

see the characteristic of impulse response in terms of distance.

From Fig. 5, we can confirm that there are significantly

delayed paths due to the molecular absorption. This aspect is



very unique in THz propagation. In addition, the channel gain

decays quickly as the distance increases. Specifically, distance

increasing from 10 cm to 1 m, the channel gain decays more

significantly than the case of distance increasing from 1 m and

10 m.

IV. CHANNEL MODEL IN LIMITED FREQUENCY BAND

(LFB) SCENARIO

A. Band Pass Filter

In the real case, the wireless communication has to be on

the LFB by a BPF. In the LFB scenario, there are two root

raised cosine filters as BPFs at the transmitter and receiver

sides. The frequency response of BPF is given [14]

HBPF (f)=











1, |f − fc| < 2W0 −W

cos(π
4

|f−fc|+W−2W0

W−W0

), 2W0−W<|f−fc|<W

0, |f − fc| > W
(16)

where W = B/2, B is the bandwidth of BPF. W0 =
W/(a + 1) represents the minimum Nyquist bandwidth for

the rectangular spectrum and the half-amplitude point for the

raised-cosine spectrum. fc is the central frequency. The roll-

off factor a is set to a = 1.

B. Impulse Response in the LFB Scenario

According to the Eq. (10) and (16), we can get the channel

frequency response in the LFB scenario which is given by

HLFB(f, r) = HBPF (f)HFFB(f, r)HBPF (f). (17)

Then using Inverse Fourier Transform, we get the channel

impulse response in the LFB scenario which is given by

hLFB(τ) = F−1[HLFB(f, r)]. (18)

C. Numerical results

Impulse responses based on LFB in (18) in different center

frequencies at different distances are shown as follows. The

center frequencies are set to 5.15 THz and 7.15 THz, respec-

tively and, the assumed bandwidth is 0.3 THz.

Significant frequency selectivity at 5.15 THz leads to a

richness of the delayed paths in the impulse responses as we

can confirm from Figs. 6-8. In addition, different distances

lead to different types of impulse responses. This aspect

would affect wireless communication performance since this

would cause inter-symbol-interference, especially for pulse-

based communication. Therefore, it is necessary to understand

the channel characteristics and provide an appropriate model

of the delayed paths in terms of frequency and distance.

V. CHANNEL PROPAGATION CHARACTERISTICS IN TIME

DOMAIN

The important characteristics of the time domain channel

can be evaluated by the average delay, delay spread, and

total energy as a function of frequency in terms of different

distances. In this investigation, the bandwidth is set to 0.5 THz

and we consider the LFB scenario.
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Fig. 6. Impulse response hLFB(τ) as a function of τ . (a) r = 10 cm,
fc = 5.15 THz, B = 0.3 THz, (b) r = 10 cm, fc = 7.15 THz, B = 0.3
THz.
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Fig. 7. Impulse response hLFB(τ) as a function of τ . (a) r = 1 m, fc =
5.15 THz, B = 0.3 THz, (b) r = 1 m, fc = 7.15 THz, B = 0.3 THz.

A. Average Delay

Average delay is defined by [15]

τm =

∫∞

0
τ |h(τ)|2 dτ

∫∞

0
|h(τ)|2 dτ

(19)

and this indicates the mean of delay weighted by the channel

gain. Specifically, the average delay is determined by not only

the propagation delay τl = r/c, but also multiple delayed

paths in the impulse responses.

From Fig. 9, the results show that the average delay is

mainly determined by τl. In addition, we can also confirm
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Fig. 8. Impulse response hLFB(τ) as a function of τ . (a) r = 10 m,
fc = 5.15 THz, B = 0.3 THz, (b) r = 10 m, fc = 7.15 THz, B = 0.3
THz.

the fluctuation of average delay for a different frequency. This

may depend on the richness of the delayed paths. For example,

in case of 5.15 THz and r = 10 cm, τm = 3.5 ·10−10 sec, but

in case of 7.15 THz and r = 10 cm, τm = 3.4 · 10−10 sec.

B. Delay Spread

The delay spread is defined in literature by [15]

τs =

√

∫∞

0
(τ − τm)2|h(τ)|2 dτ
∫∞

0
|h(τ)|2 dτ

(20)

and Fig. 10 shows the delay spread within our scenario

as a function of the center frequency. For an appropriate

design of wireless communications in THz, this information

is important since this is related to inter-symbol-interference.

The result in Fig. 10 indicates that longer distance leads to

more variability of τs in the frequency domain. For the long-

distance, such as r = 10 m, the channel gain at τl is attenuated

significantly compared to the short distance case. Therefore,

the significance of the channel gain at τl may not be dominant

in the case of long distance which leads to the variability of

τs.

C. Total Energy

The total energy is defined as

p =

∫ ∞

0

|h(τ)|2 dτ. (21)

This depends on spreading loss and loss due to the molecular

absorption at the frequency. The total energy as a function of

frequency is shown in Fig. 11. As the distance increases, the

total energy decreases significantly. The fluctuation of total

energy is caused by molecular absorption and this fact has to

be considered for the design of wireless communication.
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Fig. 9. Comparison between average delay and the arrival time of first tap
(r/c). (a)-(c) Distance r = 10 cm, r = 1 m, r = 10 m.
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Fig. 10. Delay spread.

VI. CONCLUSIONS

In this paper, we have investigated the impulse responses as

the time domain channel model for THz wireless communica-

tions. Due to the molecular absorption loss, there is significant

frequency selectivity, and this leads to delayed paths in the im-



0 1 2 3 4 5 6 7 8 9 10

Center frequency(THz)

10
-30

10
-25

10
-20

E
n
e
rg

y

r=10cm

r=1m

r=10m

Fig. 11. Total energy.

pulse responses. We have confirmed that the impulse responses

in the limited frequency band scenario strongly depend on the

frequency band. In addition, this aspect strongly affects the

delay spread. On the other hand, in our investigations, average

delay and total energy are mainly affected by propagation

delay τl while the molecular absorption also provides some

influences to average delay and total energy.
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