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Abstract—In this paper, we propose a three-dimensional (3D)
wideband reference regular-shaped geometry-based stochastic
model (RS-GBSM) at terahertz (THz) bands for indoor scenarios.
The corresponding sum-of-sinusoid (SoS) simulation model is
established to verify the reference model. The proposed model
combines a two-sphere model with a elliptic cylinder model,
where the received signal is considered as a summation of the
line-of-sight (LoS), single-bounce (SB), and double-bounce (DB)
components. The von-Mises-Fisher (VMF) distribution is applied
to the expressions of azimuth and elevation angles to depict the
distribution of scatterers. Based on the proposed THz RS-GBSM,
the power delay profile (PDP) and channel transfer function
(CTF) are obtained. The delay spread and frequency correlation
function (FCF) are investigated. The simulation results demon-
strate the validity of the proposed model to describe indoor THz
channels.

Index Terms—THz channel modeling, GBSM, power delay
profile, channel transfer function, frequency correlation function

I. INTRODUCTION

With the rapid developments of Internet of things (IoT),

more and more smart devices are accessed to wireless com-

munication networks. The demand of larger capacity and

higher data rate is becoming urgent for daily consumption and

entertainment. Tens of Gbps links will be required to meet the

huge demand of mobile traffic [1]. Evidently, larger bandwidth

and more spectrum resource should be applied to satisfy

the future high-speed transmission. As the fifth generation

(5G) wireless communication is being commercially used, the

research on millimeter-wave communications is sufficient [2]–

[5]. THz band is explored to confront the limitation of the

spectrum and the ever-growing trend. THz communication is

now considered as one of the key technologies for the sixth

generation (6G) wireless communications.

Generally, the THz band is from 0.1 THz to 10 THz, and

international telecommunication union (ITU) defines the THz

band as from 300 GHz to 3 THz. THz communications can

provide more than 20 GHz bandwidth and achieve Tbps data

rate [6], which coincides with the communication desire. Due

to the short wavelength of THz wave, which is less than 1

mm, the antennas equipped to the THz devices can be more

miniaturized. Besides, THz wave will be attenuated when

penetrating non-transparent objects, and absorbed by water

vapour and oxygen molecules. Therefore, appropriate frequen-

cy windows should be chosen to mitigate the absorption and

high directional antennas are needed to compensate such high

attenuation and provide more confidential and anti-interference

communication.

Several THz communication scenarios have been defined in

the IEEE 802.15.3d standard, including the close proximity

peer-to-peer (P2P), data center networks, intra-device com-

munication, wireless backhaul, and wireless fronthaul [7]. In

addition, researchers also carried on some work about wireless

local area network (WLAN) and nano cell scenarios [8], [9].

Kiosk downloading [10], [11], as a kind of close proximity

P2P applications, supports comparatively short-range (<1 m)

communication between the kiosk downloading and the smart

phones or other electronic devices. In [10] and [11], the au-

thors used the non-GBSM (NGBSM) at 300 GHz to investigate

the kiosk downloading channel characteristics and compared

the results with the measurement data. The intra-device appli-

cation is chip-to-chip communication, which aims to reduce

the number of pins. The parameters of full bandwidth from 270

GHz to 320 GHz and three sub-bands were analyzed [7], [12].

THz wave applying to data center scenario can replace the

wire link that will cut down the maintenance cost and promote

space efficiency. In [13], ray tracing was used to calibrate the

channel model for 300 GHz data center scenario and improve

the conformity and accuracy. In backhaul/fronthaul scenarios,

large-scale fading was considered, including atmospheric gas

attenuation, cloud, fog, and rain attenuation [7]. In [14] and

[15], a two-dimensional (2D) concentric sectors GBSM was

proposed for short-range device-to-device (D2D) wideband

THz channels with directional antennas both at the transmitter

(Tx) and receiver (Rx) sides. In [16] and [17], the authors

proposed NGBSM in typical office scenarios and carried out

measurements to calibrate the ray tracing model so that the

channel models could be validated by the measurements.

Other measurements were also conducted to investigate the

properties of THz channels in [18]–[20].

In general, plenty of researches have been done both on

THz channel modeling and measurements and focused on the



frequency band around 300 GHz. However, there is no enough

work about GBSMs at THz bands. For a GBSM, there is

no need to know all the parameters of the propagation envi-

ronment. It uses certain probability density functions (PDFs)

to describe the locations of the scatterers and therefore, it is

more general and more flexible. GBSMs have been proposed

for, e.g., millimeter-wave communications, optical wireless

communications, and other 5G channels [4], [21]–[25]. What’s

more, as the propagation distance of the THz wave is short,

it is more precise to adopt a 3D model to describe the indoor

THz channels. To the best of our knowledge, it is the first

time to propose a 3D wideband GBSM for THz channels.

The proposed RS-GBSM combines a two-sphere model with

an elliptic cylinder model for indoor channels at 300 GHz

as the existing measurements are mostly around 300 GHz.

In the model, we consider both the LoS path and the non-

LoS (NLoS) paths, including SB and DB components, because

of the little contribution of higher order bounces. For actual

measurement, rotating antenna was applied to traverse each

direction [26]. In order to facilitate the verification of our

model, the Tx and Rx are both equipped with omnidirectional

antennas. Besides, the model can also be applied to directional

antennas. Based on the calculated channel impulse response

(CIR), we can further obtain the PDP, delay spread, and CTF,

and then compare all these results with measurement data

to validate the feasibility of the proposed model, especially

the evident effect of the top surface of the elliptic cylinder.

Moreover, the channel characteristics in frequency domain in

accordance with the FCF are analyzed.

The remainder of this paper is organized as follows. Sec-

tion II describes the proposed RS-GBSM in details. In Sec-

tion III, channel characteristics are calculated and analyzed. In

Section IV, the results of reference model, simulation model,

simulation and measurement results are compared. Finally,

conclusions are drawn in Section V.

II. A THZ RS-GBSM

The proposed THz RS-GBSM is shown in Fig. 1. It’s

similar to the vehicle-to-vehicle (V2V) RS-GBSM in [27].

Fig. 1. A 3D GBSM for THz channels.

TABLE I
MULTIPATHS CONSIDERED IN THE MODEL.

Component Path Distance
LoS Tx−Rx dLoS

Tx−S1−Rx dn1 =dTxS1+dS1Rx

SB Tx−S2−Rx dn2 =dTxS2
+dS2Rx

Tx−S3−Rx dn3 =dTxS3
+dS3Rx

Tx−S4−Rx dn4 =dTxS4
+dS4Rx

Tx−S1−S2−Rx dn1n2 =dTxS1+dS1S2+dS2Rx

Tx−S1−S3−Rx dn1n3 =dTxS1
+dS1S3

+dS3Rx

DB Tx−S1−S4−Rx dn1n4 =dTxS1+dS1S4+dS4Rx

Tx−S3−S2−Rx dn3n2 =dTxS3
+dS3S2

+dS2Rx

Tx−S4−S2−Rx dn4n2 =dTxS4
+dS4S2

+dS2Rx

The difference is that we add the top surface of the elliptical

cylinder to model the ceiling of the room. Therefore, it can

better describe the indoor scenarios and the indispensability

of the top surface will be shown in Section IV. As the floor is

always covered by objects, we don’t consider the effects of the

bottom surface. The two spheres and the side of the elliptical

cylinder describe the scatterers around the Tx, the Rx, and on

the wall, respectively.

Let us assume that there are N1 scatterers laying on the

sphere at the Tx side, denoted by S1, and N2 scatterers laying

on the sphere at the Rx side, denoted by S2. There are N3

scatterers on the side of the elliptical cylinder, denoted by S3,

and N4 scatterers on the top surface of the elliptical cylinder,

denoted by S4. The Tx and Rx are set on the focuses of the

ellipse which is the cross section of the elliptical cylinder. We

establish a 3D coordinate system with the midpoints of the two

focuses as the origin and assume the coordinate of scatterer

Sl is Sl(xl, yl, zl).

A. Reference model

The proposed model contains the LoS component, SB paths,

and part of DB paths. The specific multipaths are shown in

Table I. The definition of parameters are shown in Table II.

For the reference model, we assume that the numbers of all

the scatterers are infinite, i.e., N1, N2, N3, N4 → ∞.

The CIR can be expressed as a summation of the three

components mentioned above, i.e.,

h(τ) = hLoS(τ) + hSB(τ) + hDB(τ). (1)

The LoS component of the CIR is given as

hLoS(τ) =

√
K

K + 1
e−j2πfcτLoSδ(τ − τLoS) (2)

where λ is the wavelength, fc =300 GHz is the carrier

frequency, τLoS = dLoS/c is the delay of the LoS link,

dLoS = D is the distance between the Tx and Rx, c is the

speed of light, and K is the Ricean factor representing the

ratio of the LoS power and the scattered power.



TABLE II
DEFINITION OF PARAMETERS.

Parameter Definition
D Distance between the Tx and the Rx
a Semi-major axis of the elliptic cylinder

Rt, Rr Radius of the Tx and the Rx spheres, respectively

α
nl
t , α

nl
r Azimuth angles of departure (AAoD) and arrival (AAoA) of scatterer Sl, respectively, α

nl
t , α

nl
r ∈ [−π, π)

β
nl
t , β

nl
r Elevation angles of departure (EAoD) and arrival (EAoA) of scatterer Sl, respectively, β

nl
t , β

nl
r ∈ [−π, π)

αt0 , βt0 , αr0 , βr0 Mean values of α
nl
t , β

nl
t , α

nl
r , and β

nl
r , respectively

ϕnl , ϕnlnm Phases of the SB path Tx-Sl-Rx and the DB path Tx-Sl-Sm-Rx, respectively, ϕnl , ϕnlnm ∈ [0, 2π)

The SB component of the CIR can be expressed as

hSB(τ) =

√
ηSB

K + 1

1√
L

L∑
l=1

lim
Nl→∞

1√
Nl

Nl∑
nl=1

ejϕnl
−j2πfcτnl δ(τ − τnl

)

(3)

where ηSB is the proportion of the SB power in the NLoS

power, L = 4 is the number of the species of the SB scatterers,

Nl is the number of scatterers Sl. Here, τnl
= dnl

/c is the

delay of path Tx-Sl-Rx. The distance of each path εnl
can be

seen as the superposition of the length of the segments with

Tx/Rx and Sl as endpoints, i.e.,

dnl
=

√
(xl +D/2)2 + y2l + z2l

+
√

(xl −D/2)2 + y2l + z2l .
(4)

The DB component of the CIR is expressed as

hDB(τ) =

√
ηDB

K + 1

1√
LM

L∑
l=1

M∑
m=1

lim
Nl→∞

lim
Nm→∞

1√
NlNm

Nl∑
nl=1

Nm∑
nm=1

ejϕnlnm−j2πfcτnlnm δ(τ − τnlnm)

(5)

where ηDB is the proportion of the DB power in the NLoS

power, and ηSB + ηDB = 1, L is the number of the species

of the first-bounce scatterers, M is the number of the species

of second-bounce scatterers, and L = M = 4. As we just

consider part of DB paths, it’s indispensable to select the

(l,m) combinations which are shown in Table II. Here Nl and

Nm are the number of first- and second-bounce scatterers,

respectively, and τnlnm
= dnlnm

/c is the delay of path Tx-

Sl-Sm-Rx. The distance of each path dnlnm
can also be seen

as the superposition of the length of the segments with Tx/Rx,

Sl, and Sm as endpoints, i.e.,

dnlnm
=

√
(xl +D/2)2 + y2l + z2l

+
√
(xm −D/2)2 + y2m + z2m.

(6)

For scatterer S1, its location is⎧⎪⎨
⎪⎩

x1 = −D/2 +Rtcosβ
n1
t cosαn1

t

y1 = Rtcosβ
n1
t sinαn1

t

z1 = Rtsinβ
n1
t .

(7)

Similarly, the location of S2 is⎧⎪⎨
⎪⎩

x2 = D/2−Rrcos(−βn2
r )cos(−αn2

r )

y2 = Rrcos(−βn2
r )sin(−αn2

r )

z2 = Rrsin(−βn2
r ).

(8)

For the scatterer S3, its projection on the xoy plane can be

seen as the intersection of the ellipse and the radial, which

are the projections of the elliptical cylinder and the segment

S3-Tx on the xoy plane, respectively, i.e.,⎧⎨
⎩

y3 = tan(π + αn3
r )(x3 −D/2)

x2
3

a2
+

y23
a2 − (D/2)2

= 1.
(9)

The complete coordinate of S3 can be calculated in accor-

dance with the equation of the line S3-Rx in 3D case,

y3
cos(−βn3

r )sin(−αn3
r )

=
z3

sin(−βn3
r )

=
x3 −D/2

−cos(−βn3
r )cos(−αn3

r )
.

(10)

The z coordinate of the scatterer S4 is fixed, equal to the

vertical distance between the top surface and the xoy plane.

According to the angle information, we can calculate the

coordinate of scatterer S4 as⎧⎪⎨
⎪⎩

x4 =
z4

sin(−βn4
r )cos(−αn4

r )cos(−βn4
r )

+D/2

y4 =
z4

sin(−βn4
r )sin(−αn4

r )cos(−βn4
r )

.
(11)

B. Simulation model

Based on the reference RS-GBSM, the SoS simulation

model is derived. For reference model, infinite scatterers are

assumed. While the simulation model is a simplification of

the reference model by discretizing the model parameters.

We assume that all the phases follow uniform distributions in

[0, 2π), the EAoAs/AAoAs and EAoDs/AAoDs are all inde-

pendent and follow the VMF distributions. A VMF distribution

is written as

f(x) =
ekcos(x−x0)

2πI0(k)
(12)

where x0 is the mean value and k presents the concentration

of the VMF distribution. If k is larger, the distribution of x is

closer to x0, and I0(·) is the zeroth-order modified Bessel

function of the first kind. Therefore, the EAoAs, AAoAs,



EAoDs, AAoDs, and phases of simulation model are a series

of discrete values following corresponding VMFs and uniform

distribution, respectively.

III. STATISTICAL PROPERTIES

According to the channel models above, some channel

characteristics are investigated, including the PDP, CTF, and

FCF.

A. PDP

The PDP can be written as a square of the CIR, i.e.,

φ(τ) = |h(τ)|2
= |hLoS(τ)|2 + |hSB(τ)|2 + |hDB(τ)|2.

(13)

It depicts how the power distributes along with the time delay.

B. Delay spread

Due to the multipath effect, the time of arrival (ToA) is

dispersive in delay domain. The average delay μτ and the

root mean square (RMS) delay spread στ are calculated to

describe the delay dispersion of the THz indoor channels:

μτ =

∑
τ
τφ(τ)

∑
τ
φ(τ)

(14)

στ =

√√√√√
∑
τ
(τ − μτ )2φ(τ)∑

τ
φ(τ)

. (15)

C. CTF

The CTF is the Fourier transform of the CIR and can be

written as

H(f) = HLoS(f) +HSB(f) +HDB(f) (16)

HLoS(f) =

√
K

K + 1
e−j2πfcτLoS−j2πfτLoS (17)

HSB(f) =

√
ηSB

K + 1

1√
L

L∑
l=1

lim
Nl→∞

1√
Nl

Nl∑
nl=1

ejϕnl
−j2πfcτnl

−j2πfτnl

(18)

HDB(f) =

√
ηDB

K + 1

1√
LM

L∑
l=1

M∑
m=1

lim
Nl→∞

lim
Nm→∞

1√
NlNm

Nl∑
nl=1

Nm∑
nm=1

ejϕnlnm−j2πfcτnlnm−j2πfτnlnm .

(19)

D. FCF

The normalized FCF is defined as

R(�f) = E[H(f)H∗(f + �f)]√
Var[H(f)]Var[H∗(f + �f)] (20)

where E[·] and Var[·] are the calculations of the expectation

and variance, respectively.

HSB(f) and HDB(f) are independent random processes,

then

R(�f) = RLoS(�f) +RSB(�f) +RDB(�f). (21)

Specifically,

RLoS(�f) =
K

K + 1
ej2π�fτLoS (22)

RSB(�f) =
ηSB

K + 1

1√
L

L∑
l=1

E[ej2π�fτnl ]

=
ηSB

K + 1

1√
L

L∑
l=1

π∫
−π

π∫
−π

ej2π�fτnl

× f(αnl
r )f(βnl

r )dαnl
r dβnl

r

(23)

RDB(�f) =
ηDB

K + 1

1√
LM

L∑
l=1

M∑
m=1

E[ej2π�fτnlnm ]

=
ηDB

K + 1

1√
LM

L∑
l=1

M∑
m=1

π∫
−π

π∫
−π

π∫
−π

π∫
−π

ej2π�fτnlnm f(αnl
t )f(βnl

t )f(αnm
r )

× f(βnm
r )dαnl

t dβnl
t dαnm

r dβnm
r .

(24)

Here, f(αnl
t ) and f(αnm

r ) are the PDFs of the AAoD and

AAoA, respectively, f(βnl
t ) and f(βnm

r ) are the PDFs of the

EAoD and EAoA, respectively.

IV. RESULTS AND ANALYSIS

In this section, we analyze the statistical properties of the

proposed 3D GBSMs for THz indoor scenarios, including the

PDP, CTF, and FCF. The values of the parameters are set as

follows: a = 2 m, D = 1.8 m, Rt = Rr = 0.5 m, z4 = 2 m,

ηSB = 0.8, ηDB = 0.2, and N1 = 40, N2 = 30, N3 = N4 =
10 for SB scatterers, while N1 = N2 = 20, N3 = N4 = 10
for DB scatterers.

The simulated PDP is shown in Fig. 2. Here, we assume

the Ricean factor to be K = 2 and the parameters of each

scatterer’s distribution can be flexibly changed to fit the mea-

surement data. As only the small-scale fading is considered in

our proposed model, the level of the simulated PDP is adjusted

to compare with the measurement for convenience. We can

observe that the simulated result can match the measurement

data [28].

According to the PDP, the delay spreads of the channels

are analyzed. To compare with the measurement data in [26],

the parameters are adjusted as K = 1.5 and D = 2.4 m



Fig. 2. Comparison of the simulated and measured PDPs.

and the parameters of each scatterer’s distribution are also

correspondingly amended. The simulated and measured results

of average delay and the RMS delay spread of the LoS, SB,

and DB components are shown in Table III. The simulated

and measured results can fit well.

Fig. 3(a) illustrates the measured CTF, simulated CTF with

top surface, and simulated CTF without top surface of the

THz indoor channels [26]. Fig. 3(b) shows the details of partial

CTF. The parameter setting is the same as that of delay spread

simulation, except that we adjust the level of the simulated

CTF according to the measurement data. We can see that

the fluctuations of three curves are similar, which validates

the feasibility of our proposed model. In more details, the

fluctuation and the level of the simulated CTF with top surface

are closer to the measurement data compared to the simulated

CTF without top surface. It indicates a better match between

the simulated CTF with top surface and the measured CTF.

Therefore, the addition of the top surface is rewarding.

In Fig. 4, we demonstrate the comparison of FCFs among

reference model, simulation model, and simulation result. We

do the xcorr() operation directly to the CTFs to get the

simulation result. All the numbers of scatterers are chosen

to be equal to 50, N1 = N2 = N3 = N4 = 50. The trend of

three curves are coincident, converging to the FCF of the LoS

path RLoS(�f), which is determined along with the frequency

interval �f .

V. CONCLUSIONS

In this paper, we have proposed a 3D RS-GBSM for indoor

THz channels. To the best of our knowledge, it is the first

time to apply the 3D RS-GBSM to indoor THz channels.

Based on the proposed model, the CTF has been derived

and some channel characteristics, such as PDP, delay spread,

and FCF, have been further investigated. The simulated and

measured PDPs and CTFs match well and the significance

of the top surface has been proved. The FCFs of reference

(a)

(b)

Fig. 3. Comparison of the simulated and measured CTFs.

model, simulation model, and simulation result follow the

same trend. The results have shown that the proposed model is

valid to depict THz indoor channels. This model can conduce

to the designing, performance evaluation, optimization, and

deployment of future THz communication systems.
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