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ABSTRACT

Terahertz (THz) band (0.1-10 THz) communication is envi-
sioned as a key technology to address the explosive growth in
mobile data in recent years and the demand for high speed
wireless communications. Major recent advances in device
technologies are finally closing the THz gap and, thus, bring-
ing this networking paradigm closer to reality. A general
channel model is essential in designing and simulating com-
munication techniques for the THz band. In this paper, we
develop a stochastic multipath channel model for THz band
communication for bounded area applications. Specifically,
an analytical model for the number of single bounce multi-
path components and the power delay profile in a rectangular
deployment scenario is derived, considering the density of ob-
stacles, variable geometry of the rectangle, the signal blocking
by obstacles and the propagation properties of THz signals.
The model is independent of the physical layer technology
and can be tailored to different application scenarios. Exten-
sive simulation results are provided and utilized to validate
the developed analytical model.
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1 INTRODUCTION

The way today’s society creates, shares and consumes in-
formation has caused an explosive growth of wireless data
traffic. This growth has been accompanied by an increasing
demand for higher speed wireless communication anywhere,
anytime. To support this demand, wireless data rate has
doubled every eighteen months for the last three decades.
Following this trend, wireless Terabit-per-second (Tbps) links
are expected to become a reality within the next five years.
In this context, Terahertz (THz)-band (0.1-10 THz) commu-
nication [2, 4, 10] is envisioned as a key technology to satisfy
the need for such very high data-rates, both in traditional
networking paradigms as well as in novel nanoscale machine
communication networks.

For many decades, the lack of compact high-power signal
sources and high-sensitivity detectors able to work at room
temperature has hampered the use of the THz band. How-
ever, many recent advancements with different technologies
is finally closing the so-called THz gap. For example, on the
one hand, in an electronic approach, 11I-V semiconductor
technologies have demonstrated record performance in terms
of output power, noise figure, and power-added efficiency
at sub-THz frequencies, and are quickly approaching the
1 THz [9, 14]. On the other hand, in an optics approach,
Quantum Cascade Lasers are rising as potential candidates
for high-power THz-band signal generation [12, 16]. More re-
cently, the use of nanomaterials such as graphene is enabling
the development of plasmonic devices which intrinsically
operate in the THz-band [7, 8].

Independently of the specific enabling technology, THz-
band communication brings many new opportunities to the
wireless communication community. The THz band supports
huge transmission bandwidths, which range from almost
10 THz for distances below one meter, to multiple trans-
mission windows, each tens to hundreds of GHz wide, for
distances in the order of a few tens of meters. Nevertheless,
this very large bandwidth comes at the cost of a very high
propagation loss [6], mainly because of molecular absorption,
which also creates a unique distance dependence on the avail-
able bandwidth. While the development of ultra-directional
communication systems, such as those based on very large an-
tenna array [1], will enable long-range THz communications,
for the time being, THz-band communications are mainly
constrained to very short (e.g., on-chip) and short (e.g., in a
room) links.

In both application scenarios, an accurate channel model
is needed to design and evaluate the performance of the


https://doi.org/10.1145/3109453.3109473
https://doi.org/10.1145/3109453.3109473
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3109453.3109473&domain=pdf&date_stamp=2017-09-27

NanoCom '17, September 27-29, 2017, Washington, DC, USA

communication system. Several channel models have been
developed to date for the THz band. In [6], we developed the
first channel model for line-of-sight (LOS) propagation over
the entire THz band, by leveraging radiative transfer theory
and revisiting the concept of molecular absorption. Some non-
line-of-sight (NLOS) propagation models can also be found in
the literature. These have been developed through extensive
channel measurements [13, 15] or ray tracing simulations [5] in
a fixed geometry environment. Both approaches are expensive
and time consuming. In addition, these models are valid
only for a particular deployment environment and need be
developed again once the environment changes. In light of
the random nature of wireless mobile networks, more general
stochastic channel models are needed.

In this paper, we develop a stochastic multipath channel
model for THz band communication for bounded area ap-
plications. Specifically, we derive analytical model for the
number of single bounce multipath components and power
delay profile in a rectangular deployment scenario. This gen-
eral model is developed by taking into account the variable
geometry of the rectangle, the density of reflecting objects
in the area, the signal blocking by obstacles and the propa-
gation properties of THz signals. The model is very general
and is independent of the PHY layer technology. The model
has been validated with extensive Monte Carlo numerical
simulations in MATLAB.

The rest of the paper is organized as follows. In Section 2,
we describe the system model. The stochastic model of mul-
tipath power delay profile is developed in Section 3. We
validate our analytical model with numerical results in Sec-
tion 4. Finally, we conclude the paper in Section 5.

2 SYSTEM MODEL

To model the multipath PDP, we need to take into account
THz propagation characteristics, the geometry of the network
and the spatial distribution of the nodes. In this section, we
describe the system model utilized in the paper.

2.1 THz propagation

First, we describe how a THz signal is affected while propa-
gating through the environment. The total path loss for the
LOS component in the THz band consists molecular absorp-
tion loss and the spreading loss [6]. The path loss is given
by

d 2
PLros (f,d) = (%) chavs(Hd. )

where f is the operating frequency in Hz, d is the separation
between the transmitter and receiver, c is the speed of light
in free space and k,ps is frequency-dependent absorption
coefficient of the medium [6]. For the NLOS components, we
account for the reflection loss and the loss due to blockage
of signals by intercepting objects. In this case, the total path
loss is given by

2
PLyros (f,d) = (FLE) koDl gy (2)

where v is the frequency-dependent reflection loss coefficient.
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Figure 1: Geometry of the network considered.

2.2 Network Topology

We consider a rectangular area with length L and width
W. A rectangular area can be typical of an indoor network
deployment or a network inside a chip. The origin of the
coordinate system is assumed to be at the center of the
rectangle. The transmitter and receiver are placed at equal
distance d/2 from the origin on the x axis. We consider om-
nidirectional antennas are deployed at both the transmitter
and the receiver. We also consider that different obstacles
are randomly distributed inside the rectangle by following a
spatial Poisson process with rate A\. These obstacles could
be nanomachines in the nanoscale scenario or user devices
with metallic components in the macroscale scenario. The
probability of finding k£ objects in the disc is given by

Ak _
()\k!) vy 3)

Under the Poisson assumption, the locations of the nodes
follow independent and identically distributed uniform distri-
butions. As a result, the signal transmitted by the transmit-
ter will encounter multiple reflections and reach the receiver
through different paths. These copies of the transmitted signal
are called multipath components. In this paper, we consider
only the single reflection components as the reflection loss
and path loss are very high in the THz band. In addition,
the strength of reflections from the walls of the rectangle are
assumed to be minimal. If there is a LOS path between the
transmitter and receiver, the first component will arrive with
delay 7 = %.

As can be seen from Figure 1 and described in [11], all of
the reflectors giving rise to single bounce components with
delay between 7 and 7 + AT lie within the region bounded by
two ellipses. The major and minor radii of the inner ellipse
are given as,

P(ke A)=

2
ap =2 ,b = \/a} - (é) (4)
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and the outer ellipse as

c(r +AT) 5 (d\?
2= S = - () ®)
In addition, the area of the shaded region is given as
A= (agbz2 —a1by). (6)

The expected number of multipath components in the
region with area A is given by AA. Hence, we can define a
multipath density that gives the expected number of multi-
path components per unit of delay:

fy ()= lim 24 )

lim —.
AT—0 AT
From the density function, the number of multipath compo-
nents within 7 and 7 + A7 can be found as follows:

T+AT T
N(r) =/ In(7) dT—/ fn () dr. (8)
0 0

The detailed derivation of fpr (7) is the main contribution
of this paper and is provided in Section 3. The PDP(7) can
now be readily found as follows

PDP(7) = PL(f,ct) N(7) (1 = Prog (d=c7)), (9)

Prog is the distance-dependent probability that there exists
a line of sight path at distance d.

2.3 Physical and Link Layers

The multipath channel model developed in this paper is
independent of the PHY layer. In fact, the PDP derived can
be utilized to characterize the channel and design the best
PHY layer so that the received signal will suffer minimal
inter symbol interference.

3 MULTIPATH MODEL

In this section, we analytically derive the number of multipath
components and the LOS probability. However, due to the
space limitation,we have omitted the detailed step-by-step
process.

3.1 Multipath Density

The PDF of the number of NLOS paths is obtained by first
replacing the values of a,b1, a2, b2 in (7), which yields the
following expression

fn ()=

2 c(T+AT) A(t+AT)2 42 er 22 4?2
™ 2 1 1 2 1 1
lim

AT—0 AT

(10)

As At approaches zero, the above expression takes on
a 0/0 form. Applying L’Hospital’s Rule, i.e., by taking the
derivative of the numerator and the denominator with respect
to A7, and then applying the limit yields the following

AT (263’7'2 — cd2)

44/ 272 — 42

Iy () = (11)
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Figure 2: illustration of elliptical regions when d equals critical
distance.

As 7 increases with the reflecting objects being farther
away, the shaded region between the two ellipses also keeps
growing. At a certain point, some part of the shaded region
will fall outside the rectangle. Based on the distance between
the transmitter and the receiver, the ellipses may pass the
rectangle boundary on the major axis direction or minor axis
direction or both directions at the same time. These three
scenarios are illustrated below:

3.1.1 Scenario 1. The major and minor radii of the ellipse
cross the wall at the same time for a critical distance dey;ticals
given by

deritical = V L2 —w? (12)

This scenario is portrayed in Figure 2.

As can be seen from the figure, the ellipse touches the wall
boundary on both sides at 7 = % After that, the shaded
region gets cut by the wall boundaries and form four equal
size regions inside the rectangle. To obtain the multipath
density in these regions, we need to find the area of the four
regions. Since the four regions are identical, it is sufficient to
find the area of the region in the first quadrant and multiply
that by four. To find this area, we first find the intersecting
points of the two ellipses with the line y = % These points

are given by

-9 212 e = 02 2 2
1 2bl,/4b1 W2, g 2b2w/4b2 w2, (13)

where x1 is the intersection point between y = % and the
ellipse with delay 7, and z9 is the intersection point between
Yy = % and the ellipse with delay 7 + A7. Hence, the area

of the shaded region in the first quadrant can be calculated
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with the following integral,

A3
LeF3

After carrying out the integral, the following expression is
found for the total area inside the rectangle:

—a2W\/4b2 w2 — alWW;b? w2

4p2 — W2 4b2 — W2
Loabr -1 1 _agby, 1 2

2 w 2 w
agbs 1 % apby | 1 %
) ta — 5 tan
2 L2 2 L2
a =T a1 — 71
Lby |5 L2 Lby |, L2

(15)
From (7), the multipath density for
R U e U =
E <7< c (16)

is given by (17).

3.1.2 Scenario 2. As can be deduced from (4), when the
distance is less than d.,;¢;cq1, the minor axis crosses the wall
boundary first (see Figure 3). The minor axis crosses the
boundary at 7 = 7vwc2+dz. From the figure, it is easier to
find the area of the shaded region by integrating with respect
to y. In this case the area can be found by the following
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Figure 3: illustration of elliptical regions when d is less than
critical distance.

integral:

A2=4<‘/02 (ag\/lggal\/l::;)dy). (18)

Evaluating the above integral yields the following expres-
sion,

_aW _ Wiz CLsz tan—1 ¥
4bo 2 4 5 W2
by —
_aW b2 _ W2 aiby tan— ¥
4b1 g 2 5 w2
b -7

(19)

%, when the major

This area formula is valid until 7 =

L2
cL T

Lﬁﬁ

L d2

In1(T) =X = 5 1 cyc —d?tan” #
161/ €r L2 4 4er 8 9. /et _ L2

4 4 4 4

N WA/ 212 —d2 — W2 B lc mtan_l 212 — d2 —W?2 _ SLr2 /272 — g2
8+/c212 — d2 8 w 2,2 3/2 ( L2 )
64 (C T ) +1
7z 272
4(5-4)

3_2 -1 L
c>T° tan _—
<2 "2472€42> STPW /212 —

37_2W

+ +
8/ 212 — d? 8 (627—2 —d2 8 \/027'2 —d? \/027'2 —dZ2-w?2
3 9 /212 _dZ_ W2
B2 /212 _ g2 c’t%tan™ (W)

8W /272 — d2 — W2 (szﬁ;}# + 1)

8/ 212 — @2
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Nid 8 2\ (22— ) - 02 1(er? - a2)"
. 3 29y - 3 272 _
3/2
1
16 \/M\/Z (027'2 - d2) 64 (% (62T2 — d2) — TZ) 1/ 2 2W22 W2 +1
4(1(6 T2 —d )77)
3.2 1 w
c’T tan™
. (2 \/WTHZHVE) )
84/ 212 — g2
(20)
@ L \/j L2 —a? \/7 L
In3(T) = A 3 \/7d2tan
161/ 1 L2 4er 9. /€2 _ L2
4 4 4
3.2 L
coT tan™ —
) B2 I . (2 —)
c2r2 L2 3/2 L2 8 \/m
4(F )
(21)

axis too crosses the wall boundary. From (7), the multipath
density is now given by (20).

L_d\%, w2 \/¢L2W2
For <7'<\/(2 2)+4+ (+2)+4 , the area is

given by (15) and the multlpath density functlon is given
by (17).

3.1.3 Scenario 3. If the distance is greater than de,;ticals
then the major axis crosses the wall boundary first (see
Figure 4). The major axis crosses the boundary at 7 = %

In this case the area of the shaded region that is inside the

rectangle is given by:
L
2 2
A3 =4 / bQ 1- b 1-— 7 dx
0 ay
L
2

boL L2 agby -1
= — as — —
dag V2 4 5 12 (22)
a — 7
blL _ Liz _ a1by n_l >
4a; V14 5 12
Vel =7

This area formula is valid until 7 = 7‘Wf+d2, when the

major axis too crosses the wall boundary. Abplying the defi-
nition in (7), the multipath density is now given by (21). For

L_d +L2+ \/ d, L
7“4/:+d<7'< \/(2 2) ( 2) , the area
is given by (15) and the multlpath density functlon is given
by (17).
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Figure 4: illustration of elliptical regions when d is greater
than critical distance.

3.2 LOS Probability

As the electromagnetic signals in THz band can not penetrate
the obstacles, we need to take into account that a multipath
component might get blocked on the way. To calculate the
blocking probability, we consider that the obstacles are of
circular shape with radius r and their centers follow the
same Poisson process described in 2. We first calculate the
LOS probability following a similar approach used in [3]. As
can be seen from Figure 5, the link between the transmitter
and receiver is blocked if the center of any of the circular
obstacles falls inside the shaded region. The number of cir-
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-

d

Figure 5: Blocking region between two objects with separation
d.

cular obstacles whose centers are inside the shaded region
is a Poisson random variable with mean AApcrqge, Where
Aplockage 18 the area of the shaded region. Apjpcrage can be
calculated easily by dividing the shaded regions into three
regions, namely a half circle of radius r, a rectangle of width
r and length d and another half circle of radius r.

2
Aplockage = Td + w7, (23)

The LOS probability that no obstacle crosses the link between
the transmitter and the receiver is a distance-dependent
function given by

(AAblockage)O —Mprock
Pros(d) =P (0 € Ablockage) = *6 ockage
— ef)\(rd+7rr2)

(24)

4 NUMERICAL RESULTS

In this section we validate our analytical results through
Monte Carlo simulation in MATLAB. A rectangular area of
length 3 m and width 2 m has been used to simulate the
multipath propagation environment. A collection of circular
shaped obstacles with radius 5 ¢m has been uniformly dis-
tributed in the area with a density of A = 100,150 and 200
nodes/mQ. The operating frequency f = 1.0345 THz was
chosen as the center frequency of the first absorption-defined
THz transmission window [6] and the corresponding absorp-
tion coefficient k,ps = 3.0155 x 1072 m~! was assumed to
be constant over the whole window. The reflection loss co-
efficient v was assumed to be unity as most of the devices
behave as perfect reflectors for THz signals, but the model
remains valid for any value of . The final results were found
by averaging over a total of 1000 realizations of the system.
A histogram of the number of multipath components was
generated using a bin size of AT = 10~ s for three dis-
tances corresponding to the three cases used in the analytical
model. Figure 6 depicts the case where separation between
the transmitter and the receiver equals the critical distance
of deritical = V5 m. As can be seen from the figure, the
analytical model matches very closely with the simulation

Z. Hossain et al.

results. Note also that there are two regions in this case since
the both of the radii of the ellipse crosses the wall boundary
at the same time. Figure 7 and Figure 8 show the other two

T T T T T
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° Analytical (A =150) |
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Figure 6: Number of multipath components as function of
path delay when d is equal to d.,;ticai-
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Figure 7: Number of multipath components as function of
path delay when d is less than d.,;¢icai-
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Figure 8: Number of multipath components as function of
path delay when d is greater than d ,.;¢;cq-

cases when the Tx-Rx separation is less(d = 2 m) than and
greater(d = 2.4 m) than the critical distance respectively. In
these cases, there are three regions due to one of the radii
crossing the wall boundary first. The multipath power delay
profile has been plotted in Figure 9 for the Tx-Rx separation
equal to the critical distance. As can be seen from the figure,
the power loss of the multipath components increases with
increasing density of obstacles. This behavior is expected
from the exponential decay of the LOS probability in (24)
with the density of obstacles.



Stochastic Multipath Channel Modeling and Power Delay...

—A =100
160 F —A=150|

A =200

240 I I I I I
7

Delay, 7 [ns]

Figure 9: Multipath PDP as a function of 7 when Tx-Rx sep-
aration is d ,jticql-

5 CONCLUSION

In this paper, a stochastic multipath channel model for THz-
band communication network has been developed, by consid-
ering an enclosed geometry in light of expected applications
of THz networks. The model is general in the sense that it is
independent of the PHY layer. First, the number of multipath
components at a certain delay has been analytically derived
using the density of reflecting objects and the sides of the
rectangle as model parameters. Then the LOS probability has
been formulated by taking into account that the reflecting
points can also block the multipath components. Finally, the
multipath PDP has been found by multiplying the number of
multipath components with path loss associated with the cor-
responding distance. The analytical model has been validated
by means of extensive simulations with MATLAB. As part
of our future work, we will extend these results to account
for directional antennas needed for longer communication
distances (e.g., larger rooms).
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