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Abstract— The transmission of one-hundred-femtosecond-long
pulses by following an ON-OFF keying modulation spread in time
has been proposed as a way to enable Terahertz (THz)-band
(0.1-10 THz) communications over short distances. Such mod-
ulation minimizes the probability of collisions due to the very
small time that the channel is occupied by a user. However, given
that many of the envisioned applications involve very large node
densities, multi-user interference becomes unavoidable. In this
paper, a stochastic model of multi-user interference is developed
and experimentally validated. The model takes into account the
fact that the interference power at the receiver is not a combi-
nation of the received powers from the individual nodes, but the
power of the combination of the received signal amplitudes. For
this, first, a mathematical framework is developed to compute the
probability density function (PDF) of the interference generated
by one interfering node at the receiver, starting from the PDFs of
the pulse received energy and the PDF of the pulse shape. Then,
the model is extended to account for multiple nodes which can
constructively or destructively interfere. The developed model is
experimentally validated by means of an innovative setup and the
extensive numerical results are provided to analyze the trends of
multi-user interference in pulse-based THz communications.

Index Terms— Terahertz communications, multiple access
interference, pulse modulation, experimental characterization,
stochastic processes.

I. INTRODUCTION

VER the last decade, wireless data traffic has expe-

rienced an explosive growth due to a change in the
way today’s society creates, shares and consumes information.
This change has been accompanied by an increasing demand
for higher speed wireless communication anywhere, anytime.
To satisfy this demand, wireless data rates has been improved
much faster than wired counterpart and will continue to do so
for a while [4]. Following this trend, wireless multi-Gigabit-
per-second (Gbps) and Terabit-per-second (Tbps) links are
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expected to become a reality within the next five to ten
years [1]. It is not possible to achieve Tbps link with the
existing spectrum band in use due to prohibitively high spectral
efficiency required. Even with the 7GHz continuous bandwidth
available in the millimeter wave systems, an spectral effi-
ciency of over 100 bits/second/Hz is required to achieve Tbps
which is very difficult. In this context, Terahertz (THz)-band
(0.1-10 THz) communication [1], [6], [7], [21] 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 years, the lack of compact and efficient
ways to generate and detect THz-band signals has lim-
ited the feasibility of such communication systems. How-
ever, within the last five years, outstanding progress
has been achieved towards the development of compact
THz-band transceivers and antennas. Different technolo-
gies have been considered to date, ranging from Sili-
con Germanium and compound semiconductor technologies
based on II-V materials [20], [29], to photonic devices
such as Quantum Cascade Lasers [22], [23], [30], [33] and,
more recently, the use of nanomaterials such as graphene
is enabling the development of novel plasmonic trans-
ceivers and antennas, which intrinsically operate in the
THz-band [8], [16], [18], [24].

The THz band provides wireless communication devices
with an unprecedentedly large bandwidth, ranging from several
tens of GHz up to a few THz [15], [28]. In addition to the
very high spreading loss at this high frequency, the main
phenomenon affecting the propagation of THz-band signals is
the absorption by water vapor molecules. For communication
distances below 1 m, where the number of molecules found
along the path is small, the THz band behaves as a single trans-
mission window several THz wide. This very wide bandwidth
motivates the use of pulse based modulation scheme for short
range communications similar to Impulse Radio Ultra-Wide-
Band (IR-UWB) [25]. For distances beyond a few meters,
molecular absorption defines multiple transmission windows,
tens to hundreds of GHz wide each. In this case, the carrier
based modulation is more suitable and highly directional
antennas are needed to overcome the severe path loss. In this
paper we focus on the short range THz communication.

For short-range THz communications (i.e., distances up to
a few meters), the transmission of one-hundred-femtosecond-
long pulses by following an on-off keying modulation
spread in time has been recently proposed [17]. The power
spectral density (PSD) of such pulses, which can be generated
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and detected by means of different electronic, photonic and
plasmonic devices, has its main frequency components under
4 THz. By utilizing an on-off keying modulation, the trans-
mitter can reduce its energy consumption by remaining silent
during the transmission of logical “0s”, and by spreading the
transmission of the pulses in time, concurrent transmissions
can be multiplexed in time.

The transmission of ultra-short pulses minimizes the prob-
ability of collisions due to the very small time that the
channel is occupied by each user. However, given that many
of the envisioned applications of THz-band communications
involve very large node densities (e.g., wireless nanosensor
networks or networks on chip), multi-user interference results
unavoidably. Commercially available terahertz signal consists
of hundred femtosecond long gaussian pulses with a peak
power of around 10 pW [6]. As a result, the transmitted
signals have large fluctuations between positive and negative
amplitude values. The existing works, summarized in Sec. II,
in multiuser interference modeling consider received signal
power instead of the received signal amplitude, and hence
ignore the fact that the interference can be constructive or
destructive. This can cause unrealistically large values of
interference due to the high amplitude of the pulses.

In this paper, we develop a stochastic model of multi-user
interference in pulse-based THz-band communications and
experimentally validate it. This model is developed by con-
sidering the fact that the interference power at the receiver is
not a combination of the received powers from the individual
nodes, rather the power of the combination of the signal
amplitudes. For this, first, we obtain the probability density
function (PDF) of the interference generated by one interfering
node at the receiver, starting from the PDFs of the pulse
received energy and the PDF of the pulse shape. Then,
we extend this model to account for multiple nodes which
can constructively or destructively interfere. Finally, we val-
idate the model by comparing the results with experimental
measurements.

The main contributions of this paper are threefold. Using
the tools of stochastic geometry we

« analytically model the PDF of interference considering
shape of the transmitted signal.

o show that the interference distribution is not Gaussian for
low density networks, however it converges to Gaussian
as the number of nodes become much greater than ratio
of symbol duration to pulse duration

« validate the analytical model by experimental results for
20 nodes using a novel interference generating setup.

The rest of the paper is organized as follows. In Sec. II,
we describe the related works. Sec. III-A, describes the
system model regarding THz channel characteristics, network
topology and signaling scheme. The stochastic model of
multi-user interference is developed in Sec. IV. We describe
our experimental setup, validate the analytical model and
provide numerical results in Sec. V. Finally, we conclude the
paper in Section VI.
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II. RELATED WORKS

Stochastic geometry has been used extensively to model and
analyze random wireless networks [2], [3], [10], [34]. These
models assume infinite number of nodes in an infinite area
for analytical tractability. Analysis of wireless networks with
finite area and finite number of nodes has been performed for
millimiter wave communications in [32]. These models can
not be directly used in THz band networks as they do not take
into account the peculiarities of the THz band channel, such as
the exponential attenuation caused by the molecular absorption
loss. Reference [9], [31] have shown that, the blockage of
signal by obstacles can cause significant loss in signal strength
for millimeter wave communication networks. THz band is
even higher in frequency and experiences more blockage
by obstacles. However, as mentioned in [19], the blocking
can be modeled as a blocking probability in the stochastic
models and thus as a thinning process. More Recently, there
have been several works on stochastic interference model-
ing for THz band communication networks that take into
account the molecular absorption loss [19], [26], [35]. All of
the previously mentioned works compute total interference by
adding the received powers from individual nodes. However,
the interference happens in the amplitude of the received
signal, i.e., interference is the sum of the electric fields
from individual nodes. Hence, modeling the interference as
addition of fields can provide more accurate interference power
distribution than when it is modeled as sum of powers from
individual nodes [5], [13]. In addition, these models were built
considering the macroscale operation of THz band where
carrier based waveforms are utilized. In [5], the authors have
considered the baseband processing of carrier-wave based
signals where the effect of pulse shape on the inter-ference
may not be important as long as sampling is done at the right
moment. However, in pulse-based THz communication where
the pulses are hundreds of femtoseconds long and tens of
pico-seconds apart, sampling at the right moment is almost
impossible. As a result, energy detection based receivers are
used and pulse shape plays important role in calculating the
aggregate interference. Some recent interference models have
been developed for pulse-based THz band communication
networks [14], [17]. However, these models do not take into
account the specific waveforms that are being transmitted (e.g.,
Gaussian-shaped pulses).

III. SYSTEM MODEL

In this section, we describe the system model utilized
in the paper. To model the multi-user interference, we first
need to take into account THz signal propagation, the spatial
distribution of the nodes as well as their temporal activity.

A. THz Signal Propagation

The propagation of electromagnetic waves at THz-band
frequencies is mainly determined by the spreading loss
and the molecular absorption loss. In particular, based on
the THz-band channel model introduced in [15], the sig-
nal power at a distance d from the transmitter, P, is
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given by

P, (d) = B(d)

Sy (F)|He (F, ) [H (D[P df, (D)

where S, is the power spectral density (p.s.d) of the transmitted
signal, B stands for the bandwidth and f refers to frequency.
H, in (1) refers to the receiver frequency response, which
we consider an ideal low-pass filter with bandwidth B, for
the time being. H,. refers to the THz-band channel frequency
response, which is given by

where c refers to the speed of light and ks is the molecular
absorption coefficient of the medium. This parameter depends
on the molecular composition of the transmission medium,
i.e., the type and concentration of molecules found in the
channel and is given by [15].

In Figure 1, the molecular absorption loss in dB is shown
for different transmission distances and in the frequency range
between 0.1-2 THz, for a standard atmosphere with 40%
humidity. There are several observations to be made. First and
foremost, molecular absorption plays a key role in defining
the available transmission bandwidth. For distances below
one meter, the THz band behaves as a single transmission
window several THz wide. However, for longer distances,
the absorption from water vapor defines multiple transmission
windows. Second, it is clear from Figure 1 that absorption
at THz frequencies is much more dominant than at mm-wave
bands. For example, at the 60 GHz peak, the absorption
is approximately 12 dB/km, whereas at THz frequencies,
the absorption peaks are easily above 10 dB at distances
around 10 meters.

As shown in [14], for the distances considered in our
analysis, between a few hundred of micrometers and up to
one meter, received signal power P, can be approximated as
a function of the distance d by the polynomial

- i27ffc—ci> )

P(d) = pd™*, 3)

Molecular absorption loss A,ps in dB at different transmission distances.

where « and 3 are two constants which depend on the specific
channel molecular composition as well as on the power and the
shape of the transmitted signal. In this paper, we consider the
amplitude of the interference instead of power. The amplitude
of a signal is the square root of the signal energy which can be
found by integrating the signal power over the signal duration.
From the measured data in our experiment, the received signal
energy can also be approximated as a function of distance d
by the following polynomial

e)(d) = €4, @

where ¢ and 7 are two constants which depend on the specific
channel molecular composition as well as on the energy and
the shape of the transmitted signal.

B. Network Topology

We consider that nodes are randomly distributed in space
by following a spatial Poisson process with rate A. Without
loss of generality, we consider that the intended receiver is
located at the center of a disc of radius a and area A = 7a?.

The probability of finding &£ nodes in the disc is given by

ama?)®
( Trka; ) e—kﬂ'a ) (5)

Under the Poisson assumption, the locations of the nodes
follow independent and identically distributed uniform distri-
butions. If d is the distance to the origin from a point that
is uniformly distributed in A, then the PDF of the distance
distribution D is given by

P(keA)=

2d
fo (d) = ¥f0r0<d<a ©)

0  otherwise.

However, there is a minimum distance between the receiver
and unintended transmitters as shown in Figure 2. This is
usually the case, as the interfering node and the receiver node
can not be at the same location [27]. Lets denote the minimum
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distance of interferers from the receiver as b. Then the the
distribution of the distance is given as following

2d
—— forb<d
fD(d): 2 b2 oro<a<a 7

0 otherwise.

C. Physical and Link Layers

We consider that nodes communicate by utilizing
TS-OOK [17]. In this scheme, a symbol “1” is sent by
transmitting a hundred-femtosecond long pulse and a symbol
“0” is sent by silence, i.e., a node does not transmit anything
(Figure 3). The time between symbols 7T is much longer than
the symbol duration T}, i.e., 5 = Ts/T, > 1.

The pulses in TS-OOK are usually modeled as Gaussian-
shaped. More specifically, the radiated pulses s (t) resemble
the first time derivative of a Gaussian pulse,

s(t) = df”df) __t ;QM)x(t), with @®)
7(74—;;)2
2 (t) = ag——e ©)

V2ro
where ag is a normalizing constant to adjust the pulse total
energy, o is the standard deviation of the Gaussian pulse
in seconds, and g is the center of the pulse in time, given
in seconds. The total length of the radiated pulses s (¢) is
approximately T}, = 7o.
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TS-OOK enables robust and concurrent communication
among nodes. In the envisioned scenarios, nodes can start
transmitting at any time without being synchronized or con-
trolled by any type of network central entity. However, due to
the fact that the time between transmissions 7 is much longer
than the pulse duration 7),, several nodes can concurrently
use the channel without necessarily affecting each other.
In addition, the very short symbol duration 7}, makes collisions
between symbols highly unlikely. However, as the number
of communicating nodes increases, interference becomes a
problem, as we show in the next section.

A collision between symbols will occur when two or more
symbols overlap at the receiver. In TS-OOK, by considering
also a Poisson distribution of the arrival of pulses in time,
the probability of having an arrival during symbol duration 7
follows a uniform distribution with PDF given below,

for 0 <t < Ty

fr, (t) = (10

otherwise.

IV. INTERFERENCE MODEL

In the existing interference models, the total interference
power at the receiver is obtained as the addition of the
interference power from each node. However, by consider-
ing the received signal power instead of the received signal
amplitude, the fact that interference can be either constructive
or destructive is effectively neglected. Hence, summing the
powers can result in unrealistically large values of interference,
specially when the transmitted signals have large fluctuations
between positive and negative amplitude values. Maxwell’s
equations are linear equations and, thus, the signals transmitted
by different users are added in the channel, always. According
to their relative phase, they might experience constructive
or destructive interference, leading to fading. We agree that,
in traditional carrier-based communication systems, in which
the modulated information is in the amplitude, phase and
frequency of the signal, the accurate modeling of interference
starting from the addition of amplitudes is very challenging
and, thus, the emphasis has been on the modeling of interfer-
ence starting from the power. However, in the system under
analysis in this paper, we consider that nodes communicate by
utilizing a pulse-based modulation scheme. Every transmitted
signal consists of pulses (logical “1”’s) and silences (logical
“07s). All the signals look effectively the same, the only
difference is in the sequence between “0”s and “1”s. This
system, which might appear as a simplification of reality, is not
far from what is already being utilized for THz sensing and
spectroscopy, and, thus, it has a practical motiva-tion. For this
system, we can estimate the real interference, starting from
the amplitude, because of the shape of the signals, without
any further assumption. From amplitude, we can then also
obtain the distribution of the interference energy or power.
We taylor our model to Gaussian-shaped pulses, but the same
methodology could be utilized for any other waveform.

In order to characterize the interference, we observe the
signals at the receiver. For the system model described in
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Section III-A, the signal y (¢) at the receiver can be written
as

U

y(t) = (s(t—m))*h(t d,)+n(t),

u=1

Y

where U is the total number of nodes in the network, s (t — 7,)
is the transmitted signal along with the delay 7, h (¢, d,,) is the
system impulse response, * denotes convolution, and n () is
the noise at the receiver. The system impulse response h (¢, d,,)
captures the impact of the THz-band channel, and is obtained
as in [17].

If we consider the signal from user u = 1 as the intended
signal, the total interference is given by

12)

where 4, (t) is the interference at receiver due to each node w.
By focusing on one specific symbol, without losing generality,
i, (t) can be written as

(N (t) = \/%p (t - Tt,u) s

where ¢, , stands for the energy of the received pulse,
p(t) is the shape of the pulse with unitary energy, and
74, refers to the total delay (initial delay and propagation
delay).

Given that nodes are randomly distributed in space and
uncoordinatedly transmitting in time, the PDF of the inter-
ference distribution /,, generated by a node u can be modeled
as a function of two random variables, namely, the energy
e, of the pulse, with corresponding random variable F,,
and the shape p(t) of the pulse, with corresponding random
variable P.

As illustrated in (4), the energy of the received pulse
depends on the transmitted pulse energy, which we consider
a parameter in our analysis, and the distance between the
nodes, which is a random variable D with PDF given by (7).
Therefore, the PDF of E, can be derived from the PDF of D
as follows:

13)

Il o)
P e)

where f~! denotes the inverse and f’ denotes the first deriva-
tive of e,,. The PDF of I, can only be analytically obtained if
ep (d) is invertible. By computing the inverse function of (4),
and combining it with (7) in (14), we obtain

IE, (14)

2&'% _ 24;7,
(a2~ 02"
0 otherwise.

for Ea™" < e, < EDTT

fE, (ep) =

5)

The step by step derivation is methodological and has been
omitted due to space constraints. Finally, the interference from
a node depends on the amplitude of the received pulse, not its
energy. If we define e; = /€, the PDF of E; is now given
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On the other hand, in order to capture the constructive
or destructive addition of the interference at the receiver,
we need to take into account the shape of the transmitted
pulse, which is deterministic, and the time instant at which
it reaches the receiver. Since the pulse inter-arrival time is
uniformly distributed in 7, we can first find the PDF of the
pulse by modeling time as a random variable 7" with uniform
distribution over the pulse duration 7,

for0 <t <T,

fr(t) = A7)

O'EH|H

otherwise.

As before, to obtain the PDF of P, we need to first obtain
the inverse function of p (¢), which in this case is given
by (9). However, this cannot be obtained in closed form
expression. To overcome this limitation, we approximate the
transmitted pulse with a shifted sinusoidal pulse of same
duration 7}, as shown in Figure 4. This pulse can be expressed
mathematically as follows

7 sin 2—7T<t—&> for 0 <t <7,
T, 2 (18)

0 otherwise.

p(t)=

2
T,
to have unit energy. The inverse function of this new pulse

can be written as

t=f"1(p) = Z—psin_1 <B> + &.

where r = is the amplitude of the sinusoid normalized

T 2 (19)
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Now the the PDF of P can be derived from the PDF of T
similarly as for Fp, yielding to

1

fp(p)=qmr 1—1;—2

0 otherwise.

for —r <p<r
(20)

Lets denote the TSOOK symbol as s(¢) which can be
defined as

21

p(t) for0<t<T,
s (t) =
0 for T, <t < T.

The corresponding random variable S is a mixed one whose
discrete and continuous parts can be written as

T,

P with probability Tp

S = ? T
0 with probability (1 — ?p)

S

(22)

where P is the random variable with its value defined in (18).
The interference generated by one user over the symbol
duration is the product of two random variables Es and S.
Lets define the product random variable as I, which can be
written as

T,

E,P with probability -2

T

I, =FE,S = T
0 with probability (1 — ?p)

S

(23)

Lets define Y = E, P. Therefore the PDF of I,, can be written
as

?” fy(y =1i,) wheni, #0
fr.in) =%/ T,
(1‘ ?)

where fy(y) can be determined from the PDFs of E and

P as (29).
VEbT 3 1
[ fetease (L) e

les]

—\/Erb_% <y < —\/Era_%

VEb 3 y 1
[, gt (—) L e,
() = § Ve .

—\/Em*% <y< \/Em*%
Ve 3
/y fe. (es) fp (£> L e,

u es ) les

\/Era_% <y < \/Erb_%

0 otherwise

(24)
when i, = 0.

(25)

The derivation of the limits of integration in (25) is given in
Appendix A.The integral in (25), when evaluated, yields (26),
shown at the bottom of the next page, where 3F} () is the
Hyper-geometric function. The final analytical expression for
interference from single user can be found by applying the
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integral limits in (25) to the above expression (26). The
detailed derivation of (26) is given in Appendix B. From (26),
it can be seen that, the interference from a single user depends
on the initial energy &, energy decay coefficient 1), amplitude
of the pulse r, the minimum separation between the receiver
and the interferer b and the radius of the interference region
a. For example, the higher the initial energy, the wider the
interference distribution curve and hence the higher chance of
interference level getting higher.

Since the signals from individual nodes add up at the
receiver and are independent, the PDF of the total interference
can be determined by the convolution of the individual PDFs:

fr (i) = fr, (i1) * f1, (i2) * f1 (i3) * ... * f1, (iv) .-

To calculate the n-fold convolution on the right hand side,
we go into transform domain. We define the characteristic
function of the interference from node u as

bu (W) = E [ej“i”} .

Since the interferences from nodes are independent and iden-
tically distributed random variables, they have the same char-
acteristic function. The convolution becomes a product in the
transform domain and, thus, the characteristic function of the
interference can be written as

6 (W) = (9 (@)

Now the PDF of the total interference can be found by taking
the inverse transform of ¢ (w):

fr(i) =F o (W)}

Unfortunately, this characteristic function cannot be analyti-
cally derived in closed form, and, thus, we numerically obtain
it in the next section. Since the noise is also additive, the PDF
of noise plus interference from N users can also be found by
convolving their individual PDFs

fran (i+n) = fr (i)« fn (n).

where fr4n (i + n) is the PDF of noise plus interference and
fn (n) is the PDF of noise. We note that having a closed-form
result for the interference with N users would be beneficial,
but if the only way to achieve that is by making assumptions
that can compromise the correctness of the model, we would
rather refer from doing so.

For modeling the blockage, we use the analysis pre-
sented in [12] for circular obstacles. According to the model,
the probability that there is no obstacle on the path between the
transmitter and receiver depends on the radius of the obstacle
ro, the density of the obstacles A\ and separation between the
transmitter and the receiver d. This probability is called the
line-of-sight (LOS) probability and is given as follows

27)

(28)

(29)

(30)

€1V

PLos(d) = e @rod+mr), (32)

The effect of the blockage by the obstacles is that some of
the multipaths components will be blocked which essentially
will decrease the number of convolutions in (27) from U to

LPLOS(d) X UJ
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V. EXPERIMENTAL AND NUMERICAL RESULTS

A. Experimental Setup

In order to experimentally emulate THz communica-
tion signals emanating from multiple THz nodes, we uti-
lize a THz time-domain spectroscopy (THz-TDS) system
combined with an innovative interference generating setup.
THz-TDS is a non-contact electromagnetic technique anal-
ogous to pulsed-ultrasound with the added capability of
spectroscopic characterization. The TD-THz sensor emits a
near-single cycle electromagnetic pulse with a bandwidth from
0.1 to 3 THz. This extremely wide bandwidth pulse is reflected
off of metal rods and pulses are generated from each reflection.
No contact is required of the emitter with the metal rod.
Using a T-Ray 2000 Spectroscopy system, a terahertz pulse
is generated and detected in the time domain where the
electric field of the pulse is measured as a function of time.
In particular, a collimated 3 cm wide THz-TDS beam is used
to illuminate a group of metal rods. The metallic rods are
1 mm in diameter and can effectively reflect the THz pulses.
Therefore, each rod effectively represents an interferer at a
different distance.

In general, multi-user interference results from uncorrelated
signals from different users, otherwise it should be accounted
as multi-path propagation. However, the reason why in pulse-
based THz communication networks we can artificially gen-
erate multi-user interference starting from a single transmitter
and a set of reflecting rods is because, whether correlated or
uncorrelated, all the signals are composed of either identical
pulses or silences, the only difference between the different
signals is the delay/time at which they were transmitted
and their amplitude or strength. Therefore, for this scheme,
multi-path propagation and random multi-user interference are
so closely related.

For the first set of measurements, an apparatus was created
to hold a metal rod. The THz transmitter is positioned 30 cm
away from the rod. The receiver is set at 50 degrees from the
transmitter (Fig. 5). Reflected pulse obtained by the receiver
shows the presence of a metal rod. Data is collected by taking
scans of the reflections from metal rod and obtaining the
results in time domain. Fig. 6 shows the THz time domain
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Fig. 6. THz pulse from the reflection off of the metal rod.

waveform for the reflection off of the metal rod. The reflected
pulse shows that the rod can represent a virtual interfering
transmitter.

In order to validate our hypothesis that a metallic rod
in reflection can emulate a THz transmitter, we would first
like to note that metals are good reflecting materials at THz
frequencies, and, that the diameter of a rod is several wave-
lengths at THz frequencies. Then, we have utilized COMSOL
Multi-physics, a commercial finite-element methods simula-
tion platform, to illustrate the radar cross section and the
reflected signals from a metallic rod. We perform a COMSOL
time-dependent transient electromagnetic simulation in 2D of
the reflected signal from a metal cylinder. A time domain
analysis allows us to implicitly validate the system response
over the entire frequency range of interest (from 100 GHz
to 4 THz in this case). We transmit a 700 femtosecond
long Gaussian pulse which have frequency range 0.1-4 THz.
An isotropic point dipole located at the left edge of a circular
region of radius 8 times the wavelength of the mesh is
used as EM source. The circular cylinder is centered at the
origin (Fig. 7) and has a radius of 3 times the wavelength.
In Fig. 7(a), we show the normalized electrical field at simu-
lation time 1.2121 x 10~'2 s for when there is a cylinder at
the origin. We show the normalized electric field when there is
no cylinder in Fig. 7(b). Finally, we show the difference (i.e.,
the scattered field) of the previous two fields in Fig. 7(c). From
the third figure, we can see that the cylinder can uniformly
reflect the signal in a wide range of directions. For verification
purpose, we also define several EM point probes at equal
distance around the cylinder and observe the reflected pulse
at different angles around the circular cylinder. From the
figure (Fig. 8), we confirm that the circular cylinder can reflect
the signal over a wide range of angles. The delay between the
pulses is due to the different distance covered by the pulses
to reach the probes at different angles. As a consequence,

[ tte i (L) e = -

2 —ntd 1 nt+4. 1 4\ . 42
€e 5 on (5554 (34 1) s
(a?

(26)

w(n+4)r (a2 — b?) ’
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the pulse amplitude decreases as the angle of observation
increases.

In Fig. 9, we show the received energy versus distance curve
for the measurements taken in the above described setup. The
receiver is moved along the line to receive measurements for
distances from 10 cm to 1 m. A curve fitting was done to
determine the ¢ and 7 values from the experimental data and
has been found to be 3.7820e-16 and 0.9357 respectively.
The latter confirms the cylindrical spreading of the signal
resulting from collimating the emitted THz signals in the
experimental setup. These extracted parameter values have
then been used in the analytical model to generate the PDF of
the interference for different number of nodes in the network.

The other parameters of the model have been chosen to match
the experimental setup. For example, T}, = 8 ps has been
approximated from the radiated pulse duration, 5 = 10 has
been chosen to match the observation period of the measured
signal.

To simulate the interference with more realistic and random
behavior, we utilize another interference generating setup as
shown in Figure 10. A rectangular apparatus (Fig. 11) was
used in order to hold multiple metal rods in circular fashion.
The apparatus can hold up to 40 rods in place and these
40 positions have been marked with numbers in the figure.
The radii of the circle that has positions 21 to 40 is 15 mm.
The positions in the center (1-20) vary in distances from the
center. Each one was measured individually and their distances
from the center are shown in Table 1. The THz transmitter
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Fig. 11. A zoomed top view of the circular apparatus that holds the metal
rods in place.

TABLE I

DISTANCES OF THE POSITIONS ON THE RECTANGULAR
APPARATUS FROM THE CENTER OF THE APPARATUS

Position  Distance(mm) | Position  Distance(mm)
1 11 11 6
2 7 12 12
3 12 13 10
4 11 14 13
5 9 15 5
6 3 16 10
7 8 17 2
8 12 18 6
9 13 19 9

10 10 20 11

is positioned so that the THz beam is centered at position
26, 27.5 cm away. The receiver is set at 50 degrees from
the transmitter at a distance of 14.5 cm away from a metal
rod in position 26. Data was collected by putting 20 rods
randomly in the 40 positions and taking scans in the time
domain. Fig. 12 shows the THz time domain waveform for the
reflections off of 20 metal rods in one distribution. From the
figure, we can see that the amplitude of the received pulses is
higher in this case. This can be explained by the reflected THz
pulses from multiple metal rods reaching the receiver at the
same time, causing their pulses to overlap and the amplitude to
add up. The reason for time separation among different pulses
can be explained as the different path distance traveled by
individual reflected pulse.Also, a = 18.89 cm and b = 14.5 cm
was derived from experimental setup as the maximum and
minimum distances of the interferers.

Although the distribution of the rods on the plate does not
look Poisson, we try to mimic a Poisson distribution by placing
the 20 rods among 40 locations and by turning the plate
around its center. Then we take measurements for different
realizations and combine the data.

B. Model Validation

For the validation of our analytical model, we first determine
the distribution of noise by curve fitting to experimental data.
Fig. 13 shows the experimental noise distribution along with
fitted curve. The mean and standard deviation of the noise
distribution were found to be y = —0.0007V and o0 =
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Fig. 13. Noise distribution of the THz-TDS receiver.

0.0053V, respectively. After that, we determine the line of sight
probability by considering the wires as obstacles. Considering
the arrangement of the wires, the pulse can travel through the
obstacles on average a distance equal to the radius of the outer
circle (15>mm). This gives a LOS probability is of 0.4 which
means on average only 8 out 20 reflected rays reach the
receiver.

We show the probability distribution function of the inter-
ference for both experimental and analytical cases when there
are 20 interferers in the network in Fig. 14. Our analytical
interference model matches the experimental data very well.
The reason for a slight difference in the distribution is that
we approximated the THz-TDS pulse with a sinusoidal pulse,
but in reality it is not symmetrical above and below the
zero line, as shown in fig. 6. As a result, the measured
interference PDF is biased towards positive values of interfer-
ence. In addition, the interferers locations also are not exactly
Poisson distributed in the experimental setup as one needs
many realizations of the experiments to obtain the satatistical
behaviors.

In addition, we were not able to put the receiver at the
center of the circular distribution of nodes due to the bigger
size of the THz-TDS device. Nevertheless, the distribution
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from the analytical model and experimental data matches
very well. It can reasonably be said that, as the number
of measurements is increased and the distances are picked
randomly, the experimental PDF will more closely follow the
analytical model.

Fig. 15 compares the interference PDFs for different number
of interferers in the network. It can be seen that the PDF is not
Gaussian for number of nodes not much bigger than 3. As the
number of nodes in the network increases to much greater
than f3, the interference value spreads away from the OV and
the probability of interference value getting higher increases.
For large number of interferers, the PDF converges to a
Gaussian PDF as expected from the Central Limit theorem,
and originally shown for TS-OOK in [17]. The mean and
variance of the total interference can be easily found from
the distribution function and used in system level simulation.
As an example, the mean and variance of the noise plus
interference for the 100 interferers are found to be —(0.00078 V
and 0.00215 V2 respectively.

VI. CONCLUSION

In this paper, we have presented an stochastic model
for interference in short range pulse-based THz-band
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Fig. 16. The boundaries of set A.

communication network. The model considers the fact that
interference occurs with the amplitude of the signal, not the
power. The PDF of the interference has been analytically
deduced from the PDFs of the energy and the pulse shape.
On the way, we have utilized the fact that the received energy
can be expressed as a polynomial function of distance which
we verified from the experimental data as well. In addition,
the analytical model has been compared with experimental
data to validate the model. The results show good match in
spite of the limitation we had in the experimental set up. It has
also been shown that the PDF is not Gaussian for few nodes,
but converges to a Gaussian distribution as the number of
nodes increases in the network. Starting from the interference
distribution, the achievable data rate of the pulse based short
range THz band communication can be computed which we
leave for future work.

APPENDIX A
DERIVATION OF THE LIMITS OF INTEGRATION

In deriving the limits of integration, we follow a similar
approach shown in [11]. Lets recall the pdfs of the two random
varibles here for clarity.

n+4
4§2/'r] |6g|_ n
— i < ey < b—n
fo. (es) = @ — 0 or \/&a €s 3
0 otherwise.
(33)
1
- for —r<p<r
fp(p)=qmm\/1-5 (34)
0 otherwise.
Lets define the set A =
{(es,p) | VEa™ < es < \/EOTN, —1r < p < rj as depicted
in Figure 16. To determine the pdf of the product of Fy and

P, lets define an auxiliary variable y; = es with yo2 = egp.
The joint pdf of y; and yo is given by the well known
result,

f. () I (z—) Ul (age) € B

0 otherwise.

9(y1,y2) = (35)
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Fig. 17. The boundaries of set B.

where J is the Jacobian of transformation. To find the Jaco-
bian, we first need to find the inverse functions e; = y; and
p= Z—f Hence, the Jacobian is

Oes  Oeg
8y1 8y2 1

J = = —. 36
» ow| G0
8y1 8y2

Lets define the mapping of A in the y ys-plane as B =

{Qu,yz)l\/ia*”<<y1<<\/£b*",—ry1<iy2<<ry1}. The

boundaries of A are transformed into the boundaries of B
as follows

es = v/&a~"into y; = \/&a™"
es = /&b into Yy = /&b

p =17 into ys = yir

p = —rinto yo = —y17 (37)

Accordingly B is shown in Figure 17. Now the limits of
integration can be determined from Figure 17 and marginal
pdf of ys is found as following

Jva (y2)
[

Y2

3

NG
9(y1, y2)dyr
VeEa

&b
(Y1, y2)dyr

for —\/Eb7Mr <ya < —+/Ea""T

9(y1, y2)dyr

for —\/Ea=r <ys <+\/Ea"r

Il
T~

or \/Ea"r <yo <A/EbTT

otherwise.

S

q“

o

(38)

(25) then can be obtained by simply replacing yo with y and
y1 with e in the above equation (38).

APPENDIX B
DERIVATION OF THE INDEFINITE INTEGRAL

JEEXIE (ei) e
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Substituting u = moT in the above integral yields,
=
es Y 2
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Y in the above integral yields,
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Defining b = ,e=1+ TR = and 2= in the
definition of Hyper—geometnc functlon the above 1ntegral can

be written as
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Replacing the value of the above integral in (39)
yields,
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