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Abstract—1In this paper, the maximum achievable throughput
of electromagnetic nanonetworks in the terahertz (THz) band
(0.1-10 THz) is comprehensively investigated. On the one hand,
the peculiarities of the THz-band channel are taken into account
by capturing the impact of the molecular absorption loss on
the signal propagation. On the other hand, a two-state medium
access control protocol is utilized to reflect the behavior of energy-
harvesting nano-devices with constrained harvesting rate and
maximum transmission power Py. An ad-hoc nanonetwork is
considered with n identical randomly located nano-devices, and
each is capable of utilizing W Hz of bandwidth. When the
node density of nanonetworks is low, the achievable through-
put is O (W Py((nlogn)@srr=1/2) [exp((ayps/ (nlogm)1/2))))(1/2),
where a5, and o,y refer to the spreading loss coefficient
and the molecular absorption loss coefficient. When the node
density of nanonetworks is very high, the interference among
nano-devices governs the network behavior and the achiev-
able throughput becomes 0((W2P0/I(n))((n logn)(“sl"_l/z)/
exp((agps/(n logn)l/z))))(l/z). For both the cases, the upper
boundaries of the achievable throughput are analytically derived,
and the numerical results are provided. Numerical results illus-
trate that the molecular absorption loss plays the main role when
the nanonetwork is sparse, and the interference dominates when
the nanonetwork node density is very high.

Index Terms— Throughput, terahertz

communications, nanonetworks.

network capacity,

I. INTRODUCTION

ANOTECHNOLOGY is providing the engineering
Ncommunity with the required tools to develop minia-
turized devices, i.e., nano-devices, which are able to per-
form specific tasks at the nanoscale, such as sensing and
actuation. Due to their very limited individual capabilities,
large assemblies of nano-devices are envisioned to per-
form more complex tasks in a distributed manner [1], [2].
Recent developments in graphene-based nano-electronics,
nano-photonics and nano-plasmonics [3] enable electromag-
netic (EM) communication among nano-devices in the Ter-
ahertz (THz) band (0.1-10 THz) [4], [5]. This very high
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frequency band is becoming very attractive to the wireless
research community, not just for nanonetworks, but also as
a candidate technology for 5G cellular systems [6]. The
THz-band can provide users with unprecedentedly large band-
widths, ranging from tens of GHz to a few THz [7]. However,
this bandwidth comes at the cost of a high path loss. Given
the limited transmission power of THz sources, the commu-
nication distance might be compromised for long range THz
communications, unless highly directional antennas are used in
transmission and reception. In any case, this is not a problem
for nanonetworks, which benefit from the compact size of
THz transceivers and antennas and do not require long range
communications.

There are many peculiarities in EM nanonetworks which
introduce new challenges and many opportunities across the
protocol stack. In [8], the main phenomena affecting the
propagation of EM signals in the THz band was modeled
and analyzed. Particularly, molecular absorption loss plays
a key role in the propagation of THz signals, in addition
to the conventional spreading loss, which is also in lower
frequency wireless communication systems. For distances
much below one meter, which is the expected single-hop
communication distance of individual nano-device, the THz
band behaves as a single transmission window almost 10 THz
wide [8], [9]. As shown in [10], this very large bandwidth
enables novel femtosecond-long pulse-based communication
schemes suitable for the limited resources of nano-devices,
able to support multi Gigabits-per-second (Gbps) and up to
a few Terabits-per-second (Tbps) links. However, the very
small energy capacity of nano-batteries and the need for
energy-harvesting systems [11] pose a major bottleneck in
the performance of nanonetworks [12]. Ultimately, there are
many interdependencies between the nano-device capabilities,
the THz channel behavior and the physical and link layers
solutions, which shape the achievable throughput or capacity
of nanonetworks [13].

As a critical parameter, the network capacity or achievable
throughput needs to be investigated in-depth for the design
and evaluation of nanonetworks in the THz band. To date,
the study of the capacity of wireless networks has been
conducted for different types of networks under different
system assumptions [14]. On the one hand, for traditional
RF wireless networks, under the assumption of infinite band-
width W, the network capacity has been analyzed for systems
under the noninterference model [15], with power constrained
devices [16], [17], directional antennas [18], [19], or multirate
networks [20]. On the other hand, for millimeter wave wireless
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networks, molecular absorption loss and directional transmis-
sion are taken into consideration [21], [22]. However, as a
result of the main peculiarities of THz nanonetworks, such as
the molecular absorption loss, constrained transmission power
and limited energy harvesting rate, none of the existing works
can be directly mapped to the nanonetworking paradigm.

In this paper, we develop a general mathematical framework
and analytically investigate the maximum achievable through-
put of EM nanonetworks in the THz band. The peculiarities of
the THz band in signal propagation, especially the molecular
absorption loss, as well as the limitations of energy harvesting
systems when using piezoelectric nano-generators are compre-
hensively captured in our analysis. As a result, we provide
a closed-form expression for the behavior of the achievable
throughput as a function of the spreading loss coefficient e,
the molecular absorption loss coefficient o, the energy-
harvesting-limited maximum transmission power Py and the
available bandwidth W. More specifically, our mathematical
framework accounts for the following peculiarities.

First, in order to capture the impact of the molecular
absorption, we incorporate an exponential term to the common
path loss function. This exponential term includes the mole-
cular absorption loss coefficient a5, which depends on the
transmission frequency and the molecular composition of the
medium. At THz frequencies, this coefficient is dominated by
water vapor molecules, as opposed to that in millimeter wave
wireless systems, which is mainly affected by oxygen.

Second, in order to capture the impact of maximum
transmission power Py and energy harvesting rate A, in
nano-devices, we consider a two-state medium access control
(MAC) protocol, namely, state can be in energy harvest-
ing and data transmission/reception (HTR) simultaneously or
only energy harvesting (HS). On the one hand, the energy
harvesting rate and consumption rate jointly determine the
allocation of time in each state, which will affect the available
energy. On the other hand, the maximum transmission power
constrained by the harvested energy will finally limit the
achievable throughput of THz nanonetworks.

Third, by introducing two metrics, energy efficiency and
spectrum efficiency, we establish the relation between the
above peculiarities and the achievable throughput, and present
the upper bound of the achievable throughput of nanonetworks
in the THz band. In detail, when the nanonetwork node density
is low, the achievable throughput is

D=

aspr—1
1 2
o wp,Hlogm =

Gabs

eXp (4/nlogn)

whereas when the nanonetwork node density is very high, the
interference 7(n) among nano-devices should be considered,
and then the achievable throughput is

axpr—l
2

W2 Py (nlogn)

1 e (i)

These bounds demonstrate that the achievable throughput
increases with node density n, available channel bandwidth W

and maximum transmission power Py, but decreases with the
molecular absorption loss coefficient a,ps. These results are
evaluated, and also compared with the existing results without
considering the molecular absorption loss.

The remainder of this paper is organized as follows.
In Sec. II, we discuss the related works. The system model,
including path loss, energy harvesting and MAC protocol for
nanonetworks, is presented in Sec. III. In Sec. IV, we derive an
upper bound of the achievable throughput imposed by absorp-
tion and noise, in the case of low node density. In Sec. V,
we derive the upper bound of the achievable throughput by
focusing on the interference among nano-devices when the
node density is very high. The proposed models are numeri-
cally evaluated through the comparison with the existing works
in Sec. VI. Finally, the paper is concluded in Sec. VII.

II. RELATED WORKS

The objective of this paper is to comprehensively ana-
lyze the effect of the features of nano-devices capabilities,
THz channel properties, and physical and link layers solutions
on the achievable throughput of nanonetworks in the THz
band. This requires contrasting the assumptions and results of
the existing works with our results. Without loss of generality,
the main relevant works are discussed next.

In the seminal work in [15], the throughput of wireless
networks is analyzed under a noninterference protocol, i.e.,
assuming that nodes have full control on their transmission
power so to avoid interference between them, and without con-
sidering the energy limitation in ad-hoc networks. As a result,
the network capacity, which is bounded by O(W//nlogn),
decreases as a function of the node density n, but increase
with the available channel bandwidth W. Based on the above
analysis, in [16], more related physical layer properties, such
as the limited transmission power and the use of rate adapta-
tion, are taken into account to alleviate the interference in an
ultra-wide band ad-hoc wireless network. Consequently, the
network capacity increases with the node density n and the
maximum transmission power P, i.e., O(Py(y/nlogn)*1),
where o = ap, refers to spreading loss coefficient. The above
same problem is revisited in [17], and finally, a stronger result
through different mathematical derivations for the power con-
strained network capacity is given by O(Po(y/n/Togn)*1).

However, the above results are obtained under the assump-
tion of infinite bandwidth. Actually, even in THz networks
with the whole THz band as a transmission window, the
available bandwidth W cannot be considered to go to infinity,
because nanonetworks will expectedly have very large node
densities, resulting in limited available bandwidth per node.
In addition to all these, the molecular absorption loss in high
frequency networks (such as THz networks and millimeter
wave networks) makes the derivation of network capacity more
complicated [14], [22]. Moreover, the energy limitations in
nano-devices, both limited energy capacity and low energy har-
vesting rate, significantly affect the available throughput. This
extremely increases the difficulties to explore the final network
capacity expression with the physical layer peculiarities of
THz signal. Next, we jointly capture all these peculiarities
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on the analysis of the achievable throughput of nanonetworks
in the THz band.

III. SYSTEM MODEL

The objective of this section is to demonstrate the peculiar-
ities of THz nanonetworks from the aspects of physical layer,
link layer as well as nano-devices capabilities. Particularly,
in the physical layer, the path loss of THz signal is briefly
summarized. For the energy limitations in nano-devices, an
energy harvesting system with piezoelectric nano-generator
is considered. In the link layer, a two-state MAC protocol
is considered to guarantee the perpetual operation of the
nanonetwork. These three features mainly and jointly dominate
the achievable throughput of nanonetworks in the THz band.

A. Path Loss

The path loss measures the power reduction of an EM wave
as it propagates through the medium. In EM nanonetworks, the
total path loss for a traveling EM wave in the THz band is
contributed by the spreading loss (similar in the low frequency
wireless networks) and the molecular absorption loss. The
spreading loss is introduced by the expansion of the wave
over transmission distance, while the absorption loss is caused
by the absorption of molecules in the transmission medium.
A modified Friis equation to calculate the path loss of THz
band is written as follows [8], [13]:

4rdf\*rr d
Hjpss = ( - f) exp (aabsd) =

where f is the transmission frequency, d is the distance
between the transmitter and receiver, c is the speed of light in

Ospr

0 eXP(“absd), (1)

—Ospr
the vacuum, and the constant Co = (ﬁ . agpr refers to

the spreading loss coefficient, which equals to 2 for spherical
omni-directional transmission in free space. a,ps refers to the
molecular absorption loss coefficient. The detailed calculation
of a,4ps can be found in [8] and [13]. Briefly, this coefficient
depends on the transmission frequency and the molecular com-
position of the medium. By utilizing the radiation transfer the-
ory and the information of the HITRAN database, a,ps can be
correspondingly obtained for different network scenarios with
different channel molecular compositions. At THz frequencies,
the absorption loss coefficient is mainly determined by the
percentage of water vapor molecules or simply the humidity
of the medium. (Note that multi-path fading is not included in
this section because there are no conclusive multi-path channel
models for THz networks [9], and, in any case, the impact
of multi-path depends on the specific modulation being used.
For example, if 100-femtosecond-long pulses are transmitted,
different propagation paths are distinguishable provided that
they are originated 30 micrometers a part. Therefore, we
acknowledge that capturing multi-path and fading is relevant,
but will not fundamentally change the results in this work.)
In addition to the loss, molecular absorption also results
in noise. This noise is frequency dependent, correlated with
the transmitted signal and can be modeled with a Gaussian
process. However, there are other noise sources, mainly, the
electronic noise at the receiver, which might dominate the
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total noise. However, as of today, the noise models in nano-
electronic, nanophotonic or nanoplasmonic devices are not
conclusive nor readily available. Because of this, in this paper,
we model the noise as a Gaussian process with mean zero, and
variance N.

B. Energy Harvesting With A Piezoelectric Nano-Generator

Besides the molecular absorption loss, the constrained
energy in nano-devices is another major challenge that
extremely limits the performance of THz nanonetworks.
In particular, the very small capacity of nano-batteries requires
nano-nodes to harvest energy from the surrounding environ-
ment to guarantee their proper operation. Within the last
decade, energy harvesting nano-systems have been success-
fully designed to realize the energy conversion at nanoscale,
such as piezoelectric nano-generators [11], ultrasound technol-
ogy [23] and chemical reactions [24].

In this paper, we consider a piezoelectric nano-generator to
harvest and convert mechanical energy into electrical energy.
The harvested energy is stored in a nano-capacitor (or an array
of nano-capacitors) to power the circuits of the nano-devices.
The maximum energy that can be stored is given by

1 2 1
Enay = max {5 Ceap (Veap (1cyc)) ] =5CarVes @

where Ccqp and V4, refer to the total capacitance and the
voltage of the capacitor, respectively. V, is the voltage at
which the capacitor is charged. ny. refers to the number of
charging cycles. The voltage V.4, of the charging capacitor
can be computed as a function of the number of cycles n¢ye
is given by [12]

(_ neycAQ )
Veap(eye) = Vg (l — e\ VeCeap ) . (3)

Therefore, the maximum energy can obtained after a num-
ber of cycles ncyc(EI’}fg(“). With these premises, the energy
harvesting rate 1j4, in Joule per second can be computed as

follows [12], [13]:
AQ-ncye AQ-ncye
Aharv — L . aE‘ﬂ — Vg—AQ (e_ VeCeap __ 6_2 Vgcca)p ) ,

Teye ancyc Ieye
“)
0Ecap - . . .
where ==L is the energy increase of the capacitors in each

cycle and ﬁyc is one charging cycle length. A Q is the amount
of electric charge obtained from a single cycle. However,
note that there is no need to wait for the nano-capacitor to
be fully recharged to consume its energy. In particular, V,,
Ag, and C.yp are technology parameters. While there are
several existing works focused on energy modeling [11], [12],
we keep our analysis general to remain valid even as technol-
ogy advances.

C. Two-State MAC Protocol

Even with energy harvesting, the energy problem in nano-
devices still exists. On the one hand, the real-time harvested
energy may not be enough to support continuous data trans-
mission, and a Harvest-Store-Use (HSU) operation architec-
ture is preferred to a Harvest-Use (HU) architecture. In detail,
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Battery/Capacitor Transmit/Receive
Fig. 1. Two-states MAC mechanism.

HSU refers to the architecture that the harvested energy is
firstly stored into the battery before being used, while HU
refers to the architecture that the harvested energy is high
enough to be used directly to power the nano-device in real-
time. On the other hand, for each nano-device, it is not
necessary to be always in the active state, i.e., in the state
of transmitting or receiving. Therefore, compared with the
existing physical layer aware MAC protocol [25] or Receiver-
Initiated MAC protocol [26], state controlled MAC protocols
are more general to investigate the energy limitation for
analyzing the achievable throughput of nanonetworks.

In this paper, we propose a simple and general MAC proto-
col with two states as shown in Fig. 1. From the perspective
of networks, there are only two states for each node, i.e., busy
and idle. Therefore, with the peculiarities of nanonetworks, the
proposed MAC protocol is designed with two states as follows.
The left state is Harvest-Store (HS) state, which refers to the
nano-device in the state of only harvesting energy, no data
transmission or reception, all the harvested energy is stored
into the batteries. The right state is Harvest-Transmit/Receive
(HTR) state, which refers to the nano-device in the state of
harvesting and transmitting or receiving data simultaneously.
As in HTR state, the harvested energy will be utilized by the
transceiver directly. In addition, when the harvested energy is
not sufficient, some energy from the battery would be required
to support the data communication.

In detail, when there is no data to be transmitted or received,
a nano-device transfers to the HS state for saving energy while
harvesting energy. The nano-device switches to the HTR state
when it needs to transmit or receive data and has sufficient
energy. The time period in each state is dynamically adapted
according to the network traffic. More specifically, 7; is the
time period a node stays in HS state. 7; needs to be adapted
according to the network traffic conditions. Without loss of
generality, this adaption is estimated as a similar way to that
of the TCP congestion window update algorithm [27]. Thus,
after the data communication in HTR state, the value of time
period {7;,i > 1} is initially set to one second when i = 0,
i.e., To = 1, and increases as follows:

2Ty 2Ti—1 < Was
r=1" 5)
min{7;—1 + 1, Tyax} 2Ti—1 > Wi,

where Thyax refers to the maximum time period that a node
stays in HS state. W;, refers to a threshold which decides
the double increase period and linear increase period. Note
that when the data transmission or reception is finished, i.e.,
the HTR state is done, the node will switch to the HS state
and reset 7; = 1. W;s is adaptive to the time between
transmissions, and can be obtained as

2T

T,

Wis new = (1- a) Wis old +a - 5 (6)
where 0 < a < 1, and D T; is the sum of the previous time
intervals in the HS state, T;, is the required time period to
transmit data in HTR state. So % refers to the estimated
traffic condition, which depends on the network traffic. For
example, under the heavy traffic condition, the time period
in HS state needs to be reduced to guarantee the data trans-
mission. Therefore, the new threshold W;s new decreases as a
result of a large value of 7;, (The calculation of T; will be
presented in Sec. IV). Moreover, due to the limitation of the
processing capabilities of nano-devices, only uncomplicated
MAC protocols are recommended. Other enhancements and
more complex MAC protocols can be found in [27] and [28],
but these are beyond the scope of this paper.

D. SINR Model

The performance of the nanonetwork ultimately depends on
the received signal power at each node and how it compares to
the noise and multi-user interference. Let {X} be the subset
of nodes simultaneously transmitting at some time instant over
a certain sub-channel, where k refers to the node index. Let
P;j > 0 be the transmission power chosen by node X; over the
link from node X; to node X, i.e., link X; — X ;. g;; refers
to the attenuation as a result of path loss over the link, given
by (1), especially the molecular absorption loss in the THz
band, and it can be simplified as a function of transmission
distance by [16], [17]

gij = F (|Xi = X;[) =

1
- m exXp (_aabs |Xi — Xj|)

@)

where |X i—X j| refers to the transmission distance between
node X; and node X, ap,, refers to the spreading loss coef-
ficient, a,ps refers to the molecular absorption coefficient, as
described in Sec. ITI-A. The data transmitted from source node
X; is successfully received by the corresponding destination
node X; if and only if the minimum Signal-to-Interference-
and-Noise Ratio (SINR) is satisfied [17], which is given by
Pijgij

WNo + 2 kenkri Prj8ki
where P;; is the transmission power from node i to node j,
SIN Rpin is the required minimum SINR, W is the channel
bandwidth. At this point, we propose to distinguish two
different working scenarios. On the one hand, when the node
density is low, or, when the multi-user interference can be
effectively neglected either because of the very high path-
loss between nodes or because of the very large available

> SIN Ruin, (8)
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bandwidth at THz Band, (8) can be rewritten as:

AL > SN R ©)
where SN Rpin refers to the required minimum Signal-to-
Noise Ratio (SNR). On the other hand, when the node density
is very high in nanonetworks, the interference from other com-
municating nodes should be considered, and it is expectedly
much greater than the noise. Thus, the SINR can be given by:

Pijgij

= = SIRn,
2 ke koti Phi8kj

(10)

where SIRpin refers to the required minimum Signal-to-
Interference Ratio (SIR).

IV. AN UPPER BOUND ON NETWORK
CAPACITY DUE TO NOISE

In this section, an information-theoretic approach is intro-
duced to quantify the network capacity bounds of EM nanonet-
works by taking into account the peculiarities of the THz-band
channel, the required features of the THz physical and link
layers, the nano-devices energy limitations and the need for
multi-hop communication.

A. Single Link Capacity

Based on the system model introduced in Sec. III, and since
the channel bandwidth of the THz band is arbitrarily large
but finite, the Shannon capacity theorem is taken as a the
starting point to analyze the network capacity. In the case of
nanonetworks with a low node density, the capacity r;; of each
link with total noise W Ny is upper bounded by

rij < Wlog, (1 + ”—g”) .

WNo (1

In order to establish the relations between the energy
harvesting rate and network capacity, two metrics are proposed
in this section: i) Energy efficiency, quantified by the energy
per information bit E;; = 1:—'/’ (in Joules per bit, J/bit), and
ii) Spectrum efficiency, quantified by C;; = % (in bits per
second per Hertz, b/s/Hz). Based on the above two definitions,
from (11), the energy efficiency and spectrum efficiency are
related by the following condition

(12)

The energy consumption rate of the link X; — X is then
given by ifjf’”“ = E;jrij. From (7), the upper limit of the
energy consumption rate over the link with the capacity r;;
can be computed as follows:
2%~ L Norsi X — X
T Ners X — X

Cij 0Fij | Ai J

cons __
/lij =

Gspr eXp (aabs ’Xi — Xj’) .

13)
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Fig. 2.

Network topology and route R;.

B. Multi-Hop Communication and Routing

The very limited transmission range of individual nano-
devices forces the use of multi-hop links. In such scenario, the
goal of a routing protocol is to identify the route to transfer
data from the source node to the corresponding destination
node that minimizes the energy consumption and maximizes
the achievable throughput. We denote a route R; from the
source node X; to the corresponding destination node XiK ,
as R; :iX?, XX , XX as shown in Fig. 2, where
X; = X; is the source node and K is the number of hops.
Let r; (R;) be the throughput achieved on the route R;, which
is given by
k,k—1

k,k—l} - Zrl

ri(R;) = min {rk’k_l = wc! (14)

i — H

where rik’k_1 (k=1,2,...,K) refers to the capacity of link
from node X f‘ to node X f‘ ~! on the route R;. The throughput of
route R; equals to the minimum link capacity of all involved
links, but is not greater than the average link capacity over
total K links from the source to the destination. In detail,
according to the channel model of THz signal, the path-loss
of the typical link from node Xf‘ to node Xff*l in the route
R; can be simplified as:

‘Xf-‘ - X!

xf—xk!

). (15)

Note that i) at each hop a packet is received, decoded,
corrected, encoded and transmitted forward (i.e., it is not an
amplify and forward but a decode and forward scheme) and
ii) the main energy-consuming process at each hop is the actual
transmission. Therefore, by combining (13) and (15), the total
energy consumption rate over the route R; can be obtained as

K C;
z 2%

lCOﬂS (Rl) — NO( ri]@k 1 :
k=1

xk — xk-! ’) ) (16)

Without loss of generality, this total energy consumption rate
is only an estimate of the equivalent energy that would be
consumed over the route R;.

Ospr
exp (aabs

- eXp (aabs
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C. Maximum Number of Nodes on the Route
We denote D; as the Line-of-Sight (LoS) distance between
the source X; and the destination X lK ,and L; as the sum of
the transmission distance over K hops, which can be given by
A
uzz (17)
k=1

|xF = xI7" = b & %0 - xF|.

Consider the network topology shown in Fig. 2, when there
is a single-hop link or multiple hop links in the straight line
between the source and the destination, the total transmission
distance is L; = D;, otherwise, it is greater than D;. However,
due to the peculiarities of EM nanonetworks in the THz
band, its transmission distance is extremely limited by the
transmission power and the severe path loss, which also relies
on the required performance of connectivity and coverage.
Therefore, in order to explore the boundary of the achievable
throughput of the route, the maximum number of nodes
involved in the route requires to be investigated.

To elaborate, it is required to specify the routing scheme
for the random THz nanonetworks based on some structure.
Motivated by cellular architectures, a tessellation (covering by
“cell”) of the unit area is considered in this section as shown
in Fig. 2, and which has been widely used for the analysis
of network capacity [15], [16], [18]. According to the results
of [16], every cell in the tessellation contains at most 501logn
node with a big probability exceeding (1 — 501%) where
n refers to the number of nodes in the network. Thus, the
maximum number of nodes on the route R; is bounded as

N'odes < (Cylogn + CaLiy/nlogn),

where C; and C, are two different constants.

(18)

D. Harvested Energy With Two-State MAC Protocol

With the two-state MAC protocol described in Sec. III-C,
the time interval in the HS state increases with different rules
according to the value of the threshold Wy, given by (5).
The sum of time intervals in the HS state can be obtained as
follows:

u

2T; Ty < Wiy
Toum = 1'% ) (19)
ST+ > (Ti+1) T, > Wiy,
i=1 i=u+1

where u is the maximum time for double increase period as
time interval in the HS state is not greater than the threshold.
Suppose the intermediate time of burst data appears in the oth
cycle, then Tgm can be rewritten as follows:

Thus, the total energy harvested and stored by each nano-
device in the consecutive HS state is E C’;g = Aharv Tsum. More-
over, the maximum energy that can be stored is constrained
by the storage capacity of nano-capacitor in nano-device, i.e.,

EHS < Elarv = 1C., ng as shown in Sec. III-B. Hence,

ECZIS, is bounded by:
EHS jvharu Tsum j~harv Tsum < Eﬁf;;“ (21)
cap Eﬁff&v Aharo Tsum > Er};fg(u'

E. Upper Bound of Network Capacity

We denote C;” KA1 as the spectrum efficiency of link between
node Xk and node Xk ! on the route R;, r(n) as the upper
bound of the achlevable throughput, C as the corresponding
spectrum efficiency with the upper bound throughput, i.e.,
C =" ") . According to (16), the total energy consumption
rate on route R; is bounded by (22), as shown at the bottom
of this page, where (22-a) is because of the following reasons:
i) the convexity of ‘Xk Xk 1‘ for aspr > 1, ii) the
monotonlcally 1ncreasmg natural exponential functlon exp(x),
i) C < C as a result of r(n) < 1 < K <
Nr’rﬂ;’” and iv) the observation from (17). (22-b) is from
Equation (18). (22-c) is from defining a new function of total
transmission distance L; and the number of nodes n, i.e.,

Oabs Li

L.spr
f(Liom 2 (C1logn+C; Liy/nlogn)™"" XD ogn+- oL, vnTogn)-

According to the limited energy harvesting rate and max-
imum energy storage capacity in Sec. III-B, the energy is
constrained by each nano-device, not the whole route R; or
nanonetwork. Therefore, as a final step, the average consumed
energy by each nano-device involved in the route R; is
bounded by the maximum transmission power Py multiplied
by the total transmission time, and also bounded by the
harvested energy during the time period in HS state and HTR
state, i.e., Anaro (Tsum + T;r), where Ty, is the required time
of transmission, which depends on the number of data packets
needed to be delivered.

Finally, the relation between the energy harvesting and
consumption can be presented in (23), as shown at the
bottom of the next page, where E() refers to the aver-
age function. (23-a) is from (22-c), K < N;’lfl’i” and the
fact that f(L;,n) is an increasing function Oafs,,L as n is

2 A D.*Pr
fixed and L; > D;, f(Di,n) = < logn+CzD’,-W)aSpr_l
). According to the definition of

' exp( Cilog Qi‘gggi\/n logn
function f(Dj,n), due to the relation of Cjlogn <
Ci+/nlogn, then the term (Cy logn + Co Dj/nlogn w1 <
(C3W)a””71, ie, C3 = C; + C2D;, which results
in (23-b).

qutl _q T <Ww Since E(D;) becomes a constant as n becomes large, the
Tsum = ! " (20) mean distance between two randomly selected nodes (source-
2u+1 14+ (l) _ u) (2u 1+v— u) T > W, y
u i destination pair) in a disk of unit area is approximate to 0.5
Kac
1 —_ 1 —
g = w035 e A it s - 1)) @)
k=1 i
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n [17]. Thus, (23) can be rewritten as follows:

2€ —

aspr—1
Toum + nr) Cy(nlogn)~ 7

1
r(n) < Aharo (
e e (Gs)

(24)

while with constraint Apgrp Tsum < Eﬁl‘;;” According to the
definition of spectrum efficiency given by (12) and Taylor
series of 2€, the upper bound on network capacity is given

by (25), as shown at the bottom of the next page, by substitut-

ing C = £ and (2C —1=In2-C+ %cz), where (25-a)

is from the inequality of v/a + b < \/a + +/b. Moreover, the
consumed energy over transmission time is upper bounded by
the maximum transmission power Py and lower bounded by
the harvesting rate, i.e., Apgry < Py < Py. It is observed that
both the spreading loss and molecular absorption loss have
a significant effect on the network capacity, as well as the
energy harvesting process and pulse-based modulation. This
result provides a guideline for the design of the future THz
nanonetworks.

Without loss of generality, as n — oo and the transmission
power P is bounded by Py, the upper bound of network
capacity can be presented as follows:

aspr—1
(nlogn) 5

r(n) =0 WPy o~ (26)
eXp (./nlogn)
1
aspr—1Y\ 2
- O(WPO (nlogn)~ 7 ) : (26-a)

where (26) is from the conclusion given by (25) without
considering the effect of constants, (26-a) is from the special
case of without considering the molecular absorption loss in
THz communication.

V. AN UPPER BOUND OF NETWORK CAPACITY
DUE TO INTERFERENCE

In Sec. IV, an upper bound on network capacity of THz
nanonetworks without considering the interference is pre-
sented. However, in light of the very high node density in
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the envisioned applications and by considering the simulta-
neous transmission among the huge number of nano-devices,
collisions between the transmitted symbols may occur. In [10],
multi-user interference in nanonetworks when utilizing a THz
pulse-based Time-Spread On-Off Keying (TS-OOK) modula-
tion was investigated. In particular, it was shown that the trans-
mission using very short pulses, just hundreds of femtoseconds
long, enables simultaneous transmissions between uncoordi-
nated nodes at up to several gigabits-per-second (Gbps) each.
However, it was also shown that, as the number of nano-
nodes increases, interference plays the major role. Therefore,
the interference as a result of collisions should be considered
under these conditions, which leads to a limitation on the
capacity of nanonetworks.

To investigate the impact of interference on the network
capacity performance, suppose the interference plays a domi-
nant role in the SINR, and the introduced noise is negligible,
i.e, D renkzi Phjgki = NoW. Thus, (11) can be rewritten as
follows:

%) (27)
Zkem,k;éi Pyj gkj

Without loss of generality, for transmission distances up
to one meter, for a signal transmitted from the node k, its
reception power at the receiver can be approximated by the
polynomial [29]:

rij < Wlog, (1 +

Pyjgrj ~ P (dkj)_ﬁz ,

where f; and f» are two constants which depend on the
specific channel molecular composition and the transmitted
signal. Under a standard medium composition, pulse energy
E, = 0.1 aJ in the TS-OOK modulation [10], the values of
these two constants are ] ~ 1.39 x 107!8 and fr ~ 2.1
From [29], the p.d.f. of the interference power is given by

(28)

L ST Gk+) (2 /T =)
0= ]; k! ( i7 )
sinkz (1 —7y), (29)
where I'() stands for the gamma function, y = 2/, =~ 0.95.

/' refers to the Poisson process parameter in nodes/m?, which

2€ 1 " L;
> C N()r(n)(N,de ) Prexp | Gabs 77— N{ﬁ%{es (22-3)
max
2€ 1 L;%vr Gabs L
> Nor(n ex 22-b
- C or )(C1 logn + CoLi/nlogn)™" P (C1 logn + CzL,-«/nlogn) ((22 ;
C _ 1 -C
> Nor(n) f(Li, n)
ACOHS R
Eﬁ,%rxu + Anaro Tir > ECIZP + Anaro Tir = Anaro (Tsum + Ttr) >E (#) Tir (23)
2€ 1 (D, n 2C .
> 2 L nrE (fN—d)) T = 2 N E (f(D,,n)) T @3-a)
max
- 2¢ N()l”(n) E(Di)awr aabsE(D ) (23-b)
- C (C3 /n logn)“spr* Cga/nlogn
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can be calculated as A’ = n (2T,/ Ty) p1 (where n refers to the
number of nodes), T}, refers to the symbol length, T refers
to the time between two consecutive symbols, and p; refers
to the probability of transmitting one pulse. According to the
TS-OOK modulation, with the values of 7,/ Ty and pi, the
average interference power I (n) can be calculated as follows:

| 2> k41 | ) x
I(”):;er(]}k!—i_ )(7[[)’11“( 7) Tppln)

i=0 k=1 i T
xsinkz (1 —y). (30)

By combining (27) and (30), the total energy consumption
rate over the route R; by considering the interference is
rewritten as

k=

F (Ri) = 1<n>(z (2" = 1) xk - xt

k=1
xk - Xf.‘_l‘)). 31)

Similar to the derivations of the network capacity in
Sec. IV-E, the upper bound of network capacity with the
interference is given by (32), as shown at the bottom of this
page.

Without loss of generality, as n — oo and the transmission
power P;. is bounded by Py, the upper bound with the
interference can be presented as follows:

Ospr

- eXp (aabs

1
aspr—1 2

W2Py (nlogn) 2
rn) = I(n)o (n ogni . 33)
exp (—m)
1
2 aspr—1\ 2
=0 (W Fo (nlogn) B l) , (33-a)
I(n)

where (33) results from (32) without considering the effect of
constants, (33-a) is from the special case of without consid-
ering the molecular absorption loss in THz communication.
It is observed that when the node density is very high,

TABLE I
SYMBOL VALUES

Symbols Values
C1 4800
Ca 136
Cs Ci1+ CaD;
Ca (Cs)*srr—1 [NoE (Dy)* >
Cs E (D;) /C3

besides the peculiarities of THz band and energy limitation,
the interference between nano-devices plays a key role.

VI. PERFORMANCE ASSESSMENT

In this section, a detailed analysis on the network capacity
in THz nanonetworks is presented. In detail, our developed
bounds as well as the results in the existing literature, such
as Gupta’s capacity in [15], Negi’s capacity in [16] and
Tang’s capacity in [17], are shown in Fig. 3. Gupta’s work
was taken into account the impact of the spreading loss in
the propagation of traditional wireless signals, and considered
the nodes have endless energy and unbound transmission
power. As a result of the non-interference protocol, Gupta’s
capacity decreases with node density. Based on Gupta’s result
and Shannon capacity formula, Negi and Rajeswaran [17]
and Tang and Hua [18] investigated the capacity of
energy-constrained wireless networks with the assumption of
unlimited bandwidth, which results in the lack of multi-user
interference. Under these conditions, the capacities in their
results increase with node density n, compared with Gupta’s
result. Moreover, the difference between Negi’s result and
Tang’s result is caused by using different mathematic skills,
but they both take an approximation of the Shannon capacity
formula as a linear function. For the illustration, we have
used the values of the channel model in [8], the TS-OOK
modulation [10] and the energy harvesting system in [12].
In detail, the used in the simulations are presented in Table I.

In this paper, in terms of path loss, the spreading loss
and molecular absorption loss are both considered for THz

w
r(n) < — 1+

aspr—1
2 (Tsum + T;r) Cy4 (nlogn) 5
j~harv

“ In2 W Ttr ex Csaps -1 (25)
p Jnlogn
aspr —
V2W Cyq(nl 2
< , Seloen) (25-2)
In2 ex Csagps
p Jnlogn
axpr—l
w T, T; C 1 2
i = = | 147 zhm( v T ”) +(nlogn) —1 (32)
n2 I(l’l) Ttr exp ( Cs0abs )
Jnlogn
1
ﬂsprfl 2
- 2w [ P, Cy (nlogn) 2 (32-a)

In2 I(n) exp ( Csaabs )

J/nlogn
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Fig. 3. Throughput capacity r(n).

nanonetworks. From the aspect of energy constraints, maxi-
mum transmission power, limited energy harvesting rate and
limited energy store capacity are all considered in each node
of nanonetworks. Moreover, two metrics, energy efficiency
and spectrum efficiency, are introduced to solve the Shannon
capacity formula, and achieve a strictly tighter upper bound
than other three models. Therefore, it is observed that the
upper bound of network capacity can be divided into three
phases with the increase of node density as shown in Fig. 3.
Phase A indicates that molecular absorption loss dominates
the influence on the network capacity in case of low node
density, i.e., the achievable throughput is mainly limited by
the absorption loss in Phase A. When the node density is
raised, the spreading loss has a main influence on the network
capacity as a result of significant multi-hops, which means
that in Phase B, the spreading loss significantly limits the
achievable throughput. When the node density is extremely
high, the interference among nodes should be considered.
While the THz band provides nodes with a huge bandwidth
and TS-OOK enables the interleaving of a very large number
of users, the bandwidth is limited and multi-user interference
dominates this Phase C. Please note that the transition between
phases in the figures, depends on the actual values of the
channel propagation model, communication parameters (Phys-
ical layer, MAC layer), and the energy harvesting capabilities
(harvesting rate, energy capacity).

According to the developed bounds given by (26), especially
for nanonetworks with low densities, a detailed analysis of
throughput bounds is given in Fig. 4. In a unified area,
molecular absorption loss has a significant impact on the
achievable throughput when network density is smaller than
210 which results in the exponential increase in Phase A.
With the increase of network density, more number of nodes
are involved in each route, one hop transmission distance
is reduced, then spreading loss dominates the achievable
throughput, and also contributes to its approximately linear
improvement. Moreover, the molecular absorption loss coef-
ficient as a function of frequency has some peak points at
some specific frequency points. Especially under the condition
of long transmission distance, these peak points should be
avoided to alleviate the molecular absorption loss.
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With the increase of node density in nanonetworks, the
interference power among nano-devices is demonstrated in
Fig. 5, which verifies the conclusion given by (33) of Sec. V,
i.e., the interference should be taken into consideration of
the capacity in nanonetworks with high node density. It is
observed that the interference power exponentially increases
with node density, which will limit the node density in
the applications of nanonetworks. However, systems and
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mechanisms with adaptive power control can be utilized to
alleviate the impact of interference.

Fig. 6 presents the whole upper bound of network capacity
from three phases under different node densities and trans-
mission powers. Intuitively, the network capacity increases
with the addition of maximum transmission power. This
addition will not change the shape of the bound, just shift
the throughput curves. Moreover, the same to the effect of
noise on the proposed model given by (25-a) and (32-a). It is
because we keep the proposed model and analysis general to
remain valid even as technology advances or parameter value
changes. Obviously, the presented bound has a better and more
reasonable performance both in cases of high or low node
density. Therefore, we present a strictly tighter upper bound
on the achievable throughput of THz nanonetworks, which can
be used as a guideline to design the future nanonetworks.

VII. CONCLUSION

According to the limited size of nanodevices, scaling a
metallic antenna down to a few hundred nanometers would
impose the use of very high operating frequencies. THz band
can be realized to radiate with the benefits of graphene and
its derivatives. However, the traditional RF communication
mechanisms on the basis of continuous transmission signals
would be not suitable for nanonetworks with limited hardware.
Network capacity is one of the main parameters for the
design and evaluation of wireless networks. In this paper,
the network capacity of power-constrained nanonetworks is
comprehensively analyzed by considering the peculiarities
of THz Band and energy limitation of nano-devices. With
the proposed two-state MAC protocol, for a nanonetwork
consisting of n randomly distributed identical nodes over a
unit area, the upper bounds of achievable throughput (n) with
different node densities are presented.

From the above results, it is observed that the whole upper
boundary can be separated into three phases. In nanonetworks
with low density, the molecular absorption loss dramatically
alters the achievable throughput; while in nanonetowrks with
high density, the absorption loss is not the main factor, the
interference among nodes dominates the achievable through-
put. In detail, the throughput decreases with the molecular
absorption loss coefficient, which indicates some frequency
sub-bands with high absorption loss should be avoided. This
analysis will guide the design of future nanonetworks to
achieve a better performance.
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