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ing applications. In this paper, the use of the transparency windows in the THz Band, which
provide molecular-absorption-free transmission, is proposed as a way to extend the com-
munication distance of nanomachines. The trade-offs between the signal-to-noise (SNR)

ratio, channel capacity, transmission bandwidth and communication distance for these
Terahertz band . . e . .
Ultra-broadband communications windows are identified. The results suggest that, by focusing on the first transparency win-
Terabit-per-second (Tbps) links dow (0.1-0.54 THz), reliable communication up to 10 m is feasible when using just 0.1 aJ
Graphene per symbol to achieve a capacity of up to 10 Mbps. For the same energy per symbol, when
using the entire THz Band, the capacity is up to 2 Tbps, but only for distances below a few
centimeters. Motivated by these results, the achievable link throughput of a simple binary
digital modulation scheme based on the transmission of width-adaptive pulses is inves-
tigated. The results show that, due to the relaxation time of molecular absorption noise,
additional pauses between pulse transmissions are required, but reliable communication
is possible even for very small SNR values. These results extend the application scope of
nanonetworks and illustrate that they are not limited to small coverage areas but can also
be used to carry traffic generated by both low-rate transactional and bandwidth-greedy
applications at small-to-medium distances.
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exchange of information and commands between net-
working entities and/or external controller is required. The
need for coordination and information sharing naturally
leads towards the concept of nanonetworks. One promis-
ing way to enable networking capabilities is to use wireless
communications between nanomachines [1].

There are several techniques proposed for nanoma-
chine communications including the adaptation of biolog-
ically-inspired approaches (e.g., molecular, bacterial,
neuronal communications) as well as ultra-high-frequency
electromagnetic (EM) communications. Within this list,
the latter is one of the most promising techniques. The
research on EM nanonetworks started few years ago in
the context of nanosensor networks [1]. The early stud-
ies concentrated on exploring theoretical basis of com-
munications using miniature transceivers and antennas,
understanding the set of frequencies nanomachines can
use for communication and analyzing channel character-
istics. These early investigations have led to the following
findings:

e Graphene can be utilized to develop novel nano-
transceivers [2,3] and nano-antennas [4,5], which can
efficiently operate in the Terahertz Band (0.1-10 THz)
while satisfying the size constraints of nanomachines.

e The THz Band channel is highly frequency selective
and exhibits a unique distance-dependent bandwidth
behavior due to the absorption mainly from water
vapor molecules [6]. In particular, the THz Band behaves
as a single transmission window almost 10 THz wide
for distances much below one meter, and as a set of
multiple-GHz wide windows for longer distances.

e Ultra-broadband communication schemes based on the
transmission of ultra-short pulses are an effective way
to exploit the very large bandwidth of the THz Band
channel for distances much below one meter [7]. The
reception of such pulses can be achieved with a simple
energy detector [8].

e Nanomachines will require novel energy-harvesting
systems to overcome the limitations of their nano-
batteries [9,10], which will also change the way in
which the protocol stack should be designed [11,12].

For the time being, the focus on EM nanonetworking re-
search has been on increasing the capacity and achievable
data rates when utilizing ultra-broadband signals that oc-
cupy the entire THz Band. For example, in [6], under realis-
tic energy constraints, it is shown that Terabit-per-second
(Tbps) links are possible among nanomachines, but only for
distances much below one meter. However, it is relevant to
note that, in many prospective applications of EM nanonet-
works, the communication range is more important than
the data rate. Examples of such applications include trans-
actional type of networks, e.g., environment monitoring
networks or command/response type of networks. Thus, it
is important to find a way to increase the coverage of a sin-
gle node.

In this paper, we first propose a way to mitigate molec-
ular absorption by properly choosing the range of frequen-
cies known as transparency windows. Then, we discuss
trade-offs and dependencies between the choice of the
window, its bandwidth and capacity, and the communi-
cation range of a single node. We show that the smart

selection of bandwidth with respect to the level of molec-
ular absorption leads to way better performance of our
system in terms of communication range and capacity. In
particular, our results indicate that for a nominal power of
26.5 nW (equivalent to a 100 fs-long pulse with 0.1 aJ en-
ergy) the communication range can be up to 15 m provid-
ing satisfactory capacity for transactional applications in
the range of 4-11 Mbps. Such a range is only possible when
operating in the lower end of the first transparency win-
dow 0.1-0.54 THz. Moving up in the spectrum to the next
transparency window, the free-space propagation loss
dominates the channel characteristics prohibiting long
communication distances. Using the whole window band-
width one can get up to 2 Tbps at 0.01 m.

Motivated by these results, we investigate the achiev-
able throughput of a simple binary digital modulation built
on top of a novel width-adaptive pulse-based communica-
tion scheme. We also extend the model presented in [6,7]
by incorporating the effect of molecular relaxation. Our re-
sults show that, due to the molecular absorption relaxation
time, additional pauses between pulse transmissions are
required, but reliable communication is possible even for
very small signal-to-noise ratio (SNR) values. These results
expand the application scope of nanonetworks and illus-
trate that they are not limited to small coverage areas but
can also be used to carry traffic generated by both low-rate
transactional and bandwidth-greedy applications at small-
to-medium distances. Similar results for macroscale THz
Band communication networks have been recently dis-
cussed in [13]. As we will discuss in this paper, the distance
drastically affects the transparency windows and, thus, our
analysis, which is focused on nanoscale machine commu-
nication, is novel.

The rest of the paper is organized as follows. In
Section 2, we briefly review the THz Band channel char-
acteristics. In Section 3, we identify and discuss the prop-
erties of transparency windows in the THz Band and then
study trade-offs and dependencies between communi-
cation distance, SNR and capacity. The throughput of a
width-adaptive pulse-based communication system is an-
alyzed in Section 4 and numerical results are provided in
Section 5. Conclusions are drawn in Section 6.

2. Terahertz Band channel characteristics

The link budget equation for the received power in the
THz Band can be represented as

Pex (f,d) = Pre(f) — Lp (f, d) — La (f, d) , (1)

where Pry is the power spectral density (p.s.d.) of the trans-
mitted signal, Py, is the p.s.d. of the received signal, Lp
is the free-space propagation loss, and L, is the p.s.d. of
the molecular absorption loss. In addition to the two con-
tributions to the path loss, the received signal is also af-
fected by the molecular absorption noise. Note that the
thermal noise when using graphene-based nano-antennas
and nano-transceivers is currently not known, but expect-
edly very low [14,15], which implies that noise is mostly
due to molecular absorption noise created in response to
absorption of EM waves by molecules in the channel.
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2.1. Molecular absorption loss

The presence of molecular absorption loss L4 due to
internally vibrating molecules is a unique feature of the
THz Band. The molecular absorption of EM waves is the
effect occurring when the frequency of the wave is close
to the resonant frequency for internal vibrational modes
of a molecule. Vibrating molecules absorb EM energy and
convert it to kinetic energy. The ability of the molecule to
absorb energy is determined by their physical properties
(bond structure, spatial orientation, etc.) and is measured
by the absorption coefficient. Water vapor molecules
dominate the absorption in standard medium conditions.

Following [6], the absorption loss is characterized by

1
t(f,d)’
where f is the operating frequency, d is the separation
distance between the transmitter and the receiver, while

T is the transmittance of the medium that can be well
approximated by the Beer-Lambert law

La(f,d) = (2)

T(f,d) = e KN — o= Xy Ke.i(d (3)

where K is overall absorption coefficient which is esti-
mated by summing up individual absorption coefficients,
ke,1, of molecules of a single isotopologue I of gas G. The
latter is determined as

ke (f) = BEQG,IO'G,IOC)a (4)

po T

where p and T are the pressure and temperature of the
medium, pg and Ty are the standard pressure and temper-
ature, respectively, Qg is the volume density of molecules
measured in molecules/m?, and og,1 is the cross-section ab-
sorption measured in m?/molecule. The latter two param-
eters are given by

L
Qs = I%Qc,i, 061(f) = S6.1Ge,1(f), (5)

where R is the gas constant (8.31 J/K tmol), L is the Avo-
gadro constant (the number of molecules per mole, 6.02 -
10%® mol™"), S, is the linear absorption intensity, and
Gg,r is the form of the spectral component. Both S¢; and
G, are tabulated in [16] and analytically estimated in [6].
Some additional corrections to G¢; are needed when spe-
cial conditions (pressure/temperature) are considered. In
this case, one needs to first determine the resonant fre-
quency of each isotopologue I. It is important to note that
the increase in pressure results in the linear increase of the
resonant frequency implying that the absorption increases
as well. However, for common pressure variations, the re-
sulting change in L, is almost non-existent.

The absorption coefficient, K in (3), for T = 296 K
and 1.8% concentration of water vapor for 0.1-5 THz is
shown in Fig. 1. This has been obtained by utilizing the
procedure in [6] with the information contained in the HI-
TRAN database [16]. One important observation is that the
molecular absorption is a highly frequency selective pro-
cess. At some frequencies, the absorption is very high and
may eventually result in an extremely small communica-
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Fig. 1. The absorption coefficient K [16].
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Fig. 2. The molecular absorption noise p.s.d.

tion range. However, we see that at the so-called trans-
parency windows, the absorption is significantly smaller
than in the rest of the band. Note that K is independent of
d; however, the absorption loss, L4, does depend on the dis-
tance, via (2) and (3). Thus, in order to provide the longest
possible communication range, K must be at minimum.

2.2. Molecular absorption noise

Molecules convert part of the absorbed energy into ki-
netic energy. At the same time, part of this energy is re-
emitted in the channel, effectively creating the so-called
molecular absorption noise. The p.s.d. Py of molecular ab-
sorption noise is given by [6]

Py (f, d) = kg[Nym (f, d) + Na(F)], (6)

where kg is the Boltzmann constant and Ny, is the equiva-
lent molecular absorption noise temperature, given by

Ny (f,d)=Te(f,d) =T[1 -1 (f,d)], (7)

where ¢ stands for the emissivity of the medium, and N4
is the temperature of other noise sources at frequency f.
Traditionally, the most important component of N4 is the
electronic thermal noise at the receiver. For the time be-
ing, to the best of our knowledge, an accurate noise model
for graphene-based devices does exist, but it is expectedly
very low and will not be considered in our analysis [15].
In Fig. 2, the p.s.d. of molecular absorption noise, given
by (6), is illustrated for d = 0.01,0.1,1m, T = 296 K
and 1.8% concentration of water vapor. The situation is
qualitatively similar to Fig. 1 in the sense that in some
frequency ranges the molecular absorption noise is signif-
icantly lower than in the others. When the transmittance
of the medium is less than 94.5% the molecular absorption



P. Boronin et al. /| Nano Communication Networks 5 (2014) 72-82 75

Lp+L 4, overall loss, dB

200 I ]
—— d=0.0lm.
—— d=0.Im.

150 |—— d=1m.

100

__._L,A_l__.x_

50

0 2 4 6 8 10
£, frequency, THz

Fig. 3. The total path loss (molecular absorption loss and free-space
propagation loss).

noise p.s.d. increases from 100 to 10,000 times having the
maximum value at —204 dB/Hz. While this value seems to
be low, when integrated over a very large channel band-
width, it can result into very high noise powers.

Note that when the transmittance is below 5.5%, the
molecular absorption noise is relatively big. The cor-
responding molecular absorption is in-between 0 and
0.25 dB. This implies that the transmitted signal is mostly
affected by absorption noise rather than attenuated by ab-
sorption loss (e.g., 30 dB of noise compared to 0.25 dB of
absorption).

2.3. Free-space propagation loss

Free-space propagation loss is another parameter heav-
ily affecting the received signal power. In fact, as will be
shown further, for a certain set of frequencies in the THz
Band, the absorption loss is a dominating factor determin-
ing the achievable range of communications.

The free-space propagation loss can be described as

4nfd)2

Co

LP(f» d) = < ) (8)
where ¢ is the speed-of-light in the medium of interest
(for open air ¢ ~ 3 - 108 m/s), d is the separation dis-
tance between the transmitter and the receiver, and f is the
frequency of interest. As one may observe, the increase of
the frequency results in the quadratic increase of the free-
space propagation loss. When transparency windows are
considered, the free-space propagation loss becomes the
dominating factor limiting the coverage area of the trans-
mitter. This also implies that, in order to extend the com-
munication range, one should use transparency windows
with lower frequencies.

Fig. 3 shows the overall loss (molecular absorption and
free-space propagation loss) for d = 0.1,0.01, 1 m dis-
tances, T = 296 K, 1.8% of vapor, in the 0.1-5 THz Band.
We see that at most frequencies the dominating loss fac-
tor is molecular absorption. However, in the transparency
windows the molecular absorption is almost non-existent.

3. Communication in transparency windows

In spite of quite complex channel characteristics, there
is a way to avoid severe signal distortion by using the trans-
parency windows. In these windows, the transmittance of

the medium, t(f, d) in (3), is never smaller than 95% for
a certain d. This implies that, in these transparency win-
dows both the molecular absorption loss and noise level
are as small as feasible. In this section, we will first demon-
strate and discuss the propagation characteristics of trans-
parency windows in the THz Band. Then, we will study the
trade-offs between channel capacity, available bandwidth,
transmission power and communication range of a single
nanomachine.

3.1. Channel characteristics of transparency windows

There are many transparency windows available in the
THz Band. However, the property of accumulating the
molecular absorption loss and noise with the distance does
not allow us to precisely determine the transparency win-
dows as they are dependent on the distance. In this pa-
per, the choice of these windows is performed based on
the transmittance t (3) as discussed above. Otherwise the
p.s.d. of molecular absorption noise takes on its maximal
value of —203.89 dB/Hz (e.g., for the 50 GHz channel the
maximal value will be —97 dB). We consider only those
windows with at least 50 GHz of bandwidth.

Table 1 summarizes the properties of the transparency
windows available in the 0.1-10 THz frequency range. The
number of these windows decreases with the distance
d. For example, at 0.01 m distance, there are more than
15 of these windows in the THz Band and the first three
are 0.1-0.54 THz (B = 440 GHz), 0.57-0.72 THz (B =
150 GHz) and 0.78-0.93 THz (B = 190 GHz). At 1 m
distance there are only six windows left and these are the
windows represented in Table 1. These first three windows
are the only possibility for extending the communication
range as other three available windows are located in the
upper part of the THz Band, where the level of free-space
loss drastically impacts the communication over distances
greater than several millimeters. When going from 0.01 m
to 1 m, the bandwidth of the third window drastically
decreases, while the first and second windows remain
almost intact. The column referring to equivalent pulse
duration will be discussed later, to analyze the throughput
of width-adaptive pulse-based communications.

To illustrate the gain of using the first transparency win-
dow, the term 1/LpLsNp, is shown at a function of fre-
quency in Fig. 4 ford = 0.01,0.1,1m, T = 296 K and
1.8% concentration of water vapor. As one may observe, us-
ing the whole first transparency window, communication
distances of up to several centimeters might be achievable.
In what follows, we will explore this possibility in more
detail.

3.2. Signal-to-noise ratio versus distance

Independently of the modulation, one of the major fac-
tors affecting the achievable data rate is the SNR. In Fig. 5,
the SNRis illustrated as a function of distance for five chan-
nels in the first transparency window, 0.1-0.15 THz and
0.1-0.2 THz (50 GHz and 100 GHz sub-bands in the begin-
ning of the window), 0.44-0.54 and 0.49-0.54 THz (50 GHz
and 100 GHz sub-bands in the tail of the window) and the
whole window’s bandwidth 440 GHz assuming that the
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Table 1
Transparency windows at different distances.

Number Dist. (m) Freq. (THz) Width (GHz) Pulse (ps)
0.01 0.10-0.56 457 1.36

1 0.1 0.10-0.55 445 1.40
1 0.10-0.54 440 1.48
0.01 0.56-0.75 192 3.23

2 0.1 0.57-0.74 173 3.59
1 0.63-0.72 95 6.53
0.01 0.75-0.99 237 2.62

3 0.1 0.76-0.98 218 2.85
1 0.76-0.98 126 4.92
0.01 7.00-7.33 330 1.88

4 0.1 7.01-7.31 300 2.07
1 7.07-7.23 160 2.59
0.01 7.64-7.98 340 1.83

5 0.1 7.72-7.96 240 2.59
1 7.75-7.88 130 3.88
0.01 8.01-8.28 270 2.30

6 0.1 8.04-8.15 110 5.64
1 8.04-8.15 80 7.76

1/LpL 4Ny, psd., dB

S220 [T L

—240 [N NG
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=260 [T N T N s et .
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Fig.4. 1/LpLaNy for different distances d.
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Fig. 5. SNR for selected bandwidths in the first window.

water filling is used with a total power to distribute equal
to 26.5 nW. First of all, we see that communication ranges
of few centimeters can be achieved operating in the first
transparency window. When the whole window is used
the SNR drops below 10 dB at approximately 0.02 m. Fur-
ther, we see that there is a significant difference between

C, capacity, bits/s.

1x10"
1x10"2 Pt
Ix10™!
1x1010 = 0.10-0.54Thz
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o ||—— 0.49-0.54Tnz
1x10° H
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----- 0.10-0.15Thz
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d, distance, m.

Fig. 6. Capacity for selected bandwidths in the first window.

channels in the beginning of the window and at the end
of it. The reason is that the dominating effect of the free-
space propagation loss as the absorption loss and molec-
ular absorption noise provide rather limited contribution
to the SNR. In particular, using the 50 GHz channel in the
beginning of the band one could reach distances of up to
0.1 m while keeping the SNR higher than 10 dB and us-
ing extremely small energy. These results implies that one
could enable nanomachines communicating over signifi-
cantly larger distances enabling networking with micro-
and macro-devices.

3.3. Capacity versus distance

Under the common assumption that the transmitted
signal and the total noise are jointly Gaussian, the capac-
ity C of the transparency windows is estimated by using
the classic Shannon result

P(f)
Cd) = | 1 df, (9
@ fg@ ogz( +Lp(f,d>LA(f,d>NM(f,d>> V. ®

where B is the distance-dependent channel bandwidth, P
is the transmitted signal p.s.d., Lp is the free-space propa-
gation loss, and Ny, is the molecular absorption noise p.s.d.
Since we are concerned only with transparency windows
the effect of the absorption loss L, is negligible. Further,
the effect of thermal noise is also close to non-existent. In
all calculations, a standard environment has been assumed
(T =296 K, p = 760 mmHg, 1.8% of vapor molecules).

In Fig. 6, the channel capacity is shown as a function
of distance (in log-log scales) for five channels in the
first transparency window, 0.1-0.15 THz and 0.1-0.2 THz
(50 GHz and 100 GHz sub-bands in the beginning of
the window), 0.44-0.54 and 0.49-0.54 THz (50 GHz and
100 GHz sub-bands in the tail of the window) and the
whole window bandwidth 440 GHz assuming 26.5 nW
of total power. Recalling SNR results where SNR values
for the “best” 50 GHz channel in the beginning of the
window drops below 10 dB around d = 0.1 m, we limit
the maximum distance to 0.1 m. First of all, notice that
using the whole window bandwidth of 440 GHz one can
get extremely high capacity of few Tbps at relatively small
distances of up to few cm (around 2 Tbps at 0.01 m).
The latter is significantly better coverage compared to
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few millimeters reported in [6] for the whole 0.1-10 THz
range. The capacity of the channel is comparable to that
one obtained in [6] for the whole range (0.7-2 Tbps
vs. 1-5 Tbps). At the distance 0.02 m corresponding to
an SNR of 10 dB using the whole windows one obtains
approximately 0.7 Tbps.

Decreasing the channel bandwidth while using the total
power, larger distances are achievable at the expense of
smaller capacity. Recalling Fig. 5, the most efficient way
would be to use the channels in the beginning of the
window. Indeed, observing Fig. 6, we see that keeping
the channel bandwidth intact while moving them to the
tail of the window decreases the achievable distance by
more than 10 times. The same trend is observed for
channel capacity. First of all, as expected, 100 GHz channels
outperform 50 GHz sub-bands in both cases. Further, both
sub-bands in the beginning of the window outperform
their counterparts in the tail of the window. The difference
becomes bigger with the distance and could be as large
as several orders of magnitude. This effect is again due
to propagation loss with molecular absorption noise
providing insignificant impact. In absolute numbers all the
considered channels provide more than sufficient capacity
for transactional type of applications. The whole window of
440 GHz width as well as 50 GHz and 100 GHz channels in
the beginning of the window can also be used for extremely
rate demanding applications at distances of up to few
centimeters, e.g., exchange of data between cores in multi-
core processors or other computational components.

3.4. Trading-off capacity for distance

Discussing the results provided in Figs. 7 and 8, we
observed that decreasing the bandwidth of the channels,
while keeping the total power constant, leads to extended
coverage. The side effect is however the reduced channel
capacity. Here we will explore this trade-off in detail show-
ing that a very large communication range can be achieved.
With such a trade-off we explicitly target transactional
type of applications for which the requirements for ca-
pacity are not that high but the separation distance could
be substantial. This is especially important for nano- and
micro-world applications, where resource-constrained
end systems will not need to handle the information at
high rates anyway. Also, the larger communication range
is of higher importance in many applications of this type.

The SNR for 1, 10, 100 and 1000 MHz channels chosen
in the beginning of the window starting from 0.1 THz is
shown in Fig. 5. Using 10 dB as the lower limit we see that
distances from one up to few meters are reachable. The
corresponding capacities are illustrated in Fig. 8. Note that
the channel capacity is still sufficient for transactional type
of applications exchanging small amounts of data between
each other or with a gateway, e.g., environmental state ob-
servations like temperature, air condition, etc. In particu-
lar, for the 1 MHz channel one gets from 11 to 4 Mbps in
the range 0.1-10 m, while for the 1 GHz channel from 11 to
4 Gbps in-between 0.1-1 m. Recalling that the whole win-
dows’s bandwidth provides the rate of up to 2 Tbps for rel-
atively small distance (up to 0.02 m) we see that working
in the first window one may target applications with com-

SNR, dB
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Fig. 7. SNR for selected bandwidths near 0.1 THz.
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Fig. 8. Channel capacity for selected bandwidths near 0.1 THz.

pletely different rate and communication range require-
ments.

4. Achievable throughput and bit error rate

In this section we analyze the link throughout and the
Bit Error Rate (BER) of a simple pulse-based modulation
scheme for communication in the transparency windows.

4.1. Width-adaptive pulse-based On-Off Keying

The capacity analysis in the previous section provides
us an upper bound on throughput at a certain distance d. In
practice, the actual throughput of the channel also depends
on the chosen Modulation and Coding Scheme (MSC).
Due to performance and energy constrains for prospective
devices only extremely simple MSC could be applied to
nanonetworks.

In this paper we focus on a simple On-0Off Keying modu-
lation scheme built on top of a pulse-based communication
mechanism (see Fig. 9). In particular, the transmitter uses
a wide-band pulse of a certain duration At to represent a
logical 1 and keeps silent for the same amount of time to
represent a logical 0. The pulse duration At depends on
the channel bandwidth B, which on its turn depends on
the transmission distance d (see Table 1). There is also a
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Fig. 9. Anillustration of pulse-based On-Off Keying.

guard interval between symbols of duration v that depends
on the operating frequency f (a particular choice of the
sub-band in the THz Band) and may also depend on the
distance from the transmitter as discussed below. Such a
scheme allows us to use simple energy detectors in recep-
tion [8].

For this modulation, the raw throughput Ty is given by

1
At(B) +v(f,d)’

In what follows, we will concentrate on the channel
spanning the whole bandwidth of the first transparency
window, 0.1-0.54 THz. Due to this reason we will drop
dependence of B and f and use At and v(d) to denote the
pulse duration and inter-symbol interval, respectively.

Tr(B.f,d) = (10)

4.2. The impact of molecular absorption relaxation

We analyze next the impact of molecular absorption
on the transmission of pulses. When a simple energy de-
tector is used as a receiver, v can be made infinitesimally
small for relatively high SNR values (e.g., more than 10 dB)
by choosing a sufficiently small energy detection threshold
Pr. However, even when the signal amplitude gets smaller
and comparable to the noise, we can still correctly receive
transmitted symbols. The reason is that the molecular ab-
sorption noise gradually decrease after the pulse trans-
mission. That is, as long as we choose a proper value of
the inter-symbol interval v and proper energy detection
threshold Pr, we may still successfully receive the infor-
mation even when the SNR is small. Although under these
conditions it becomes difficult to distinguish signal from
the noise, we may still decide upon reception of 1 or 0
based on the mixture of signal and noise. Performing this
“noise-assisted” reception we may extend the communi-
cation range of nanomachines even further and keep non-
zero throughput at distances characterized by a low SNR.
We also expect that in this low-SNR regime the optimal
value of the energy detection threshold may also depend
on the distance.

In order to detect the mixture of noise and signal when
the SNR is low we have to allow for some time period be-
tween pulses for molecular relaxation, v. The molecular ab-
sorption noise relaxation time Ty is defined as the amount
of time required for excited molecules to reduce their am-
plitudes below 10%. According to [17,18], the relaxation
time Ty is at least 1 ps. Note that the precise data for our
conditions does not seems to be available. In general, the
relaxation time is a complex function of many parameters
and depends on the state of matter (increases as we go
from ice to liquid to vapor). In the vapor state, it decreases
with temperature as higher temperature causes additional

excitation adding to the background noise in the channel.
Thus, we will take 1 ps as a lower bound of the relaxation
time. We model the process of molecular relaxation using
exponentially decaying function in the form

R(f, t,d) = Rra(d)e™"", (11)

where Ry 4 is the noise amplitude at the end of pulse trans-
mission (we will consider this time instant as t = 0) at the
distance d, and y is the rate of molecular relaxation that
can be estimated using the molecular relaxation time Ty
(y ~2.303for Ty = 1psand y ~ 0.461 for Tz = 5 ps).

4.3. Received signal time-domain representation

To illustrate the effect of noise on the attenuated pulse
we approximate the noise structure in the time domain.
It is important to note that the form of the noise in the
time domain could hardly be recovered exactly due to the
absence of the phase spectrum. The task is then to find
time-domain representation of noise having a given power
spectrum. There are several techniques that can be ap-
plied to obtain the approximated form of the noise, e.g.,
Hermitian signal processing, conjugate approach, etc.; see
[19, pp. 11-13]. All these approaches are technically based
on the complex baseband inverse fast Fourier transform
(IFFT).

To obtain time-domain representation of the noise at a
certain distance, we first sample the noise power spectral
density with high frequency B = fi;1 — f;. The noise com-
ponent between f; and fi is approximately frequency-flat
and can be approximated by a cosine function with am-
plitude A; proportional to 4/2N;B. Further, observing that
the noise in transparency windows is characterized by very
low correlation between components on different frequen-
cies we represent components of the phase spectrum ¢;
using the uniform distribution between 0 and 277. The re-
sulting approximation of the noise in the time domain is
given by

N
N@©) =) Avcos@Qrfut + ¢n). (12)

n=1

where N is the number of samples.

Having the form of the noise and pulse in the time
domain we can illustrate the noise effect on a particu-
lar pulse shape. Fig. 10 shows a random realization of the
noise N, the attenuated pulse S and the received pattern
[S(t,d)+N(t, d)IR(f, t, d) at different distances d from the
transmitter, where R is the process of molecular relaxation;
see (11). In these illustrations we use the Gauss-shaped
pulse (half of the pulse is shown). However, in order to
put the power of the pulse into 0.1-0.54 THz transparency
window we will use a monocycle, a first derivative of the
Gaussian-shaped pulse. As one may observe the pulse gets
completely distorted by molecular noise at distances larger
than 0.06-0.07 m (the SNR is less than 1) and is almost dis-
torted when transmitted over 0.05 m (the SNR is around 1;
SNR values are presented in Fig. 5). Similar methodology
could be used to illustrate distortion of more complicated
pulses.
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Fig. 10. Example of time-domain behavior of the received signal.

4.4, Error probability

In order to obtain the bit error rate we consider a simple
energy detector (described in detail in [8]) as a receiver.
According to the energy detector, we get 1 as long as the
amount of the power received in At is greater than a
certain power threshold Pr.

Consider the bit stream at the input to the binary On-Off
encoder and assume that no channel coding is performed.
Observing transmissions of 1 and 0 in isolation we see that
the energy detection threshold provides no effect when 0 is
transmitted. In other words, Pr could be chosen arbitrarily
small (still higher than the background noise which is
neglected in this study). On the other hand when 1 is
transmitted Pr should be chosen such that the probability
that the received sum of power and noise is greater than
Pr is maximized. Working in time domain the probability
of incorrect reception of one is given by

At
p1e(d) =Pr {/ [S(t,d) + N(t, d))dt < PT(d)} . (13)
0

When the transmission of 0 and 1 is considered in iso-
lation (13) dictates to use the smallest possible value of Py
that is still higher than the background noise. In practice,
the molecular absorption noise generated in response to
the presence of energy (pulse) in the channel prohibits us
from using extremely small values of Pr. To demonstrate
it consider different tuples of binary input to the chan-
nel. We see that molecular absorption noise provides no
negative effect when tuples 11, 01 and 00 are transmitted.
However, when tuple 10 is transmitted the molecular ab-
sorption noise created by the preceding 1 may affect the
decision made for 0. The conditional probability of incor-
rect reception of 0 in a sequence 10 is then

v(f,d)+At

pioe(v, Pr,d) = Pr{/
v(f.d)

+N(t, d)IR(, t, d)dt < PT} ,

[S(t, d)

(14)

where we assume that the pulse ends at t = 0, v is the
inter-symbol interval, At is the duration of the symbol,
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R(f, t, d) is the molecular relaxation, S(t, d) and N(t, d) are
the pulse and noise at the distance d from the transmit-
ter, respectively. In what follows we investigate behavior
of these two metrics.

5. Numerical results

We perform numerical analysis of throughout and as-
sociated BER using the simulation study. The major point
of the study is the trade-off between correct reception of 1
(p1.e) and 0 (in the sequence 10, p1o g) caused by different
values of power detection threshold Pr and inter-symbol
time 7. Further, we are mainly interested in those regions
where the SNR is below than few decibels. In our analysis
we are mostly concentrated in qualitative results for low
values of SNR.

5.1. Bit error rate

Fig. 11 shows pyo ¢ for d = 0.05 m (SNR =~ 1 dB) and
d = 0.07 m (SNR < 1 dB) for relaxation time Tz = 5 ps as
a function of inter-symbol time interval v and power de-
tection threshold Tp. It is important to note that the val-
ues of Tp were chosen with respect to the mean attenuated
signal power at a certain distance, E[P] = - S2(t, dydt
starting from E[P]/5 up to E[P] with a step size of E[P]/5.
As one may observe, the probability of incorrect reception
of 0 after 1 decreases as a function of both inter-symbol in-
terval t and power detection threshold Tp. As we expected
the decrease of pyo ¢ is exponential in response to the in-
crease v while the corresponding decrease in throughput
is linear. The effect of Pr is also positive. As an example, for

= 0.8 ps changing the value of Tp from E[P]/5 to E[P]
results three orders of magnitude decrease in po . How-
ever, the latter effect cannot be considered in isolation ne-
glecting the probability of incorrect reception of 1 as the
increase in the energy detection threshold should nega-
tively affect pq g.

Since in a number of applications the nanomachines
are supposed to be extremely primitive and implement
no complex error correction algorithms, BER could be the
most important metric of interest. Fig. 12 shows p1o g, 1.k
and BER, pg, ford = 0.05 m, T = 5 ps and for few val-
ues of v and Pr. First of all, recall that v does not affect
p1.e implying that p; g is constant for any chosen value of v
(green line in Fig. 12(a)). Further, we see that considering
BER as the only metric of interest the inter-symbol interval
v plays a simple role as the minimum value of BER is ob-
tained by setting v to the biggest possible value and appro-
priately choosing the energy detection threshold, Pr. Note
that the value of Pr optimizing BER for a given v depends on
the distance between the transmitter and the receiver. For
d = 0.05,v = 1.2 ps, T = 5 ps this value is in-between
0.5 x E[P] and 0.6 x E[P].

5.2. Throughput

Recall that the value of the inter-symbol time inter-
val v affects not only the bit error probabilities consid-
ered in the previous subsection but the throughput of
the system as well. The raw throughput of the system
for several values of v (d 0.05 m,Tg = 5 ps) is
shown in Fig. 13(a). As expected the raw throughput lin-
early decreases in response to the linear increase in v.
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Fig. 13. System throughput as a function of v for d = 0.05.

Fig. 13(b) demonstrates the obtained throughput defined
as T(1 — pg), i.e., the fraction of bits that are correctly
received. Observing the data provided in Figs. 12 and 13
altogether there are a number of important observations.
First of all, having throughput as an ultimate metric of in-
terest we see that the inter-symbol interval v is indepen-
dent of d for small values of SNR. In fact, setting v = 0 ps
provides us with the best possible throughput if the value
of the energy detection threshold is set properly. In its
turn, the optimal value of P; does depend on the distance
and for d = 0.05 m it is approximately 0.8 x E[P]. For
other values of d the optimal value of Pr changes. From the
other hand, one may notice that the difference in through-
puts for different values of v is rather small. For example,
the maximum difference between inter-symbol intervals
v = 0.0 psand v = 1.2 ps is attained at P &~ 0.8 and is
approximately 23% (0.06 Thps).

We note that the results provided here are based on sev-
eral assumptions and approximations. Although they al-
lowed us to reveal a number of important trade-offs and
dependencies, in order to understand the behavior of the
optimal values of Pr for different d more complex models
of molecular absorption noise in power and time domain
are required. On top of this, analytical models can be fur-
ther used to describe the behavior of the system for a wider
range of input parameters.

6. Conclusion

In this paper, we advocated the use of transparency
windows in the THz Band to enable communications be-
tween nanomachines. When using these windows the
communication range of a single node significantly in-
creases as molecular absorption is close to non-existent.
In these windows the free-space propagation loss becomes
the dominating factor in channel characteristics. As a re-
sult, although there are a number of transparency windows
in the THz Band the one allowing us to achieve the larger
distances is the first one, 0.1-0.54 THz. We demonstrated
that using the nominal pulse energy of 0.1 aJ and one chan-
nel of 1 MHz width in this window one can achieve the
communication range of up to 15 m still providing re-
spectable capacity on the order of 4-11 Mbps. Increasing
the bandwidth of the channel in the transparency window
the coverage decreases but the capacity increases linearly.
Thus, depending on the needs of prospective applications

one could make a wise choice of parameters satisfying cov-
erage and capacity constraints.

By analyzing the throughput of the system for a simple
On-Off keying modulation built on top a width-adaptive
pulse-based scheme we demonstrated that reception is
possible even for small values of SNR (i dB) correspond-
ing to large distances (0.05 m for the 0.1-0.54 THz trans-
parency window). Both the inter-symbol time v and power
detection threshold Pr affect the bit error rate. Both of
these parameters decrease the probability of incorrect re-
ception of 0 after 1 while the latter also affects the uncondi-
tional probability of incorrect reception of 1. For a certain
distance d there is an optimal point corresponding to the
highest achievable system throughput and minimal BER.
In order to investigate the behavior of the optimal point in
more detail additional studies are needed.
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