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ABSTRACT
Electromagnetic-based Wireless NanoSensor Networks (EM-
WNSNs) operating in the TeraHertz (THz) band (0.1 THz–
10 THz) has been in focus recently because of potential ap-
plications in nano-scale scenarios. However, one major hur-
dle for advancing nano-scale communications is the lack of
suitable networking protocols to address current and future
needs of nanonetworks. Working together with routing that
finds the path from a source to destination, forwarding is a
networking task of sending a packet to the next-hop along its
path to the destination. While forwarding has been straight-
forward in traditional wired networks, forwarding schemes
now play a vital role in determining wireless network perfor-
mance. In this paper, we propose a channel-aware forward-
ing scheme and compare it against traditional forwarding
schemes for wireless sensor networks. To fit the peculiarity
of EM-WNSNs, the channel-aware forwarding scheme makes
forwarding decision considering the frequency selective pec-
ularities of the THz channel which are undesirable from a
networking perspective. It is shown through simulation that
the proposed channel-aware forwarding scheme outperforms
traditional forwarding schemes in terms of the end-to-end
capacity while maintaining comparable performance for de-
lay.
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Protocols—Routing protocols
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1. INTRODUCTION
Electromagnetic (EM)-based Wireless NanoSensor Networks
(EM-WNSNs) operating in the Terahertz (THz) band (0.1
THz to 10 THz) can be applied in various nano-scale sce-
narios, e.g. in-body health monitoring, agricultural plant
monitoring and military biochemical weapons monitoring.
Its operating frequency, the THz band, is theoretically able
to support extremely high bandwidth in the order of Tbps.
Nevertheless, communications on the THz band severely suf-
fer from the frequency selective path loss and noise due to
molecular absorption [10]. These are collectively referred to
as the frequency selective feature throughout this paper. For
now, frequency hopping strategies [1, 16] and transparency
windows [6] have been proposed to address the frequency
selective feature of the THz band.

Besides the frequency selective feature of the channel, nano-
networks are characterized by nodes with extremely limited
energy and compute resources owing to their physical di-
mensions. Consequently, the topology can be very dynamic
due to the constant on-off state transitions of the nanosen-
sors to conserve energy. Hence, rather than establishing and
maintaining the routing information as in conventional net-
work routing, a simple forwarding scheme that selects the
next hop based on the local decision of the node is preferred
for EM-WNSNs.

In this paper, classic multi-hop forwarding schemes, like the
nearest (hop) forwarding scheme, the longest (hop) forward-
ing scheme and the random (next-hop) forwarding scheme as
well as the single-hop end-to-end transmission are evaluated
in the context of EM-WNSNs. Classic forwarding schemes
do not take into consideration the peculiarities of the THz
communications which may limit the network performance.
Therefore, a novel channel-aware forwarding scheme is pro-
posed to overcome the frequency selective feature of the THz
band via judicious selection of the next-hop node.

The tradeoff to be made in the selection of the next hop
considers the balance between minimizing the frequency se-
lective feature and the hop count to reach the destination.
Taking advantage of the fact that the frequency selective
feature is dominant with larger distance between the sender
and receiver [10], a forwarding scheme that prioritises short-
distance transmissions can minimize or even avoid the in-
fluence of frequency selective feature. However, if nodes
consistently forward to the neighbours with shortest dis-
tance, the end-to-end hop count for the packet delivery will
be large and this adversely affect the end-to-end perfor-
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Figure 1: Total path loss in the THz band for trans-
mission distance d of 0.001 m, 0.01 m, 0.1 m and 1
m (“USA Model, Mean Latitude, Summer, H=0”)

mance [8, 17]. The proposed forwarding scheme is thus de-
signed to overcome both the THz frequency selective feature
and the multi-hop influence on network performance.

The rest of the paper is organized as follows. The back-
ground knowledge of EM-WNSNs and the related work on
existing forwarding schemes for traditional Wireless Sensor
Networks (WSNs) are reviewed in Section 2. The design
of the channel-aware forwarding scheme and the end-to-end
performance metrics are presented in Section 3. Numerical
results of the end-to-end performance evaluation are shown
and analyzed in Section 4. Conclusions are in Section 5.

2. BACKGROUND AND RELATED WORK
In this section, the background knowledge of the THz chan-
nel modelling for EM-WNSNs and the work related to ex-
isting forwarding schemes in both traditional WSNs and
nanonetworks are discussed.

2.1 Pecularities of the THz channel
In the THz band, the total path loss AT is the product of
the spread path loss AS and the molecular absorption loss
Aabs [10]. The path loss is a function of the transmission
distance d and the frequency f and is expressed as:

AT (f, d) = AS(f, d) ·Aabs(f, d) =

(
4πdf

c

)2

· ek(f)d (1)

where c is the speed of light 3 · 108 m/s, and k(f) is the
molecular absorption coefficient obtained from the HITRAN
(HIgh resolution TRANsmission) molecular absorption data-
base [4]. The total path loss AT as a function of THz fre-
quency are shown in Fig. 1. From Fig. 1 it can be seen that
the frequency selective feature is dominant for transmission
involving longer distances d.

The noise in the THz band is mainly primarily due to molec-
ular absorption noise Nabs. The power spectral density

(P.S.D.) ofNabs is given by Nabs(f, d) = kBT0

(
1− e−k(f)d

)
,

where kB is the Boltzmann constant and T0 is the reference
temperature 296K.

It is shown in [10] that the THz channel capacity can be
expressed as a summation of the capacity of each narrow
sub-channel, and the capacity of each narrow sub-channel is
given by Shannon’s channel capacity. This is achieved by
dividing the THz band into n sub-channels, and the THz

channel capacity is given by:

CTHz(d) =

n∑
i=1

B log2(1 + SNR(fi, d)) (2)

SNR(f, d) =
S(f)

AT (f, d)Nabs(f, d)
(3)

where n is the number of sub-channels, fi is the centre fre-
quency of the i-th sub-channel, S(f) is the P.S.D. of the
transmitted signal, and B is the bandwidth of each sub-
channel.

2.2 Forwarding in WSN
A significant amount of research on routing and forwarding
techniques for traditional WSNs started more than a decade
ago [3]. A recent survey on WSNs [14] and the references
contained therein show that new applications for WSNs are
constantly emerging providing motivation for more research.
To date, most rudimentary WSN data forwarding/relaying
schemes are distance related. E.g., in the nearest forward-
ing scheme, the relay node that is nearest to the sender will
be selected as the next hop. Conversely, the longest for-
warding scheme chooses the farthest relay node within the
transmission range as the next hop. For the random for-
warding scheme, the sender randomly selects a relay node
within its transmission range to forward data.

To improve robustness of WSNs, the routing algorithm pro-
posed in [7] is premised on the knowledge that the robust-
ness is related to the maximum load of any sensor in the
network, the transmission range and the energy consump-
tion. Using correlation analysis, the robust geographic rout-
ing algorithm that equally distributes the load among the
forwarding nodes is found to perform close to the optimal
robust algorithm. In comparison with other schemes, the ro-
bust geographic routing algorithm not only presents strong
robustness but also shows good scalability.

Another distance-based scheme, referred to as constrained
shortest-path energy-aware scheme [15], restricts the maxi-
mum transmission range between 100 m and 900 m, to min-
imize the energy consumption while maintaining good end-
to-end delay and throughput performance. A constraint
value that balances all the performance metrics is provided
without applying any optimization approaches.

2.3 Forwarding in EM-WNSN
In EM-WNSNs, there are two primary physical layer com-
munication technologies, namely molecular communications
and EM communications [2]. While WNSNs using molec-
ular communications has been actively researched on, until
recently, there is very limited work on forwarding schemes
for EM-WNSNs.

For nanonetworks, research on data forwarding is in progress
and there is insufficient research to support claims of efficacy
by adopting classic WSN forwarding schemes. While op-
portunistic routing has been applied in nanonetworks based
on molecular communications [11, 5], there is on-going de-
bate on how the complexity can be extrapolated in practice.
For EM-WNSNs, existing studies with data forwarding tech-
niques were primarily concerned with energy conservation.



In [12], a centralized forwarding scheme based on the multi-
hop decision algorithm is proposed. The choice between the
single-hop transmission and the multi-hop transmission is
determined based on the evaluation of energy saving prob-
ability via two parameters, namely the Critical Neighbour-
hood Range (CNR) and the Required Transmission Power
(RTP). For varying distance between the sender and the
sink, the multi-hop scheme obtains better performance. Nev-
ertheless, the maximum hop count of the multi-hop scheme
is constrained to two which immediately motivates the need
to extend the performance evaluation to consider greater
number of hops.

Addressing the pressing issue of energy consumption, two
energy-oriented forwarding schemes, namely, greedy energy-
harvesting aware and optimal energy-harvesting aware, are
proposed for nano-sensors moving uniformly in an environ-
ment mimicking human blood vessels [13]. The greedy energy-
harvesting scheme simply selects the neighbour with the
highest energy level to be the relay. Comparatively, the
optimal energy-harvesting scheme selects the node that can
maximize the network energy level to be the relay. These two
schemes show good performance compared with the simple
flooding scheme however the optimal scheme requires high
computational capacity.

2.4 Our focus and contribution
Most of the forwarding schemes for WSNs do not consider
the nano-scale characteristics of EM-WNSNs. Compared
to molecular communications, EM-based WNSNs received
relatively lesser attention. In view of this, we apply fun-
damental data forwarding approaches in WSN as starting
points for designing forwarding schemes for EM-WNSNs.
Unlike the forwarding schemes mentioned above, the novel
channel-aware forwarding scheme proposed in this paper is
the first to incorporate the peculiarities of THz band in mak-
ing forwarding decision to match the operating conditions of
EM-WNSNs.

3. DESIGN AND MODELLING
In this section, the design of the channel-aware forwarding
scheme proposed for EM-WNSNs is presented. We first state
the assumptions and describe the typical deployment sce-
nario. Finally, two metrics: (i) the end-to-end capacity and
(ii) the end-to-end delay, are presented to compare the per-
formance of our proposed channel-aware forwarding scheme
with traditional WSN forwarding schemes.

We rely on four simplifying assumptions to design a forward-
ing scheme for nanonetworks. (i) The locations of nanosen-
sors are known by the nano sink. (ii) The nano sink is re-
sponsible for the centralized operations, e.g. determining
the potential relay nodes of the sender when the sender in-
tends to transmit. (iii) All the nanosensors have sufficient
energy to relay data. (iv) It is assumed that there is no
contention or collision and hence no retransmissions, which
is a reasonable assumption with TS-OOK [9].

3.1 Channel-aware Forwarding
A channel-aware forwarding scheme is designed to make sure
the data will not be forwarded to the relay node located:
(i) in the long-distance region that is adversely affected by

the frequency selective feature and (ii) in the short-distance
region that will result in an unnecessarily large hop count.

For the node attempting to transmit, all the relay nodes
within its transmission range are allocated with a distance-
based selection index IS in Eqn. (4) by the nano-sink with
sufficient energy and computation capacity, after which the
relay node with the highest IS will be chosen as the next-hop
relay. The selection index is given by:

IS = IPri − IPen, (4)

whereby

IPri = 10 log10

(
CTHz

CRef

)
, IPen =

1√
d+ w

(5)

where d is the distance (in meters), w is the tuning factor
of penalty index subject to {w : 0 ≤ w ≤ 1}, CTHz is the
THz channel capacity given by (2), and CRef is the reference
channel capacity (neglecting molecular absorption) given by:

CRef (d) =

n∑
i=1

B log2(1 + SNRRef (fi, d)) (6)

SNRRef (f, d) =
S(f)

Aspread(f, d)N0
(7)

where fi is the center frequency of the i-th sub-channel, B
is the bandwidth of each sub-channel, and N0 is the mini-
mum value of Nabs over the frequency band representing the
constant noise P.S.D for the bandwidth B.

The index IS is designed to penalise selecting distant nodes
since that would result in higher path loss while IPen is
designed to avoid the large hop count for repeatedly choosing
short-distance transmission. The nearer the relay node is
located, the larger the value of IPen will be, which leads to
the decrease of IS . It is tuneable via changing the value of
w. Due to the distance-dependent frequency selective losses
of the THz band, the farther the relay node is located, the
more the THz channel capacity CTHz will decrease than the
reference channel capacity CRef . Therefore, the value of

(
CTHz

CRef
) decreases leading to the decrease of IS .

3.2 End-to-end Performance Modelling
Due to interference, the channel capacity experiences a cer-
tain amount of loss at each hop towards the sink [8, 17]. A
simple end-to-end capacity model Ce2e in Eqn. (8) is pro-
posed to measure the reduced capacity due to losses incurred
at each hop en-route to the sink. In this model, the impact
of interference on the per-hop capacity loss is is a function of
the average relative distance dAV G between adjacent nodes
given by 1

N

∑N
i=1 di, with di denoting the distance between

the sender and receiver nodes of the i-th hop. Specifically, if
dAV G is short, which means a dense network, the overall in-
terference from other nodes at each hop is high. Conversely,
in a network with low node density (large dAV G value), the
overall interference at each hop is low. The end-to-end ca-
pacity is expressed as:

Ce2e = CI (1− FAV G)N , (8)

where CI is the channel capacity contributed by the first
hop, N is the hop count determined by the forwarding scheme



(a) Uniform node placement

(b) Random node placement

Figure 2: Topology of a string network with 10 relay
nodes: (a) uniformly placed (b) randomly placed
between the source and the sink. The red node (on
the leftmost) represents the source node. The blue
node (on the rightmost) represents the sink node.
The grey nodes represent the relay nodes.

and FAV G is the average capacity loss factor per hop. The
value of FAV G is calculated as follows:

FAV G = F

(
do − dAV G

do

)
, (9)

where F is the capacity loss factor and do is a constant
denoting the reference distance from source-to-sink.

The end-to-end delay Te2e is modelled assuming the absence
of collision and channel contention and is indicative of the
delay incurred with different forwarding schemes, as follows:

Te2e = NTdata + T o
prop

N∑
i=1

(
di
d0

)
(10)

where Tdata is the packet transmission time, T o
prop is the

source-to-sink propagation delay, di is the i-th hop distance,
and N is the total hop count. The first term in Eqn. (10)
expresses the processing delay at each of the N hops while
the second term expresses the propagation delay.

4. NUMERICAL RESULTS
In this section, the end-to-end performance of the forwarding
schemes is evaluated and analyzed. Results in the figures are
evaluated at discrete points with connecting lines to improve
presentation.

4.1 Simulation Setup
A 1-m-long string network shown in Fig. 2 is used for the
performance evaluation. The number of relay nodes varies
from 5 to 50 with a step of 5 to form networks with different
node densities. Relay nodes are firstly uniformly placed and
then randomly placed between the source and the sink. All
the nodes are assumed to be within the transmission range of
one another and have enough energy to perform the packet
forwarding. For this network the longest distance between
two nodes is 1 m. As in [6], the 100-fs-long Gaussian pulse
with 0.1 aJ energy is transmitted over the entire THz band
(0.1 THz — 10 THz). A packet consisting of 200 bits is
transmitted from the source to the sink. The reference ca-
pacity loss factor F in Eqn. (9) is set to 0.4 while the tuning
factor w in Eqn. (5) is set to 1.2× 10−2.

For each number of relay nodes from 5 to 50 with a step
of 5, the simulation is repeated 200 times. Each iteration
accounts for a different set of forwarding decisions of the
random forwarding scheme, and a different topology of the
network with randomly placed relay nodes. The results with

random characteristics given by both the random forward-
ing scheme and the random node placement change are pre-
sented with 95% confidence intervals.

For the performance comparison, firstly, the end-to-end per-
formance is evaluated over different node densities (given by
number of relay nodes) in channels with fixed water vapour
content. The second set of simulations evaluate the end-to-
end performance as a function of increasing water vapour
content.

4.2 Performance Evaluation and Analysis
In this section, the proposed channel-aware forwarding scheme
is compared against the four classic forwarding schemes on
the basis of the metrics established earlier in Section 3.2.

4.2.1 Varying node densities
For a channel containing 10% H2O, the end-to-end capac-
ity and delay of forwarding schemes are presented over an
increasing number of relay nodes in Fig. 3 and Fig. 4 for
the uniform/random node placement respectively. The pro-
posed channel-aware forwarding scheme shows the highest
end-to-end capacity and avoids huge end-to-end delay, thus
meeting the goal of the design. The proposed scheme makes
forwarding decisions based on IS therefore the forwarders se-
lected are mostly close to the ideal relay located at a distance
that generates an IS of 1. This decision balances hop count
and capacity, which makes the per-hop forwarding distance
relatively deterministic. The denser the network is, the more
likely a relay node appears on the ideal distance, leading to a
more deterministic per-hop forwarding distance. As a result,
the end-to-end performance of the proposed scheme tends to
be stable with increasing node density.

The simplest scheme, which is the single-hop transmission,
shows the best delay performance but the channel capacity
is restricted by the frequency selective effect. Multi-hop for-
warding schemes show better capacity performance than the
single-hop transmission in low-density networks but tradeoff
delay for this improvement. Comparatively, the proposed
scheme shows desirable capacity performance while main-
taining low delay even in high-density networks. Compared
with the single-hop transmission, the proposed scheme in-
creases the end-to-end capacity by 1379.27%/1221.21% and
introduces 0.018%/0.016% extra end-to-end delay for the
uniform/random node placement.

The longest forwarding scheme have similar performance
as single-hop transmission. The longest forwarding scheme
only experiences two hops to reach the sink hence the end-to-
end delay is low. However, the long transmission distance
of the first hop penalizes the capacity. As the node den-
sity increases, the first-hop transmission distance tends to
be longer, meanwhile, the per-hop capacity loss gets larger,
therefore the end-to-end capacity of the longest scheme grad-
ually gets inferior to that of the single-hop transmission.

The nearest forwarding scheme is highly dependent of the
node density of the network. It exhibits high end-to-end ca-
pacity only when the node density is low (e.g. the network
with 5, 10 and 15 relay nodes) contributed by two factors: (i)
the short distance transmission that indicates high capacity
and (ii) relatively small hop count. When the node den-
sity increases, the benefit of shorter transmission distance
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Figure 3: End-to-end performance for uniform node placement in the channel with 10% H2O
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(b) End-to-end delay

Figure 4: End-to-end performance for random node placement in the channel with 10% H2O
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Figure 5: End-to-end performance for uniform node placement in the channel with 1%—50% H2O
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Figure 6: End-to-end performance for random node placement in the channel with 1%—50% H2O

no longer offsets the detriment attributed to the larger hop
count and the larger per-hop capacity loss given by Eqn. (9).
Therefore, the end-to-end performance of capacity and delay
both tend to be worse with increasing node density.

The random scheme selects different combinations of for-
warding nodes. Results for the random scheme are presented
as an average of 200 iterations. It is observed that the ran-
dom scheme records higher hop count compared to our pro-



posed scheme. This is because the denser the network is, the
higher the expectation of residual hops would be, leading to
higher end-to-end delay. Moreover, the end-to-end capacity
and delay curves are sandwiched approximately between the
nearest scheme and the longest scheme. This is due to the
fact that the probability of consistently selecting the nearest
node or the farthest node is low. Thus, it has a smaller hop
count than the nearest scheme and higher per-hop capacity
than the longest scheme.

4.2.2 Varying H2O percentage
The results of averaged end-to-end performance over an in-
creasing percentage of H2O are shown in Fig. 5 and Fig. 6
for the uniform/random node placement respectively. Over-
all, the end-to-end capacity of all schemes decrease when
the channel has higher H2O content. For most schemes, the
end-to-end delay is propotional to the hop count determined
by specific forwarding schemes and is not directly influenced
by the H2O content. However, this must be interpreted with
the assumption that no collisions or retransmissions occur.

In terms of the end-to-end capacity, all the multi-hop for-
warding schemes except the longest scheme outperform the
single-hop transmission which is strongly affected by the
frequency selective feature. Our proposed scheme shows
the best end-to-end capacity performance with slightly de-
creased end-to-end delay over the increasing amount of H2O.
It can be inferred that the end-to-end delay serves as a trade-
off for the end-to-end capacity. Different forwarding schemes
take advantage of this tradeoff in different levels based on
their forwarding mechanisms.

5. CONCLUSIONS
In this paper, classic multi-hop forwarding schemes and single-
hop end-to-end transmission are applied in EM-WNSNs. A
novel channel-aware forwarding scheme, which provides a so-
lution to the THz frequency selective feature from the per-
spective of networking, is proposed for EM-WNSNs. The
proposed forwarding scheme is designed to achieve high chan-
nel capacity meanwhile avoiding large hop counts. Focus-
ing on the end-to-end performance, end-to-end capacity and
end-to-end delay are the selected metrics for evaluating the
performance of all the forwarding schemes. In compari-
son with other schemes, the results show that the proposed
channel-aware forwarding scheme ensures high end-to-end
capacity while maintaining acceptable end-to-end delay for
networks with different node densities and channel environ-
ments containing different percentages of H2O.
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