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ABSTRACT Nano-networks are envisioned to allow several nanoscale devices to transmit and receive
information. One form of such networks is electromagnetic nano-networks working within the THz band.
However, high overall path loss and molecular noise experienced in the THz band, as well as limited
energy storage capabilities, restrict the communication range of nano-nodes and impact network efficiency.
Therefore, optimizing the nano-network resources is necessary. In this paper, we present an optimization
framework employing mixed-integer linear programming (MILP) to determine the most energy-efficient
routing, bandwidth, and sub-band allocation for each nano-node in an electromagnetic nano-network
operating within the THz band. Our model was tested for two different scenarios related to the priority of
energy saving. We also compare our proposed optimal bandwidth, routing, and sub-band allocation against
less complex designs where sub-bands with fixed bandwidth are employed in nano-nodes. Furthermore,
we investigate the impact of nano-node’s processing and sensing units on the overall network energy
consumption and the associated optimal bandwidth allocation and routing strategy. Given the considered
parameters and the model’s assumptions, the results show that using the optimal multi-hops paths with
higher bandwidth allocation for the considered sub-bands can be more energy efficient than sending
the traffic using a single hop and lower bandwidths, especially when the transmission power dominates
in the nano-network. On the other hand, when the processing and sensing unit’s energy consumption
is dominant, then single hop schemes with lower bandwidth allocation result in the minimum network
energy consumption. Finally, we discuss the limitations of the proposed energy-efficient strategies and
point toward possible future research directions to which the model can be adapted.

INDEX TERMS Nano-networks, terahertz band, channel capacity, energy efficiency.

I. INTRODUCTION

NANOCOMMUNICATIONS, a cutting-edge field
within the realm of nanotechnology, focuses on

researching methodologies that allow the transmission
of information at the nanoscale among devices and
structures ranging from one to a few hundred nanometers
in size. Unlike conventional communication systems, which
operate at larger scales, nano-communication harnesses
the unique properties of nanomaterials to enable data

exchange among nano-nodes. A nano-node is the smallest
component in a nano-network, and it may implement simple
computational, sensing, and/or actuating tasks at the nano-
level [1], [2]. A conceptual nano-node includes processing,
data storage, communication, power, sensing and actuation
units [3], [4], [5]. Due to their limited resources, nano-
nodes need to operate cooperatively within a nano-network
to perform more complex tasks and potential applications
in the industry (e.g., food and fluid quality control [6]),
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environment (e.g., air pollution control [7]), healthcare (e.g.,
drug delivery systems [8], health monitoring [9], [10]), and
military applications [11].
To enable such nano-networks, several commu-

nication paradigms, including electromagnetic (EM),
molecular, nanomechanical, and acoustic, have been
suggested [3], [12], [13]. The authors of [14] asserted that
electromagnetic (EM) and molecular communications hold
significant potential in terms of the utilization of EM waves
in the terahertz (THz) band and molecules as the means of
communication between nano-nodes. In this work, we focus
on THz band communications for nano-networks, which
are also known in the literature as wireless nano-networks
(WNNs) [15], [16]. Graphene-based THz nano-transceivers
were proposed in [17]. However, graphene-based nano-
antennas [18], [19], [20] operating in the 0.1 to 10 THz
band can be incorporated into nano-nodes because their
dimensions are just a few micrometers long [4] and a
few tens of nanometers broad. In addition, circuitry for
baseband processing, frequency conversion, filtering, and
power amplification was suggested to be included in the EM
transceivers in [3] to manage signals for the transmission or
reception for nano-node devices.
Although the terahertz band offers extensive bandwidth,

its high transmission losses [21], [22] coupled with the
limited energy of nano-nodes and molecular absorption [23]
severely restrict communication distances, making multi-hop
routing essential [24], [25]. The authors in [24] suggested a
routing framework for wireless nano-sensor networks using
a hierarchical cluster-based architecture to maximize the
throughput and save the average environmental energy har-
vested by the nano-sensors, where the nano-node adjusts its
transmitting power and use single-hop or multi-hop based on
the nano-sensor available energy and current load. To reduce
the computational complexity of nano-nodes, an energy-
efficient multi-hop routing protocol was suggested in [25],
which effectively restricts the coverage area for nano-nodes
and limits multi-hop forwarding. Different routing protocols
for WNN are discussed in [15], [26], [27], and [28], each
providing different perspectives and addressing a particular
issue in the nano-network.
With an emphasis on energy efficiency, the authors in [29]

optimized the joint nano-node association and resource
allocation in hierarchical nano-communication networks.
They provided an adaptive frequency selection and power
control strategy for nano-nodes to determine the optimal
frequency and transmit power. The authors in [30] developed
a multi-objective optimization problem for dynamic channel
allocation in THz-based nano-networks for high-resolution
plant monitoring, where each nano-node adjusts its frequency
based on the channel conditions to optimize the aggregated
channel capacity and minimize nano-node energy consump-
tion. Similarly, in [31], the overall network performance
was optimized by introducing a frequency selection strategy
for nano-devices based on the channel conditions. Different
frequency selection strategies were proposed in [32] for

nano-nodes in agricultural crop monitoring to respond to
varying moisture levels, increase the transmission capacity,
and reduce power usage. For the optimal utilization of
the THz band capacity, the authors of [33] recommended
simultaneous broadcasts to many nearby receivers using
the optimal channel bandwidth, which can serve as the
farthest receiver. They assumed that long-distance transmis-
sion utilized the centre of the higher channel bandwidth
window, whereas short-distance communication used the
sides without affecting long-distance receivers. However, this
study did not show the effect of using different channel
bandwidths on total nano-node energy consumption.
None of the above studies addressed multi-hop routing

with channel adaptations. Because of the limited energy
storage capability of nano-nodes [34], reducing energy con-
sumption will always be a subject of considerable interest,
which is our main objective. This is achieved through a multi-
faceted strategy, by jointly optimizing traffic routing and
dynamically adapting the sub-band bandwidth and allocation.
This model uses Mixed Integer Linear Programming (MILP)
and is solved using A Mathematical Programming Language
(AMPL) software and the COIN Branch and Cut (CBC)
solver.
The main contributions of this work can be summarized

as follows:

• We developed a joint routing, bandwidth and sub-
band allocation mathematical model using MILP to
minimize the total network energy consumption for a
nano-network in the THz band. To the best of our
knowledge, no previous study has addressed all the three
elements above jointly.

• We propose four different optimization strategies with
varying adaptability, complexity, and energy efficiency
levels and show at which scale each strategy is more
appropriate to adopt.

• We analytically investigated the impact of adding
processing/sensing units on the optimal routing, sub-
bands allocated bandwidth, and total nano-network
energy consumption.

The rest of this paper is organized as follows. Section II
briefly explains the terahertz band channel model in terms of
its propagation loss and noise. In Section III, we introduce
our mathematical model. In Section IV, we present our
results and analysis. Finally, we conclude the main findings
in Section V.

II. TERAHERTZ BAND CHANNEL MODELLING
The authors in [21] developed a propagation model for THz
EM communications over very short distances, considering
the combined effects of molecule absorption noise and path
losses. The total THz travelling wave path loss AT(f , d) can
be written as [21]:

AT(f , d) = Aspr(f , d) × Aabs(f , d) (1)
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where f is the transmitting frequency in Hz though the
distance d in meters. Aspr(f , d) represents the spreading loss
and is calculated using the free-space path loss formula [21]:

Aspr(f , d) =
(

4π fd

c0

)2

(2)

where c0 is the speed of light in the medium. Aabs(f , d) is
the molecular absorption due to excited molecules in the
medium, which absorbs a portion of the wave energy. The
analytical equation for molecular absorption loss can be
written as [21]:

Aabs(f , d) = 1

τ(f , d)
= eK(f )×d (3)

where τ(f , d) is the transmittance of the medium, K(f ) is the
medium absorption coefficient at the frequency f . Notably,
molecule absorption is a frequency-selective process. As a
result, the communication distance is reduced due to the
higher molecular absorption at some THz frequencies at long
distances. However, the molecular absorption is negligible
at transmission distances below a few tens of millimeters,
where Aabs ∼= 1 when d → 0 [4], [22], [35], [36].
In the THz band channel, absorption by molecules in the

medium not only attenuates the transmitted signal but also
introduces noise. Molecular noise is the primary source of
ambient noise in the THz channel [1], [37], [38]. Molecular
noise is generated when molecules vibrate internally due to
the incident wave and generate electromagnetic radiation at
the same frequency as the propagating wave. The total noise
power spectral density (PN) can be calculated as [21]:

PN(f , d) = kB × (
Tsys + Tmol(f , d) + Tother

)
(4)

where kB is the Boltzmann constant, Tmol is the molecular
noise temperature in Kelvin, Tsys is the system electron noise
temperature, and Tother refers to any other additional noise
source present in the medium. Tmol(f , d) at an omnidirec-
tional antenna can be represented as [21]:

Tmol(f , d) = T0

(
1 − e−K(f )×d )

(5)

where T0 is the reference temperature in Kelvin. When
the transmission distance is short, molecular noise tends to
disappear [4], [36], i.e., Tmol ∼= 0 as d → 0. PN increases
with an increase in the transmitting distance due to Tmol.
Overall, by carefully selecting the center frequency, sub-
bands bandwidth, and transmitting distance, we can mitigate
the impact of noise and improve the signal-to-noise ratio
(SNR) [30], [31], [32].

III. MILP MODEL OF ENERGY-EFFICIENCY
MANO-NETWORK
In this section, a mathematical model is developed to
optimize a nano-network, which is shown in Fig. 1. The
model is based on the following assumptions:

- A hierarchical cluster-based architecture [24], [29],
[39], [40] was considered, where the nano-sensors

FIGURE 1. Nano-nodes placement within a cluster of D_max = 70 mm.

were responsible for collecting data from the envi-
ronment. These nano-sensors typically have sensing
units and basic processing units to generate digital
data. Additionally, nano-relays assist in relaying data
across the network toward a single nano-router, which
aggregates the data and sends it to an external gateway.

- A cluster of |N| nano-nodes was randomly distributed
throughout the area of (Dmax × Dmax) meters. These
nano-nodes are classified as |S| nano-sensors, one nano-
router, and (|N| − |S| − 1) nano-relays.

- Each pair of nano-nodes can communicate over a certain
sub-band within the overall considered THz bandwidth.

- Each nano-node is equipped with a nano-processor,
THz nano-transceiver, nano-capacitor with an energy
harvesting unit, and a sensing unit for nano-sensors
[3], [4], [5].

- We considered the model presented in [21] as the basis
for calculating the channel capacity in our work.

A. MODEL DEFINITIONS
In this section, we defined the sets, parameters, and vari-
ables before introducing the main objective function and
constraints.

1) SETS

N Set of all nano-nodes in the cluster
S Subset of nano-sensors in the cluster
D Subset of the nano-routers, where

|D| = 1
R Subset of nano-relays in the cluster
W Set of the bandwidth’s options available

for the link between any pair of nano-
nodes, W = {1, 2, 3 . . . |W|}.

Fw Set of all sub-bands configured with
bandwidth option w ∈ W,Fw =
{1, 2, 3 . . .Fw|}.
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Fw Set of forbidden sub-bands configured
with bandwidth option w ∈ W, Fw =
{1, 2, 3 . . . |Fw|}.

Fw = Fw\ Fw Set of allowed sub-bands configured
with bandwidth option w ∈ W,Fw =
{1, 2, 3 . . . |Fw|}

2) PARAMETERS

Co Speed of light
BZ Boltzmann constant
T0 Reference temperature of the medium
DMs,d The demand between the nano-node s ∈ S and

the nano-node d ∈ R in bits
Xn The x-axis coordinates for nano-node n ∈ N in

meters
Yn The y-axis coordinates for nano-node n ∈ N in

meters
Dmax The maximum cluster transmitting distance in

meters
Di, j The distance between nano-node i ∈ N and j ∈

N in meters
PT Nano-nodes transmit power in Watts
PP Nano-processor processing power consumption

in watts
PSs Nano-sensor s ∈ S sensing power consumption

in watts
EC Energy storage capacity of the nano-capacitor

in joule
WM Maximum allowed sub-band bandwidth in

Hertz
BWw The bandwidth of the sub-band bandwidth

option w ∈ W in Hz, where

BWw = WM

2(|W|−w)
(6)

Fmin Minimum frequency within the considered THz
range in Hertz

Fmax Maximum frequency within the considered
THz range in Hertz

|Fw| Maximum number of sub-bands available for
bandwidth option w ∈ W, where

|Fw| = (fmax − fmin)

BWw
(7)

FCw,f The center frequency of sub-band f ∈ Fw∈W in
Hz, where

FCwf = f × Fmin + 0.5 × BWw (8)

TS The time between consecutive pulses in sec-
onds.

TPw Pulse duration in seconds when the bandwidth
option w ∈ W is used, where

TPw = 1

BWw
(9)

βw Pulse duration in seconds when the bandwidth
option w ∈ W is used, where

TPw = 1

BWw
(10)

EPw Energy per pulse in joule, where

EPw = PT × TPw (11)

PL w,f
i,j Free space propagation loss for the link (i, j)

between nano-node i ∈ N and nano-node j ∈
N using bandwidth option w ∈ W and centre
frequency FCwf , where

PLw,f
i,j =

(
4π × (FCwf + 0.5 × BWw) × Dij

C0

)2

(12)

PSDi,j Total noise power spectral density for the link
(i, j) Watt/Hz, which includes the molecular
absorption noise [21], [41] and system noise
as an additional thermal like factor [36].

SNR w,f
i,j Received SNR in nano-node j ∈ N for the link

(i, j) at the bandwidth option w ∈ W and sub-
band f ∈ Fw∈W , where

SNR w,f
i,j = PT(

PL w,f
i,j × BW

w
× PSDi,j

) (13)

C w,f
i,j The channel capacity for the link (i, j) at the

bandwidth option w ∈ W and sub-band f ∈
Fw∈W in bits/sec, where

C w,f
i,j = BWw × log2

(
1 + SNR w,f

i,j

)
(14)

M A large number (106), which is required to
convert the continuous traffic variable to its
binary version.

Pb The probability of sending ones
α Nano-nodes processing/sensing energy weight-

ing parameter
w1 Flow weighting parameter in the objective

function
w2 Energy consumption weighting parameter in

the objective function

3) VARIABLES

In this section, we discuss the optimization variables
employed in our model, as presented in Table 1.

ETi =
∑
j in N

∑
w in W

∑
f in Fw

[EPw × Pb+ (α × TS× (PP+ PSi∈S))] × δ
w,f
i,j

∀ i in S ∪ R, i �= j (15)

ERj =
∑
i in N

∑
w in W

∑
f in Fw

[EPw × 0.1 + (α × TS× PP)] × δ
w,f
i,j

∀ j in R ∪ D, i �= j (16)

To simplify the calculation of the channel capacity
parameter Cw,f

i,j , we make several assumptions: 1) The
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TABLE 1. Model optimization variables.

transmit power is fixed. 2) Our free space path loss
calculations were intentionally overestimated by consider-
ing the highest frequency within each sub-band, ensuring
that any small potential molecular absorption losses were
implicitly accounted for, especially for sub-bands with high
bandwidths. For sub-bands with small bandwidths, the set
|Fw| is introduced to prevent the model from selecting the
sub-bands where the total loss is higher than the free space
loss at the highest frequency within those sub-bands. 3) The
molecular absorption loss is negligible because of the short
distances and specific THz range considered. 4) Molecular
absorption noise that is considered for a certain sub-band
and a Dmax is the maximum molecular noise within the 0.1-
1 THz band, which is the overall frequency range assumed
in our model. We overestimate the molecular noise by
eliminating the effect of d and f on Tmol(f , d). This is
done by calculating the maximum Tmol(max)(fKmax , dmax) at
maximum Dmax and the frequency that gives the highest
K(f ). These assumptions will result in a slightly reduced
channel capacity to ensure a linear formulation for the
optimization problem.

B. MODEL CONSTRAINTS AND OBJECTIVES
The model is subject to some constraints, as shown below:

1) ROUTING CONSTRAINTS

∑
j∈N:i �=j

γ s d
i j −

∑
j∈N:i �=j

γ s d
j i =

⎧⎪⎨
⎪⎩
DMs,d if i = s

−DMs,d if i = d

0 otherwise

∀s ∈ S, ∀d ∈ D, i ∈ N (17)

Constrain (17) represents the flow conservation for the
traffic flow through the nano-network.

γ
s,d
i,j ≥ γ b s,d

i,j (18)

γ
s,d
i,j ≤ M × γ b s,d

i,j

∀s ∈ S, ∀d ∈ D, i ∈ N, j ∈ N : i �= j (19)∑
j∈N : i �=j

γ b s,d
i,j ≤1

∀s ∈ S, ∀d ∈ D, i ∈ N (20)

Constraints (18) and (19) generate a binary version of the
γ

s,d
i,j , where M is a sufficiently large unitless number to

ensure that γ b s,d
i,j = 1 when γ

s,d
i,j is greater than zero.

Constrain (20) ensures that traffic splitting is prevented for
each path between the source and the destination.∑

s∈S

∑
d∈D

γ
s,d
i,j ≥ λ i,j (21)

∑
s∈S

∑
d∈D

γ
s,d
i,j ≤ M× λ i,j

∀ i ∈ N, j ∈ N : i �= j (22)

Constraints (21) and (22) generate a binary version of the
total traffic flow in each link (i ∈ N j ∈ N), where M is
a sufficiently large unitless number to ensure that λ i,j =
1 when γ

s,d
i,j is greater than zero.
∑
s∈S

∑
d∈D

γ
s,d
i,j =

∑
w ∈ W

∑
f ∈ Fw

δ
w,f
i,j

∀i ∈ N, j ∈ N : i �= j (23)

δ
w,f
i,j ≥ δb w,f

i,j

∀i ∈ N, j ∈ N, w ∈ W, f ∈ Fw : i �= j (24)

δ
w,f
i,j ≤ M × δb w,f

i,j

∀i ∈ N, j ∈ N, w ∈ W, f ∈ Fw : i �= j (25)

Constraint (23) calculates the traffic in link (i ∈ N j ∈
N) given that the bandwidth option w ∈ W and sub-band
f ∈ Fw∈W are used for that link. Constraints (24) and (25)
generate a binary version of δ

w,f
i,j , where M is a sufficiently

large unitless number to ensure that δb w,f
i,j = 1 when δ

w,f
i,j

is greater than zero.

2) COMMUNICATION CONSTRAINTS∑
w ∈ W

∑
f ∈ Fw

δb w,f
i,j ≤ 1

∀i ∈ N, j ∈ N : i �= j (26)∑
i ∈ N

∑
j ∈ N : i �=j

δb w,f
i,j ≤ 1

∀ w ∈ W, f ∈ Fw (27)

Constraint (26) ensures that each link (i ∈ N j ∈ N)

selects one bandwidth option w ∈ W and one sub-band
f ∈ Fw∈W . Constraint (27) avoids frequency overlapping
when multiple nano-nodes use the same bandwidth option
w ∈ W to eliminate interference. These two constraints
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prevent any two nodes within the same cluster from selecting
the same channel bandwidth and central frequency. This
approach minimizes the chance of interference by effectively
managing the spectrum allocation among nodes, ensuring
that overlapping frequencies do not occur within the same
communication cluster.

γ
s,d
i,j = 0

∀s ∈ S, ∀d ∈ D, i ∈ N, j ∈ N : i �= j & j ∈ S (28)

γ
s,d
i,j = 0

∀s ∈ S, ∀d ∈ D, i ∈ N, j ∈ N : i �= j & i ∈ D (29)

Constraint (28) ensures that nano-sensors do not
receive traffic from any other nano-node in the network.
Constraint (29) ensures that the nano-router does not send
traffic to any other nano-nodes in the network.

λ i,j

TS
≤

⎛
⎝C w,f

i,j × δb w,f
i,j

βw

⎞
⎠

∀i ∈ N, j ∈ N, w ∈ W, f ∈ Fw : i �= j (30)

Constraint (23) ensures that the traffic in each link does not
exceed the link channel rate.

3) ENERGY CONSTRAINTS
(ETi + ERi) ≤ EC

∀ i ∈ N (31)

Constraint (31) ensures that the total energy for any nano-
node does not exceed the maximum energy stored in the
nano-capacitor of the nano-node.

4) OBJECTIVE FUNCTION

Finally, the objective function of the model is to minimize
the weighted sum of the total flow and total network energy
consumption as follows:

Minimise : w1 ×
⎛
⎝ ∑
s ∈ S

∑
d ∈ D

∑
i ∈ N

∑
j ∈ N

γ
s,d
i,j

⎞
⎠

+ w2 ×
⎛
⎝ ∑
i ∈ S∪R

ETi +
∑

j ∈ D∪R
ERj

⎞
⎠ (32)

where w1 and w2 are used as the magnitude and unit weights
to prioritise one part of the objective function over the other.

IV. RESULTS AND DISCUSSIONS
As mentioned, our model jointly optimizes the selected
bandwidth option, sub-band, and routing to minimize the
total energy consumption, which consists of the transmis-
sion/reception energy consumption and processing/sensing
energy consumption. The parameter values used are shown
in Table 2. We evaluated one nano-node cluster with different
cluster areas (1 mm× 1mm to 70 mm× 70 mm). This is to
analyse the impact of the distance between nano-nodes on
the optimal selection strategy for the sub-bands, as well as

their bandwidth and routing. The total evaluated bandwidth
ranges from 0.1 THz to 1 THz. The THz channel model
in [21], which assumes a 10% water vapor concentration
and medium temperature T = 296 K, was adopted to
calculate the total path loss and total noise in the THz band.
|W| = 5 as the maximum considered sub-channel bandwidth
is 100 GHz within the band of interest (0.1-1 THz) where
this band is chosen because it has small molecular losses as
mentioned in the paper. We selected five different bandwidth
options: 100, 50, 25, 12.5, and 6.25 GHz.
We consider a scenario that does not involve a high data

rate or high processing requirements, e.g., similar to the
work in [5], [42]. Therefore, the spreading factor ranges from
(200,000 to 12,500) depending on the assigned bandwidth
option. This means that, similar to the TS-OOK, the time
between pulses is much longer than the pulse duration. This
is more than the typical assumed values in the literature,
which are approximately 1000 [4], [35], [43]. However, this
is enough to pass data of 1/TS = 500 kbps which we
consider in this study. Only source nano-nodes (sensors)
have access to sensing units; therefore, the sensing energy
consumption is not calculated for the relay and router nano-
nodes. It is assumed that the symbol probabilities for logical
“1” s is 1, which means that we have considered the worst-
case scenario in terms of energy consumption.
The energy weighting parameter α is used to evaluate

the impact of the processing/sensing energy consumption
proportion on the overall optimal selection strategy. α = 0
means that the nano-node processing/sensing energy is
negligible compared to the transmitting/receiving energy, and
vice versa when α > 0. The model is sufficiently generic to
be adopted in other scenarios with different assumptions or
parameters. The α weight range is chosen as it covers the
case of negligible processing/sensing power consumption to
a value where this factor is mostly dominant compared to
communication power consumption.
The Dmax value was selected to assess the performance

of the analysed approaches over a relatively wide range of
distances. In addition, given the addressed node distribution,
the communication fails beyond Dmax = 70 mm. w1 and w2
are chosen to balance the two factors in the optimisation
function, which depends on all relevant parameters used in
that function. Next, we evaluate the model under different
assumptions regarding the objective function weighting
parameters w1 and w2.

A. LOW PRIORITY ENERGY SAVING MODEL (LPES)
In this section, we run the model with a lower priority for
the total energy consumption compared to the total network
flow, that is, w2 uses the smallest value in its range. This
case serves as a baseline to compare the energy savings
obtained if a higher priority is given to energy saving, i.e.,
keeping the nano-node ON for longer durations before the
need to recharge or go to sleep mode. We also set α = 0 to
focus on the impact of sub-band allocation and bandwidth
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FIGURE 2. Selected bandwidth option by nano-nodes at different D_ max using the
LPES model, where α = 0 and PT = 1μW .

strategy on transmitting/receiving energy consumption; later,
we will consider higher values of α.
To explain the behaviour of LPES model, we study the

optimal channel bandwidth selected by the link between each
pair of turned-on nano-nodes at different Dmax. Figure 2
shows that S1, the furthest nano-sensor from the nano-router,
has selected the highest channel bandwidth of 100 GHz and
uses single-hop transmission toward the destination up to
Dmax of 7 mm (i.e., when the cluster area is small (7 mm ×
7 mm). Then, a lower channel bandwidth is utilised until the
point where the lowest bandwidth of 6.25 GHz is selected at
Dmax is equal to 55 mm. S1 cannot send data using a single
hop through these long transmitting distances at these lower
bandwidths. Therefore, the model engages R30 to turn on
and works as a nano-relay for S1, i.e., switching to a multi-
hop transmission, resulting in an increase in total network
energy consumption. In this scenario, S1 regains its ability to
utilizes a higher channel bandwidth again to save energy by
decreasing TPw. However, this will not help in reducing the
overall energy consumption due to the multi-hops. Similarly,
S2 used R17 to route its traffic when Dmax increased to more
than 60 mm. In contrast, S3 utilised the highest channel
bandwidth, up to 18 mm rather than 7 mm, as in the S1 case,
because it is the nearest node to the destination compared
to all other nano-sensors.
These results show how our adaptive channel bandwidth

and dynamic channel allocation framework can optimally
assign a higher channel bandwidth at short transmission
distances to save energy. Increasing the transmitting distance,
i.e., cluster area, prompts nano-nodes to select a lower
bandwidth channel until a certain point where the lowest
bandwidth channel cannot be achieved because the channel
rate is less than the required data rate; at this point, the
traffic will be forwarded to its destination via a nano-relay.
The use of multi-hop rather than single-hop when increasing
the cluster area further supports the observation that due to

FIGURE 3. Selected bandwidth option by nano-nodes at different D_max using the
HPES model, where α = 0 and PT = 1μW .

the high spreading loss and absorption noise, the maximum
transmission range is severely constrained inside the THz
band [1], [53].

B. HIGHER PRIORITY ENERGY SAVING MODEL (HPES)
In this section, we run the model with a higher priority
for total energy consumption compared to the total network
flow, i.e., w2 uses the largest value in its range. Similar to
the LPES model, we set α = 0.

Figure 3 reveals that the HPES model tunes on a larger
number of nano-relays across most of the considered
cluster areas compared to LPES. This strategy reduces the
distance between pairs of communicating nano-nodes. The
smaller distances enable the nano-nodes to operate at higher
bandwidths and, hence, at the shortest possible pulse duration
TP_w which minimizes the overall energy consumption in
transmitting/receiving bits at levels not attainable by LPES.
Figure 3 clearly illustrates that no channel bandwidth

less than 25 GHz is selected using the HPES model
compared with the LPES model, which utilizes lower channel
bandwidth and hence a longer TP_w. For example, S1 has
used several nano-relays at different cluster areas, e.g., R20
when Dmax = 15 mm, and R29, R13, and R21 when Dmax =
70 mm. The optimal routing strategy for S1 in two different
cluster areas is shown in Fig. 4.
Regarding sub-band allocation, both the LPES and HPES

models select the available sub-band that has the lowest
central frequency to achieve the required data rate (refer
to (12), (13), and (14)). This selection aims to use the
highest available sub-band bandwidth option to minimize
the total network energy consumption. In summary, when
processing/sensing energy is not dominant, using nano-relays
is more energy efficient than sending directly when the
maximum cluster transmitting distance Dmax ≥ 15mm (given
the parameters used) to minimize the high propagation
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FIGURE 4. Network traffic flow at short and long transmitting distances using the
HPES model.

losses and molecular absorption noise at large distances, as
explained in Section II.

In Figure 5, we test the performance of the HPES under
25 different node location distributions at different Dmax
values and with α=0 and compare its energy consumption
with the node distribution case considered in the previous
sections. The results show that the total energy consumption
of the node distribution case considered in the previous
sections does not deviate by a high margin from the average
results for different node location distributions.

C. HPES FIXED VS ADAPTIVE SUB-BAND BANDWIDTHS
The requirement that nano-nodes have the ability to adapt
their selected sub-band bandwidth in HPES to save energy
consumption imposes a higher level of complexity in the
design of nano-nodes, where their limited size might pose
a challenge. In this section, we compare the performance

FIGURE 5. A comparison of the total network energy consumption for the HPES
model between the node distribution case considered in the previous sections versus
25 different node location distributions, where α = 0 and PT = 1μW.

FIGURE 6. A comparison of the total network energy consumption between five
different fixed bandwidth channels and our HPES model using 30 nano-nodes with 25
different node location distributions, where α = 0 and PT = 1μW .

of HPES to a simpler design approach in which each nano-
node is configured with a pre-determined fixed sub-band
bandwidth option [29]. This value was evaluated again at
α = 0.

Figure 6 shows that the average total energy consumption
for the HPES is lower than that of the other approaches
considered. In addition, selecting a higher fixed bandwidth
option, (e.g., 100 GHz), would consume less energy than a
smaller fixed bandwidth option, but it can only be used for
short distances, up to Dmax = 14 mm using the parameters
in Table 2. When the Dmax increases, selecting a higher
bandwidth is not optimal because the achieved channel rate
is less than the required data rate. Therefore, lower fixed
channel bandwidths should be used at longer distances, with
the price of consuming more energy due to the longer
pulse duration. These results hint toward a new optimization
problem in which the objective is to optimally match the
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TABLE 2. Units for magnetic properties.

sub-set of nano-nodes with fixed sub-band allocation and
bandwidth to enable end-to-end communication within the
nano-network.

D. THE IMPACT OF PROCESSING AND SENSING UNITS
In this section, we compare the LPES and HPES mod-
els against the following two fixed sub-band bandwidth
approaches: Fixed BW of 100 GHz (FBW100) and Fixed
BW of 6.25 GHz (FBW6.25). We consider two scenarios,
each with a different value of α (α = 0.01×10−3, and α =
1 × 10−3) to investigate the impact of adding process-
ing/sensing units on the overall network energy consumption.
Figure 7(a) shows the results when α = 0.01 × 10−3. We

observe that the FBW6.25 model consumes more energy
than the other three models because it utilises the longest
pulse duration. This is even though FBW6.25 uses a minimal
number of hops overall. On the other hand, FBW100 saves
energy compared with the FBW6.25 model due of the shorter
pulse durations. However, as the Dmax increases, the average
total network energy consumption for the FBW100 model
increases significantly because of the use of multi-hop rather
than single-hop, which leads to an increase in the average
total energy consumption. Moreover, the FBW100 model
is unable to serve the nano-sensors when the Dmax ≥
14 mm due to the higher propagation losses, which violate
constraint (19). The only possible solution is to increase the
nano-relay density to minimize the distance between them.
The HPES and LPES models show better overall

performance; they have almost similar average total energy
consumption at smaller Dmax values, as they follow almost

FIGURE 7. A comparison of the total network energy consumption at different
D_max between our LPES and HPES models with the FBW100 and FBW100 models
with 25 different node location distributions; when PT = 1μW and (a) α = 0.01×10−3,
and (b) α = 1×10−3.

similar bandwidth and sub-band allocations, i.e., a single hop
with a large bandwidth option. At higher values of Dmax, we
note again that HPES consumes lower average total energy
than LPES, because it uses a higher number of hops with
a larger bandwidth option than LPES. This saving occurs
despite the fact that more processing units are used in the
nano-relays because of the small value of α. For example,
when Dmax = 70 mm, the HPES model starts to turn on six
nano-relays and utilizes higher bandwidth options, whereas
the LPES model uses only two nano-relays with smaller
bandwidth options. Overall, and given the parameters in our
model, HPES can save energy up to 26% compared to LPES
when Dmax = 42 mm, and up to 19% at Dmax = 14 mm
compared to FBW100, and definitely even higher savings
compared to FBW6.25.
In the second scenario (α = 1 × 10−3), the nano-node

processing/sensing energy is not negligible, whereas multi-
hops are costly in terms of energy consumption. Therefore,
as shown in Fig. 7(b), the average total network energy
consumption for the HPES and LPES models are almost
identical, because both use single hops with lower bandwidth
options to minimize the energy consumption induced by
multi-hops. However, both the HPES and LPES models
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still saved energy compared with the FBW6.25 model,
where this energy saving decreased from 17.6% to 10%
by increasing D_max from 1 mm to 70 mm, respectively.
This implies that at a higher Dmax, using FBW6.25 is
almost optimal. Finally, the average total network energy
consumption for the FBW100 model is almost optimal at
smaller Dmax values, and it is the highest energy-consuming
approach at higher Dmax values because of the use of
multi-hops, which consume significant energy in nano-relay
processing units.
Finally, we discuss some limitations of our study. The

nano-router should be part of a larger-scale system with
access to sufficient energy and processing power to imple-
ment the model or heuristic version. The parameters and
optimal variables must be exchanged between the nano-
router and the other nano-nodes. This can be achieved
by dedicating one specific sub-band to this purpose or
using lower layer simple pulse-based communication, e.g.,
TS-OOK. As mentioned before, the fact that we require
nano-nodes to adapt to sub-band allocation and bandwidth
may be challenged by the small size of those nodes. One
remedy is to push the complexity to fewer nano-relays
and connect the nano-sensors to those relays using other
communication methods, e.g., pulse, pulse-based TS-OOK
using the full THz band or molecular communications.
The channel capacity model from [21], which we used
as the basis to calculating the channel capacity for the
links between nano-nodes, is an upper bound, which means
that any further noise present in the system will reduce
the overall communication distance. Similarly, higher water
vapor concentrations also limit the communication distance,
i.e., the range of Dmax values will be lower than what
we have considered in this work, and the impact of such
cases on routing, bandwidth and sub-band allocation warrants
further investigation. Our current model does not incorporate
blocking effects, where terahertz waves are highly sensitive
to physical obstructions [54]. Although we are aware of
these challenging aspects and assumptions of the envisioned
nano-nodes, we hope that providing such a mathematical
framework will contribute to a better understanding of the
impact of such assumptions on the overall performance of
nano-networks.

V. CONCLUSION
This paper introduces a MILP model to study the joint
optimization of the sub-band bandwidth and dynamic
channel allocation to minimize the energy consumption
of electromagnetic nano-networks in the THz band. We
compared four different strategies, one of which was the
most optimal strategy at all nano-network scales, whereas
the other three work differently at different nano-network
scales. Our results show that with a fixed number of nano-
nodes and a smaller network area, using sub-bands with
a large bandwidth is almost optimal, and vice versa for
larger network areas. This trend is mostly noticeable when

we include the extra energy consumption due to processing
and sensing units in the nano-nodes. Using the optimal
number of multi-hops with higher sub-band bandwidths can
be more energy efficient than sending traffic using a single
hop and lower bandwidth, especially when the transmission
power dominates in the nano-network. Moreover, the model
is flexible enough to account for other scenarios that we
did not consider in this work, e.g., hybrid and multi-band
nano-networks, which will be addressed in our future work.
In addition, we aim to extend our model to simulate a more
complex environment, e.g., intra-body nano communication,
to address challenges such as signal attenuation, further noise
sources, and dynamic changes within such environments.
This will enable the exploration of potential applications
in areas such as targeted drug delivery and bio-sensing.
Additionally, we plan to incorporate the movement of
nano-nodes into our model, moving beyond the limitations
of a static topology. This will provide a more realistic
representation of nano-networks and allow the investigation
of dynamic routing protocols. Furthermore, we will integrate
node/link failure and its impact on blocking, e.g., due to
the obstruction of signal propagation by obstacles within
the environment, leading to improved simulation accuracy.
To enhance the efficiency and adaptability of the model,
we will explore the development of a heuristic version or
the implementation of reinforcement learning techniques.
We believe that these advancements will pave the way for
a comprehensive and versatile simulation tool for nano-
communication networks.
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