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In this letter, we investigate the bit error rate (BER) performance of a cooperative relaying transmission scheme for wireless nanosensor networks in 

the Terahertz (THz) Band. We consider nanosensor networks comprising several graphene-based devices deployed at the nanoscale. Both amplify-

and-forward (AF) and decode-and-forward (DF) relaying modes are studied. We consider a line-of-sight (LOS) channel model in the THz band 

which takes into account both spreading loss and molecular absorption loss. Given the high path loss and level of noise from significant random 

fluctuations through the THz channel, relay assisted schemes offer advantages in terms of significant performance improvements. To quantify the 

likely benefits, we derive the predicted bit error rate (BER) of the proposed scheme. We conduct a simulation of the proposed relay schemes based 

on the THz LOS channel model utilizing a Monte-Carlo method. The results obtained show that a performance improvement of 2.2 dB for AF and 

of 5 dB for DF is achievable at a target bit error rate (BER) of 10-5. 

1. Introduction: Nanotechnology is expected to advance the 

continuing technological revolution driven by engineering and science 

in many fields.  Novel devices at the nanoscale provide an opportunity 

to equip any environment or set of objects with a plethora of 

molecular-scale sensors. Recent developments in nanoscale sensors 

have led to increasing interest in the interconnection of such devices 

with established macroscale networks to form the Internet of Nano-

things (IoNT) [1]. In an IoNT system, a number of nanosensors 

equipped with fundamental computing and communication abilities 

can be distributed in the environment for data processing and 

exchange in the monitoring system [2, 3]. As the size of such 

nanosensors is estimated to be in the range of approximately hundreds 

of nanometres to tens of micrometres, the application potential of a 

single nanosensor is quite limited [3]. However, communication 

among nanosensors is capable of expanding their abilities to 

accomplish considerably more complex tasks. The connected 

nanosensor network will enable the application of the IoNT in 

healthcare, military and environmental applications [3, 4].To realize 

these envisioned nanosensor networks, electromagnetic (EM) 

communication in the THz band is one of the promising paradigms. 

Recent advanced materials such as the carbon nanotube (CNT) and 

graphene have opened the door to the manufacturing of vital 

components for nanosensors [5-8]. In this letter, we consider the 

performance of graphene-based EM nanosensor networks.  One of the 

advantage of graphene-based devices is that they enable operation in 

the frequency range of 0.1THz-10.0 THz (the target THz band) at the 

nanoscale [5]. However, the most important characteristic of the THz 

channel is the high path loss and noise due to the molecular absorption 

of EM waves [9]. Moreover, the resulting noise is frequency selective, 

which makes the channel depart significantly from the ideal flat band 

and greatly decreases transmission performance and subsequently the 

transmission distance. These are the main bottlenecks that limit the 

application of THz communications at the nanoscale. In traditional 

EM communications, cooperative diversity has been introduced as a 

way to achieve significant data transmission performance 

improvements [10].The proposed relay-assisted transmission scheme 

in the THz band thus seems a promising approach to overcome the 

channel limitations resulting in significant transmission performance 

improvements. This  letter investigates for the first time a possible 

configuration for a nanoscale THz relaying scheme.  

 

2. THz Propagation Channel Model: As an EM wave propagates, 

its power reduces as the channel is traversed due to path loss and 

noise. In the THz channel, molecular absorption is the most important 

factor which introduces path loss and random noise. In this letter, the 

propagation model used in the THz band is [9, 11] , 
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where 𝑃𝐿𝑠𝑝𝑟𝑒𝑎𝑑 refers to the free space spreading loss and 𝑃𝐿𝑎𝑏𝑠 

represents the molecular absorption loss. The spreading loss can be 

obtained based on the Friis equation as:  
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where 𝑓 is the frequency, 𝑑 is the transmission distance and 𝑐 is the 

speed of light in a vacuum.  

The absorption loss is caused by molecular absorption and is 

determined by the transmittance of the medium 𝜏. According to the 

Beer-Lambert law, we have: 
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where 𝑘(𝑓) is the absorption coefficient of the transmission medium 

i.e. air [9].  Moreover,    
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where 𝑝 is the system pressure, 𝑝0 is the reference pressure, 𝑇𝑆𝑇𝑃  

represents the standard temperature, 𝑄𝑞 refers to the number of 

molecules per unit volume of gas q and 𝜎𝑞 is the absorption cross-

section of gas 𝑞. More details are given by Jornet and Akyildiz [9]. 
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    The impulse response of the THz channel is therefore the inverse 

Fourier transformation of the channel frequency response, 
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where 𝑡𝑝 = 𝑑/𝑐 is the arrival time of the EM wave.  

Considering the energy dissipation and transceiver complexity for 

nanoscale communication systems, differential binary phase shift 

keying (DBPSK) modulation was used as the channel access scheme 

due to its low energy consumption and non-coherent demodulation 

process [12]. 

 

3. System Model: The relay model for nanoscale communications in 

the THz band under consideration is a single relay system with one 

source, one relay and one destination. As shown in Fig.1, S is the 

source node which transmits information both to the destination node 

D directly and via the relay node R, which assists the information 

transmission via the S to R and R to D links over the same THz band.  

The system models based on Amplify and Forward (AF) and Decode 

and Forward (DF) relaying are introduced in the following 

paragraphs. 

 

S D

R

THz Channel: HSD

xs ySD
 

 

 

Fig. 1 System model of single relay assisted data transmission in the 

THz band at the nanoscale 

 

3.1. AF Relaying: Here, the transmission process can be divided into 

two steps. First, the source node broadcasts its signal 𝑥𝑆 to destination 

and the relay node simultaneously in the first step. Therefore, the 

received signal at the relay node is given by [10] : 
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While the received signal at the destination node is: 
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where 𝑃𝑆 is the transmitted power from the source, h represents the 

corresponding channel gain of the two paths, 𝑛𝑆,𝑅 and 𝑛𝑆,𝐷 are the 

noise within the source to relay and source to destination paths 

respectively.  The molecular absorption noise is considered as the 

main noise factor within the THz propagation channel. According to 

[13, 14], the absorption noise is given by:  
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where 𝑘𝐵 refers to the Boltzmann constant. As communications 

among different nodes are operated in the same frequency band, we 

assume that the absorption noise within the three channels S to R, R to 

D and S to D are independent instantly  of the same distribution. 

Interference occurs when symbols arrive at the destination from 

different nanosensors concurrently and overlap. According to [15], the 

overall interference can be modelled as a Gaussian distribution, which 

gives,  
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  (12) 

 
where 𝑈 is the number of nanosensors, 𝐴𝑢 is the amplitude of signal 

transmitted from 𝑢 to destination, 𝑁 refers to the channel noise power 

from nanosensors to destination. 𝑃(𝑥1) refers to the probability of 

sending a pulse. 𝛽 is the ratio of symbol duration and pulse duration, 

for DBPSK in this letter we set it to 1.  

Therefore, the total noise and interference is  
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During the next step, the received signal at the relay i.e. 𝑦𝑆,𝐷 is 

amplified with gain 𝛽, in order to comply with the relay power 

constraint, the amplifying gain should satisfy [10]: 
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As may be seen from (14), the amplification gain depends on the THz 

channel gain from source to relay, the source power and the noise 

power. Therefore, the received signal at the relay is now amplified to 

be: 
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As a result, the received signal from relay at destination is: 
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where the power of the transmitted signal from relay is 𝑃𝑟 and is equal 

to 𝑃𝑠 . 

    The signal from the source 𝑦𝑆,𝐷 is then combined with the signal 

from the relay 𝑦𝑅,𝐷 at destination, to obtain,  
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where 𝑎1 and 𝑎2 are the parameters when we use the maximal ratio 

combining (MRC) method to combine the two received signals so as 

to achieve a maximized signal-to-interference-noise ratio (SINR) at 

the destination.  

As was mentioned previously, we assume that the absorption noise 

within the three channels follows the same distribution, therefore, the 

two signals at the destination are affected equally by the channel noise 

𝑛 with a power density of 𝑁. In this case, the combined signal at the 

destination can also be expressed as: 

 

 

2

1

i i

i

ij
y ye







   (18) 

 
where 𝑦𝑖 = ℎ𝑖𝑒𝑗∅𝑖𝑥𝑖 + 𝑛 and 𝛼𝑖 represents the MRC coefficients. 

The MRC output SINR of (14) is given by: 
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This can be maximized by using the Cauchy-Schwartz inequality, 
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the maximal SINR in (19) can be obtained when the equality of (20) is 

achieved by making  

 

 
i

i

N

h
    (21) 

 
    By Substituting (8) and (12) into (13), we obtain: 
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where 𝑛𝑆,𝐷 = 𝑛𝑆,𝑅 = 𝑛𝑅,𝐷 with the same noise power density, i.e. 

𝑁𝑆,𝐷 = 𝑁𝑆,𝑅 = 𝑁𝑅,𝐷.  

    To achieve the maximal SINR, the optimal values of the parameters 

in (18) are designed similarly to [16] as: 
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where  ℎ∗  represents the complex conjugate of ℎ; this is designed to 

make the two received signals equal.  

    The corresponding MRC output SINR at the destination for the 

system is given by [17] :  
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For AF model, the SINR expressions for the two paths are:  
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3.2. DF Relaying: In this case, the relay decodes (demodulates) the 

received signal from the source node and then forwards the encoded 

(modulated) signal to destination. The received signal at the 

destination after DF relaying is therefore [18]: 
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This signal is then combined with the direct signal from the source 

node at the destination which gives: 
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𝑏1 and 𝑏2 are the relevant MRC optimal parameters given as 
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Recalling equation (29), in DF model SINR for the two paths can be 

calculated as: 
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4. Simulation Results: The simulations were conducted using 

DBPSK modulation to access the single AF and DF THz channel. The 

channel gain is based on the THz LOS channel model. For a target 

minimum error probability of 10-5, Monte-Carlo simulations were 

implemented. For simplicity, no channel codes were used to encode 

the raw data in either relaying case meaning that the decoding process 

was therefore simply demodulation. Figure 2 shows the simulated bit 

error rate (BER) performance of the two relay schemes compared with 

direct transmission without a relay. In the figure, we plot the BER of 

AF and DF relay protocols as a function of Eb/N0 and it can clearly be 

seen that both AF and DF relay assisted transmission have improved 

the BER performance significantly. Moreover, DF has much better 

performance than AF in line with expectations based on established 

cooperative communications principles. The relaying gain at 10-5 is 

approximately 2.2 dB for AF and 5 dB for DF. The extra 2.8 dB 

represent the benefit for the complexity of DF compared to AF.  

  

 

Fig. 2 BER against Eb/No simulation results of AF, DF and direct 

data transmission over the THz band. 

 

5. Conclusions: In this letter, a single relay assisted communication 

scheme in THz band for nanoscale networks has been introduced. Both 

AF and DF relays are studied in the THz channel employing DBPSK 

modulation to reduce the complexity and lower the power dissipation in 

the system. The simulation results have shown that relay assisted 

transmission provides significant improvement over the original direct 

transmission. The application of the DF scheme provides better 

performance than that of AF because the latter not only amplifies the 

signal but also the noise in the channel. Given the energy and 

transceiver limitations for nanoscale operation, we have not considered 

any channel coding in this first investigation. Furthermore, due to the 

complexity of the system at the nanoscale we only considered the single 

relay scheme in this letter; channel coding and multi-hop schemes are 
the subjects of ongoing study. 

 

6. References:  

[1] S. Balasubramaniam and J. Kangasharju, "Realizing the Internet of 

Nano Things: Challenges, Solutions, and Applications," Computer, 
vol. 46, no. 2, pp. 62-68, 2013. 

[2] I. F. Akyildiz and J. M. Jornet, "The Internet of nano-things," 

Wireless Communications, IEEE, vol. 17, no. 6, pp. 58-63, 2010. 
[3] I. F. Akyildiz and J. M. Jornet, "Electromagnetic wireless 

nanosensor networks," Nano Communication Networks, vol. 1, no. 

1, pp. 3-19, 2010. 
[4] Y. Ke, A. Pellegrini, M. O. Munoz, A. Brizzi, A. Alomainy, and H. 

Yang, "Numerical Analysis and Characterization of THz 

Propagation Channel for Body-Centric Nano-Communications," 
Terahertz Science and Technology, IEEE Transactions on, vol. 5, 

no. 3, pp. 419-426, 2015. 

[5] J. M. Jornet and I. F. Akyildiz, "Graphene-based nano-antennas for 
electromagnetic nanocommunications in the terahertz band," in 

Antennas and Propagation (EuCAP), 2010 Proceedings of the 

Fourth European Conference on, 2010, pp. 1-5. 
[6] J. Weldon, K. Jensen, and A. Zettl, "Nanomechanical radio 

transmitter," physica status solidi (b), vol. 245, no. 10, pp. 2323-

2325, 2008. 
[7] J. M. Jornet and I. F. Akyildiz, "Graphene-based Plasmonic Nano-

Antenna for Terahertz Band Communication in Nanonetworks," 

IEEE Journal on Selected Areas in Communications, vol. 31, no. 
12, pp. 685-694, 2013. 

[8] L. Ren et al., "Carbon Nanotube Terahertz Polarizer," Nano Letters, 
vol. 9, no. 7, pp. 2610-2613, 2009/07/08 2009. 

[9] J. M. Jornet and I. F. Akyildiz, "Channel Modeling and Capacity 

Analysis for Electromagnetic Wireless Nanonetworks in the 
Terahertz Band," Wireless Communications, IEEE Transactions on, 

vol. 10, no. 10, pp. 3211-3221, 2011. 

[10] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, "Cooperative 
diversity in wireless networks: Efficient protocols and outage 

behavior," IEEE Transactions on Information Theory, vol. 50, no. 

12, pp. 3062-3080, 2004. 

[11] I. F. Akyildiz, J. M. Jornet, and M. Pierobon, "Propagation models 

for nanocommunication networks," in Antennas and Propagation 

(EuCAP), 2010 Proceedings of the Fourth European Conference 
on, 2010, pp. 1-5. 

[12] F. Moshir and S. Singh, "Ultrafast pulsed THz communication," in 

2014 IEEE 25th Annual International Symposium on Personal, 
Indoor, and Mobile Radio Communication (PIMRC), 2014, pp. 

348-353. 

[13] H. Yu, B. Ng, and W. K. G. Seah, "Forwarding Schemes for EM-
based Wireless Nanosensor Networks in the Terahertz Band," 

presented at the Proceedings of the Second Annual International 

Conference on Nanoscale Computing and Communication, Boston, 
MA, USA, 2015.  

[14] J. M. Jornet, "Low-weight error-prevention codes for 

electromagnetic nanonetworks in the Terahertz Band," Nano 
Communication Networks, vol. 5, no. 1-2, pp. 35-44, 2014. 

[15] J. M. Jornet and I. F. Akyildiz, "Femtosecond-Long Pulse-Based 

Modulation for Terahertz Band Communication in Nanonetworks," 
Communications, IEEE Transactions on, vol. 62, no. 5, pp. 1742-

1754, 2014. 

0 5 10 15
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

Eb/N0(dB)

B
E

R

BER of Direct, AF and DF

 

 

Direct

AF

DF



 
     
 

 

5 

[16] T. Himsoon, S. Weifeng, and K. J. R. Liu, "Differential 
Transmission for Amplify-and-Forward Cooperative 

Communications," IEEE Signal Processing Letters, vol. 12, no. 9, 

pp. 597-600, 2005. 
[17] Q. Zhao and H. Li, "Differential Modulation for Cooperative 

Wireless Systems," IEEE Transactions on Signal Processing, vol. 

55, no. 5, pp. 2273-2283, 2007. 
[18] T. Wang, A. Cano, G. B. Giannakis, and J. N. Laneman, "High-

Performance Cooperative Demodulation With Decode-and-Forward 

Relays," IEEE Transactions on Communications, vol. 55, no. 7, pp. 
1427-1438, 2007. 

 


