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Abstract: This paper presents a convergent optical transport architecture for wireless and photonic 
sensor networks, utilizing the optical access network deployed in Bogotá. The proposed approach 
is evaluated through the transmission of services using Subcarrier Multiplexing (scm) to support the 
seamless transport of various standards, including wifi, Bluetooth, zigbee, sigfox, and others. The 
design demonstrates the feasibility of leveraging the existing gpon network infrastructure, enabling 
the integration of both optical sensors based on Fibber Bragg Gratings (fbg) and wireless sensors in 
locations of significant historical, economic, cultural, and social importance. The system shows opti-
mal signal quality performance based on Bit Error Rate (ber) and signal power across multi-coverage 
zones, evaluated using parameters such as ss-rsrp, ss-rsrq, and throughput.
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5G/GPON: una arquitectura convergente para redes de sensores 
inalámbricas y ópticas en la ciudad de Bogotá

Resumen: En este artículo se presenta una arquitectura de transporte óptico convergente para re-
des de sensores fotónicos e inalámbricos basada en la red de acceso óptico implementada en la 
ciudad de Bogotá. Las prestaciones de la propuesta se comprueban mediante la transmisión de 
servicios en multiplexación de subportadora (scm) para permitir el transporte fluido de diferentes 
estándares como WiFi, Bluetooth, Zigbee, SigFox, entre otros. El diseño presentado demuestra la 
viabilidad de la propuesta dada la distribución de la red (gpon) actualmente desplegada, permitien-
do la incorporación tanto de sensores ópticos basados en fbg como de sensores inalámbricos en 
ubicaciones con mayor relevancia histórica, económica, cultural y social. La propuesta presenta un 
rendimiento óptimo de la calidad de la señal basado en la tasa de error de bits (ber) y la potencia de la 
señal en la zona de cobertura múltiple para varios parámetros como SS-rsrp, ss-rsrq y Throughput.

Palabras clave: 5G, multiplexación de subportadoras (scm); red de difracción de Bragg (fbg); radio 
sobre fibra (rof); red de sensores; red de acceso óptico

5G/GPON: Uma Arquitetura Convergente para Redes de Sensores Sem Fio 
e Ópticos na Cidade de Bogotá

Resumo: Neste artigo, apresenta-se uma arquitetura de transporte óptico convergente para re-
des de sensores fotônicos e sem fio baseada na rede de acesso óptico implementada na cidade 
de Bogotá. As características da proposta são verificadas por meio da transmissão de serviços em 
multiplexação por subportadora (scm) para permitir o transporte fluido de diferentes padrões como 
WiFi, Bluetooth, Zigbee, SigFox, entre outros. O design apresentado demonstra a viabilidade da pro-
posta, dada a distribuição da rede (gpon) atualmente implantada, permitindo a incorporação tanto 
de sensores ópticos baseados em fbg quanto de sensores sem fio em locais de maior relevância 
histórica, econômica, cultural e social. A proposta apresenta um desempenho ótimo da qualidade do 
sinal baseado na taxa de erro de bits (ber) e na potência do sinal na área de cobertura múltipla para 
vários parâmetros como ss-rsrp, ss-rsrq e Throughput.

Palavras-chave: 5G, Multiplexação por subportadoras (scm); Rede de difração de Bragg (fbg); Rádio 
sobre fibra (rof); rede de sensores; rede de acesso óptico
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Introduction 
Since ancient times, humans have relied on their 
senses to gather information about their environ-
ment. However, the advent of sensors has enabled 
more precise and reliable measurement and quan-
tification of this information. The versatility of-
fered by sensors is now applied to a wide range of 
human development scenarios, including indus-
trial process control, automation, environmental 
monitoring, security, social protection, healthcare, 
and overall social well-being. 

Consequently, industrial processes have con-
tinuously demanded the development of technolo-
gies capable of providing real-time data for critical 
variables that must be controlled with significant 
precision. The technological advancements in me-
chanical, electronic, optical, and wireless sensors 
have contributed to improvements in diverse fields 
such as medicine, industry, agriculture, transpor-
tation, and smart homes.

At the same time, telecommunications net-
works have evolved continuously, from  the second, 
third, and fourth generation of mobile commu-
nications to the current fifth-generation mobile 
network, also known as 5g New Radio (nr). This 
evolution has enabled the introduction of enhanced 
Mobile BroadBand (embb), Ultra-Reliable Low La-
tency Communications (urllc), and massive Ma-
chine-Type Communications (mmtc) [1], fostering 
the development of new services, applications, and 
the massive adoption of Internet of Things (iot).

Designing telecommunications networks is a 
critical process for ensuring effective and reliable 
connectivity. Although conventional transport 
networks are still favored for their simplicity and 
cost-effectiveness compared to more advanced op-
tions [2], the growing demand for bandwidth has 
led to the development of Gigabit-capable Passive 
Optical Networks (gpon) and Subcarrier Multi-
plexing (scm) access networks for data transport in 
5g technologies [3-6]. Furthermore, wireless sensor 
networks using Low Power Wide Area Network (lp-
wan) technology have been proposed [7], [8], along 
with multi-channel systems for Radio-over-Fiber 
(rof) transport [9], [10] and cost-effective Digital 
SubCarrier Multiplexing (dscm) for Point to Multi 

Point signal transmission and distribution [11], [12]. 
However, it is worth noting that no architectures 
have been proposed to date that integrate subcarrier 
multiplexing for wireless communication with opti-
cal sensor technologies.

This paper presents the conceptualization and 
development, using Optisystem and Xirio On-
line software, of a convergent wireless and optical 
sensor network deployed across five key areas in 
Bogotá, Colombia, chosen for their high sociocul-
tural and economic significance. The proposed ap-
proach leverages the existing gpon infrastructure 
in these areas to transport signals from both opti-
cal and wireless sensor networks. This represents 
the paper’s theoretical and methodological con-
tributions to the telecommunications field. Spe-
cifically, while the interrogation band of optical 
sensors based on Fiber Bragg Gratings (fbg) [13] 
operates between 1515 nm and 1540 nm, Subcar-
rier Multiplexing (scm) is used to enable the con-
vergent transport of wireless sensors data signals, 
carried on wavelengths between 1570 nm and 1594 
nm. To the best of our knowledge, this is the first 
time proposal for an architecture that multiplexes 
data from both optical and wireless sensors oper-
ating in this manner.

1. Methodology
Figure 1 illustrates the envisioned environment of 
the city, where the existing fiber infrastructure is 
utilized as a platform to provide transport for fixed 
end users, optical sensors, and wireless sensor ra-
dios deployed in various localities. The end users 
include residential, commercial, governmental, 
healthcare, and educational institutions. Optical 
sensors based on (fbg) are used for monitoring 
the deformation of civil structures such as bridg-
es, buildings, and electricity distribution towers, 
among others. Wireless sensor radios include tech-
nologies such as zigbee, lora, wifi, operating in 
the 915 mhz, 2.4 ghz or 5.8 ghz frecuency bands. 
In this context, the scm transmitter facilitates the 
transport of wireless sensor radios from the 5g-ra-
dio base station to the central office.

The first part of the architecture was devel-
oped using Xirio Online. To conceptualize and 
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design the system, it was necessary to understand 
the gpon architecture in Bogotá to select appro-
priate locations for each antenna that would serve 
the wireless sensors. The configuration for the fre-
quency band of the 5g network, fr 1 nr n77, op-
erating between 3.5 ghz and 3.6 ghz for the upper 
range, and between 3.6 ghz and 3.7 ghz for the 
upper range, with a carrier separation of 20 mhz 
[14]. Recently, Colombia’s Ministry of Information 
and Communications Technologies (mintic) auc-
tioned the 3.5 ghz band, and at the time of writing 
this article, several operators were already offer-
ing 5g connectivity in the localities defined for 
this study [15].

Following the frequency band setup, the power 
levels for 5g signals were defined, categorized into 
four levels: excellent (between -70 dbm and -80 dbm), 
good (between -81 dbm and -90 dbm), fair (between 
-91 dbm and -100 dbm), and poor (between -101 dbm 
and -110 dbm). The radiation pattern of the reference 
antenna, the am-3G18-120 2x2 mimo Base Station 
Sector Antenna from Ubiquiti Networks [16], was 
configured with a power output of 15 Watts. This 
antenna has a gain of 17.3 to 18.2  dBi in a frequen-
cy range of 3.3 to 3.8 ghz, along with beamwidth of 
118°@ 6db horizontally and 121°@6db vertically. Fi-
nally, the location’s height and sector for each of the 
24 antennas were determined for deployment.

Figure 1. Converged Access Network scheme

Source: The authors.

Regarding the 5g parameters, a configuration of 
44 slots (D:6/U:2/X:6) was used in stand-alone mode, 
with an aggregation threshold of -5 dB and numerol-
ogy 0. For the downlink parameters, a traffic load of 
70% and 2x2 mimo were chosen, while for the uplink, 
2x2 mimo was also applied. Other parameters, such 
as noise increment, noise factor, and mimo gain, were 

kept at default values. For the calculation method, 
the New York University model, incorporating the 
Alpha-Beta-Gamma model and Close-In Free Space 
Reference Frequency Dependent, was used [17]. It is 
important to note that traditional calculation meth-
ods, such as Okumura-Hata, lose relevance when op-
erating outside the range of 150 mhz and 2 ghz. 
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For the coverage study of individual antennas, 
the area was defined based on adjacent antennas. A 
total of 24 coverage studies were conducted, each 
with sectorization tailored to the specific area, 
sometimes prioritzing directionality towards key 
locations. This involved calculating interference 
parameters by combining the results of the 24 in-
dividual coverage studies.

The second part of the architecture was devel-
oped in the Optisystem software.  Understanding 
Bogotá’s gpon architecture was crucial in deter-
mining the dimensions; specifically the length of 
the entire system. Based on this, potential locations 
were selected for each of the 26 fbgs, and a com-
plete architectural structure was created, factoring 
in the positions of the 24 antennas and the 26 fbgs. 
Five simulations were then conducted, one for each 
locality, as the complexity of the final architecture 
made simulating all localities simultaneously a 
challenge in terms of software resources.

For each simulation considered, the downlink 
configuration including the gpon transmitter and 
the wideband spectrum interrogator, which passed 
through each fbg.  A gpon receiver was placed at 
the end of each link. For the uplink, antenna lo-
cations included an scm transmitter that mul-
tiplexed the data from the wireless sensor radios 
and the reflections from each interrogated fbg. 
These components, once multiplexed, returned to 
the physical point where the interrogator was lo-
cated and were then separated for further process-
ing. The global simulation parameters were set at 

5 Gb/s, with a sequence length of 8 bits and 32.768 
samples per bit, fixing both the time window and 
the sample rate.

Figure 2 presents an illustrative example of this 
architecture through three potential scenarios in 
the locality of “La Candelaria”. In the first scenar-
io, once the gpon wavelength channel at 1490 nm 
and the interrogation band signal are launched in 
the downlink, an fbg sensor located at “Aguas” 
reflects one of the available wavelength channels 
from the interrogation band. The gpon receiver is 
situated at the “Funicular Monserrate” site, which 
coexists with a site providing wireless sensor ser-
vices, namely the radio base where the scm trans-
mitter is located. When the wireless sensor signal 
is received at the radio base, scm is applied, and 
the signal is transmitted in the uplink using a 
wavelength between 1570 nm and 1594 nm. As the 
scm signal passes through the fbg in the uplink, 
it multiplexes with the spectrum reflected by the 
fbg, allowing both the optical and wireless sensor 
signals  to travel together. 

In the second scenario, the principle is simi-
lar, except there is no fbg between the transmitter 
and receiver in the downlink to affect the spectral 
component of the interrogator. Here, only gpon 
is transmitted in the downlink, while scm is used 
in the uplink. 

In the third scenario, the first case is replicat-
ed, but without an scm transmitter in the uplink. 
Therefore, the only spectral component reaching 
the receiver in this direction comes from the fbg.
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Figure 2. Simplified example of the 5g/scm architecture for “La Candelaria” locality

Source: The authors.

The integration of the two parts, -the multi 
coverage study design in Xirio Online and the fi-
ber optic architecture design in Optisystem - was 
made possible by the scm technique, which direct-
ly modulates the rf signal onto an optical carrier. 
Figure 3 illustrates an scm transmitter for a single 
-sideband optical modulation. The optically inten-
sity-modulated signal is transmitted through the 
optical fiber link and multiplexed with the reflect-
ed signal from the fbg in the uplink.

Regarding the wireless sensor radio, the pro-
posed architecture is transparent to the wireless 
standard used in the sensor network. In this con-
text, technologies such as Bluetooth, wi-fi, zigbee, 
sigfox, and lora, which operate in the ism bands 
at 915 mhz, 2.4 ghz, and 5.8 ghz, can be seamlessly 
transported within this architecture.

This requires a gateway that, on one side, collects 
signals from the corresponding standard and, one 
the other side, connects with the 5g-radio base, as 
depicted in Figure 1.

Figure 3. rof Transmitter Scheme with SSB

Source: The authors.
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2. Results
Several parameters are proposed to assess the per-
formance of the architecture in terms of capacity, 
integration with the existing gpon network, and 
the quality of the transported signals.

In designing the transport network architec-
ture, multiple scenarios were considered. First, 
areas without sites or antennas were evaluated to 
understand the network’s behavior in terms of bit 
error rate in downstream links. This assessment 
was based on the length and splitting factor of the 
network, as well as potential locations of gpon ser-
vice users. Second, areas with existing sites, such 
as antennas, were analyzed. 

These sites are crucial for studying the degra-
dation of the gpon signal in the downstream links 
and the scm signal from the antenna to the central 
office in the upstream links. Additionally, radia-
tion patterns were studied by evaluating param-
eters such as the transmission data rate between 
the base station and mobile user, as well as power 
levels. Finally, the points where the gpon network 
integrated  optical sensors, specifically fbg, were 
analyzed. This analysis involved measuring the re-
flected and transmitted spectral components and 
their degradation upon reaching the central office.

To evaluate the architecture’s coverage, inter-
ference parameters were analyzed, which are criti-
cal in the context of 5g networks. These parameters 
provide insights into signal quality, network man-
agement, resource optimization, and the delivery 
of high-quality services, as illustrated in Figure 4. 

Figure 4(a) shows the Synchronization Sig-
nal-Reference Signal Received Power (ss-rsrp), 
defined as the average power of all resource con-
tributions carrying the reference signal over the 
specified bandwidth.

Figure 4(b) displays the Received Signal 
Strength Indicator (rssi), which measures the av-
erage received power over some ofdm symbols in 
the configured bandwidth. This includes thermal 
noise, adjacent channel interference, and co-chan-
nel interference power. 

Figure 4(c) presents the Secondary Synchroni-
zation Signal-Reference Signal Received Quality 
(ss-rsrq), which helps determine the relationship 
between the received signal power and the inter-
ference in the spectrum used. 

Finally, Figure 4(d) shows the 5g network 
throughput based on signal ranges. 

These parameters offer a comprehensive view of 
network quality and capacity across different loca-
tions, enabling a thorough performance evaluation.

Figure 4. Performance measurements. (a) ss-rsrp. (b) rssi. (c) ss-rsrq. (d) Throughput

(a) (b) 
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(c) (d) 

Source: The authors.

From these results, it can be inferred that the 
coverage area, i.e., the radiated zone, will maintain 
at least -100 dbm of power. Given that the sensitiv-
ity of an average receiver is around -110 dbm, this 
ensures effective communication in the downlink 
direction. Regarding the rssi, the study shows that 
the localities analyzed have a power level exceeding 
-61 dbm, indicating a good signal strength. In the 
range between -40 dbm and -60 dbm, a connection 
efficiency of about 80% is achieved. 

As for the ss-rsrq signal, which represents  
the ratio between ss-rsrp and rssi, areas within the 
multi coverage zone are identified where potential 
connectivity issues may arise due to resource lim-
itations. However, this does not entirely eliminate 
the possibility of establishing communication. Fi-
nally, in terms of transmission capacity for both the 
downlink and uplink, theoretical values exceeding  
20 mbps for the downlink and 50 mbps for the up-
link are estimated near the antennas, determined by 
the radiation patterns of the ss-rsrp signal.

Next, to evaluate the architecture’s capacity, tests 
were conducted using both a wideband interrogator 
with a spectral width of 10 thz centered at 1530 nm 
and a narrowband interrogator with a spectral width 

of 100 ghz, also centered at 1530 nm, as illustrated 
in Figure 5. Specifically, Figure 5(a) shows the wide-
band interrogation signal multiplexed with the gpon 
carrier at 1490 nm, and Figure 5(b) shows the nar-
rowband interrogation signal similarly multiplexed 
with the gpon carrier. The objective was to analyze 
the over-dimensioning of the interrogation system, 
particularly in the wideband case, and compare how 
this affects the Bit Error Rate (ber), which indirectly 
reflects the communication channel’s efficiency. 

The Bit Error Rate (ber) results measured across 
the five localities are shown in Figure 6. Comparing 
Figure 6(a), which presents the ber measurements 
of the gpon and scm signals with the wideband in-
terrogator, and Figure 6(b), which displays the ber 
performance of the same signals with the narrow-
band interrogator, reveals that the interrogator’s 
spectrum minimally affects both the gpon and scm 
signals. In all the cases, the ber results indicate a 
good performance.

However, slight differences in signal quality at 
various wavelengths are observed, primarily due to 
cumulative attenuation in specific channels, which 
varies depending on the propagation distance of 
the gpon and scm links across the five localities. 
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Figure 5. Multiplexing of gpon Carrier with (a) Wideband Interrogator. (b) Narrow-
band Interrogator.

(a) (b)

Source: The authors.

Figure 6. ber as a function of the wavelength for gpon and scm signals: (a) Wideband interrogator. (b) Narrow-
band Interrogator

(a) (b)

Source: The authors.

Another essential parameter for evaluating the 
capacity and quality of any transport network is the 
eye diagram. In Figure 7 presents six eye diagrams 
corresponding to the three previously described 
scenarios, comparing the response with both wide-
band and narrowband interrogation. Figures 7(a), 

7(b), and 7(c) illustrate the signal quality when using 
wideband interrogation for one of the scm signals at 
1571 nm, a gpon service with the scm signal at 1573 
nm, and a gpon service with the longest propaga-
tion distance, along with an scm service operating 
at 1583 nm, respectively.
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Figure 7. Signal quality results with wideband interrogation: (a) scm signal at 1573 nm. (b) gpon carrier. (c) Furthest 
geographically located point in “La Candelaria” locality. Signal quality results with narrowband interrogation: (d) 
scm signal at 1573 nm. (e) gpon carrier. (f) Furthest geographically located point in “La Candelaria” locality

(a) (b) (c) 

(d) (e) (f)

Source: The authors.

Figures 7(d), 7(e) and 7(f) show the signal quali-
ty at the same measurement points but using a nar-
rowband interrogator instead. As observed, the eye 
diagrams reinforce the results depicted in Figure 6, 
higlighting the degradation associated with the inter-
rogator and propagation lengths. Overall, the three 
scenarios operating with both interrogation systems 
exhibit acceptable values in terms of ber tolerance 
and eye diagram openings.

Regarding the optical sensors within the archi-
tecture of the convergent transport network, Figure 
8 presents the response of the spectral components 
passing through the fbgs. The response reveals a 

cascade effect among the fbg based sensors, result-
ing in notches in the spectral components of the in-
terrogation signal. 

For instance, Figure 8(a) shows the notch pro-
duced by a fbg sensor tuned to 1520 nm on the 
interrogation signal of nearby fbg sensor tuned 
to 1521 nm. Figure 8(b) illustrates the fbg reflec-
tion in the uplink. While the optical power of the 
component reflected by the fbg sensor is -32 dbm, 
its optical power at the central office is -34 dbm. 
This 2 dB power difference implies a good spectral 
quality, suitable for detecting picometer variations, 
which are typical in fbg- based optical sensors. 



215g/gpon: A Convergent Architecture Wireless and Optical Sensor Networks in Bogotá City

Revista Ciencia e Ingeniería Neogranadina  ■  Vol. 34(2) 

Figure 8. Spectrum of fbg at 1521 nm at the sensor site (A) and Spectrum of fbg 
received at the central office (B).

(a) (b)

Source: The authors.

Conclusions
This paper presented a convergent transport sys-
tem that demonstrates the use of the existing fi-
ber infrastructure in gpon networks to meet the 
connectivity needs of both wireless and optical 
sensor networks. The approach employs subcarrier 
multiplexing (scm) to transport 5g rf carriers that 
convey data from wireless sensors, while optical 
sensors based on fbg are multiplexed within the 
architecture, creating a unified platform for trans-
porting information from both type of sensors. 

A deployment of a 5g stand-alone network was 
carried out five localities in Bogotá, achieving ap-
proximately 95% coverage of the multi coverage 
zone, which spans a total of 111.13 square kilometers. 
The system operates transparently in terms of  gpon 
data transmission, addressing the growing demand 
for resources and higher speeds. The quality of the 

transported signals, measured through the Bit Error 
Rate (ber) across all localities, remained below 1x10-8 
, regardless of the spectral width of the interrogator. 
Additionally, a wider spectral width in the interroga-
tor results in higher resolution but also increases pro-
cessing time, noise vulnerability, and sensitivity to 
certain spectral components, highlighting the need 
to balance processing time and spectral width.

The results underscore the system’s efficiency 
and effectiveness in providing extensive and reli-
able coverage for the intended applications. Nota-
bly, the proposed transport system also allows for 
the integration of more optical carriers to accom-
modate future needs or the evolution of the current 
gpon systems. This flexibility demonstrates the 
system’s capacity to handle not only  Wavelength 
Division Multiplexing (wdm) effects but also addi-
tional radiofrequency components for Subcarrier 
Multiplexing (scm).
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