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Abstract 

This paper presents the design of an optical transport architecture for the fronthaul 

segment in a 5G New Radio (NR) network based on both polarization and 

wavelength multiplexing using Polarization Splitters (PS) and an Arrayed Waveguide 
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Grating (AWG), respectively. The proposed architecture is assessed by the transport 

of Orthogonal Frequency Division Multiplexing (OFDM) services, which allows the 

definition of different numerologies and service profiles; those are key aspects in the 

framework of 5G RN. The proposed design shows a flexible and scalable 

management of numerologies per polarized light component, featuring a suitable 

response in terms of Bit Error Rate (BER) and Error Vector Magnitude (EVM) 

measurements for 15 kHz, 30 kHz, and 60kHz subcarrier spacing of an OFDM based 

on 4QAM modulation format. 

Keywords: 5G; fronthaul network; network slicing; OFDM; polarization multiplexing; 

wavelength multiplexing. 

 

Arquitectura de transporte óptico para el segmento fronthaul en una red 5G 

NR basada en multiplexación por polarización y longitud de onda 

Resumen 

Este artículo presenta el diseño de una arquitectura de transporte óptico para el 

segmento fronthaul en una red 5G New Radio (NR) basada en polarización y 

multiplexación de longitud de onda utilizando divisores de polarización (PS) y un 

arreglo de rejillas de guía de onda (AWG) respectivamente. La arquitectura 

propuesta se evalúa mediante el transporte de servicios en Multiplexación por 

División de Frecuencia Ortogonal (OFDM), que permite la definición de diferentes 

numerologías y perfiles de servicio; esos son aspectos clave en el marco de 5G RN. 

El diseño propuesto muestra una gestión flexible y escalable de numerologías por 

componente de luz polarizada, presentando una respuesta adecuada en términos 

de tasa de error de bit (BER) y mediciones de magnitud de vector de error (EVM) 

para espaciados de subportadora de 15kHz, 30kHz y 60kHz de un OFDM basado 

en formato de modulación 4QAM.  

Palabras clave: 5G; multiplexación de longitud de onda; multiplexación de 

polarización; OFDM; particionado de red; red de fronthaul. 
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Arquitetura de transporte óptico para o segmento fronthaul em uma rede 5G 

NR baseada em polarização e multiplexação de comprimento de onda 

Resumo 

Este artigo apresenta o projeto de uma arquitetura de transporte óptico para o 

segmento fronthaul em uma rede 5G New Radio (NR) baseada em polarização e 

multiplexação de comprimento de onda usando divisores de polarização (PS) e um 

conjunto de grades de guia de onda (AWG), respectivamente. A arquitetura 

proposta é avaliada através do transporte de serviços em Multiplexação por Divisão 

Ortogonal de Frequência (OFDM), o que permite a definição de diferentes 

numerologias e perfis de serviço; esses são aspectos-chave na estrutura 5G RN. O 

projeto proposto mostra um gerenciamento flexível e escalável de numerologias por 

componente de luz polarizada, apresentando uma resposta adequada em termos 

de medidas de taxa de erro de bit (BER) e magnitude de vetor de erro (EVM) para 

espaçamentos de subportadoras de 15kHz, 30kHz e 60kHz de um 4QAM baseado 

em OFDM. formato de modulação. 

Palavras-chave: 5G; multiplexação de comprimento de onda; multiplexação de 

polarização; OFDM; particionamento de rede; rede fronthaul. 
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I. INTRODUCTION 

The fifth generation of mobile networks (5G) emerges as a solution that allows 

meeting the requirements of today's technological society. 5G NR is the global 

standard for the unified 5G wireless interface and link layer protocols [1]. This 

standard is developed by the 3rd Generation Partnership Project (3GPP) and seeks 

to establish the guidelines, criteria, and regulations around this technology. The main 

characteristic of 5G is that it can support a wide variety of services simultaneously, 

thanks to the fact that it incorporates several scalable numerologies (), unlike Long 

Term Evolution (LTE) networks, where there is only one [2]. This feature is 

fundamental to allow a massive growth of the network in the number of connected 

devices, the volume of data traffic and the capability to offer a very diverse number 

of services with different types of requirements. These services are classified in 5G 

NR into three groups: Enhanced Mobile Broadband (eMBB), which requires very 

high data rates and large bandwidths; Ultra Reliable Low Latency Communications 

(uRLLC), which requires very low latency and very high reliability and availability; 

and Massive Machine-Type Communications (mMTC), which require low bandwidth, 

multiple access points, enhanced coverage, and low power consumption at the user 

end [3]. The flexibility and scalability of 5G to deal with multiple services should 

ensure the adaptation of such mobile networks as needed. Consequently, and to 

solve this condition, the concept of Network Slicing or network segmentation arises. 

Network segmentation is a 5G NR feature that allows the management of different 

requirements such as available bandwidth, transport network, or number of access 

points demanded by the wide range of services in a common network infrastructure. 

The allocation of these network segments is done flexibly to support the variety of 

services and management of the variable traffic loads of the transport network [4]. 

Designing network architectures and transport systems that meet the requirements 

of the previously mentioned technologies is a challenge. Therefore, adequate 

components and infrastructure must be used to allow the network to operate 

effectively. In this context, AWGs that have been widely used in long-haul transport 

networks to perform optical channel multiplexing and demultiplexing, may perform 

https://doi.org/10.19053/01211129.v32.n65.2023.16054
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certain complex functionalities that 5G networks require in the front-haul segment 

[5]. 

Previous works have shown the flexibility that multiple numerologies provide to 5G 

networks, compared to LTE, due to the use of numerologies [6]. Also, [7] presents 

the performance of NR for different scenarios of the mobile network based on the 

numerologies’ parameters established by 3GPP. In [8], the segmentation analysis 

for Radio Access Networks (RAN) in the physical layer is performed to relate the 

multiple numerologies with the network slicing. On the other hand, a comprehensive 

description of the 3GPP standards for network segmentation and the identification 

of key issues that must be addressed in the future for the development of the network 

division is presented in [9]. The use of AWGs in the fronthaul segment to evaluate 

and improve the filtering performance of 5G networks is presented in [10]. The 

design of a fronthaul transport network based on WDM with its corresponding 

technical study covering different topologies and WDM equipment that can be used 

when designing a fronthaul network is proposed in [11]. An experimental study on 

polarization-multiplexed transmission of a radio over fiber system for next-generation 

mobile fronthaul is presented in [12]. And a hybrid microwave photonic link based on 

a polarization division multiplexing Mach-Zehnder modulator for the co-transmission 

of millimeter-wave (mmW) and sub-6 GHz wireless signals over a seamless single-

mode fiber (SMF) and free-space optics (FSO) channels [13]. 

This paper presents the design of an optical transport system for the fronthaul 

segment that deals with different numerologies and network slices in a 5G NR 

network. The proposed architecture is evaluated by software modeling using 

Optisystem software. The proposal consists of two key devices: a PS, for network 

slicing, that enables the transport of different service profiles by exploiting the 

polarization multiplexing dimension, and an AWG that allows the distribution of the 

numerologies for each polarization multiplexed stream within the fronthaul segment. 

To the best of our knowledge, it is the first time that two domains of multiplexing, i.e., 

polarization and wavelength, are used to enable the parallel transport of different 

services and distribution of different numerologies in a 5G fronthaul network.   
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II. METHODOLOGY 

Figure 1 shows the proposed architecture. The Polarization Splitter and the 

Polarization Combiner enable the simultaneous transmission of two sources of 

information based on OFDM onto the same wavelength channel, i.e., two different 

network slices transmitted by splitting into two orthogonal components the optical 

carrier emitted by the laser source. Such polarized components were used to feed 

the optical modulator. Subsequently, the AWG enables the allocation and 

distribution of numerologies for each one of the slices. Insets (a) and (b) in Figure 1 

show the way the distribution can be performed in the AWG depending on the 

wavelength channel and the Free Spectral Range (FSR). As seen in inset (a), each 

AWG output port distributes a single numerology, or in inset (b), where multiple 

numerologies can be allocated at each port.  

 

 

Fig. 1. Scheme of the point-multipoint architecture. 
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The expression of the FSR in terms of the AWG parameters was calculated using 

Equation (1).  

𝐹𝑆𝑅 = 𝑁 ∙ ∆𝑓𝑠                                                  (1) 

Where N is the number of ports of the AWG at the output end, and ∆fs is the 

frequency spacing between the carriers. 

Numerologies are related to the subcarrier spacing (SCS) of the OFDM 

transmission. Thus, the configuration of the OFDM modulator and demodulator 

varies according to the numerology, as described in Table 1. In particular, 5G NR 

supports numerologies =0, 1, 2, 3, and 4, where SCS is given by . In 

this sense, we assessed the system performance for the 5G numerologies that 

correspond to =0, 1, 2, and 3, which correspond to SCS of 15 kHz, 30 kHz, 60 kHz, 

and 120 kHz, respectively. 

Table 1. OFDM configuration for each numerology. 

  
Number of subcarriers Number of FFT points 

0 15 3333 4000 
1 30 1666 2000 
2 60 833 1000 
3 120 416 500 

 

The radio frequency carrier used for the OFDM configuration was 6 GHz. As the 

subcarrier separation parameter cannot be configured directly on the OFDM 

modules of the simulator, Equation (2) was used to set up the SCS in the software.  

                                                 (2) 

Where ∆f is the subcarrier spacing, the Bit rate is the transmission rate, M is the 

number of symbols, in this case, 4, since the transmission is 4QAM, and NSC is the 

number of subcarriers. From this expression, NSC is used as one of the parameters 

available in the OFDM module, along with the number of points of the FFT to 

configure the SCS, as seen in Figure 2. Next, in order to distribute the services to 

multiple users, the system must support point-to-multipoint operation. In such a 

context, a power divider is placed in port 1 of the AWG. Thus, simulations were 

performed modifying the splitting ratio (1:n) of the power divider while increasing n 

Df
m

= 2m ×15(kHz)

Df
m

= 2m ×15(kHz)

Df =
Bit _ rate

log
2
M ×N

SC
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by 2k with k = 1, 2, 3...  until determining the number of users according to the criteria 

to meet the signal quality requirements depending on the link length and the power 

of the optical transmitter. Our proposal evaluated the link length from 5 km up to 80 

km, and the optical power was 15 dBm.  

(a)  (b)  

(c)  (d)  

Fig. 2. FFT of the OFDM signal transmitted: (a) SCS 15 kHz, (b) SCS 30 kHz, (c) SCS 60 kHz, (d) 

SCS 120 kHz. 

 

It is important to note that this system is scalable depending on the available AWG 

ports, i.e., the number of end users is Mxn, where M corresponds to the AWG size 

and n is the splitting ratio of the power divider connected to each AWG output port. 

Then, the modulated signals are recovered by means of a polarization divider at the 

receiver-end after the transmission link in standard single-mode fiber operating at 

1550 nm. 

Regarding the fact that the SMF does not maintain polarization, a key aspect deals 

with the configuration of the Polarization Splitters and Combiners in the simulation 
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setup. In this context, the angle of such modules must be the same in order to keep 

the polarization states in the transmitter and the receiver aligned. 

In our proposal, based on the characterization of the Polarization Combiners and 

Splitters, an angle at 45º assured an even power distribution between orthogonal 

outputs, i.e., a Polarization Extinction Ratio of 0 dB that avoids churning or 

interference between signals. Subsequently, the rotation of the received 

constellations was rectified by a script in Matlab in order to perform the quality 

measurements. Also, the OFDM demodulator in Figure 1, in addition to including the 

QAM demodulator and the OFDM demapper, includes a PIN photodiode whose 

configuration comprises a responsivity of 0.7 and a thermal noise of 1x10-22 W/Hz. 

These values correspond with a regular PIN photodiode operating at 1550 nm. 

Regarding the quality measurements, while the BER accounts for the number of bits 

that were not correctly received within a bit stream, the EVM is a quality 

measurement for constellation diagrams, in which it is possible to quantify the 

percentage of the difference between the sent symbols and the received symbols. 

The expression to find the EVM in percentage is given by Equation (3) [14]. 

                                        (3) 

Where Xi,k is the k-th ideal symbol of the constellation, Xm,k is the k-th measured 

symbol, and N is the number of symbols of the constellation. 

 

III. RESULTS 

The distribution of numerologies in the AWG based on the wavelength channel and 

the FSR, following Eq. 1, is shown in Figure 3. In our proposal, as the frequency 

spacing between carriers in the AWG is ∆𝑓𝑠 = 100𝐺𝐻𝑧 and the number of ports is 

N=4, then, the FSR=400 GHz. This fact leads to a cyclic distribution of numerologies 

with a constant spacing of 400 GHz, as seen in the wavelength channel allocated in 

all the output ports shown in Figure 3.  

Figure 4 shows the results of the BER measurements for the proposed approach. In 

particular, Figure 4(a) represents the BER measurements corresponding to service 

EVM =

1

N
× X

i ,k
- X

m,k

2

k=1

N

å

1

N
× X

i ,k

2

k=1

N

å
×100
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profile_1, odd outputs of the polarization splitters at the receiver-end in Figure 1, 

BER 2N+1, with N = 0, 1, 2, ..., n. The results show that the performance is similar 

for 16, 32, and 64 users. For 128 users, it is found that the system has a good 

performance up to approximately 50 km. 

  

  

Fig. 3. Simulation results: Distribution of numerologies through the AWG based on the wavelength 

channel and FSR in (a) Port 1, (b) Port 2, (c) Port 3, (d) Port 4. 

 

According to what was found, if n=128, the number of end users corresponds to 

128M, the maximum number of end users could be 12,288 as there is commercial 

availability of AWGs with up to 1×96 ports [15]. In addition, Figure 4(b) shows a 

comparison of the results with the transmitters operating at 0 dBm and 15 dBm with 

the common splitting ratio of 1:16.  
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Fig. 4. Simulations results: (a) BER performance as a function of the distance and number of end-

users. (b) BER performance as a function of the distance and transmission power. 

 

These results are important from the network-dimensioning point of view, which 

indicates that similar results were found for both network slices, i.e., service profile_1 

at the odd output ports and service profile_2 at the even output ports. However, the 

performance on both slices notably may be jeopardized by reducing the optical 

transmission power or incrementing the optical losses in the network. This later can 

be originated by deploying longer links or increasing the splitting ratio beyond 1:128. 

Similarly, Figure 5 shows the results of the EVM measurements for each numerology 

and service profile. The results of our proposal are contrasted against the back-to-

back signal, i.e., the signal obtained in a common point-to-point architecture. 

Considering the standards defined by 3GPP and ETSI, the minimum EVM 

requirement for a QPSK or 4QAM transmission is 17.5% [16]. In this way, as can be 

seen in the aforementioned table, the EVM values comply with the acceptance limit, 

particularly for =0, 1 and 2. In addition, it can be noted that there are no significant 

differences in performance between network slices. 

The changing behavior of the EVM values as a function of the subcarrier spacing is 

due to different signal group delays caused by the chromatic dispersion of the fiber 

and the direct detection process performed in the photodiode. These two aspects 

mean that the different frequency components of the electrical field after the 

photodiode do not add themselves coherently to form an electrical signal that 

reproduces the optical signal present at the input of the photodiode, but generates 

distortions that affect the OFDM-based signal in an unalike way instead. 
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Fig. 5. Simulations results: EVM performance as a function of the subcarrier spacing for two service 

profiles. 

 

The constellations corresponding to the EVM measurement shown in Figure 5 are 

depicted in Figure 6. The upper row represents the constellations for the back-to-

back signal for each numerology, and the lower row shows the constellations at the 

receiver-end in the point-to-multipoint architecture. 

Higher symbol dispersion can be observed in the point-to-point topology and, 

therefore, a greater EVM, as shown in Figure 5. For the SCS numerologies of 15 

kHz, 30 kHz, and 60 kHz, it is found that the EVM meets the requirements, in contrast 

to the SCS of 120 kHz, which does not assure the transmission quality. Such a 

situation may be a consequence of using a fixed radio frequency carrier at 6 GHz 

since, for numerologies with a greater SCS, frequency carriers close to or greater 

than 20 GHz are suggested. 

 

 

 

SCS=15 kHz SCS=30 kHz SCS=60 kHz SCS=120 kHz 
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Fig. 6. Simulation results: Constellation diagram for the corresponding numerologies. Upper row: 

Back-to-back measurement. Lower row: Constellation at the receiver-end. 

 

IV. DISCUSSION AND CONCLUSIONS 

The presented work proposes an alternative transport system for the fronthaul 

segment in a 5G network that exploits the polarization and wavelength domains to 

enable the transport and allocation of multiple numerologies and service profiles. 

This system allows the flexible management of the numerologies corresponding to 

subcarriers spacing of 15 kHz, 30 kHz, 60 kHz, and 120 kHz, transmitting two service 

profiles simultaneously per user for 128M end-users, scalable according to the M 

AWG ports. The response of the AWG performing a cyclical operation enables the 

numerologies to be distributed with a periodic response according to the FSR and 

depending on the input port and frequency. 

It was found that the quality of the transmitted signal, measured with the BER 

indicator, decreases as a function of distance and that the greater the number of 

users, the lesser the link reach. The maximum range obtained with an optical 

transmitter operating at 0 dBm was 20 km for 16 users, whereas with a 15 dBm 

transmitter, the reach was 50 km for 128 users on a single port. Therefore, it is 

necessary to point out that the dimensioning of the system depends on the design 

considerations of the network in terms of these variables, number of end-users, and 

maximum reach. 

The metrics used to assess the proposal were the bit error rate (BER) and the error 

magnitude vector (EVM). The results show that the greater the number of users, the 
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lesser the link reach, with 12,288 being the maximum number of end-users found for 

the architecture. In addition, the EVM is lower than 17.5% for SCS 15 kHz, 30 kHz, 

and 60 kHz, fulfilling the minimum requirement established for a 4QAM transmission. 

 

AUTHORS’ CONTRIBUTION 

Ingrid-Katherine Balero-Lozada: Research, data analysis, implementation, writing 

– original draft. 

César-Augusto Pérez-Mateus: Research, data analysis, implementation, writing – 

original draft. 

Gustavo-Adolfo Puerto-Leguizamón: Research, supervision, methodology, 

writing–review and editing. 

 

REFERENCES 

[1] A. Ghosh, A. Maeder, M. Baker, D. Chandramouli, "5G Evolution: A View on 5G Cellular Technology 

Beyond 3GPP Release 15," IEEE Access, vol. 7, pp. 127639-127651, 2019. 

https://doi.org/10.1109/ACCESS.2019.2939938  

[2] M. Agiwal, H. Kwon, S. Park, H. Jin, "A Survey on 4G-5G Dual Connectivity: Road to 5G Implementation," 

IEEE Access, vol. 9, pp. 16193-16210, 2021. https://doi.org/10.1109/ACCESS.2021.3052462  

[3] M. Cantero, S. Inca, A. Ramos, M. Fuentes, D. Martín-Sacristán, J. F. Monserrat, "System-Level 

Performance Evaluation of 5G Use Cases for Industrial Scenarios," IEEE Access, vol. 11, pp. 37778-37789, 

2023. https://doi.org/10.1109/ACCESS.2023.3266981  

[4] H. Yang et al., "Data-Driven Network Slicing From Core to RAN for 5G Broadcasting Services," IEEE 

Transactions on Broadcasting, vol. 67, no. 1, pp. 23-32, 2021. https://doi.org/10.1109/TBC.2020.3031742  

[5] H. Yu, J. Zhang, Y. Ji, M. Tornatore, "Energy-efficient dynamic lightpath adjustment in a decomposed 

AWGR-based passive WDM fronthaul," Journal of Optical Communications and Networking, vol. 10, no. 9, 

pp. 749-759, 2018. https://doi.org/10.1364/JOCN.10.000749  

[6] A. Yazar, H. Arslan, "A flexibility metric and optimization methods for mixed numerologies in 5G and 

beyond", IEEE Access, vol. 6, pp. 3755-3764, 2018. 

[7] J. Flores de Valgas, J. F. Monserrat, H. Arslan, "Flexible Numerology in 5G NR: Interference Quantification 

and Proper Selection Depending on the Scenario," Mobile Information Systems, vol. 2021, e6651326, 

2021. https://doi.org/10.1155/2021/6651326  

[8] B. Yang, L. Zhang, O. Onireti, P. Xiao, M. A. Imran, R. Tafazolli, "Mixed-Numerology Signals Transmission 

and Interference Cancellation for Radio Access Network Slicing," IEEE Transactions on Wireless 

Communications, vol. 19, no. 8, pp. 5132-5147, 2020. https://doi.org/10.1109/TWC.2020.2989399  

[9] A. Kaloxylos, "A Survey and an Analysis of Network Slicing in 5G Networks," IEEE Communications 

Standards Magazine, vol. 2, no. 1, pp. 60-65, 2018. https://doi.org/10.1109/MCOMSTD.2018.1700072  

https://doi.org/10.19053/01211129.v32.n65.2023.16054
https://doi.org/10.1109/ACCESS.2019.2939938
https://doi.org/10.1109/ACCESS.2021.3052462
https://doi.org/10.1109/ACCESS.2023.3266981
https://doi.org/10.1109/TBC.2020.3031742
https://doi.org/10.1364/JOCN.10.000749
https://doi.org/10.1155/2021/6651326
https://doi.org/10.1109/TWC.2020.2989399
https://doi.org/10.1109/MCOMSTD.2018.1700072


Ingrid-Katherine Balero-Lozada; César-Augusto Pérez-Mateus; Gustavo-Adolfo Puerto-Leguizamón 

Revista Facultad de Ingeniería (Rev. Fac. Ing.) Vol. 32, No. 65, e16054, July-September 2023. Tunja-Boyacá, 
Colombia. L-ISSN: 0121-1129, e-ISSN: 2357-5328. 

DOI: https://doi.org/10.19053/01211129.v32.n65.2023.16054    

[10] C. L. Plazas, A. M. de Souza, D. R. Celino, M. A. Romero, “Optimization of arrayed waveguide grating-

filtering response for efficient analog radio-over-fiber fronthaul over a wavelength-division multiplexing 

passive optical network,” Transactions on Emerging Telecommunications Technologies, vol. 2021, no. 32, 

e4113. https://doi.org/10.1002/ett.4113  

[11] C. Xie et al., "Bidirectional WDM Multi-Nodes Analog Radio-Over-Fiber Mobile Fronthaul Link Enhanced 

by Photonic Integrated Devices," IEEE Photonics Journal, vol. 14, no. 6, pp. 1-7, 2022. 

https://doi.org/10.1109/JPHOT.2022.3220821  

[12] Y. Nakamura, A. Kariyawasam, J. Maeda, "An Experimental Study on Polarization-Multiplexed Analog RoF 

Transmission," in International Topical Meeting on Microwave Photonics (MWP), Pisa, Italy, 2021. 

https://doi.org/10.1109/MWP53341.2021.9639405  

[13] D. N. Nguyen et al., "Polarization Division Multiplexing-Based Hybrid Microwave Photonic Links for 

Simultaneous mmW and Sub-6 GHz Wireless Transmissions," IEEE Photonics Journal, vol. 12, no. 6, pp. 

1-14, 2020. https://doi.org/10.1109/JPHOT.2020.3036440  

[14] R. A. Shafik, M. S. Rahman, A. R. Islam, “On the Extended Relationships Among EVM, BER and SNR as 

Performance Metrics,” in International Conference on Electrical and Computer Engineering, pp. 408-411, 

Dhaka, 2006. 

[15] NTT, Athermal AWG for narrow channel spacing DWDM system, 2023. https://www.ntt-

electronics.com/en/products/photonics/athermal-awg_50ghz.html 

[16] Rohde & Schwarz, LTE: System Specifications and Their Impact on RF & Base Band Circuits, 2023. 

https://scdn.rohde-

schwarz.com/ur/pws/dl_downloads/dl_application/application_notes/1ma221/1MA221_0e.pdf 

https://doi.org/10.19053/01211129.v32.n65.2023.16054
https://doi.org/10.1002/ett.4113
https://doi.org/10.1109/JPHOT.2022.3220821
https://doi.org/10.1109/MWP53341.2021.9639405
https://doi.org/10.1109/JPHOT.2020.3036440
https://www.ntt-electronics.com/en/products/photonics/athermal-awg_50ghz.html
https://www.ntt-electronics.com/en/products/photonics/athermal-awg_50ghz.html
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_application/application_notes/1ma221/1MA221_0e.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_application/application_notes/1ma221/1MA221_0e.pdf

