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Abstract—Nowadays, optical network nodes are usually based 

on reconfigurable optical add/drop multiplexers (ROADMs). Due 

to exponential growth of internet data traffic, ROADMs have 

evolved to become more flexible, with multi-degree and their 

add/drop structures are now more complex with enhanced 

features, such as colorless, directionless and contentionless (CDC). 

In this work, the impact of in-band crosstalk, optical filtering and 

amplified spontaneous emission noise on the performance of an 

optical network based on multi-degree CDC ROADMs is studied 

considering 100-Gb/s polarisation division multiplexing 

quadrature phase-shift keying signals for the fixed grid. We show 

that, an optical signal can pass through a cascade of 19 CDC 

ROADMs, based on a route and select architecture with 16-degree, 

until an optical signal-to-noise ratio (OSNR) penalty of 1 dB due 

to in-band crosstalk is reached. We also show that the ASE noise 

addition, due to the increase of the number of CDC ROADMs, is 

more harmful in terms of OSNR penalty than in-band crosstalk. 

Keywords: ASE noise, CDC ROADMs, coherent detection,      

in-band crosstalk, optical filtering, PDM-QPSK. 

I. INTRODUCTION 

The exponential growth of internet data traffic due to the 

increase of the number of devices, cloud and video-on-demand 

services, has been putting fibre optic network technologies in a 

continuous development to support all the data generated. 

Technologies, such as dense wavelength-division multiplexing, 

optical coherent detection, polarisation division multiplexing 

(PDM) and advanced digital signal processing (DSP) are now 

fundamental to achieve the huge transport capacities required 

by the overall telecommunications infrastructure [1]. 

In addition to these technologies, the reconfigurable optical 

add/drop multiplexers (ROADMs) nodes evolution is also very 

important to support this exponential growth. In the past, the 

network nodes were static and their configuration was manual. 

Nowadays, these nodes became more reconfigurable with 

colorless, directionless and contentionless (CDC) features [2], 

that improves the routing and switching functionalities in the 

optical nodes, making them more dynamic and reliable. 

On the other hand, the optical network physical layer 

impairments (PLIs) require a comprehensive study since the 

optical signal along its path, passes through optical fibre links 

as well as optical components inside the ROADMs, such as 

optical switches, (de)multiplexers and splitters/couplers. The 

losses, noises and interferences generated in these links 

accumulate along the light-path degrading the optical signal 

transmission. In particular, the imperfect isolation of switches 

and filters inside the ROADMs leads to signal leakages that 

originate interfering signals known as crosstalk signals. One of 

the crosstalk types that becomes enhanced in an optical network 

and degrades the optical network performance is the in-band 

crosstalk [3]. This type of crosstalk occurs when the interfering 

signals have the same nominal wavelength as the primary signal 

but are originated from different sources, so that this 

impairment cannot be removed by filtering. In an optical 

network based on ROADMs, the in-band crosstalk will 

accumulate over the ROADM cascade and can limit the number 

of nodes that the signal passes in the network [4]. In the 

literature, some studies were performed to address the impact 

of the in-band crosstalk on the optical network performance, 

however with a simple ROADM model, i.e., considering only a 

WSS cascade [5] or not considering the ROADM add/drop 

structures with the CDC features [6]. 

In this work, the impact of in-band crosstalk generated 

inside multi-degree CDC ROADMs on the network 

performance is studied through Monte-Carlo simulation. 

Polarization division multiplexing quadrature phase-shift 

keying (PDM-QPSK) signals at 100-Gb/s for the fixed grid are 

considered. This study is performed by properly modelling the 

in-band crosstalk generation inside the ROADMs. Different 

ROADM architectures, namely broadcast and select (B&S) and 

route and select (R&S) architectures [6], as well as, different 

add/drop structures, based on multicast switches (MCSs) and 

wavelength selective switches (WSSs) [7], are considered. 

This paper is organized as follows. Section II describes the 

model for studying the in-band crosstalk inside a ROADM node, 

and the number of in-band crosstalk terms generated inside a 

ROADM is quantified, for both B&S and R&S architectures. 

Details on the ROADM transponder, as well as, on the ROADM 

add/drop structures are also provided in this section. In section 

III, the PLIs such as the optical filtering, amplified spontaneous 

emission (ASE) noise and in-band crosstalk in an optical 

network based on multi-degree CDC ROADMs are studied and 

their impact on the network performance is assessed. Finally, in 

section IV, the conclusions of this work are presented. 

II. MODELLING THE IN-BAND CROSSTALK INSIDE A ROADM  

The main focus of this section is on the in-band crosstalk 

generation inside a ROADM node. In subsections II.A and II.B, 

we will describe, respectively, the ROADM transponder 

features and the ROADM add/drop structures. Subsection II.C 

deals with the in-band crosstalk generation. 
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A. ROADM Transponder 

We present in this sub-section the main blocks of the 

coherent receiver of a ROADM transponder, used for detecting 

the optical signal that is dropped in a ROADM. Fig. 1 depicts 

the block diagram of the coherent receiver for a single 

polarisation of the signal. The coherent receiver with dual 

polarisation consists of two polarisation beam splitters 

connected with two structures identical to the one depicted in 

Fig. 1. In this work, we assume that the optical receiver is ideal, 

so the receiver performance can be assessed considering only 

the structure of Fig. 1 for a single polarisation of the signal [8]. 

The structure of the optical coherent receiver is formed by 

a 2×4 90º hybrid, which has 𝐸𝑟(𝑡) and 𝐸𝐿𝑂(𝑡), respectively, the 

complex envelope of received signal and local oscillator (LO) 

electrical fields as inputs. The received electrical signal 

corresponds to the signal under test, the primary signal, dropped 

by a ROADM. The 2×4 90º hybrid is followed by two balanced 

photodetectors. The hybrid, which is modelled as in [8], is 

composed by four 3 dB couplers and a 90º phase shift in the 

lower branch, which allows the receiver to decode the in-phase 

and quadrature signal components of the received currents, 

respectively, 𝐼𝑖(𝑡) and 𝐼𝑞(𝑡) in Fig. 1. An electrical filter is 

placed after the balanced photodetector, to reduce the inter-         

-symbolic interference and the noise power, consequently, 

improving the signal-to-noise ratio [9]. In this work, we use a 

5th order Bessel filter as the receiver electrical filter, which is a 

typical filter used in several studies [10]. The 3 dB bandwidth 

of this filter is set equal to the symbol rate. After electrical 

filtering, the signal is sampled by an analog-to-digital converter 

before going to a DSP (not shown in Fig. 1). Finally, a decision 

on the transmitted symbol is taken at the decision circuit. 
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Fig. 1. Coherent receiver block diagram for a single polarisation QPSK signal. 

B. ROADM Add/Drop Structures 

In this subsection, we present the internal structure of a 

ROADM add/drop structure based on both MCSs and WSSs. 

Fig. 2 shows a generic internal structure of (a) MCSs and          

(b) WSSs that can be used in the drop section of a CDC 

ROADM [7]. As we can observe from this figure, the MCSs are 

based on 1×M splitters and N×1 optical switches. As such, they 

are not wavelength selective as the WSS structures. On the 

other hand, the WSS structures have higher costs. However, in 

terms of in-band crosstalk generation, since inside a N×M WSS, 

the interfering signals pass through the isolation of two WSSs, 

the interferers are second order interferers, instead of the first 

order interferers that appear on the N×M MCSs outputs. 
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Fig. 2. ROADM drop section structure based on (a) MCS and (b) WSS. 

C. In-Band Crosstalk Generation inside a ROADM 

For studying the number of crosstalk terms generated inside 

a ROADM with degree R, we consider, a four-node star 

network with a full-mesh logical topology as depicted in Fig. 3. 

As a worst-case scenario, we assume that the central ROADM, 

node 2, communicates with other nodes using the same 

wavelength, λ1. This means that, the wavelength λ1 reaching 

node 2, is dropped and new optical signals with the same 

wavelength λ1 are added and directed to the ROADM outputs.  
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Fig. 3. Four-node star network with a full-mesh logical topology. 

 

Fig. 4 represents the structure of the ROADM designated by 

node 2 in Fig. 3, a 3-degree CDC ROADM based on a R&S 

architecture, i.e., with WSSs both at its inputs and outputs, and 

with WSSs-based add/drop structures. The crosstalk generation 

inside the ROADM is also represented. From this figure, we 

can observe that all in-band crosstalk terms originated with 

wavelength λ1 are second order terms (identified with number 

2). In this case, in each drop port, where wavelength λ1 is 

dropped, we find two in-band crosstalk terms, coming from the 

other two ROADM inputs. At the ROADM outputs, the output 

wavelength λ1 in each direction is impaired by four in-band 

crosstalk terms, two of them arising from the ROADM inputs 

and the other two are generated from the presence of 

wavelengths λ1 at the add section. 
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Fig. 4. Node 2 structure – a 3-degree CDC ROADM based on a R&S architecture with WSSs-based add/drop structures.   

The conclusions taken from Fig. 4, for a 3-degree CDC 

ROADM, can be generalized for a R-degree ROADM. In Tables 

1 and 2, the number of in-band crosstalk terms generated inside 

a R-degree C, CD and CDC ROADM with MCSs and             

WSSs-based add/drop structures, for both B&S (Table 1) and 

R&S (Table 2) architectures is presented. From Tables 1 and 2, 

we can conclude that, for a CDC ROADM, the WSS-based 

add/drop structures are the best choice in terms of minimizing 

the in-band crosstalk generation. For both studied architectures, 

the interfering signals generated with these add/drop structures 

are mainly of second order. In summary, to minimises the 

crosstalk generation inside multi-degree CDC ROADMs, the 

R&S architecture with WSSs-based add/drop structures seems 

to provide the best solution. 
 

Table 1. Number of in-band crosstalk terms generated inside a                       

R-degree ROADM based on the B&S architecture. 

 Drop ports Outputs 

 1st order 2nd order 1st order 2nd order 

C - - 𝑅 − 1 - 

CD 𝑅 − 1 - 2(𝑅 − 1) - 

CDC (MCSs) 𝑅 − 1 - 2(𝑅 − 1) - 

CDC (WSSs) - 𝑅 − 1 𝑅 − 1 𝑅 − 1 

Table 2. Number of in-band crosstalk terms generated inside a                       

R-degree ROADM based on the R&S architecture. 

 Drop ports Outputs 

 1st order 2nd order 1st order 2nd order 

C - - - 𝑅 − 1 

CD 𝑅 − 1 - 𝑅 − 1 𝑅 − 1 

CDC (MCSs) 𝑅 − 1 - 𝑅 − 1 𝑅 − 1 

CDC (WSSs) - 𝑅 − 1 - 2(𝑅 − 1) 

III. PHYSICAL LAYER IMPAIRMENTS IMPACT 

In this section, the impact of in-band crosstalk, optical 

filtering and ASE noise in a cascade of multi-degree CDC 

ROADMs based on the R&S architecture, the architecture that 

minimises the generation of in-band crosstalk, with MCSs and 

WSSs-based add/drop structures is studied. The main goal of 

this study is to investigate the maximum number of ROADMs 

that an optical signal can pass until the degradation of these 

PLIs causes an optical signal-to-noise ratio (OSNR) penalty 

higher than 1 dB. The signal referred in this work as the primary 

signal corresponds to the signal that is taken as a reference to 

study the PLIs. We consider a non-return-to-zero (NRZ) QPSK 

signal with 50-Gb/s in a single polarisation (which corresponds 

to 100-Gb/s in dual polarisation) as the primary signal. 

We start, in subsection III.A, by characterising the optical 

filters used to model the ROADM components. This will permit 

to obtain the crosstalk level at the end of an optical network. In 

subsection III.B, the optical filtering impact on a cascade of 

CDC ROADMs considering only one amplification stage is 

studied. In subsection III.C, the impact of ASE noise is studied 

with optical amplifiers at every ROADM inputs and outputs.  

A. Optical Filters used to Model the ROADM Components 

We consider two types of optical filters to model the 

ROADM components, the passband 𝐻𝑝(𝑓) and the stopband 

𝐻𝑏(𝑓) filters. The signals that pass through the ROADM 

components (e.g. WSSs) are filtered by the passband filter, 

while the signals that the ROADM component blocks are 

filtered by the stopband filter. The optical passband filter is 

modelled by a 4th order Super-Gaussian optical filter [11] with 

3 dB bandwidth (B0) equal to 41 GHz, usually used for the 50 

GHz channel spacing [5]. The optical stopband filter is 
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modelled by the inversion of the optical passband filter and by 

setting the blocking amplitude, in dB, with B0 equal to 

approximately 48 GHz. Fig. 5 shows the transfer functions of 

these filters, Fig. 5 (a) for the passband filter and Fig. 5 (b) for 

the stopband filter with different blocking amplitudes                  

(i) 20 dB, (ii) 30 dB, (iii) 40 dB and (iv) 50 dB. 
 

 
                                 (a)                                         (b) 

Fig. 5. Transfer function of the (a) optical Super-Gaussian 4th order passband 

filter 𝐻𝑝(𝑓) and (b) optical stopband filters 𝐻𝑏(𝑓) with different blocking 

amplitudes (i) 20 dB (ii) 30 dB (iii) 40 dB and (iv) 50 dB. 

With these passband and stopband filters, we can model the 

effect of the ROADM node on both the express and add/drop 

signals and also on the crosstalk signals. For the add/drop 

signals, considering the MCS structure, the signals pass through 

one passband filter, while with the WSS structure, the signals 

pass through two passband filters. The express signals are 

filtered by two passband filters, at the ROADM input and 

output WSSs. Regarding the crosstalk signals, second order 

terms pass through two stopband filters inside the ROADM, 

while first order terms pass only through one stopband filter.  

Now, we can evaluate the crosstalk level at the end of an 

optical network composed by 32 cascaded CDC ROADMs with 

MCSs and WSSs-based add/drop structures, for several 

ROADM degrees and for the blocking amplitude of 20 dB, as 

shown in Table 3. Studies with lower blocking amplitudes (50, 

40 and 30 dB) exhibit crosstalk levels at the end of a cascade 

of 32 CDC ROADMs, that will lead to a negligible performance 

degradation. For a blocking amplitude of 20 dB, the total 

crosstalk level, as defined in [3], at the end of a network with 

32 16-degree CDC ROADMs is 5.2 dB and 13.3 dB, 

respectively, with MCSs and WSSs add/drop structures. 
 

Table 3. Total crosstalk level at the end of an optical network composed by 32 

cascaded CDC ROADMs for a blocking amplitude of 20 dB. 
 

 Total crosstalk level [dB] 

ROADM degree (R) MCSs WSSs 

2-degree 18.7 35.4 

4-degree 13.3 21.6 

8-degree 9.4 16.3 

16-degree 5.2 13.3 

B. Impact of Optical Filtering and In-Band Crosstalk on a 

ROADM Cascade with Only One Amplification Stage 

In this subsection, we study the impact of optical filtering 

and in-band crosstalk on a ROADM cascade with only one 

amplification stage at the end of the optical network, as shown 

in Fig. 6. The optical (de)multiplexers represented in Fig. 6 are 

for 50 GHz channel spacing and are modelled by the optical 

passband filter 𝐻𝑝(𝑓) represented in Fig. 5 (a). 
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Fig. 6. Schematic model of an optical network composed by M ROADMs 

with only one amplification stage. 

The signals represented by 𝑋𝑀,𝑖𝑛 and 𝑋𝑀,𝑎𝑑𝑑 are, 

respectively, the in-band crosstalk signals from the ROADM 

inputs and add section. The signal 𝑆𝑖𝑛,𝑓 is the primary signal 

after passing through the optical multiplexer. The primary signal 

that appears at Mth ROADM output is called 𝑆𝑜,𝑀, and the ASE 

noise is added to this signal. In this work, the ASE noise is 

considered to be an additive white Gaussian noise. 

We start by studying the impact of the optical filtering due 

to the amplitude distortion introduced by the optical passband 

filters cascade. Fig. 7 depicts the bit error rate (BER) as a 

function of the required OSNR for a 50-Gb/s NRZ QPSK signal 

that passes through 2, 4, 8, 16 and 32 ROADM nodes without 

the in-band crosstalk impairment. The OSNR difference 

between the case where the primary signal passes 2 nodes, our 

reference case, and the other cases, represents the OSNR penalty 

due to the optical filtering, which is estimated for a BER of 103. 

This penalty is represented in Fig. 7 by δF for the case of 32 

ROADM nodes (green curve) and is approximately 1.2 dB. 
 

δF

 

Fig. 7. BER as a function of the required OSNR for a 50-Gb/s NRZ QPSK 

signal that passes through a cascade of ROADM nodes. 

After having evaluated the optical filtering penalty without 

the in-band crosstalk, we add the in-band crosstalk signals to 

our simulation model to estimate the OSNR penalty due to in- 

-band crosstalk [12], considering a ROADM-based network. 

Fig. 8 depicts the OSNR penalty as a function of the number of 

ROADM nodes, with the ROADM degree as a parameter, 

considering a blocking amplitude of  20 dB and (a) MCSs and 

(b) WSSs-based add/drop structures. For 16-degree ROADMs 

and MCSs-based add/drop structures, the OSNR penalty is 

higher than 5 dB at the end of 2 cascaded ROADMs, and it is 

not represented in Fig. 8 (a). Note that, for a 4-degree ROADM 

with MCSs-based add/drop structures, the OSNR penalty due 
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to in-band crosstalk after 2 nodes is about 1.3 dB. This OSNR 

penalty is higher than at the end of 32 ROADMs with 2, 4 and 

8-degree with add/drop structures based on WSSs. When we 

have WSSs-based add/drop structures, the number of ROADMs 

associated with a 1 dB OSNR penalty is 15 for 16-degree 

ROADMs and 28 for 8-degree ROADMs. The 2 and 4-degree 

ROADMs provide penalties below 0.5 dB at the end of 32 

nodes. For case with 4-degree (red curve in Fig. 8 (b)), the 

OSNR penalty is only 0.4 dB. On the other hand, in the same 

case but with add/drop structures based on MCSs, the OSNR 

penalty due to the in-band crosstalk is 3 dB. 
 

 
       (a) 

 
       (b) 

Fig. 8. OSNR penalty as a function of the number of ROADMs nodes, with 

the ROADM degree as a parameter, for a blocking amplitude of 20 dB and 

with the add/drop structures based on (a) MCSs and (b) WSSs. 

C. Impact of ASE Noise and In-Band Crosstalk on a ROADM 

Cascade with Amplification Stages at every ROADMs 

Inputs and Outputs 

In this subsection, we analyse the impact of the ASE noise 

and in-band crosstalk on a network composed by a cascade of 

CDC ROADMs in a more realistic scenario. In this scenario, 

there are optical amplification stages at the inputs of all the 

ROADMs to compensate the path losses, and at the ROADMs 

outputs to compensate the losses inside the nodes [13], as 

depicted Fig. 9. In Fig. 9, the path of the primary signal, since it 

is added until it is dropped, is represented by the red line. Notice 

that, in the network represented in Fig. 9, an increase on the 

number of ROADMs, besides leading to a higher number of 

interferers, also leads to a substantial increase of the ASE noise 

power. To study this effect, we plot in Fig. 10 the total signal 

power evolution as a function of the number of 16-degree CDC 

ROADM nodes that the signal passes for three cases: 1) 

considering only the signal power evolution, 2) considering the 

signal power plus the ASE noise power and 3) considering the 

signal power plus ASE noise and in-band crosstalk powers. 

These results are plotted considering WSSs-based add/drop 

structures and a blocking amplitude of 20 dB. This figure 

shows that, the ASE noise power is by far superior to the in-band 

crosstalk power, as we can check by comparing the curves with 

crosses and diamonds. 
 

  
Fig. 10. Total signal power as a function of the number of 16-degree CDC 

ROADMs with WSSs-based add/drop structures. 
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Fig 9. Schematic model of a cascade of M multi-degree CDC ROADM based on the R&S architecture with in-band crosstalk signals and ASE noise addition. 



Fig. 11 depicts the OSNR penalty as a function of the 

number of ROADMs nodes for stopband filters with blocking 

amplitude of 20 dB and add/drop structures based on (a) MCSs 

and (b) WSSs in a network depicted in Fig. 9. By comparing the 

results depicted in Figs. 8 and 11, we can observe that the OSNR 

penalty due to the in-band crosstalk obtained in Fig.11 is lower 

than the penalty obtained in Fig. 8. For example, in subsection 

III.B, the number of CDC ROADMs with WSSs-based add/drop 

structures, that can be reached associated with a 1 dB OSNR 

penalty is 15, for 16-degree ROADMs, and 28, for 8-degree 

ROADMs. In this subsection, Fig. 11 (b) shows that, for            

16-degree ROADMs, the maximum number of nodes reached is 

19 nodes. For 8-degree ROADMs, a 1 dB OSNR penalty is not 

reached at the end of 32 nodes. 
 

 
     (a) 

 
     (b) 

Fig. 11. OSNR penalty as a function of the number of ROADMs for a 

blocking amplitude of 20 dB and add/drop structures based on (a) MCSs and 

(b) WSSs with amplification at every ROADMs inputs and outputs. 

IV. CONCLUSIONS 

In this work, the performance of an optical network based on 

multi-degree CDC ROADMs impaired by in-band crosstalk, 

ASE noise and optical filtering has been investigated considering 

a 100-Gb/s QPSK signal for the fixed grid. The ROADM model 

considers different architectures and add/drop structures. 

It is shown that the R&S architecture is the most robust 

architecture in terms of the in-band crosstalk generated inside 

multi-degree CDC ROADMs. With ROADM add/drop 

structures based on WSSs, for the R&S architecture, we only 

found second order in-band crosstalk terms either at ROADM 

outputs and drop ports. For the B&S architecture first order in-   

-band crosstalk terms appear at the ROADM output. 

Our results have shown that, for a BER of 103, the OSNR 

penalty due to the optical filtering, without the in-band crosstalk 

effect, is approximately 1.2 dB when the optical signal passes 

through 32 CDC ROADMs. In a more realistic scenario, with 

amplification at all ROADMs inputs and outputs, the system 

degradation is mainly due to the ASE noise accumulation, 

making the in-band crosstalk impact lower than in networks 

with one amplification stage. In this case, for CDC ROADMs 

with add/drop structures based on WSSs, the number of 

cascaded ROADMs nodes that leads to a 1 dB OSNR penalty 

degradation is 19, for 16-degree ROADMs. For 8-degree 

ROADMs, the OSNR penalty does not reach 1 dB at the end of 

a network with 32 nodes. 
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