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Objectives — The main purpose of this work is to properly design the cores of a multicore fiber in order to 

build sampled true-time delay lines based on multicore optical fibers. Since inter-core crosstalk is one of the 

most limiting effects in multicore fibers, we must take it into account and characterize it with the aim of 

applying different techniques to avoid it or at least mitigate its impact. Once the true-time delay lines are 

designed, they can be included into several microwave photonics applications such as microwave optical 

filters, optoelectronic oscillators, etc. 

 

Methodology — The methodology of this work can be divided in two parts. First, it was necessary to perform a 

comprehensive study of the main concepts related to multicore fibers and several microwave photonics 

applications, especially focused towards inter-core crosstalk and true-time delay lines. The second part of the 

work is based on simulation activity carried out by using the simulation software named Fimmwave, which 

allows us to do a versatile design of the multicore fiber and also different evaluations of our designs, 

including the evaluation of several parameters of the cores such as the dispersion, the group index or the 

effective index, and also a rigorous inter-core crosstalk analysis. Additional simulations are also done using 

Matlab. 

 

Theoretical developments realized — During this work, a theoretical model of multi-cavity optoelectronic 

oscillators using multicore fibers has been developed, which includes both signal and noise theoretical 

models. 

 

Results — Different results have been obtained during this work. With respect to the design of true-time delay 

lines based on multicore fiber, we proposed an unprecedented design procedure for the refractive index 

profile of the cores in order to ensure a desired group index, effective index and dispersion parameter in each 

core. We demonstrate the feasibility of the proposed models by implementing three different designs, for 

which we evaluate both crosstalk versus propagation length and crosstalk versus bending radius behaviors. 

Regarding to the optoelectronic oscillators, we propose three different models, two of them based on 

homogeneous multicore fibers and the last one based on heterogeneous multicore fibers. In all cases, we 

evaluated and compared the oscillation frequencies and the phase noise of the optoelectronic oscillator in 

different situations. 

 

Future lines — The most straightforward future line is the physical implementation in the laboratory of 

different microwave photonics applications as, for example, the optoelectronic oscillator models. The main 

obstacle to do this is the acquisition of the desired multicore fibers because of its high prize and the difficulty 

to obtain a specific design. 

 

Publications — Three articles have been published (one of them not yet published, but accepted) that report 

the results of this work. Firstly, we publish a paper in Optics Letters where we propose the novel design of 

true-time delay lines based on multicore fibers. Almost simultaneously, the optoelectronic oscillator results 

were also published in Optics Express. A third and last publication is not yet published, but it is accepted. 
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This one is related to the first one, where we optimize the proposed models in order to minimize the inter-

core crosstalk and the behavior against curvatures of the multicore fiber, and we also presented some 

simulation results illustrating the comparative between models. 

 

Abstract — In this work, we propose a novel design of true-time delay lines based on multicore fibers. First, a 

brief introduction to microwave photonics and multicore fibers is exposed in order to make sure that the 

reader knows the basic concepts to understand the proposed designs. After that, the desired true-time delay 

lines are described. Here, three different models are proposed, which can be distinguished by their core’s 

refractive index profile: one based on a step-index profile, and two based on a trench-assisted step index 

profile. In all cases, both crosstalk versus propagation length and crosstalk versus bending radius simulations 

are exposed. Finally, we make use of the proposed concept to implement three different models of 

optoelectronic oscillators, depending on which homogeneous or heterogeneous multicore fibers are employed 

to build the delay line. Those models are then evaluated in terms of oscillation frequencies and phase noise. 
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I. INTRODUCTION 

Microwave Photonics (MWP) is an interdisciplinary area that brings together the worlds of 

radiofrequency (RF) and optoelectronics, granting a promising future in applications such as 

broadband communications, distributed sensing, security and medical imaging. It pursues the 

generation, processing and distribution of microwave and millimeter-wave signals by photonic 

means. Compared to traditional RF technologies, MWP brings unique advantages inherent to 

photonics engineering, such as low loss (independent of the radio frequency), high bandwidth or 

immunity to electromagnetic interference. In addition, it also enables key features such as fast 

tunability and reconfigurability that are not possible using classic electronic approaches. These 

attractive properties are behind the intense research activity on a wide range of information and 

communication solutions, including microwave signal filtering, optical beamforming for phased-

array antennas, arbitrary waveform generation, multi-gigabit per second analog-to-digital 

conversion and optoelectronic oscillation, [1-4]. Most of these approaches rely on a core optical 

component: the true time-delay line (TTDL). Different photonic technology approaches have been 

reported for the implementation of this essential device. Solutions based on single-core single-

mode fibers, which include both passive (switched and dispersive fibers [5] and Fiber Bragg 

Grating inscription [6-8]) and active [9] (based on Stimulated Brillouin Scattering) configurations 

featured operation bandwidths and delays between 0.1-10 GHz and 0.4-8 ns, respectively. On the 

other hand, integrated photonic approaches based on ring cavities in Silicon on Insulator [10], 

racetrack resonators in Si3N4 [10], photonic crystal structures [11] and amplifiers [12] based on InP 

have demonstrated operation bandwidths and delays between 2-50 GHz and 40-140 ps, 

respectively. 

 Despite the immense application potential of MWP in both civil and defense scenarios, as well 

as the recent claim that it can be extended to emerging fields such as the Internet of Things, 

medical imaging, optical coherence tomography, wireless personal area networks and converged 

fiber-wireless access networks, the widespread adoption of MWP is still limited by the non-

compact, heavy and power-consuming nature of the up-to-date systems. Therefore, one of the 

major challenges that MWP has to overcome nowadays is related to the reduction of size, weight 

and power consumption (SWAP) while assuring broadband seamless reconfigurability and 

stability. Integrated MWP has recently been proposed as a solution for the generation and signal 

processing of microwave and millimeter-wave signals, but there is still a paramount need for a 

compact and efficient fiber-based technology able to support the required parallelization in 

distribution networks. This second scenario, which includes applications such as 5G fiber-wireless 

access networks and fiber-to-the-home, usually resorts to the ―force-brute‖ replication of a basic 

subsystem that includes the same single functionality, where the TTDL is built from discrete and 

bulky components. To overcome this limitation and provide the required component count 
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reductions and system parallelization, the extension of space-division multiplexing (SDM) 

techniques, currently restricted to high-capacity digital communications, to the field of MWP was 

proposed in [13] by the use of heterogeneous multicore fibers (MCF). The inherent parallelism of 

MCFs makes them ideal candidates for the implementation of sampled discrete TTDLs featuring 

unique properties in terms of compactness, system stability, power efficiency, flexibility, versatility 

and record bandwidth in a single compact optical fiber. Fig. 1 illustrates the basic operation 

principle of the proposed TTDLs working over a single RF-modulated optical carrier. 

 

Fig. 1. TTDL based on a heterogeneous MCF fed by a single optical carrier (1D operation). 

 Most of the research activity on SDM has employed the so-called homogeneous MCFs, where N 

identical single-mode cores are arranged into a single cladding with an outer diameter ranging from 

125 to 250 μm. In this kind of MCF, the number of cores that can be multiplexed into a fiber is 

determined by the core pitch (i.e., the core-to-core distance) for a fixed outer cladding diameter. 

However, a small core pitch results in a large crosstalk between neighboring cores, being an 

important limitation to the core packing density in homogeneous MCFs. In this context, 

heterogeneous MCFs were proposed in 2009 in order to increase the core packing density as 

compared to conventional homogeneous MCFs, [14]. These are composed of non-identical cores 

confined inside a cladding so, since each core has different propagation constant, the phase-

matching condition between this dissimilar cores is prevented and thus the inter-core crosstalk 

becomes sufficiently small to allow an important core pitch reduction, [14-19]. Preliminary designs 

of heterogeneous MCFs reached crosstalk values below -30 dB for a propagation length of 100 km 

by arranging 2 or 3 kinds of cores inside a 125-μm cladding diameter, [14]. In that work, by 

reducing the core pitch and radius while increasing the relative refractive index difference between 

cores, 12-core and 19-core designs were presented. Further progress in crosstalk management has 

been achieved by designing heterogeneous trench-assisted core configurations, where crosstalk 

values near -50 dB for a 100-km link were obtained in a 14-core structure [15]. One of the major 

design issues regarding the crosstalk management of heterogeneous MCFs is associated to the fiber 

curvatures that may affect the deployed link. Since phase-matching conditions between non-

identical cores may occur when the fiber is curved, the power transfer between cores may increase 

for a specific range of bending radii. To assure a bend-insensitive behavior, the MCF must be 

designed so that the cable bending radius is greater than the threshold bending radius Rpk, for which 
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the effective index difference between cores becomes zero. Previous research anticipated that it is 

possible to shift Rpk below 50 mm by designing neighboring cores with an effective index 

difference larger than 0.001 for a core pitch below 35 μm [15]. 

 

II. MULTICORE OPTICAL FIBERS 

Multicore fibers are optical fibers where multiple cores are multiplexed into a single cladding. 

They can be classified in two types according to the desired behavior between their cores: coupled 

and uncoupled MCFs. For our purpose, we will make use of the uncoupled ones, where each core 

acts as an independent single-mode waveguide. Depending on the core’s design, there are mainly 

two types of uncoupled MCFs: homogeneous and heterogeneous multicore fibers. Homogeneous 

MCFs are composed of identical cores which have the same core radius and refractive index 

profile, while heterogeneous MCFs are characterized by the insertion of dissimilar cores into the 

same cladding, [21]. 

 Next sections are focused on how inter-core crosstalk affects to both homogeneous and 

heterogeneous MCFs and how can it be suppressed in order to guarantee a required crosstalk level 

to transmit along a given propagation length. 

II.1. INTER-CORE CROSSTALK 

In optical fibers, core and cladding geometries are not perfectly circular along the z-axis, and the 

refractive index also suffers light and inevitable variations along the same axis. All this variations 

can be understood as a perturbation of the refractive index, causing that the propagating modes of 

the MCF cores stop being independent one of each other and exchange power along their 

propagation. Moreover, bending and twisting the fiber along z-axis can also be interpreted as a 

perturbation of the refractive index of each MCF core, causing the same effect than before. This 

phenomenon of power exchange receives the name of inter-core crosstalk.  

 It is reasonable to think that the inter-core crosstalk will be lower as long as the core-to-core 

distance is increased. In contrast, the best way to improve the spatial capacity of the MCF is to 

increase the core density –number of cores per fiber cross-sectional area‒ while preserving the 

capacity of each core. One of the most efficient ways to enhance the mentioned core density is to 

reduce the core pitch (i.e., the core-to-core distance). However, when shortening the core-to-core 

distance the inter-core crosstalk becomes a crucial phenomenon and it should be maintained low 

enough to guarantee the independence of the data sent over the individual cores. Because of this, 

the inter-core crosstalk characterization and suppression has acquired lot of attention in the 

research activity over last years. 

 The inter-core crosstalk has been widely studied during years, and several formulations based 

on the coupled mode theory (CMT) and the coupled power theory (CPT) have been proposed, [20]. 
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By the analysis of those formulations, it was concluded that the inter-core crosstalk is strongly 

dependent on the difference between the propagation constants of the involved cores and also on 

the coupling coefficient between them. The coupling coefficient is related on how much confined is 

the mode into the cores, so it does not depend on which kind of MCF is used, while the value of the 

propagation constant of each core is fully-related on which type of MCF is employed. In 

homogeneous MCFs, since all of the cores have the same propagation constant, the phase-matching 

condition between cores (i.e. when             , where βn represents the propagation 

constant of the core n)  is satisfied and, therefore, higher inter-core crosstalk values are usually 

obtained. The number of cores that can be multiplexed into the fiber is basically determined by the 

core-to-core distance for a fixed outer cladding which guarantees a required crosstalk level along a 

given propagation length. However, since the core-pitch has to be decreased in order to increase the 

core density, homogeneous MCFs do not support high core packing that exploit the full-capacity of 

a multicore fiber. To solve this limitation, heterogeneous MCFs were later proposed, where the 

non-identical cores that compose those MCFs cause a drastic reduction in the power transferred 

between the cores because a slight difference in effective refractive indices neff induces a large 

difference in the propagation constant and the phase-matching condition between cores is avoided 

(i.e.             ), resulting in much lower crosstalk levels than homogeneous MCFs. 

 

Fig. 2. Example of longitudinal evolution of coupled power in a bent and twisted MCF, [21]. 

 The previous conditions are satisfied when no perturbations are considered, that is, when fiber 

bends, fiber twists and random structural fluctuations of the fiber are not considered. However, it 

was found that these perturbations are not negligible in real MCFs and fluctuated along the 

longitudinal direction of the fiber, and the crosstalk in actual MCFs cannot be predicted without 

considering them. As an illustrative example, Fig. 2 shows the longitudinal evolution of coupled 

power in a bent and twisted MCF, extracted from [21]. As it can be appreciated, bend-induced 

resonant couplings are observed at every phase matching point where the difference between neqeff 

(which is the effective index including bending effects) of the cores is equal to zero. 
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II.2. EFFECTS OF FIBER BENDS 

As it has been introduced during the previous section, real fiber links can be affected by bends, 

twists and structural fluctuations of the optical fiber. Those perturbations are not negligible and can 

strongly affect the resulting crosstalk in MCFs. As shown in Figs. 3(a) and 3(b), bend, twist and 

structure fluctuation can induce a slight perturbation in the propagation constant of a given core, 

which can occur also either in the single-core fiber or in the MCF. However, bends can also induce 

a relatively large perturbation while considering other core as a reference (i.e., an important 

variation of the effective index difference between both cores due to bend), as shown in Fig. 3(c), 

and can strongly improve or deteriorate the inter-core crosstalk depending on which homogeneous 

or heterogeneous MCF is employed.  

 

Fig. 3. Schematics of perturbations on the propagation constant, [23]. (a) a slight change of the propagation 

constant in a core due to bend and twist, (b) a slight change on the propagation constant due to structure 

fluctuation, and (c) a large bend-induced change on the propagation constant in a core when assuming 

another core as a reference of the propagation constant. 

a) Bent homogeneous multicore optical fiber 

Homogeneous MCFs are characterized because all their cores have the same propagation constant 

(if all the cores are working at the same wavelength). Since curvatures induce a perturbation that 

change differently the propagation constant of each core, this variation will provide larger 

reduction of inter-core crosstalk as long as the fiber is curved with smaller bending radius. Fig. 4(b) 

illustrates the inter-core crosstalk behavior of the homogeneous MCF represented in Fig. 4(a), 

where it can be appreciated that crosstalk level is reduced when decreasing the bending radius. 

Therefore, curvatures can be used as a crosstalk suppression technique in homogeneous MCFs. 

 

Fig. 4. (a) Schematic cross-section of hexagonal 7-core homogeneous MCF, and (b) illustrative example of 

the crosstalk versus bending radius behavior in homogeneous MCFs. 
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b) Bent heterogeneous multicore optical fiber 

In heterogeneous MCFs, the behavior is much different than the homogeneous case. Here, the 

different propagation constants of the cores cause a large crosstalk reduction when the fiber is 

straight. However, curvatures can produce bend-induced coupling resonances since the propagation 

constants of two cores can be matched because of bend-perturbations. As shown in Fig. 5, even if 

two cores have different unperturbed propagation constant, curvatures will perturb it and, for a 

given bending radius, both cores will be phase-matched. This region is called phase-matching 

region. 

 

Fig. 5. Schematic of intermittent resonant couplings between two cores at the threshold bending radius as a 

function of the location of both cores with respect the curvature axis, [24]. Left, zero bend-perturbation; 

center, perturbation at a given angle between core position-curvature; right, bend-induced resonance. 

 Consider two particular cores (m and n) of a heterogeneous MCF. The equivalent effective 

indices of both cores m and n are expressed as [17] 

               (  
       

  

)  
(1a) 

               (  
       

  

)  
(1b) 

 The phase-matching occurs when the difference                           between the 

equivalent effective indices of two cores equals zero. The bending radius that causes this phase-

matching between cores m and n is the so-called threshold bending radius between both cores, 

Rpk,nm. If the fiber is bent at this threshold bending radius, the power transferred between cores m 

and n will be maximum. In other words, both cores will suffer its maximum inter-core crosstalk. 

Therefore, by setting to zero the difference between Eq. (1a) and (1b), the threshold bending radius 

between cores m and n is 

       |
                             

             

|  
(2) 

 Furthermore, we can define a global threshold bending radius given by  
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          (3) 

which determines the minimum curvature of the fiber to assure non-phase-matching between any 

pair of cores. Thus, this threshold bending radius should be reduced as much as possible in order to 

avoid the phase-matching region even if the fiber is curved with small radii. Since the inter-core 

crosstalk between non-neighbored cores is negligible compared to neighbored cores, the threshold 

bending radius is only defined between neighbored cores, and therefore, Eq. (3) is simplified so the 

threshold bending radius between cores i and j may only appear in if both cores are neighbors in the 

cross-section. The inter-core crosstalk versus bending radius behavior in the 7-core heterogeneous 

MCF of Fig. 6(a) is shown graphically in Fig. 6(b), where it can be appreciated a peak of maximum 

crosstalk at a given radius, corresponding to the threshold bending radius. 

 

Fig. 6. (a) Schematic cross-section of hexagonal heterogeneous 7-core MCF with 3 kinds of cores, and (b) 

illustrative example of crosstalk versus bending radius behavior in heterogeneous MCF. 

 In the particular case of the hexagonal heterogeneous 7-core MCF shown in Fig. 6(a) and by 

taking the origin of polar coordinates at the midpoint of the cross-section, Eq. (2) can be simplified 

as 

        
                  

|             |
  

(4) 

if any of cores n and m is the central core, and 

        
      

|             |
  (5) 

if core m is the central core, where Λ is the core pitch. Note that Eq. (4) can be approximated by 

Eq. (5), since neff,n and neff,m are very similar, so Eq. (5) can be either used in both cases. In addition, 

last expression is also valid for any kind of hexagonal core-distribution with random number of 

cores (6 cores, 7 cores, 19 cores, etc.). By using Eq. (5), the required effective index difference to 

shift Rpk to the desired value for a given core pitch is illustrated graphically in Fig. 7.   
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Fig. 7. Relation between effective index difference Δneff , core pitch and threshold bending radius Rpk. 

 To end with this section, the last important concept related to curvatures in heterogeneous MCF 

is the so-called bend-insensitive MCF, which is a MCF designed to have a threshold bending 

radius below 50 mm, [15]. This name is received because it is considered physically impossible to 

do this kind of curvature without breaking the fiber. For instance, as shown in Fig. 7, if one wants 

to design a bend-insensitive heterogeneous MCF with a core pitch of 35 μm, the effective index 

difference between any pair of neighbored cores should be larger than 0.001. 

 

II.3. CROSSTALK SUPPRESSION TECHNIQUES 

Based on the previous concepts studied at this chapter, it can be understood that there are mainly 

two approaches to crosstalk suppression. One is to decrease the mode-coupling coefficient and the 

other is to avoid the phase-matching between neighbored cores. Accordingly, there have been 

proposed various crosstalk suppression methods based on the reduction of those parameters. 

 The mode coupling coefficient can be suppressed by confining the modes into the cores 

strongly, increasing the core pitch, and/or using high-index and small-diameter core structures. 

Since the core-to-core distance is desired to be as short as possible to increase the core density, the 

first technique is not a viable solution. The method based on high-index and small-diameter core 

structures degrades the effective area Aeff and results in higher fiber non-linearity. Despite those 

inconvenient, this is an effective and viable method to suppress the crosstalk. The last method is 

based on the stronger mode confinement, where trench-/hole-assisted MCFs are designed and a 

large Aeff can be preserved. To do this, it is possible to insert trenches or holes surrendering each 

core, be shared between neighboring cores or even use photonic-crystal structures. Fig. 8 illustrates 

some of these solutions based on stronger mode confinement. 
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Fig. 8. Schematic examples of (a) trench- assisted refractive index profile, and (b, c) cross-sections of trench-

assisted MCFs. 

 On the other hand, there are several techniques to avoid the phase-matching, like utilizing the 

propagation constant mismatch, the bend induced perturbation, the longitudinal structural 

fluctuation and the power spectrum sampling induced by short- and constant-period spin. However, 

since our proposed TTDLs will be based on heterogeneous MCFs, we will focus on the only 

technique related to this kind of MCFs, which is the utilization of the propagation constant 

mismatch Δβ between neighbored cores. Note that the utilization of different propagation constants 

on each core is the definition of a heterogeneous MCF design. Since all cores will work at the same 

wavelength, Δβ will be satisfied by using different effective index in neighbored cores. As long as 

the effective index difference between neighbored cores becomes larger, the crosstalk suppression 

due to the phase-matching suppression will be higher. To end with this section, it should be noted 

that all of the last three techniques for avoiding the phase-mating are related to homogeneous 

MCFs. This can be understood by following a similar process as it was done in the previous section 

when bent homogeneous MCFs were studied. 

 

III. TRUE-TIME DELAY LINE BASED ON MULTICORE FIBER 

III.1. Theoretical model 

The basic building block of the proposed sampled TTDLs is a single heterogeneous MCF, where 

each core is designed to have different propagation characteristics. In particular, each core should 

be designed to have different group delay slope (i.e., different chromatic dispersion parameter, D), 

and all the cores should also have a common group delay, τ0, at a given wavelength, λ0. Hence, by 

suitable modifications of material and waveguide dispersion, the group delay per unit length of the 

cores must be tailored according to the incremental law, [13]: 

         [          ]         (6) 

where           is the core number, λm is the operation wavelength, D1 is the chromatic 

dispersion of core 1, and ΔD is the incremental dispersion parameter between adjacent cores. As it 

was introduced in the first chapter, if the proposed TTDL is fed by an array of lasers, it offers an 
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unprecedented 2D operation by exploiting the wavelength and space diversity, as shown in Fig. 9. 

When operating in space diversity, the basic differential group delay between adjacent cores, for a 

particular input wavelength λm, is given by: 

                  (7) 

where           determines the operation wavelength of each laser m. Fig. 10(a) illustrates 

the space diversity operation. Within a given core n, the use of wavelength diversity yields a basic 

differential group delay between adjacent wavelengths given by: 

      [          ]    (8) 

being Δλ the difference between 2 adjacent input optical wavelength, as shown in Fig. 10(b). Note 

that if the TTDL is fed by a single optical source, the basic differential group delay between 

adjacent cores will obey the relation given by Eq. (7), so that the tunability of this 1D-TTDL will 

be determined by the operation wavelength of the optical source, exploiting only the space 

diversity. 

 

Fig. 9. Schematic of a 2D sampled TTDL fed by a RF modulated multiple optical carriers: illustration of the 

wavelength and space diversities operation. 

In summary, the main goal of the proposed TTDLs will be the appropriated design of the 

heterogeneous MCF cores that build the TTDL, which must be carried by achieving a common 

group delay to all of the cores while ensuring at the same time a fixed incremental dispersion 

between adjacent cores at the reference wavelength. The design and evaluation of both proposed 

TTDL models are detailed in [26] and [27], respectively. 

 

Fig. 10. Graphical representation of 2D TTDL operation: (a) space and (b) wavelength diversities. 
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III.2. Design 

The design and evaluation of the heterogeneous MCF used as TTDL will be carried out by means 

of numerical mode solvers by using the Photon Design software named FIMMWAVE, which 

includes a large number of rigorous numerical mode solvers that guarantee the most accurate 

solution to find all the modes of the structure. A full-vector finite-difference method making use of 

advanced techniques to improve accuracy will be used in the design phase, while a full-vector 

finite-element method will be used in the evaluation phase. 

 Considering a negligible inter-core crosstalk, it can be assumed that each core acts as an 

independent single-mode waveguide transmitting its fundamental mode, so the design of each core 

of the MCF cross-section can be tailored individually by using a particular single-core single-mode 

fiber for each of them. The numerical solver provides both the dispersion parameter D and the 

group refractive index ng for a particular wavelength. Two different MCF structures have been 

considered for the TTDL implementation: in the first, each core presents a different refractive step-

index (SI) profile surrounded by the cladding; in the second, the refractive index profile of each 

core is surrounded by its own trench. Both structures are illustrated in Fig. 11, where it can be 

appreciated the design parameters in each one. Since all the cores must share the same common 

group delay τ0, the refractive index profile of each core should be designed so that we obtain the 

same ng at the reference wavelength λ0. In addition, we must assure an incremental value of the 

dispersion D following the law              . In all of the following designs, we consider 

the same TTDL requirements: 7-sample operation characterized by      ps/km/nm (i.e., a 

dispersion range from 1 up to 7 ps/km/nm) at         nm. Regarding to the MCF characteristics 

of both models, we consider to build a 7-core MCF with hexagonal core-distribution, where the 

core-to-core distance is        . 

 
Fig. 11. Schematic of the (a) step-index and (b) trench-assisted step-index profiles of the cores in the first 

model and in the second, respectively. 

a) Model 1: Step-index profile. 

As shown in Fig. 11(a), the design of the dispersion profile of the first core model is linked to the 

selection of two design variables: the core radius a1, and the fraction of GeO2 dopant (mol. %) in 

the SiO2 core n1. Hence, in order to find the pair of values {a1, n1} which satisfy the required group 

index and chromatic dispersion parameter of each core, as a first step we evaluate the dependence 
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of the variables ng and D in an extended range of           and         mol. % at 

          . We then redefine the range of GeO2 dopant that offers a set of D parameters wide 

enough to tailor the required group delay slopes (from Eq. (6)), while assuring a quasi-linear 

relationship between D and n1 for each a1. Particularizing for a 7-core fiber, the selection of a 

common           guarantee the target dispersion ranging from 1 up to 7 ps/km/nm. This is 

achieved for a GeO2-dopant concentration bounded between 3.8 and 4.9 mol. %. The selected ng 

results in a common group delay per unit length                      , being c the speed of 

light in vacuum and           . Figs. 12(a) and 12(b) show the numerical computation of ng 

and D as a function of GeO2 dopant when a1 increases gradually from 2 up to 5 μm. As it can be 

observed, increasing a1 or n1 leads on a linear increment of ng. In the case of the dispersion 

parameter, if we focus on the desired range of D values which implies           and        

mol. %, increasing the amount of GeO2-dopant concentration reduces the value of D, but increasing 

the core radius causes greater D. Note that this reduction will be greater when the core radius is 

smaller. Attempting to this behavior, it can be concluded that the product       should be 

practically constant for all of the cores in order to satisfy the group index requirements, so the 

increase of one of this parameters implies a reduction on the other one. 

 

Fig. 12. Group index (a), dispersion (b) and effective index (c) for the SI profile as a function of the core 

GeO2 dopant percentage and the core radius. 

 However, the design of the TTDL is not only subjected to the dispersion profile of the cores, but 

also by low-crosstalk characteristics. As detailed in section 2.3, the inter-core crosstalk can be 

easily avoided by increasing the effective index difference Δneff between neighbored cores, so that 

it is important to increase this difference as much as possible to improve crosstalk level. Fig. 12(c) 

shows the dependence of neff as a function of a1 and n1. Note that this behavior is very similar to the 

group index, so neff is approximately linearly increasing when a1 or n1 grows. As it can be observed, 

once ng is fixed to 1.4670, the possible Δneff values are limited to a range of around 0.0009. 

Nevertheless, when particularizing for the mentioned 7-core MCF, this range is halved due to the 

limitation on a1 and n1 induced by the desired dispersion range. Therefore, one can observe the 

impossibility of designing a bend-insensitive MCF with this kind of model, since even between any 
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2 cores is not possible to reach a Δneff of around 0.001, which is the minimum value to send Rpk 

between them below 50 mm with the proposed MCF parameters (see Fig. 7).  

 

Fig. 13. Schematic cross-section of (a) the different sections is which is divided the MCF (red, yellow and 

purple), and (b) the final core location of the designed 7-core heterogeneous MCF designed with SI profile. 

 Taking into account all this considerations, we proceed to design and locate all 7 cores into the 

MCF. Let’s denote cores 1 to 7 at which correspond the dispersion values 1 to 7, respectively. 

Immediately, one can observe that this first model has not so much versatility because we can only 

get a single pair of values {a1, n1} that achieves simultaneously both dispersion and group index 

particular requirements. Therefore, the effective index is also a fixed parameter for each core n and, 

as it can be noted by analyzing Fig. 12(b) and (c), it decreases with n, being              the core 

number and so the dispersion value of that core. The computed design parameters for this SI 

profile, which are depicted in rounded markers in Fig. 14, are summarized in Table 1. In order to 

avoid the phase-matching as much as possible in every pair of neighbored cores, we consider 3 

different sections into the MCF cross-section to optimize the location of each core, which are the 

center core, the outer zone 1 and  the outer zone 2, as shown in Fig. 13(a). We then place each core 

in one of these locations, starting by the center core. We choose core 7 to be located there because 

it has the highest neff possible and therefore the mean value of its Δneff with respect all the other  

cores is maximized (note that core 1 could also be the central one, since it has the lowest neff). 

Then, outer zone 1 and outer zone 2 may have three consecutive cores each one so, since neff of 

consecutive core is very similar, we avoid having small Δneff. For example, we select cores 1 to 3 to 

be in zone 1, and 4 to 6 in zone 2. We then locate each of those outer cores so that Δneff is as large 

as possible between any pair {zone 1, zone 2} of neighbored cores. Fig. 13(b) illustrates the final 

core-location which minimizes crosstalk.  

a) Model 2: Trench-assisted step-index profile. 

The second model, based on a trench-assisted (TA) refractive-index profile (as shown in Fig. 

11(b)), allows a more versatile design. Apart from the core radius a1 and the refractive index of the 

core n1, the additional design parameters are the inner and the outer radii of the trench, a2 and a3. 

The refractive index of the trench, n3, can also be changed, but we consider not modifying it for a 

simple reason: our refractive index profile of the TA-SI model is based on using different GeO2-
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dopant percentage in each section, which means increasing the core dopant to around 12 mol-% 

and also add some fixed GeO2-dopant to the cladding (5 mol. %) in order to achieve the required 

refractive index decrease in the trench (n3) with respect to the cladding (n2). Therefore, we consider 

building the trench by using pure silica with the aim of maximizing the cladding-to-trench index 

difference and thus improve the trench effect. This low-index trench could also be implemented by 

using fluorine dopant (usually from 1 to 2 mol. %), [28], which would allow a non-doped cladding 

and also a less-doped core. Upcoming designs will include this dopant instead of those completely 

GeO2-doped designs, but a broad analysis of its behavior will be necessary before using it. 

 
Fig 14. Computed group index ng (a), dispersion D (b) and effective index neff (c) for the SI profile as a 

function of the core GeO2 dopant percentage. 

Core n a1 (μm) Core GeO2 (mol-%) neff D (ps/km/nm) ng 

1 2.180 4.73 1.444960 1.00 1.4670 

2 2.250 4.56 1.444974 2.00 1.4670 

3 2.330 4.42 1.445012 3.00 1.4670 

4 2.410 4.27 1.445036 4.00 1.4670 

5 2.500 4.15 1.445086 5.00 1.4670 

6 2.590 4.00 1.445106 6.00 1.4670 

7 2.690 3.90 1.445165 7.00 1.4670 

Table 1: Design parameters of each core and its computed values of D, ng and neff in the SI profile. 

 In a similar way than in the first model, we first evaluated the response of ng, D and neff while 

varying all four design parameters. In order to allow a 3D representation of the corresponding 

simulations, we divide the problem in two parts. First, we analyze these responses when varying 

the core properties as           and the GeO2 dopant between 0.1 and 0.15 mol-%, while 

letting a2 and a3 with fixed values, being            and           . Fig. 15 illustrates 

ng, D and neff responses as a function of the core GeO2-dopant concentration for different core radii. 

Note that this behavior is almost the same than in the first model, so we will not analyze it in detail 

again. In second place, we study the opposite situation: we fix a1 and core GeO2 dopant to 2.25 μm 

and 12.5 mol-%, respectively, and we evaluate the mentioned responses when a2 – a1 and a3 – a2 

are between 2 and 5 μm. Fig. 16 shows the computed responses as a function of the trench width 

(a3 – a2) for different core-to-trench distances (a2 – a1). Analyzing the first simulation, we can 

observe that a1 strongly affects to D so that increases its value when a1 gets larger, while n1 does 
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not affect so much to the dispersion. However, if          , D becomes also strongly dependent 

on n1 and increasing n1 implies a reduction on D when the core GeO2-dopant is below 13 mol-%. 

Regarding to ng and neff, it can be appreciated that both are nearly linearly increased when any of a1 

or n1 increase. With respect to the second simulation, it can be observed that a3-a2 does not affect to 

any parameter unless a2-a1 is small. It that case, increasing a3-a2 leads on a considerable dispersion 

growth and also a small increment on the group index. The effective index can be considered 

invariant with a3-a2. On the other hand, increasing a2-a1 results on a reduction on both D and ng, 

but produces an increment on neff. Both ng and neff are weakly affected by a2-a1, while D is strongly 

affected especially when a2-a1 is small enough. 

 

Fig. 15. Group index (a), dispersion (b) and effective index (c) for the TA-SI profile as a function of the core 

GeO2 dopant percentage and the core radius, when core-to-trench distance and trench width are fix. 

 

Fig. 16. Group index (a), dispersion (b) and effective index (c) for the TA-SI profile as a function of the core 

trench width and the core-to-trench distance, when core radius and core GeO2 dopant percentage are fix. 

 Taking into account all of the previous considerations and proceeding similarly than in the 

previous model, we then designed the desired 7-sample TTDL with the TA-SI-profile model with 

dispersion values from 1 up to 7 ps/km/nm. We have chosen a common group index of 1.4800 for 

           in all of the simulations related to this model, which leads to a common group 

delay per unit length             . The core design, which involves both a1 and n1, plays the 

most important role in establishing the desired D and ng. Therefore, we first make a coarse- 

approximation of the desired D and ng by modifying those parameters and then we refine by also 

changing the separation and the width of the trench to adjust them. The computed design 

parameters, which are depicted in rounded markers in Fig. 17, are summarized in Table 2. It can 
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also be observed the resulting D, ng and neff of each core in Table 3, which confirms that the 

obtained values correspond to the desired ones. Fig. 18 illustrates the final core-location to 

minimize the inter-core crosstalk. Comparing designs 1 and 2, we can observe that this second 

design is much better than the first one, since the crosstalk will be reduced not only by the insertion 

of the trenches, but also because of the increasing on Δneff between neighbored cores, since the 

minimum Δneff between neighbored cores is increased from X to X while using this second model 

instead of first one. 

 

Fig. 17. Computed group index ng (a), dispersion D (b) and effective index neff (c) in the second TTDL design 

(based on the TA-SI-profile model) as a function of the core GeO2 dopant percentage and the core radius.  

Core 

n 

Design 2 Design 3 

a1 (μm) 
Core GeO2 

(mol-%) 

a2 - a1 

(μm) 

a3 – a2 

(μm) 
a1 (μm) 

Core GeO2 

(mol-%) 

a2 - a1 

(μm) 

a3 – a2 

(μm) 

1 2.119 12.63 5.000 2.000 2.000 12.25 2.000 2.088 

2 2.004 12.80 3.500 2.000 2.000 12.77 4.190 3.860 

3 2.057 12.62 3.500 2.000 2.004 12.74 3.874 4.000 

4 2.303 12.26 5.000 2.000 2.057 12.57 3.665 3.000 

5 2.160 12.07 3.500 2.000 2.376 12.16 5.000 1.900 

6 2.445 12.06 5.000 2.000 2.442 12.06 4.980 2.000 

7 2.000 12.30 2.500 4.000 2.521 11.95 5.000 2.000 

Table 2: Design parameters of each core and its computed values of D, ng and neff in the TA-SI profile. 

Core 

n 

Design 2 Design 3 

D (ps/km/nm) ng neff D (ps/km/nm) ng neff 

1 1.00 1.4800 1.454371 1.00 1.4800 1.453173 

2 2.00 1.4800 1.453999 2.00 1.4800 1.454012 

3 3.00 1.4800 1.454048 3.00 1.4800 1.453978 

4 4.00 1.4800 1.454650 4.00 1.4800 1.454015 

5 5.00 1.4800 1.453932 5.00 1.4800 1.454780 

6 6.00 1.4800 1.454886 6.00 1.4800 1.454877 

7 7.00 1.4800 1.453355 7.00 1.4800 1.454992 

Table 3: Design parameters of each core and its computed values of D, ng and neff in the TA-SI profile. 

 Despite the mentioned improvements achieved by the previous design, one can observe that it 

does not involve a rigorous neff optimization that assures an inter-core crosstalk and threshold 

bending radius optimizations. Therefore, we have designed a third model by using the same TA-SI 

profile to illustrate the overall potential of this model. To do this, it is not only necessary to assure 
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the desired D and ng values, but also the range of neff of whole cores must be extended as much as 

possible, which would cause that Δneff is increased between every pair of neighbored cores. 

Furthermore, in a similar manner than it was done in Fig. 13(a), we can optimize the design by 

considering the same 3 different zones and thus, ensuring that all cores of each zone have a similar 

neff, we can maximize the Δneff between each zone, resulting on a minimization of both the inter-

core crosstalk and the threshold bending radius. In order to obtain the minimum neff zone, it is 

desirable to have low a1, n1 and a2, but large a3. Because neff is mostly dependent on the core 

parameters, it is reasonable to design the core 1 (i.e.             ) with this low-effective 

index, since decreasing a1 will imply a reduction on the dispersion parameter. Similarly, the high-

neff zone should have high a1, n1 and a2, but this one is independent on the parameter a3. We select 

cores 5 to 7 to be in this zone. Therefore, cores 2 to 4 are designed to be in the medium-neff zone, 

which can have more randomly values on its parameters. 

 
Fig. 18. Core location of both 7-core MCFs built by the TA-SI profile: (a) design 2 and (b) design 3. 

 Similarly than the previous design, the computed design parameters are depicted in rounded 

markers in Fig. 19 and summarized in both Tables 2 and 3. The corresponding core location is also 

illustrated in Fig. 18(b). Attempting to Fig. 19(c), it can be observed that the range of           

                  is increased from 0.15% to 0.18% with respect to the previous design and also 

the design of those 3 different zones with similar neff allows an effective index difference of around 

0.09% between dissimilar zones (i.e., between neighbored cores) instead the worst case of 0.03% 

obtained in the previous design. Furthermore, the improvement with respect the first design is 

much higher, since in that case we obtained a range of           of around 0.02%. 

 

Fig. 19. Computed group index ng (a), dispersion D (b) and effective index neff (c) in the third TTDL design 

(based on the TA-SI-profile model) as a function of the core GeO2 dopant percentage and the core radius. 
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III.3. Evaluation 

Once we have individually tailored the refractive index profile of each core in the two MCF models 

considered, we can evaluate the group delay dependence on the optical wavelength of the overall 

TTDL. Since all three designs have the same number of cores and the same incremental dispersion 

parameter, they feature the same group delay slopes. Those slopes are illustrated graphically in Fig. 

20, where the group delay per unit length is represented as a function of the optical wavelength λ 

calculated from Eq. (6) as the difference          for a wavelength range up to 1560 nm. 

 

Fig. 20. Group delay difference τn(λ) – τ0 per unit length versus the optical wavelength for each core. 

 The simultaneous exploitation of the space and wavelength diversity domains in the 

implemented 2D sampled TTDL adds more versatility as compared to current approaches where 

only wavelength diversity is exploited [9, 13-14]. If we feed the designed 7-sample TTDLs by an 

array of M = 10 lasers with Δλ = 1 nm, we obtain a basic differential delay range spanning from Δτ1 

= 1 to Δτ7 = 7 ps/km when exploiting the wavelength diversity [Eq. (8)], while spanning from Δτ1 = 

1 to Δτ10 = 10 ps/km when using diversity in space [Eq. (7)]. These basic differential delays 

correspond to the possibility of sampling signal bandwidths ranging from 100 GHz·km to 1 

THz·km. For a 10 km MCF, these values yield a record frequency processing range spanning from 

10 to 100 GHz, covering part of the X band, the Ku, K, Ka, V bands and part of the W band. 

Decreasing the MCF length down to 5 km will extend the frequency range from 20 up to 200 GHz, 

which will also include part of the millimeter band (110-300 GHz). The former bands embrace the 

vast majority of the present and future MWP applications. 

 However, as mentioned before, the inter-core crosstalk is one of the major detrimental effects in 

uncoupled MCF transmissions. Therefore, in this section we will evaluate both crosstalk versus 

propagation length and crosstalk versus bending radius in order to ensure that crosstalk will be 

negligible in the first case and also check which will be the threshold bending radius in each 

design. Note that for the desired propagation lengths crosstalk can be significantly affected by the 
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fiber bends, so that curvatures become a crucial phenomenon that should be completely 

characterized for the correct TTDL operation. 

 First, we evaluate the maximum inter-core crosstalk and the behavior against curvatures of the 

first design, whose cores were built up by the SI-profile model. Once the core arrangement was 

optimized to assure that neighbored cores have the highest effective index difference possible [see 

Fig. 13(b)], the computation of the inter-core crosstalk provided a worst-case value near -40 dB 

when propagation along a 1-km straight link. As it was commented before, the effective index 

difference between neighbored cores is quite similar in this first model, featuring a difference 

                    in the range from 0.0059% to 0.0205%. This characteristic will turn more 

difficult to prevent phase matching conditions between cores and, as a consequence, to reduce the 

crosstalk. Because of that, we have designed the core radii a1 small enough to reduce the inter-core 

mode coupling while keeping the desired dispersion properties. This way we reached worst-case 

crosstalk levels in the order of those reported for the state-of-art heterogeneous MCFs, [15,16]. 

 
Fig. 21. Computed crosstalk in the SI-profile model as a function of the bending radius. Solid blue line: 

crosstalk between cores 6 and 7; Red dashed line: crosstalk between cores 4 and 7; Green dotted line: 

crosstalk between cores 1 and 7. 

 When evaluating the variation of the crosstalk due to curvatures, the most important parameter 

is the threshold bending radius. This parameter can be obtained theoretically by using Eq. (4), 

giving a theoretical worst-case value of            for the designed SI-profile model. Fig. 21 

illustrates the computed crosstalk level as a function of the bending radius for three representative 

cases. In solid blue line we show the worst-case simulation (corresponding to the pair of cores 6-7) 

where, as expected, a crosstalk peak occurs at the maximum theoretical Rpk of 857 mm. As it can be 

seen, the crosstalk is highly degraded at the vicinities of this threshold value as a consequence of 

the phase-matching condition between the involved cores. In the non-phase matching region, i.e. 
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when the bending radius is larger than Rpk, the crosstalk level is below -40 dB, which corresponds 

to the computed crosstalk value when no bends were considered. When increasing the curvature to 

lower bending radius, different peaks can appear due to the interaction of any pair of cores. 

Because of this, it is highly desirable to not decrease the bending radius below Rpk in order to avoid 

those high-crosstalk values which can induce large degradations. This behavior is also illustrated in 

Fig. 21, where we show the crosstalk behavior for two additional pair of cores: cores 4 and 7 in red 

dashed line, where its Rpk is located around 392 mm, and cores 1 and 7 in green dotted line, where 

its Rpk is reduced to approximately 247 mm. 

 With respect to the TA-SI-profile model, the evaluation of the inter-core crosstalk level for a 1-

km link without curvatures provided a large reduction on the worst-case value. For instance, the 

second design (i.e. the first design of this second model) experiences a drastic reduction of this 

value down to -100 dB. As compared to the previous model based on the SI-profile, this 

improvement in the crosstalk performance is due to the reduction of the mode coupling coefficient 

by the insertion of the trenches, and also to the higher Δneff between neighbored cores, which 

ranges from 0.0323% to 0.15%. It should be noted that this design provides a worst-case crosstalk 

level much lower than the -70 dB reported in the literature for trench-assisted MCFs, [25]. The 

third design (i.e. the second design of this second model) reaches even lower values than the 

second one because of the extension of the Δneff,max range and also the optimization on the Δneff 

between neighbored cores. In this case, a worst-case crosstalk level close to -110 dB is obtained. 

 One of the main advantages of the TA-SI-profile model can be further appreciated from the 

evaluation of the threshold bending radius. By using Eq. (4), a maximum theoretical value of 

             is obtained in the second design by the interaction of the pair of cores 1 and 3, 

which is much lower than the 857 mm maximum Rpk reached in the first design. Nevertheless, this 

radius can even be shifted to lower values when using the optimized method, which corresponds to 

the third of our proposed designs. In this third design, the theoretical threshold bending radius is 

located at 66 mm, which occurs due to the phase-matching between cores 2 and 5. Fig. 22(a) shows 

the computed crosstalk in the second design as a function of the bending radius for three 

representative pairs of cores. The solid blue line corresponds to the worst case, the green dotted line 

to the pair of cores 1 and 5, and the red dashed line to the cores 3 and 7. In addition, Fig. 22(b) 

illustrates the computed crosstalk in the third model as a function of the bending radius. Note that 

in this case we only show the worst-case simulation because the threshold bending radius is close 

to 50 mm, which is the limit radius considered for all these simulations. As observed with the first 

model, the maximum power transfer between cores occurs at the worst-case Rpk calculated from Eq. 

(4). For regions above these values, the MCF designed upon trench-assisted core profiles assures a 

negligible crosstalk value below -100 dB in the second design and below -110 dB in the third one 

for every pair of cores. 
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Fig. 22. Computed crosstalk in the TA-SI-profile model as a function of the bending radius. (a) Second 

design (solid blue line: crosstalk between cores 1 and 3; red dashed line: crosstalk between cores 3 and 7; 

green dotted line: crosstalk between cores 1 and 5) and (b) third design (crosstalk between cores 2 and 5). 

 

IV. APPLICATION: OPTOELECTRONIC OSCILLATOR 

IV.1. Introduction 

A particularly attractive MWP application is the implementation of optoelectronic oscillators 

(OEOs). The OEO is fundamentally similar to the van der Pol oscillator replacing the energy- 

storage function of the LC circuit by a long fiber-optic delay line, complemented with the 

corresponding I/O optical devices (i.e. laser, modulator and photodetector). Initially proposed by 

Yao and Maleki [29], single cavity OEOs can provide ultra-stable, tunable and extremely low-

linewidth RF frequency generation in a broad frequency range, rivaling the best crystal oscillators. 

With the aim of generating high spectral-purity signals in single cavity OEOs, a long fiber loop is 

necessary, but it results in a generation of a considerable number of oscillation modes that force the 

incorporation of very selective RF filters in the electronic part of the system. To combat this 

limitation, several solutions have been proposed to refine and improve the performance of OEOs, 

including the incorporation of a highly selective whispering gallery optical filter in the optical 

segment of the oscillator that can lead to extremely compact, broadly tunable and low phase noise 

devices with the possibility of exploiting as well opto-mechanical effects. Coupled optoelectronic 

oscillators (COEOs), which simultaneously produce spectrally pure microwave signals as in a OEO 

and short optical pulses as in a mode locked laser, have also been proposed and actively reached 

during the last years. Finally, multi-cavity or multiloop OEOs have been proposed, where a long 

cavity provides the required spectral purity and a short fiber cavity provides the required spectral 

separation between adjacent oscillating modes, alleviating the narrowband requirement for the 

internal RF filter. Furthermore, these structures can be generalized to an arbitrary number of loops 

and its design optimized for cavity lengths that are multiple of a given reference value. 
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 In this context, we propose the use of MCFs for the implementation of multi-cavity OEOs. MCF 

provides an ideal medium for the implementation of multiple parallel cavities, all of which will be 

subject to practically identical mechanical and environmental conditions. In a first place, we extend 

the theory developed in [19] for the case of two cavity OEOs to a general number N of cavities 

providing the equations describing the oscillation spectrum, amplitude and phase oscillation 

conditions, and phase noise spectrum. Then, we describe the proposed configurations based on both 

homogeneous and heterogeneous MCFs. In practical terms, the required MCFs feature lengths 

ranging from a few meters to < 10 km. For this lengths, the inter-core crosstalk can be easily 

decreased below < -40 dB, as it was demonstrated in the previous chapter, which will have a 

negligible impact on the independent cavity operation. 

 

IV.2. Multi-cavity OEO model 

a) Signal 

Fig. 23 shows the general layout of the proposed multi-cavity OEO. A common optical source, 

modulator, RF amplifier, photodetector and RF filter are shared by the different cavities. 

Considering that the RF filter has a sufficiently narrow bandwidth to block all harmonic 

components, the output of the global device is related with the input voltage as: 

                      (9) 

 

Fig. 23. Layout of a multi-cavity optoelectronic oscillator. 

where G(Vo) is the voltage-gain coefficient. In general, G(Vo) is a function of the frequency ω of 

the input signal due to the effect of the amplifier and the photodetectors. Therefore, we can divide 

this parameter in two parts: one independent on the frequency, G(Vo), and another frequency 

dependent, H(ω). Moreover, since each cavity is implemented in the optical domain using different 

cores of a single MCF and features a different round-trip complex-value gain gk given by 
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where Gk is the voltage gain coefficient of loop k and  ̃     |     |          the unitless 

complex filter function that accounts for the combined effect of all frequency dependent 

components in the cavity k, Eq. (9) can be rewritten as: 

 ̃        ̃       ∑        ̃    

 

   

  ̃       ∑|  |  
         

 

   

  (11) 

being  ̃        and  ̃       the complex input and output voltages, respectively. 

 It should be remarked that our proposal, [30], can be considered an extension of earlier reported 

systems for three reasons. In first place, as we will see, it allows not only for the implementation of 

multiple cavity OEOs where cavity lengths are a multiple of a given reference value, as proposed in 

[31], but also of multiple cavity OEOs where cavity lengths are slightly different exploiting the 

Vernier effect. In second place, the use of a single multicore fiber structure to host all the cavities 

provides an integrated hosting medium for enhancing their relative stability against environmental 

fluctuations. Finally, if properly designed heterogeneous MCFs are employed (see chapter 3), then 

tunable multiloop OEOs can be potentially implemented. 

 Once the input signal is in the oscillator, it will circulate in the loops, and the recursive 

relationship for the complex amplitude of the circulating fields of Eq. (11) after the r
-th

 round-trip 

can be expressed following a similar procedure as Yao and Maleki, [29], as: 

 ̃      ̃      ∑|  |  
         

 

   

  (12) 

 Hence, if the oscillation starting voltage is given by    ̃     , where Ga is the RF amplifier 

voltage gain, then the application of Eq. (12) yields: 
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and the corresponding RF power: 
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(14) 

where R is the load impedance of the RF amplifier and: 

              (15) 

 For oscillations to start collectively in all the cavities at an angular frequency ω0 we need: 

             (16a) 
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                                            (16b) 

 Under these conditions, then: 
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  (17) 

 In order for the oscillation to start from noise, the denominator in Eq. (17) must vanish: 
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    (18) 

 A simple case is when the gain coefficients have equal moduli in all cavities |  |      , in 

which case, Eq. (18) leads to: 

| |       (19) 

b) Spectrum 

The spectrum of the oscillating signal can be computed by determining the power spectral density 

of noise in the oscillator. Following again a similar procedure as Yao and Maleki illustrated in [32], 

we have: 

        
| ̃     |

 

  
  (20) 

where Δf is the frequency bandwidth and ρN(ω) the power density of the input noise at frequency 

ω. Here, ρN(ω) takes into account all the technical noise sources in the OEO, including thermal, 

shot, relative intensity noise and, when applicable, amplified spontaneous emission noise, [29]. 

Substituting Eq. (20) into Eq. (14) and taking Eq. (15) and Eq. (16) into consideration, we find the 

following expression for the power spectral density of the oscillating mode at ω0: 
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  (21) 

where    
    

  
 is the frequency offset from the RF carrier and Posc represents the RF oscillation 

power. Taking into account that the argument of the cosines in Eq. (21) would have small values 

for reasonable frequency offsets, we can approximate all of the cosines for their corresponding 

Taylor series as: 
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where we use the approximation          
  

 
       .  



 True-time delay lines based on multicore optical fibers    28 

 From Eq. (21), Eq. (22a) and Eq. (22b), it can be concluded that, for a fixed frequency offset, 

the phase noise of the OEO will decrease when the time delay of the cavities increases. Therefore, 

it is desirable to have longer cavities (i.e. cavities that induce larger time-delays) in order to have 

lower phase noise. However, as we will see later, short cavities are needed to increase the spectral 

separation between adjacent oscillating modes. Because of that, mixed configurations with long- 

and short-cavities or vernier configurations where all cavities have long-lengths and very similar 

time-delays are required with the aim of exploiting both advantages. 

 

IV.3. Multi-cavity OEOs using homogeneous multicore fibers 

The identical multiple cores of a homogeneous MCF can be employed to implement both double- 

and multiple-cavity OEOs. As we exposed in the second chapter, this kind of MCFs can experience 

inter-core crosstalk issues, since the phase-matching is not prevented between neighbored cores. 

However, treating adequately the core-profile design (i.e. using trench-assisted configurations) and 

the core pitch, this problem can almost be avoided at least for short-length transmissions. Taking 

into consideration, as we will see, that MCF lengths required for OEOs range in between a few 

meters and a few km, it is expected that inter-core crosstalk will have a negligible impact.  

a) Double unbalanced cavity OEOs 

Fig. 24(a) shows the layout of a double-cavity OEO based on an N-core homogeneous MCF. Here, 

k1 (k1 < N/2) cores are linked to form the first (short) cavity while remaining N-k1 cores form the 

second (long) cavity. If the core lengths are all equal to L and the group delay per unit length is 

given by τg0, then each core provides a group delay given by       . In this first model, the 

oscillation frequency must verify: 

   
 

      
                            (23a) 

   
 

          
                 (23b) 

 

Fig. 24. (a) Double unbalanced cavity OEO using an N-core homogeneous MCF, and (b) multiple-cavity 

OEO with almost equal length (vernier OEO). 
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 As it was introduced before, Eq. (23a) indicates that the spectral separation of the oscillating 

modes will be determined by the length (or time delay) of the short cavity, being larger when this 

length is smaller. Therefore, Eq. (23a) is employed to determine the required value of L, taking as a 

starting point the knowledge of f0, N, k1, τg0 and a set value for m. Once the value of L is set, we 

then obtain the value of n from Eq. (23b). For example, for an oscillation frequency of f0 = 10 GHz 

and a typical 7-core MCF (N = 7), if k1 = 1 and τg0 = 5 ns/m, setting m = 100 yields L = 2 m and n = 

600, leading to a short cavity of 2 m and a long cavity of 12 m. The oscillation spectra of this case 

is shown in Fig. 25(c), where an RF filter centered at 10 GHz and with maximum bandwidth of 100 

MHz is enough for single-mode oscillation. In addition, Fig. 25(a) and Fig. 25(b) illustrate how the 

short-loop and the long-loop cannot oscillate by its own in isolation. It can also be appreciated that 

the short loop determines the oscillation-spectra periodicity, as commented. 

 

Fig. 25. Oscillation spectra for a double unbalanced cavity OEO using a 2-meter 7-core homogeneous MCF 

as a delay cavity, where long cavity is formed by using 6 cores (12 m) and short cavity by a single core (2 

m). (a) Long loop alone closed, (b) short loop alone closed, and (c) both loops together closed. 

 If we change the number of cores that forms each loop by setting k1 = 2 or 3, a short cavity of 4 

m and a long cavity of 10 m is obtained in the first case, and a short cavity of 6 m and a long one of 

8 m in the second. A priori, one can think that the free spectral range of the OEO will be shorter 

since the short cavity-length is increased. However, in this case the spectral periodicity will be the 

same because the oscillation frequencies supported simultaneously by both cavities in isolation are 

exactly the same than the case of k1 = 1. This can be understood by analyzing Eq. (23a) and Eq. 

(23b). When k1 = 1, the oscillation spectra periodicity is proportional to 1/L and 1/(6L). Since 1/L is 

a multiple of 1/(6L), the oscillation frequencies of the short cavity will be included into the 

oscillation frequencies of the long one, so that the oscillation frequencies of the global OEO are 

exactly the same than the short cavity oscillation frequencies. However, this will not happen when 

k1 ≠ 1. For example, in the case of k1 = 2,in the short cavity we have frequencies located in 

multiples of 1/(2L), while in the long one in multiples of 1/(5L). Hence, the oscillation frequencies 

of the OEO will not be exactly the same than the short cavity frequencies. A similar behavior 
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happens when k1 = 3. In order to explain graphically this behavior, Fig. 26(a-c) shows the 

oscillations frequencies of the OEO when k1 = 2. 

 

Fig. 26. Oscillation spectra for a double unbalanced cavity OEO using a 2-meter 7-core homogeneous MCF 

as a delay cavity for (a), (b) and (c) with k1 = 2, and a 20-meter MCF as a delay cavity for (d) with k1 = 1. 

 The computed results for the OEO phase noise spectra are shown in Fig. 27. In order to 

illustrate how the phase noise is improved when the long-cavity length is increased, we also 

compute the OEO phase noise spectra when the length of the MCF is fixed to L = 20 m. That 

results in a short cavity of 20 m and a long cavity of 120 m for k1 = 1, reaching a 20 dB reduction 

on the phase noise spectra. However, the increment on the short cavity length results in a 

requirement of an RF filter with a 10 MHz bandwidth instead the 100 MHz bandwidth of the 

previous case, as shown if Fig. 26(d). Note that changing the number of cores that form the long 

cavity yields on a slight different responses, but the difference will be mostly negligible in terms of 

phase noise with respect the case k1 = 1, especially for lower offset frequencies. 

 

Fig. 27. (Upper trace) Phase noise spectra computed for the cases of Fig. 25 and Fig. 26. (Lower trace) Phase 

noise spectra computed for the same situations but when L = 20 m. Standard noise (ρN = -180 dBm/Hz), RF 

gain (Ga = 10) and oscillation power (Posc = 16 dBm) values have been employed. 
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 In order to improve this model in terms of oscillation spectral periodicity and also in the phase 

noise response, we can increase the length-difference between the short- and long cavities by 

employing a 19-core MCF, where 1 core can be used as short cavity and the remaining 18 to build 

up the long one. 

b) Multi-cavity vernier OEOs 

Fig. 24(b) shows the layout for a multiple cavity OEO where the different cores of the MCF are 

employed to build cavities with slightly different physical length. Here, the homogeneous MCF 

with core length L is coupled to an output photonic lantern with different (but even spaced by ΔL) 

physical lengths in its output ports. This photonic lantern features in consequence incremental 

delays between adjacent ports given by         . In this case, Eq. (15) results: 

                                                        (24) 

 Assuming         , the oscillation frequency must verify: 

   
 

    
  (25) 

which is employed to determine the required value of L taking as a starting point the knowledge of 

f0, τg0, and a set value for m. For the rest of the cavities, in order to have vernier effect [33] 

operation and constructive interference at f0, we require: 

                    
 

     
  (26) 

 From Eq. (25) and Eq. (26) we have L/ΔL = m. Hence, although the free spectral range of each 

cavity is approximately 1/τ, the free spectral range value of the coupled-cavity configuration is 1/Δτ 

= m/τ due to the vernier effect. For example, for an oscillation frequency f0 = 10 GHz and a MCF 

featuring τg0 = 5 ns/m setting m = 1000 yields L = 20m and ΔL = 2cm, which is an incremental 

value that can be easily achieved in a compact photonic lantern device closing the MCF. Fig. 28 

shows the oscillation spectra for this example when the number of cavities ranges from 2 up to 7. 

 Note that, in this case, the overall coupled cavity free spectral range is 10 GHz, despite the fact 

that the free spectral range values for the individual cavities are around 10 MHz, so the mode 

selection does not require a selective RF filter. In addition, it can be noted that increasing the 

number of cavities leads on a reduction of the oscillation linewidth and also on a better rejection of 

the spurious modes generated in this OEO configuration. 
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Fig. 28. Oscillation spectra for a multi-cavity vernier OEO using a 20-meter 7-core homogeneous MCF. 

 Since all cavities have very similar lengths, the propagation delay of each cavity will be mostly 

equal, so that the difference between having 2 or 7 cavities will be negligible in terms of linewidth, 

being their phase noise spectra practically the same. For example, Fig. 29 shows the phase noise 

spectra for the case of 7 cavities (red) and for the case of 2 cavities (blue), where the short cavity 

has a length of 100 m in both cases, and the following cavities have an increment of 0.02 m 

compared to its predecessor. As it can be appreciated, both lines are overlapped, confirming the 

similarity between the spectra in both cases. 

 

Fig. 29. Phase noise spectra computed for a multi-cavity vernier OEO using a homogeneous MCF. 

 

IV.4. Multi-cavity OEOs using heterogeneous multicore fibers 

Heterogeneous MCFs can also be employed to implement tunable multi-cavity OEOs. In this case, 

the cores of the MCF should be designed to create a TTDL by following the design procedure 

detailed in the previous chapter. The basic layout of the proposed OEO is shown in Fig. 30. 
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Fig. 30. Multi-cavity vernier OEO configuration using a heterogeneous MCF. 

 Reminding the concepts of the previous chapter, the time-delay of core n can be expressed by 

using Eq. (6) as: 

                      (27) 

being D the common dispersion parameter and τg0 the common group delay per unit length at a 

given anchor wavelength λ0. In this case, Eq. (15) is transformed to: 

                                         (28) 

 Assuming         , the oscillation frequency must verify: 

   
 

             
  (29) 

 For vernier operation at this frequency, we need: 

              (30) 

 Since the values of D are usually very small, the fulfillment of Eq. (30) will lead to multi-km 

cavity lengths, reaching lower phase-noise characteristics as compared to homogeneous MCF OEO 

designs. Designing the cores of the MCF as in the previous chapter, we can build up a TTDL which 

features, for example, τg0 = 5 ns/m and D = 1 ps/km/nm. For an oscillating frequency of f0 = 10 

GHz, Eq. (30) determines that                 . Therefore, one possible solution is given by 

L = 5 km and Δλ = 20 nm. Fig. 31 illustrates the oscillation spectra for this example when a 

heterogeneous 7-core fiber is considered and the number of parallel cavities ranges from 2 up to 7. 
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Fig. 31. Oscillation spectra for a multi-cavity vernier OEO using a 5-km 7-core heterogeneous MCF. 

 As it can be appreciated, in all cases the overall coupled cavity free spectral range is 10 GHz, 

despite the fact that the free spectral range values for the individual cavities are around 40 kHz. In 

consequence, mode selection does not require a selective RF filter since a bandwidth of 1 GHz is 

more than enough to select the 10-GHz oscillation resonance. It can be noted that increasing the 

number of cavities results in a reduction in the oscillation linewidth, as happened in the previous 

case. With respect to the phase noise spectra, Fig. 32 shows that the results are almost independent 

from the number of cavities, as these provide almost the same delay. 

 

Fig. 32. Phase noise spectra computed for a multi-cavity vernier OEO based on a heterogeneous MCF. 
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 A distinctive feature of this OEO, which follows from Eq. (30), is the possibility of tuning the 

oscillation frequency by changing Δλ = λ – λ0, in other words, by using a tunable laser. For the 

example considered above, the specific relationship is fo = 200 GHz / Δλ, where Δλ is expressed in 

(nm). Fig. 33 shows this relationship (a) and the oscillation frequencies (b) in between 10 and 20 

GHz, computed from Eq. (14) for a set of selected values of Δλ. 

 

Fig. 33. Oscillation frequency versus wavelength detuning for a vernier multi-cavity OEO based on a 7-core 

heterogeneous MCF for τg0 = 5 ns/m, D = 1 ps/km/nm and L = 5 km. 

 

V. CONCLUSIONS 

In this work, we have proposed a novel design procedure of true-time delay lines based on 

heterogeneous multicore fibers and one of their possible applications to an important MWP 

application such as optoelectronic oscillators. In addition to the well-known advantages associated 

to optical fibers, the inherent parallelism of MCFs makes them ideal candidates to build TTDLs in 

a single compact structure, providing an important reduction of size and weight as compared to 

similar structures based on single-core fibers. They also provide an ideal environment for the 

parallel propagation of signals subject to identical mechanical and environmental conditions, and 

thus can be considered for a wider range of application fields. 

 We have presented two different TTDL models based on 7-core heterogeneous MCFs, which 

differ by different refractive index profile of their cores: one is based on a step-index profile and 

the other is based on a trench-assisted step-index profile. The versatility of the second model allows 

us to modify 4 or even 5 design parameters instead of a pair of parameters as in the first one, which 

can be employed to extend the range of effective index values for the desired group index and 

dispersion range and thus reducing the inter-core crosstalk. A maximum inter-core crosstalk level 

of around -70 dB was reached in the first model while propagation over 1-km straight-link, which 

is in the order of the state-of-art values for heterogeneous MCFs. While propagating along the same 

straight-length with the second model, a crosstalk level below -100 dB was obtained, decreasing to 

a maximum value of -110 dB when the design procedure was optimized. When evaluating the 
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crosstalk behavior against curvatures, a threshold bending radius of 857 mm was obtained in the 

first model, while a quasi-bend insensitive design was reached in the second. Therefore, we 

conclude than the trench-assisted step-index profile can be an ideal candidate to implement low-

crosstalk with low curvature-dependence TTDLs by using MCFs, even if the core-density has to be 

increased. 

  We then applied the proposed TTDLs to implement multi-cavity OEOs. Design equations and 

proposed examples have been presented, showing the potential of unique performance in terms of 

spectral selectivity, tunability and high-frequency operation. We first propose the use of 

homogeneous MCFs to build both unbalanced double-loop and multi-cavity vernier OEOs, and we 

observe that with a properly design of the cavities lengths high-spectral purity and multi-GHz 

oscillation mode spectral separation was obtained. On the other hand, OEOs based on 

heterogeneous MCFs allow for ultra-long cavity length (>1 km) compatibility with high-spectral 

purity lengths and multi-GHz oscillation mode spectral separation by using a vernier operation, 

while provide much lower phase noise operation. In addition, all of the proposed designs bring the 

potential of featuring the tunability of the oscillation frequency by feeding the OEO system with a 

wavelength-tunable laser. 
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