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 

Abstract—The two-dimensional graphene has an extremely 

high carrier mobility which can potentially offer an electrical 

bandwidth of over 500 GHz. However, the bandwidth of the 

reported graphene-based modulators is only a few tens of 

gigahertz due to the limitation of RC constant rather than the 

carrier transit time. In this work, a high-speed traveling-wave 

electro-optic modulator based on graphene/microfiber structure 

is proposed and investigated for the first time to our best 

knowledge. The all-in-fiber electro-optic modulation in the 

graphene/microfiber-modulator is achieved by changing the 

Fermi level of graphene during its interaction with the evanescent 

wave of the microfiber. The active length of the modulator is 1.372 

mm with a V of 4.9 V. The coplanar strip electrodes have a 

characteristic impedance of 54 ohm and a microwave attenuation 

of 0.967 dB/mm. The mismatch between the microwave and the 

optical group velocity is 7.38 %. A very high speed of 82 GHz 3-dB 

bandwidth is achieved. 

 
Index Terms—Modulator, graphene, traveling wave electrode.  

 

I. INTRODUCTION 

WO-dimensional (2D), atom-thick materials have attracted 

a lot of interests in the research fields of both photonics and 

electronics during the past decade. With only a single layer 

of carbon atoms, graphene exhibits many amazing properties 

like zero band gap, linear dispersion, high Kerr nonlinearity, 

tunable Fermi level, large thermal-optic coefficient and 

remarkably high carrier mobility. These excellent optical and 

electrical properties make graphene a perfect candidate for a 

wide range of applications like broadband photodetection [1-3], 

nonlinear optics [4-6], saturable absorption [7-9], polarization 

handling [10], modulation [11] and so on. High-speed 

operation is a long-standing need in fiber optical 

communications and on-chip interconnects. The electrical  
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bandwidth of the optoelectronic components has been scaled to 

a few tens of gigahertz [12, 13]. With an extremely high carrier 

mobility, graphene has a potential electrical bandwidth of ~ 500 

GHz which is one order higher than the devices based on the 

current semiconductor technologies [11]. In addition to the 

superior electrical property, the layered graphene sheet is easy 

to integrate with optical fibers and photonic integrated circuits 

by mature deposition and transfer process. The aforementioned 

advantages make the integration of graphene and planar 

waveguides or optical fibers very attractive for many 

applications.  

For optical fiber systems, external modulation is a preferred 

technique in terms of low chirp, high speed and capability for 

supporting advanced modulation formats, compared with the 

direct modulation of the laser. The commercial optical 

modulators however rely on integrated waveguides instead of 

silica fiber itself. The discrete packaged modulator has 

additional packaging cost and excess loss. Therefore, all-fiber 

modulator is highly desired for reducing the loss and 

simplifying the system to make the modulation better 

compatible with the fiber system. The modulators based on 

graphene/fiber graphene/silicon and graphene/silicon nitride 

have been widely demonstrated [14-23]. By now, the 

bandwidth of the demonstrated graphene-based modulators has 

not exceeded a few tens of GHz that is limited by the RC 

constant rather than the carrier transit time. Most of the 

demonstrated GFMs so far are based on lumped electrodes 

which require a very short device length to avoid the walk-off 

problem between optical and microwave signal. A thick enough 

gate dielectric is also needed to ensure a low capacitance. For 

both cases, the required driving voltage has to be increased. 

Besides, a systematic bandwidth analysis of the 

graphene-based modulators is yet to be reported.  

In this paper, we propose an all-fiber traveling-wave 

graphene/fiber modulator (TWGFM) with a bandwidth of 82 

GHz for the first time to our best knowledge. A systematic 

bandwidth investigation of the GFM has been carried out. The 

rest of the paper is organized as follows. Section II, the optical 

waveguide structure is designed. Section III, the traveling-wave 

electrode (TWE) is designed. The modulator’s performance is 

evaluated, and the results are discussed. Section IV, the 

conclusions are given.  

II. OPTICAL WAVEGUIDE DESIGN 

The device structure of the TWGFM can be briefly depicted 

by Fig. 1 (a). Such a structure enables a top-gate voltage to be 
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Fig.6. The simulated contour map of the:  (a) microwave attenuation, (b)effective phase index, and (c) characteristic impedance under different electrode structures. 

 

Fig.7. Simulated frequency dependent (a) microwave attenuation, (b) microwave index, and (c) characteristic impedance of CPS electrode for the electrode with 

176 m-strip width and 12 m-gap distance.

with a 3-D full-wave electromagnetic solver. Since the optical 

group index is small, a CPS electrode structure can be used. 

There are three requirements for a high-speed TWE: a) low 

microwave attenuation; b) group velocity matching between 

the microwave and optical wave; c) impedance matching 

between the transmission line and the termination [28]. The 

electrode model is built in an electromagnetic solver, and the 

frequency response is numerically calculated by FEM. The 

modulator length has been determined to be 1.372 mm in the 

optical waveguide design. The electrode material is chosen to 

be silver, and its thickness is set to be 2 m here. The remaining 

parameters that need to be optimized are the electrode width W 

and the electrode gap distance S. We simulate the s-parameters 

of different electrode structures, and the s-parameters are then 

converted to ABCD parameters using the method that has been 

previously summarized in [29]. Then, the RF attenuation , 

characteristic impedance Z, and microwave effective index n, 

are calculated from the ABCD parameters. Since these 

parameters are all frequency dependent, we vary the structural 

parameters of the electrodes, and the , n and Z values at 

different frequencies from 40 GHz to 120 GHz are obtained. It 

can also be seen that the characteristic impedance and the 

microwave index do not change too much at the frequencies 

higher than 80 GHz. The microwave attenuation keeps 

increasing as the frequency increases, but at a much lower rate. 

Thus, we choose the 80 GHz case to simplify the electrode 

design. The , Z, and n parameters at 80 GHz as a function of 

the electrode width and the electrode gap distance are 

calculated and shown in Fig. 6 (a), (b), (c), respectively. The 

structural parameters should be determined by considering the 

requirements of low RF loss, group velocity matching and the 

impedance matching. The low RF attenuation can be realized 

by using wide metal strips with a large spacing. When the 

electrode spacing is larger than 30 m, the microwave loss will 

not reduce too much further which is due to the dominant skin 

effect at high frequency. With the same electrode geometry, the 

metal with higher conductivity such as silver and copper can be 

used to reduce the RF loss. The characteristic impedance 

increases with larger electrode spacing and narrower trace 

width, as shown in Fig. 6 (b). The microwave index is 

simulated under different structural parameters as plotted in Fig. 

6 (c). Unlike silicon modulator, the GFM has a small group 

index of 1.378. The group velocity of the RF signal can be 

simply slowed down by reduction of the electrode width or 

spacing. To better find the matching point, the structural 

parameters with 50-ohm characteristic impedance is plotted as 

a green curve in Fig. 6 (c). The electrode design should be 

determined using the values near this curve while avoiding the 

high RF loss as well. Another issue is the spacing between the 

electrodes should be at least 10 m for low optical loss, low 

cost of the lithography mask and easy transfer process of the 

microfiber. Taking the above considerations into account, the 

only region that may be used is the left upper corner of Fig. 6 

(c). That is large trace width (above 150 m) and relatively 

narrow electrode spacing. We choose a trace width of 176 m  
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Fig.8. The simulated EE S21 response and EO frequency response (dashed 

lines mark -3 dB and -6.4 dB). 

 
Fig.9. (a) The simulated EO frequency response under different percentages of 

index mismatch and different RF attenuations. (b) The simulated EO frequency 

response under different characteristic impedances. 

and a gap distance of 12 m. The corresponding frequency 

dependent RF attenuation, characteristic impedance and the 

microwave index are calculated and plotted in Fig. 7 (a), (b), (c), 

respectively. The RF loss increases at higher frequency regime 

and the attenuation is ~ 0.967 dB/mm at 80 GHz. We can 

achieve a characteristic impedance of ~ 54 ohm at this 

frequency which is quite close to the target of 50 ohm. It can be 

seen that the microwave index is a bit larger than the optical 

wave index, and we believe that it is the main limiting factor of 

the modulation bandwidth. By using such an electrode structure, 

we have simulated the EE and EO frequency response as shown 

in Fig. 8. The 3-dB EO bandwidth is ~ 82 GHz and the 6.4-dB 

EE bandwidth is ~ 84 GHz. This inconsistency is due to the 

7.38 % index mismatch between the RF and the optical wave. If 

the microwave index mismatch is further reduced, the EE and 

EO bandwidth will become closer. We also investigate how the 

RF attenuation; characteristic impedance and the microwave 

index affect the EO performance of the modulator. We 

calculate the EO frequency response with different RF 

attenuation and index mismatch as shown by the plots in Fig. 9 

(a). The EO bandwidth drops from 82 GHz to 64 GHz when the 

mismatch increases from 5% to 7.5%. The bandwidth will be 

below 50 GHz if there exists 10% index mismatch. The  0.1 

dB/mm change in RF attenuation has a much less impact on the 

frequency response compared with the index mismatch 

between the optical and microwave. The EO frequency 

responses with different characteristic impedances are plotted 

in Fig. 9 (b). It can be seen that the characteristic impedance 

mismatch does not degrade the performance too much as well. 

The smaller impedance has increased bandwidth can be 

attributed to impedance mismatch induced reflections that 

results in the signal pre-emphasis [30]. The results reveal that 

the index matching between optical and microwave is very 

important for the high-speed operation. The performance will 

be degraded significantly if the index mismatch increases.  

IV. CONCLUSION 

To conclude, we have proposed and designed an all-in-fiber 

electro-optic modulation using graphene/microfiber structure. 

The modulator length is 1.372 mm, and the fiber diameter is 2.2 

m. A low Vof only 4.9 V and a low optical loss of only 1.6 

dB are achieved, which can be well compatible with the fiber 

systems. We have quantitively investigated the bandwidth 

limitation of the lumped electrode-based modulator. Then, a 

TWGFM is designed with a very high 3-dB bandwidth of 82 

GHz.  
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