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Abstract—We propose a scheme for an all-optical 

comparator which embeds a nonlinear fiber ring resonator 

in a Mach-Zehnder configuration. Such a resonator 

accumulates the circulating power of the light traversing 

the ring, so that the effective nonlinear phase shift in fiber 

can be significantly enhanced. Numerical results 

demonstrate that with appropriate choice of the 

parameters of the Mach-Zehnder configuration and the 

power of the probe light, the all-optical comparator can 

exhibit an excellent step-like transfer function. 

Simultaneously the configuration reduces the switching 

threshold by 3 or more orders of magnitude to the level of 

mW when conventional highly nonlinear fibers are 

adopted. In addition, our simulations show that this 

all-optical threshold comparator also has a multi-periodic 

transfer characteristic and thus may be used to construct 

multi-bit analog-to-digital convertors. 

 
Index Terms—All-optical analog-to-digital conversion (ADC), 

all-optical signal processing, optical interferometry.  

 

I. INTRODUCTION 

ince the 1970s, all-optical analog-to-digital conversion 

(AO-ADC) has been studied to overcome the conversion 

rate barrier arising with the electrical ADC.  

The ADC consists of three basic functions: sampling, 

quantizing and coding. Much work has been undertaken in 

respect of the first two of those AO-ADC functions [1-2]. For 

instance, ultrafast optical sampling with a low jitter level of 

fetomseconds (fs) has become a reality because of the adoption 
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of mode-locked laser pulse sources [3]. On the other hand, 

various optical solutions also have been proposed and 

demonstrated to improve the quantization performance by 

means of nonlinear optical phenomena such as optical 

amplitude or phase modulation [4-19-20-21], soliton splitting 

[22], supercontinuum generation [23], and self-frequency shift 

[24-26]. 

However, very few schemes have so far been proposed for the 

coding function of AO-ADC. For this third function of an AO-ADC, 

an all-optical comparator with a step-like response is the key to 

encode a finite number of different levels from the quantizing 

procedure into two distinct levels (either 0 or 1). Until now, nearly all 

of the reported results on optical ADC rely on electrical comparators 

to carry out this final threshold decision. The bandwidth bottleneck of 

electronic comparators drastically limits the performance of optical 

ADC. In 2013, Y. Ehrlichman et al. presented a photonic comparator, 

but their method still only accepts an electronic signal as the input [27]. 

Recently, we proposed an all-optical comparator based on optical 

hysteresis in a specially designed DFB semiconductor laser [28], yet 

its proved response rate is limited to 2.5 GHz by the slow recovery 

time of the semiconductor carrier distribution. 

To realize coding function operation rates greater than that of 

electronic devices, the Kerr effect in highly nonlinear fiber (HNLF) is 

a promising approach. This is because the response time of the Kerr 

effect in fiber is a few fs (corresponding to a few hundred THz 

bandwidth), and it can induce various optical intensity-dependent 

phenomena such as self-phase modulation (SPM) and cross-phase 

modulation (XPM). Considering these advantages, K. Ikeda and his 

colleagues used a nonlinear optical loop mirror (NOLM) having the 

same function as an all-optical comparator [15-19]. However, the 

transfer function of the NOLM is sinusoidal, not step-like. Moreover, 

because conventional HNLFs possess a typical nonlinear coefficient γ 

between 10 W-1Km-1 and 20 W-1Km-1, a high incident power with a 

typical level of W is needed to achieve the desired effect. 

In this paper, we propose and analyze an all-optical 

comparator using a nonlinear fiber ring resonator (NFRR) 

embedded in a Mach-Zehnder interferometer (MZI). Our 

simulations show that the introduction of the fiber resonator can 

effectively accumulate the nonlinear phase shift and thereby 

ensure that the associated transfer function has ideal step-like 

transfer characteristics. At the same time, the switching 

threshold power is also greatly reduced to of order mW. In 

addition, we show that our all-optical comparator has the 

potential ability to be used for multi-bit AO-ADC, because of 

its multi-periodic square-wave transfer function. 

All-optical comparator with a step-like transfer 

function 

Pu Li, Luxiao Sang, Dongliang Zhao, Yuanlong Fan, K. Alan Shore, Senior Member, IEEE, Fellow, 

OSA, Yuncai Wang, and Anbang Wang, Member, IEEE 
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II. CONFIGURATION AND THEORY OF ALL-OPTICAL 

COMPARATOR USING NFFR-EMBEDDED IN MZI 

 

Fig. 1. Schematic of the proposed all optical comparator with a step-like 

transfer function. CW, continuous-wave probe light; 3dB, 3dB optical coupler; 
NFRR, nonlinear fiber ring resonator; BPF, optical band-pass filter; Input, the 

quantized pulse input to be coded at a wavelength of λ1; Output, the coded 

output of the probe light at a wavelength of λ2. 

 

As depicted in the dashed box in Fig. 1, the proposed all-optical 

comparator has a configuration of a MZI with two arms sharing a 

NFRR. The optical pulses to be coded operate at a wavelength of λ1 

and are input into the NFRR as the control light via a wavelength 

division multiplexing (WDM) coupler. A continuous-wave light with 

a resonating wavelength of λ2 (used as the probe light) is injected into 

the MZI through a 3 dB coupler and then split into two equal parts: 

one in the upper arm of the MZI is coupled into the NFRR and 

propagates in the clockwise direction, which is in the same direction 

with the control pulse light; the other in the lower arm of the MZI is 

coupled into the nonlinear fiber ring, but transmits in the 

counterclockwise direction. In this way, the two parts of the probe 

light will experience different nonlinear phase shifts in the NFRR due 

to the SPM and XPM. Finally, the interferometer output of probe light 

will be filtered out by an optical band-pass filter (BPF), which only 

passes the light with the same wavelength of λ2.  

Specifically, the coupling of the probe light in the upper arm into 

and out of the NFRR can be described in terms of the well-known 

field transfer characteristics [29, 30]: 

3 1 2
E rE itE                                (1) 

4 1 2
E itE rE 

                             
 (2) 

2 4

i
E e E




                                
   (3) 

, where r and t are the coupling parameters (satisfying the relation 

r2+t2=1). The fields of E1, E2, E3 and E4 are defined with respect to the 

reference points indicated in Fig. 1. φ represents the single-trip phase 

shift induced by the circumference l of the NRFF and η is the 

associated transmission factor. 

The probe light is at the on-resonance transmission wavelength λ2 

[ which satisfies nl= mλ2, where n is the refractive index of nonlinear 

ring and m is a positive integer, respectively], so that the single-trip 

phase shift φ can be expressed as φ=2πnl/λ2=2mπ. Solving Eqs.(1) - 

(3) simultaneously, we can find that E3 and E1 are related by the 

following complex amplitude transmission 
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Thus, the associated intensity transmission factor t can be given by the 

squared modulus 
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Note that the on-resonance transmission drops to zero for the 

situation r=η, which is called as “critical coupling” [30]. In this case, 

the resonant depth can reach the maximum point and thus the 

circulating power of the light traversing the ring can get an optimal 

accumulation [29]. Therefore, the phase difference ϕ between E3 and 

E1 can be obtained by the argument of Eq. (4) as follow: 

2

2

1

2 1 2
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arctan tan
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                   (6) 

Considering the XPM induced by the control pulse train, the XPM 

between the two parts of resonant probe light and the SPM of the 

probe light itself, we can finally obtain the efficient phase difference 

Δϕ between the upper arm and the lower arm of MZI from Eq. (6): 
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1 2

2 2
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Δ
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    (7) 

, where φ1 and φ2 are the single-trip phase shift of the probe lights in 

the lower arm and upper arm, respectively. They can be written as 

follows: 

1 2 1 2
2 3 2nl lP lP     

                
 (8) 

2 2 1
2 3nl lP                            (9) 

Note, 2πnl/λ2 is the linear phase shift of the probe light, 3γlP1 is the 

nonlinear phase shift introduced by SPM of the probe light itself, 

2γlP2 is the nonlinear phase shift introduced by XPM between control 

pulse and probe light. Here, γ is the nonlinear coefficient of nonlinear 

ring, P1 is the power of probe light, and P2 is the peak power of control 

pulse. 

The transmission T of the probe light output from the BPF can be 

written as: 

1

2

cos
T

 
                              (10) 

When the peak power of the control pulse P2 is low, the difference 

between φ1 and φ2 is very small. From Eqs. (7), (9) and (10), we can 

obtain that T=0. On the other hand, when the P2 is large enough to 

obtain  φ1＞2π, tan(φ1/2) will change from less than 0 to greater than 

0 and thus arctan[(1+r2)/(1-r2)tan(φ1/2)] will appropriately equal π/2. 

Usually the XPM between counter-propagating probe light and 

control pulses can be ignored so that arctan[(1+r2)/(1-r2)tan(φ2/2) is 

appropriately equivalent to -π/2. From Eqs. (7) and (9), it can then be 

obtained that Δϕ=π and thus T=1.  
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III. SIMULATION RESULTS 

 

Fig. 2. Transfer functions of the all-optical comparators with different coupling 

ratios R. 
 

Figure 2 shows some typical transfer functions of the 

proposed all-optical comparator with respect to input pulse 

peak power at different coupling ratio R=r2. It must be noted 

that the input optical power in Fig. 2 is the peak power of the 

control pulse, not the average power as in Refs. [15-19]. In our 

simulation, the wavelength (λ2) of control pulse is fixed at 1554 

nm with a 10 GHz repetition frequency and a 14 ps pulse width, 

and the CW probe light is operating at the wavelength (λ1) 1550 

nm. The other parameters are fixed at typical practical values as 

follows: l = 200 m, γ= 20 W-1Km-1 and P1 = 2.0 mW. From Fig. 

2, it is clear that all the slopes of the transfer functions exhibit a 

steep curve for all the coupling coefficients. The phase 

difference Δϕ depends sensitively on the coupling coefficient r. 

In Fig. 2, the transfer curve is seen to approach a step-like shape 

with the coupling ratio R increasing from 0.82 to 0.99. On the 

other hand, one can observe that the threshold power will 

rapidly decrease from more than 300 mW to less than 100 mW, 

when the coupling coefficient approaches unity. All of these 

curves demonstrate that the phase difference Δϕ may indeed 

become greatly enhanced due to the effective accumulation of 

the nonlinear phase shift by the NFRR.  

Next, we investigate the influence of some other critical 

parameters on the transfer function of the all-optical 

comparator. These parameters include the nonlinear coefficient 

(γ) of the HNLF, the circumference (l) of the NFRR and the 

power of the probe light (P1). Figure 3 shows the effect of the 

nonlinear coefficient (γ) on the transfer function of the 

proposed all-optical comparator, where l = 200 m, R = 0.99 and 

P1 = 2.0 mW. From Fig. 3, it can be seen that, with increase of 

the HNLF nonlinear coefficient γ, the threshold value of the 

all-optical comparator greatly decreases, but the slope of the 

transfer curve does not change very much. Similar to the effect 

of the nonlinear coefficient γ, it is observed from Fig. 4 that an 

increase of the NFRR circumference (l) will greatly reduce the 

threshold of the transfer curve while its slope only becomes a 

little steeper. This means that if we only want a step-like 

transfer function, the fiber length l can be reduced further to the 

level of several m. In this current scenario, P1=2.0 mW, R=0.99 

and γ= 20 W-1Km-1. The reason for Figs. 3 and 4 can be simply 

explained from Eqs. (6) and (7): the induced nonlinear 

phase-shift is proportional to both the nonlinear coefficient (γ) 

and the circumference (l) of the NFRR. 

 

Fig. 3. Influence of the nonlinear coefficient (γ) on the transfer function for the 

all-optical comparator, where l = 200 m, R = 0.99 and P1 = 2.0 mW. 

  

Fig. 4. Influence of the nonlinear fiber length (l) on the transfer function for the 

all-optical comparator, where P1=2.0 mW, R=0.99 and γ= 20 W-1Km-1. 

 

Fig. 5. Influence of the probe power (P1) on the transfer function for the 

all-optical comparator, where l = 200 m, R = 0.99 and γ= 20 W-1Km-1. 

 

Fig. 6. Multi-period transfer functions of the all-optical comparators with 

different probe power P1, where l=200 m, R=0.99, and γ= 20 W-1Km-1. 

 

Figure 5 depicts the influence of the probe power on the transfer 

function, where l = 200 m, R = 0.99 and γ= 20 W-1Km-1. From Fig. 5, 

we notice that the switching threshold can be further reduced when 

the power of the probe light is enhanced. This is because increasing 

the probe light power will enhance the SPM effect, which 

corresponds to the term ‘3γlP1’ in Eqs. (6) and (7). However, it should 

be pointed out that once the power is higher than some value - as with 

the transfer curve in Fig. 5 corresponding to P1 = 2.6 mW - the 100% 

transmission cannot be maintained. This indicates that there is a 

tradeoff between the optimized threshold and transmission. Careful 
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choice should be made of the probe light power when a lower 

threshold is sought. 

Further, by increasing the input power range, we find that the 

proposed all-optical comparator can exhibit a square-wave-like 

multi-period transfer function. This is demonstrated in Fig. 6, which 

illustrates the transfer functions with respect to the input peak power 

of control pulse for different probe light power [P1= 2.4 mW, 2.0 mW, 

1.6 mW or 1.2 mW]. The other parameters in this simulation are set 

as follows: l=200 m, R=0.99, and γ= 20 W-1Km-1. Moreover, it should 

also be noticed that by controlling the power of probe light P1 one can 

easily shift the onset of the multi-period optical transfer function. 

The above multi-period characteristic enables our proposed 

all-optical comparator to be extended to realize multi-bit 

AO-ADC. For an m-bit AO-ADC, an array of m comparators 

with different-period transfer functions are needed. The input 

optical pulse sampled from an analog signal are split into m 

identical optical pulse streams, and then launched into the 

parallel array of m comparators, respectively. Each comparator 

has a different-period transfer function with respect to the input 

optical pulses, so that every input pulse can be simultaneously 

converted into an m-bit parallel digital binary signal. For 

conciseness, we take a 3-bit ADC (i.e., m=3) as an example. As 

shown in Fig. 7(a), three all-optical comparators [denoted as i, 

ii and iii] process half-, single- and two-period transfer 

functions, respectively. Note, the NFRR lengths of the three 

comparators from top to bottom are 200 m, 200.4 m and 400.7 

m, while the associated probe powers are 10.6 mW, 11.868 mW 

and 8.016 mW, respectively. The other parameters are the same 

as that in Fig. 6. By these means, the whole input pulse power 

scope can be Gray-coded into to 8 quantization levels according 

to the different parallel output of the comparator array (#i #ii 

#iii). Figure 7(b) is the obtained Gray code output versus the 

input pulse peak power in the simulation, which are 100, 101, 

111, 110, 010, 011, 001 and 000, respectively.  

 

Fig. 7. (a) Transfer functions of the three all-optical comparators [denoted as (i), (ii) and (iii)] for the realization of a 3-bit ADC and (b) Gray code output versus the 
input peak power in the simulation of 3-bit AO-ADC. Herein, the NFRR lengths of the three comparators [denoted as (i), (ii) and (iii) in Fig. 7(a)] are 200 m, 200.4 

m and 400.7 m, while the associated probe powers are 10.6 mW, 11.868 mW and 8.016 mW, respectively. The other parameters are the same as that in Fig. 6. 

 

IV. DISCUSSION 

 

Fig. 8. Transfer functions of (a) a standard NOLM with l=200 m and γ= 20 

W-1Km-1 and (b) the all-optical comparators with l=200 m, γ= 20 W-1Km-1, 
R=0.99, and P1=2.0 mW. 

 

Firstly, we want to discuss the benefits of the proposed all-optical 

comparator scheme by making a direct comparison between the 

transfer functions for a standard MZI and our NFRR-based MZI with 

the same 200 m length of HNLF. The standard MZI is a MZI with an 

unbalanced length of HNLF in the upper arm, where the input optical 

pulse as the control light is coupled via a WDM coupler. As pointed 

out in Ref. [17], this standard MZI is equivalent to the NOLM in the 

simulation. Figure 8(a) shows the simulated transfer function of the 

standard MZI, which is consistent with the experimental and 

numerical results in Ref. [17]. From it, one can clearly observe that the 

transmission rates continuously vary with increase of the input pulse 

power and thus no distinct threshold exists. In comparison, the 

transfer function of our proposed NFRR-introduced MZI under the 

same condition is shown in Fig. 8(b). Due to the enhanced 

nonlinearity by the NFRR, our nonlinear MZI exhibits a step-like 

transfer function with a distinct threshold less than 100 mW. 

Moreover, it can be seen by comparing Figs. 8(a) and 8(b) that the 

requirements for the input pulse power are greatly reduced. It should 

be pointed out that the probe light power (P1) in Fig. 8(b) is 2.0 mW. 

When P1 less than 2.5 mW is used, the input threshold power can be 

further reduced into several mW, as shown in Fig. 5. This means that 

except for the step-like transfer function, our proposed MZI 

configuration (i.e., all-optical comparator) can simultaneously reduce 

the switching threshold by 3 orders of magnitude to the level of mW, 

even though the conventional HNLF is adopted. 

Secondly, we discuss the effect of the neglected losses in the above 

simulations (i.e., the fiber loss and the insert loss induced the WDM 
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coupler) on the transfer function of the proposed all-optical 

comparator.  For this purpose, three scenarios are considered: (i) the 

loss is neglected as the previous sections; (ii) only the fiber loss is 

considered with a typical attenuation coefficient of 0.5 dB/km; (iii) 

both the fiber loss and the WDM insertion loss are considered, where 

the insertion loss is typically 1 dB. In the simulation, Eq. (6) is 

replaced by the following: 

         

2

2 2 2

2

arg( )
1

(1 ) cos 1

2 (1 ) sin

j

j

r rae

r ae

a r r a
arctan

r a






 












   
 



 
 
 

           (11) 

Here,    1 expa l    , is termed the loss rate of the 

NFRR, where β and α represent the insert loss of the WDM coupler 

and the attenuation coefficient of the fiber, respectively. Figure 9 

shows the three associated simulated transfer functions. It can be seen 

clearly that the losses have no significant influence on the step-like 

characteristic of the transfer function. With increase of the losses, the 

threshold value of the all-optical comparator slightly increases. 

However, it should be pointed that the increased threshold is still at a 

relatively low level compared to that in a NOLM. Moreover, if the 

power of the probe light is appropriately increase, a lower threshold of 

several mW can be expected as shown in Fig. 5. 

 

Fig. 9. Transfer functions of the all-optical comparators with different losses, 

where l=200 m, γ= 20 W-1Km-1, R=0.99, and P1=2.0 mW. 

 

In addition, we want to point out that in our simulation the control 

and probe light are assumed to maintain the same polarization state. 

Due to the birefringence of conventional highly nonlinear fiber 

(HNLF), the NFRR (nonlinear fiber ring resonator) will suffer from a 

polarization state mismatch between control pulse and probe light and 

that may cause the transfer function to be distorted unpredictably or 

non-periodically [31-32]. Therefore, the control and probe light are 

assumed to maintain the same polarization state in our proposal. This 

can be realized in practical implementation by two techniques: (i) the 

simplest method is to use a polarization-maintaining HNLF for the 

NFRR, as done in Ref. [18-19]; (ii) if a non-polarization-maintaining 

HNLF is used to construct the NFRR, the polarization matching 

condition can be obtained by means of polarization control techniques 

[15-17].  

V. CONCLUSIONS 

In conclusion, we have proposed a novel all-optical 

comparator using a NFRR-based MZI for the coding function 

of AO-ADC. Numerical results demonstrate that a step-like 

transfer function with a low threshold power can be obtained 

due to the effective enhancement of the accumulated nonlinear 

phase shift by the introduction of NFRR. The shape and 

threshold of the step-like transfer depends on three critical 

parameters of the nonlinear MZI and on the power of the probe 

light. Further simulations show that the proposed all-optical 

threshold comparator can exhibit rectangular multi-period 

transfer characteristics and thus has the potential to act as a 

multi-bit AO-ADC. 
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