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I. INTRODUCTION

Since a zone plate was first devised by Fresnel [1], a 

variety of different types of zone plates, i.e., so-called 

Fresnel zone plates (FZPs), have been studied as a novel 

focusing element having exotic diffraction characteristics 

[2-4]. Moreover, since thin metallic structures can readily 

be implemented onto a fiber facet as well as onto a flat 

optical substrate, novel characteristics of metallic FZPs 

(MFZPs) can also open up great opportunities for various 

fiber-optic applications [5-7], which inherently have very 

high compactness and stability. In recent years, exploitations 

of FZP structures into bi-focusing applications have been 

attracting a considerable amount of research attention. These 

applications include multi-zone FZPs, Fibonacci diffractive 

lenses, and Thue-Morse zone plates to name a few [8-10]. 

However, most schemes hit various technical issues such as 

having difficulties in keeping longitudinal focusing sharpness, 

generating focal spots at desired locations, or suppressing 

undesirable side lobes [11, 12]. In particular, the loss of 

longitudinal focusing sharpness can severely degrade the 

performance of a bi-focal lens, particularly, in sensing or 

laser-based micro-machining applications [13, 14], which 

invariably require a high axial resolution. On the other 

hand, we have recently proposed a novel systematic design 

method based on the phase selection rule (PSR) for multi- 

focal MFZPs, reporting a preliminary simulation result 

based on it [15]. Although we did show that the method 

would have great potential as a systematic design method 

for multi-focal MFZPs, it has remained unanswered whether 

the method is capable of resolving the aforementioned 

issues incurred from the existing technologies to a 

satisfactory level, particularly, when the method is utilized 

for designing a bi-focal MFZP having shallow depth-of- 

field (DOF) characteristics.
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Therefore, in this paper we utilize the PSR method for 

optimally designing a bi-focal MFZP and discuss its 

functional characteristics, including the precision of focal 

spots, the sharpness of the longitudinal focusing, and the 

suppression ratio of axial side lobes, from the viewpoint of 

axial resolution. We also discuss and verify the capability 

and feasibility of the PSR method in comparison with 

those of a benchmarking MFZP having equivalent bi-focal 

functionality but designed by the conventional multi-zone 

method.

II. DESIGN AND OPTIMIZATION

The PSR method is based on the time-reversal charac-

teristic and superposition principle of electromagnetic waves 

[15, 16], which can be explained briefly as follows: Let us 

suppose that there is an MFZP at    that produces dual 

focal spots at    and    when a plane electro-

magnetic wave is incident onto it at normal incidence. In a 

reciprocal manner, if one places two virtual point sources 

(VPSs) at the dual focal points at    and   , 

respectively, spherical electromagnetic waves generated by 

the VPSs will in turn produce a phase profile at the 

MFZP plane, i.e., at   . One can quantize the phase 

profile in a binary manner into  and  such that 

≤   and ≤  , based on the so-called PSR. 

This quantization procedure results in a binary  

profile in an annular format because of the axial symmetry. 

If one assumes from a viewpoint of relative phase 

difference that the electromagnetic waves in the  regions 

originally radiated from VPSs are in phase at   , the 

electromagnetic waves in the  regions can be regarded 

out of phase at   . Then, if one makes the  regions 

open and the  regions closed and illuminates the MFZP 

with a plane electromagnetic wave from the other side, the 

electromagnetic waves that pass through the opening of the 

annular slit structure will result in being in phase at    

and   , because of the time-reversal characteristic of 

electromagnetic waves. Since all the possible paths for 

being out of phase at    and    are inherently 

prohibited by blocking the  regions at the MFZP plane, 

the electromagnetic waves started from the  regions will 

invariably interfere at    and    constructively, 

thereby leading to forming dual focal spots there. In fact, 

if one uses a single VPS, the resultant annular slit 

structure will become exactly the same as the form of a 

conventional MFZP, which is formulated by [7]:

 








    ⋯  (1)

where  denotes the inner radius of an annular-slit opening 

for an odd integer  or its outer radius for an even integer 

,  the total number of annular slits,   the initial phase- 

offset constant,  the focal length, and  wavelength of 

incident light.

Therefore, all one has to do is to define the VPSs in an 

appropriate manner. In fact, they can be represented by 

their complex amplitudes, so that one just needs to choose 

their absolute amplitudes (or intensities) and initial phases. 

In general, as can be seen from Eq. (1), a conventional 

MFZP can be designed in a variety of forms depending on 

the choice of the initial phase-offset value  . Similarly, a 

bi-focal MFZP to be designed by the PSR method can 

also be of different forms, depending on the choice of the 

complex amplitudes of the VPSs. Therefore, one can 

determine an optimal one of them such that the resultant 

MFZP satisfactorily acquires all the desired characteristics 

as closely as possible. For this purpose, we additionally 

choose to use the particle swarm optimization (PSO) 

algorithm [17], although it is not the only method for the 

optimization procedure.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we implement the PSR method in 

designing a bi-focal MFZP and numerically characterize 

its functional characteristics. In addition, we also design 

another bi-focal MFZP for comparison, using the multi-zone 

method that is one of the most frequently used design 

methods for bi-focal MFZPs [8]. Based on both results we 

comparatively discuss the distinct characteristics between 

the two bi-focal MFZPs, also verifying the superiority of 

the PSR method to the conventional multi-zone method.

The simulation conditions for both bi-focal MFZPs are as 

follows: We set the diameters of the MFZPs to be 50 µm, 

considering the use of them on an optical fiber platform 

[18-20]. We assume that the dual focal spots of an identical 

peak intensity level are formed at  = 15 µm and  = 25 

µm for normal incidence of a plane electromagnetic wave 

at 650 nm. We utilize a commercial computational tool 

based on Matlab (R2016b, MathWorks) for both design 

and optimization procedures. In particular, we assume that 

the minimal step of the annular slit structure in the radial 

direction is fixed to 50 nm, taking account of a typical 

resolution of the focused-ion-beam (FIB) process for 

fabrication [21, 22]. During the PSO procedure, we take the 

following three indicators as the criteria for optimization: 

(1) how exactly the two foci are formed at the desired 

locations in terms of ∆, (2) how evenly the peak 

intensities of the two focal spots are determined in terms 

of ∆, and (3) how effectively the axial side lobes are 

suppressed in terms of ∆ . Using penalty parameters with 

these three criteria, we iteratively perform the PSO 

procedure until all three parameters reach the corresponding 

target tolerance values as closely as they can, as summarized 

in Table 1.
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First, the graphics shown in Fig. 1 illustrate the simulation 

results regarding the shape of the MFZP designed by the 

PSR method and its resultant transmission characteristics 

when a plane electromagnetic wave at 650 nm is incident 

onto it. It is worth noting that in Fig. 1(b) all the intensity 

levels are normalized to the maximum value of all. One 

can clearly see that bi-focal peaks of nearly identical 

intensities are formed at the targeted locations at  = 15 

µm and  = 25 µm: The dual focal spots are formed at 

14.95 µm and 25.05 µm. Thus, the corresponding relative 

focal point mismatch values are given by 0.33% and 0.20%, 

respectively. The intensities of the bi-focal peaks are 

sufficiently even, exhibiting a relative intensity mismatch 

of 0.17% with respect to their average value. Finally, the 

side lobe suppression ratio is given by -9.42 dB, which 

slightly misses the target value of -10 dB. In general, MFZPs 

inherently exhibit super-oscillatory behaviors in the near 

side, often producing higher-order focal spots beside the 

fundamental one [23, 24], so that we suspect that complete 

suppression of such peaks remains inherently cumbersome 

and challenging. Notwithstanding, we stress that in the given 

conditions, the characteristics of the bi-focal MFZP are 

sufficiently satisfactory in terms of the specified tolerance 

values as summarized in Table 1.

On the other hand, we also investigate the conventional 

multi-zone method for designing another bi-focal MFZP 

having all equivalent bi-focal functionality. In fact, the 

method divides the whole area of the MFZP into inner 

and outer regions, i.e., Zone 1 and Zone 2, individually 

determining the annular slit structure for each zone via Eq. 

(1). The inner region, i.e., Zone 1, is designed to produce 

a shorter focal point from the viewpoint of the balanced 

axial resolution between the dual focal spots. In addition, 

it is worth noting that while we use the multi-zone 

method, we additionally exploit the PSO algorithm in 

determining the diameter that divides the whole area of the 

MFZP into Zone 1 and Zone 2, and the two phase-offset 

values for Zone 1 and Zone 2, i.e.,  and , in order 

that the characteristic properties of the MFZP satisfy the 

tolerance values specified in Table 1 as much as possible. 

This is for the sake of fair comparison between the results 

by the two different methods, i.e., the PSR method and 

the conventional multi-zone method.

The graphics shown in Fig. 2 illustrate the resultant MFZP 

pattern and its corresponding transmission characteristics. It 

is worth noting that in Fig. 2(b) all the intensity levels are 

normalized to the maximum value of all; however, if the 

incident condition were the same as in Fig. 1(b), the actual 

TABLE 1. Target design parameters of bi-focal MFZP with shallow DOF characteristics

Design parameters

Parameters Foci Wavelength Diameter Slit resolution

Tolerance

Position

∆
Intensity

∆
Side-lobe peak

∆

Value 15, 25 µm 650 nm 50 µm 50 nm 1% 1% -10 dB

(a) (b)

FIG. 1. Simulation results on the bi-focal MFZP designed by the PSR method according to the target parameters specified in Table 

1: (a) Annular slit pattern of the designed bi-focal MFZP. (b) Calculated intensity distribution formed through the PRS-based bi-focal 

MFZP.
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peak intensity level should be reduced to 82.5% of the 

peak intensity level shown in Fig. 1(b). One can see that 

the MFZP by the multi-zone method can also produce 

bi-focal peaks, such that  = 15.10 µm and  = 24.85 

µm, which give rise to the relative focal point mismatch 

values are given by 0.67% and 0.60%, respectively. These 

values are satisfactory in terms of the given tolerance 

value specified in Table 1. The relative intensity mismatch 

is given by 0.33%, which is also satisfactory as specified in 

Table 1. However, the obtained axial side-lobe suppression 

ratio is only given by -6.81 dB at best, which is significantly 

off the target tolerance value, in contrast to the case with 

the PSR method. Apart from such characteristics, the overall 

background intensity levels are relatively high in comparison 

with those by the PSR method as shown in Fig. 1(b).

In addition, paying more attention to the axial resolution, 

we plot the transmitted beam patterns on the z-axis for 

both bi-focal MFZPs in Fig. 3 at the same time, in which 

we assume that the incident electromagnetic waves have the 

same intensity levels. One can clearly see that the axial 

resolutions obtained by the PSR method are significantly 

superior to those by the conventional multi-zone method at 

both focal points. Firstly, the axial side-lobe suppression 

ratio obtained by the former is -9.42 dB, whereas that by 

the latter is -6.81 dB, which means the former can lead to 

twice better performance than the latter in terms of axial 

(a) (b)

FIG. 2. Simulation results on the bi-focal MFZP designed by the multi-zone method according to the target parameters specified in 

Table 1. (a) Annular slit pattern of the designed bi-focal MFZP. Zone 1 and Zone 2 are respectively designed according to Eq. (1) for 

forming the dual focal spots at 15 and 25 µm. (b) Calculated intensity distribution formed through the multi-zone based bi-focal 

MFZP.

FIG. 3. Axial intensity profiles formed though the PSR-based bi-focal MFZP and the multi-zone bi-focal MFZP. Red trace: PSR-based 

bi-focal MFZP. Blue trace: multi-zone bi-focal MFZP. Note that the incident conditions are assumed to be identical.
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side-lobe suppression. Secondly, the DOF values at  and 

 obtained by the former are 1.32 µm and 1.99 µm in full 

width at half maximum (FWHM), respectively, whereas 

those by the latter are 2.64 µm and 2.46 µm (FWHM), 

respectively. Consequently, it is worth noting that the DOF 

values at  and  obtained by the former are only 50.1% 

and 80.8% of those by the latter, respectively. That is, the 

bi-focal MFZP by the former can lead to significantly 

shallower DOF characteristics than those by the latter, 

thereby resulting in significantly enhanced axial resolutions. 

Consequently, the peak intensity levels by the former are 

significantly higher than those by the latter. Thirdly, we 

note that the focal spots obtained by the former are more 

axially symmetric than those by the latter. The overall 

characteristics are summarized in the Table 2, from which 

one can readily notice the superiority of the PSR method 

to the conventional multi-zone method.

IV. CONCLUSION

We have proposed a novel bi-focal MFZP having 

shallow DOF characteristics, for which we exploited the 

PSR method along with the PSO algorithm. We performed 

numerical simulations to characterize its bi-focal functionality 

with normal incidence of a plane electromagnetic wave at 

650 nm, in comparison with another bi-focal MFZP designed 

by the conventional multi-zone method. We verified that 

whilst both MFZPs can produce bi-focal spots at the 

desired locations, i.e., at  =  ~15 µm and  =  ~25 µm, 

their specific characteristics are significantly distinct, parti-

cularly, from the perspective of axial resolution: The PSR- 

based MFZP can lead to significantly better characteristics 

in terms of the axial side lobe suppression ratio and the 

axial DOF values at the given dual focal points (see Table 2 

for more details). These consequences are mainly due to 

the fact that the multi-zone method inevitably leads to loss 

of the effective aperture size allocated for each focal spot, 

whereas the PSR method can keep the full aperture size 

for each focal spot regardless of the number of focal spots 

it produces. Thus, the PSR method can become even 

further advantageous as the number of focal spots increases. 

Although we have verified the feasibility of the PSR method 

and the bi-focal MFZP, we think that there is room for 

improvement from the viewpoint of the numerical optimi-

zation procedure: One can further investigate even higher 

numerical resolution or different optimization algorithms 

for it. We expect that the proposed bi-focal MFZP can be 

exploited for various applications such as laser micro- 

machining, optical trapping, biochemical sensing, confocal 

sensing, etc., which invariably require high axial resolution.
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