


as well as excellent symmetry values. Therefore, I will not exclude aliasing as
a factor, but find it unlikely to be the primary cause.

5.5.4 Remarks

As is shown, the alternating interleave pattern works, indicating that the
analysis of the mechanisms involved in the Pors metagrating were correct.
This opens up the potential for expanding the complexity of the Pors meta-
grating without losing the pre-existing properties. It should be stressed that
this simulation did not account for coherence width, which is undoubtedly
the biggest detrimental factor to this design.

The MS3 pattern gave rise to some concern regarding the base design, the
validity of the simulation, as well as the assumptions involved. These con-
cerns could not be addressed due to limitations of time needed to analyze it
properly.
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6Final remarks and outlook

In this thesis we have shown that large-scale FDTD simulation of meta-
surfaces are not only computationally feasible, but also produces physical
predictions that are in line with known results produced by FEM solvers and
verified in experiments.

The alternative analysis method from section 4.3 of using multiple diffrac-
tion pattern to predict the metasurface behaviour yielded predictions that
were confirmed by simulations. This opens up new methods of viewing the
metagratings which might produce more intricate designs over time. The
most important information gained is that the contiguousness of a pattern
is not necessarily required for the functionality of the pattern to persist,
which allows for increased flexibility in design. This was further evidenced
by the results for interleaved patterns, as the birefringence persisted without
any significant detriments. Furthermore, the multiple diffraction analysis
showed that the minimum number of elements needed for a directed reflec-
tion with only one maxima is four, assuming all elements have the same
reflectance.

Another important result is that the metasurfaces had higher accuracy in
outputting pure Stokes vector states, e.g. 𝑄 ≃ 0, 𝑈 ≃ 1, 𝑉 ≃ 0, if hit by
the intended polarization state, than if it was hit by a polarization state
other than the output state. This indicates strongly that the behaviour of
the plasmons is not compatible with a linear combination approach, i.e. that
𝐵(|𝑥⟩) ≠ 1

√2
[𝐵(|𝑎⟩)+𝐵(|𝑏⟩)], where 𝐵 is the plasmonic behaviour as a function

of incoming polarization. This is a result that is important for further study
into plasmonic metasurfaces as it complicates the design process if one wants
absolute precision, if it does not directly preclude such a design to begin
with.

There is also a concern about the MS3 pattern’s gold block size. The pattern’s
blocks had far stronger interactions with their neighbors than the blocks of
the two other patterns. This led to the MS3 pattern having bad results for
interleaving, as the effect seemed to bleed over from the MS3 pattern blocks
to the neighbors. Assuming that it is not aliasing causing the particular
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effect, it would be beneficial to look into a configuration that satisfies the re-
quired 𝜋-phase shift difference between the axes, but has far less absorbance
of incoming light. Ref. [1] reported a large discrepancy in Stokes vector
purity of the outputted waves compared to theoretical predictions. The MS3
spillover effect could be a contributing factor to this. However, the probable
causes listed in Ref. [1], such as the approximation of the glass substrate
having a constant dielectric susceptibility and production inaccuracies, such
as the gold blocks ending up rounded at the edges because of the production
method, should also be considered major contributing factors when consid-
ering the discrepancy between theory and practice.

A promising variant to the Pors Metagrating would be an alternating in-
terleaved MS1-2 grating along the 𝑥-axis, but with 12 and 8 block periods,
respectively, to separate the angles more, and a 12 block MS3 grating along
the y-axis. This variant will have maximal separation and optimal intensity
distribution, retain contiguousness for the MS3 pattern, while minimizing
nearest neighbor GSP interactions for MS1 and 2. Due to the size of the
system, and the requirement of angular resolution in both principal direc-
tions, this simulation was out of the scope of available hardware and time
limitations.

In summary, it has been shown that the field of metagratings have incredible
engineering potential as there are plenty of approaches available that might
yield new innovations.
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Sample code

On the following pages, I have enclosed a sample code that demonstrates
how to use the EMTL software to make a simulation of the MS1 and MS2
alternating interleave.
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File: /Master/Code/MS12_21_interleave.cpp Page 1 of 5

# include "uiexp.h"
# include "basis_3.hpp" // where the custom made rotation functions are. 
                        // in the publicly available version only uiexp.h is needed.

int main(int argc,char **argv){

    //_CrtSetDbgFlag ( _CRTDBG_ALLOC_MEM_DF | _CRTDBG_LEAK_CHECK_DF );
    emInit(argc,argv);
    uiExperiment task;
    task.SetPMLType(CPML_TYPE);  // Needed for dispersive materials near borders.
    //
    // NUMOFCELLS
    int typeWidth = 1; // how many of one type in y-direction
    int type = 0; // which type (0 = MS1&2, 1 = MS2&3, 2 = MS3&1)

    int typeSelector = type * typeWidth;

    int numOfXCells = 120;
    int numOfYCells = 2;

    // ex: set typeWidth to 2, type to 0, and numOfYCells to 6, and you get 2xMS1, 2xMS2, 2xMS3
    //     set typeWidth to 3, type to 1, and numOfYCells to 6, and you get 3xMS2, 3xMS3

    double scale = 1.0; // sets internal scale to 1 micrometer.  
    double meshStep = 0.010; // 10 nm for resolution.
    double cflParam = 0.5; // CFL parameter set to 0.5, which implies a CFL value half of maximum.
    double simTime = 9.6; // Simulation time set to produce an FFT value at 1.25 freq -> 800 nm.

    double baseX = 0.320/scale;
    double baseY = 0.250/scale;
    double baseZ = 0.400/scale;

    double glassWidth = 0.050/scale;
    double prismHeight = 0.040/scale;

    // centering around 0,0,0, so coords go from -x to x, etc
    double x = baseX * (double)numOfXCells /2.0;
    double y = baseY * (double)numOfYCells /2.0;
    double z = baseZ/2.0;

    Vector_3 bounds(x, y, z);
    task.SetInternalSpace(-bounds,bounds);
    task.AddTFSFPlane(INF, INF, z*0.7);

    task.SetBC(BC_PER,BC_PER,BC_PML);
    task.SetResolution(meshStep, cflParam);

    double inputAng = 0*M_PI/4; // Hard-coded polarization angle for example code. 0 = x-pol.
        // This can be fed as a runtime argument if desirable.
    double wavelength = 800.0;
    int circularPol = 0;
    double circPolDirection = 1; // 1 for right hand, -1 for left hand.
    

    if (circularPol == 0){
        task.SetPlaneWave(Vector_3(0.0,0.0,-1.0),Vector_3(cos(inputAng),sin(inputAng),0.0));
    }else if (circularPol == 1){
        task.SetPlaneWave(Vector_3(0.0,0.0,-1.0),Vector_3(0.0,0.0,circPolDirection));
    }

    // Setting incoming pulse properties. 
    double shapeFactor = 1.0;
    double meshFactor = 5.0*meshStep;  

    int chooseSignalWave = 1; // 0 for Berenger, 1 for Sine.
    if (chooseSignalWave == 0){
        task.SetSignal(new Berenger(sqrt(2.0*M_E)/meshFactor,5.0*meshFactor,
                                    shapeFactor*meshFactor,5.0*meshFactor));
    }else if (chooseSignalWave == 1){
        double freqFactor = 1000*scale/wavelength; // flt7 is desired wavelength
        task.SetSignal(new PartOfSinus(sqrt(2.0*M_E)/meshFactor,2.0*M_PI*freqFactor, 
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                                       0, simTime, circPolDirection));
    }
    // I dug up the automatic settings for berenger pulses and recreated it here. 
    // Not really necessary for Berenger, but the same parameters are useful for a Gaussine pulse. 

    emMedium au = getAu(scale);
    emMedium glass(1.45*1.45);

    Vector_3 origin(0.0, 0.0, 0.0);

    // SETUP GEOMETRIES
    task.AddObject(au, GetHalfSpace(Vector_3(0,0,-1), Vector_3(0, 0, -glassWidth)));

    task.AddObject(glass, GetPlate(Vector_3(0,0,-1), origin, glassWidth));

    // steps: 1- initiate geometry at origin (z axis can be ignored as it's the rotational axis)
    //        2- rotate accordingly
    //        3- shift location to correct one

    // listed are the estimated dimensions of the original Pors metasurface.
    //      symm are the approximated averages that I deemed most suitable for own simulations.
    // accurate nums: x: {0.035, 0.085, 0.110, 0.120, 0.130, 0.140, 0.145, 0.165, 0.205, 0.205}
    //                y: {0.200, 0.195, 0.160, 0.145, 0.135, 0.130, 0.120, 0.110, 0.085, 0.035}
    //             symm: {0.035, 0.085, 0.110, 0.120, 0.130, 0.140, 0.145, 0.160, 0.200, 0.200}
    double boxDimsMS1[10] = {0.035, 0.085, 0.110, 0.120, 0.130, 0.140, 0.145, 0.160, 0.200, 0.200};

    //                205-40 ...  135-125, 125-135, 120-150, 100-160, 40-220
    double boxDimsMS2[8] = {0.040, 0.100, 0.120, 0.125, 0.135, 0.150, 0.160, 0.210};
    double boxDimsMS3[2] = {0.130, 0.060};

    // displacement constants for finding point to place first unit
    // have disp0y in case simulating larger grids gets relevant. 
    double disp0x = -x + baseX/2.0;
    double disp0y = -y + baseY/2.0; // relevant if not single cell in y direction
    Vector_3 disp(disp0x, disp0y, 0.0);

    // IMPORTANT: This part uses personally made rotation functions. 
    // These will have to be replaced by the user. 

    // MS2 grid constant rotation 45 degrees
    double ang0 = M_PI/4;
    Basis_3 rot0 = MakeRotationalBasis_3(ang0, 0.0, 0.0);
    
    Polyhedron_3 *tmpBox;

//    int j = 0; // turn this into an outer loop iterator if making larger system
    // and add if-tests instead of commenting out the code. 

    int j = type;
    for (int i=0; i<numOfXCells; i+=2){

        tmpBox = NULL;

        if ((j%(typeWidth*3))<typeWidth){

            int iMod = i%10;
            // MS1 version
            Vector_3 boxStart(-boxDimsMS1[iMod]/2.0, -boxDimsMS1[9-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS1[iMod]/2.0, boxDimsMS1[9-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);
        }

        if (((j%(typeWidth*3))>=typeWidth) && ((j%(typeWidth*3))<(typeWidth*2))){
            int iMod = i%8;
            // MS2 version
            Vector_3 boxStart(-boxDimsMS2[iMod]/2.0, -boxDimsMS2[7-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS2[iMod]/2.0, boxDimsMS2[7-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);

            // constant rotation for MS2
            tmpBox->Rotate(rot0);
        }
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        if ((j%(typeWidth*3))>=(typeWidth*2)){

            // MS3 version
            Vector_3 boxStart(-boxDimsMS3[0]/2.0, -boxDimsMS3[1]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS3[0]/2.0, boxDimsMS3[1]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);   

            // step-dependent rotation for MS3
            Basis_3 rot = MakeRotationalBasis_3((double)i * M_PI/12.0, 0.0, 0.0);
            tmpBox->Rotate(rot);
        }
        Vector_3 displaceVec(disp0x + (double)i*baseX, disp0y + (double)(0.0)*baseY, 0.0);
        // need to use clone function to shift polyhedron. 
        Region_3 *finBox = tmpBox->Clone(displaceVec); 
        task.AddObject(au, finBox, 0); //initializes the block as a 
                                       //physical gold block in the simulation.
    }

    j = type+1;
    for (int i=1; i<numOfXCells; i+=2){

        tmpBox = NULL;

        if ((j%(typeWidth*3))<typeWidth){
            int iMod = i%10;
            // MS1 version
            Vector_3 boxStart(-boxDimsMS1[iMod]/2.0, -boxDimsMS1[9-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS1[iMod]/2.0, boxDimsMS1[9-iMod]/2.0, prismHeight);
                tmpBox = GetBox(boxStart, boxEnd);

        }

        if (((j%(typeWidth*3))>=typeWidth) && ((j%(typeWidth*3))<(typeWidth*2))){
            int iMod = i%8;
            // MS2 version
            Vector_3 boxStart(-boxDimsMS2[iMod]/2.0, -boxDimsMS2[7-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS2[iMod]/2.0, boxDimsMS2[7-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);
            // constant rotation for MS2
            tmpBox->Rotate(rot0);
        }

if ((j%(typeWidth*3))>=(typeWidth*2)){
            // MS3 version
            Vector_3 boxStart(-boxDimsMS3[0]/2.0, -boxDimsMS3[1]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS3[0]/2.0, boxDimsMS3[1]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);   
            // step-dependent rotation for MS3
            Basis_3 rot = MakeRotationalBasis_3((double)i * M_PI/12.0, 0.0, 0.0);
            tmpBox->Rotate(rot);
        }
        Vector_3 displaceVec(disp0x + (double)i*baseX, disp0y + (double)(0.0)*baseY, 0.0);

        Region_3 *finBox = tmpBox->Clone(displaceVec); 
        task.AddObject(au, finBox, 0); 
    }

    j = type;
    for (int i=1; i<numOfXCells; i+=2){

        tmpBox = NULL;

        if ((j%(typeWidth*3))<typeWidth){
            int iMod = i%10;
            // MS1 version
            Vector_3 boxStart(-boxDimsMS1[iMod]/2.0, -boxDimsMS1[9-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS1[iMod]/2.0, boxDimsMS1[9-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);
        }

        if (((j%(typeWidth*3))>=typeWidth) && ((j%(typeWidth*3))<(typeWidth*2))){
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            int iMod = i%8;
            // MS2 version
            Vector_3 boxStart(-boxDimsMS2[iMod]/2.0, -boxDimsMS2[7-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS2[iMod]/2.0, boxDimsMS2[7-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);
            // constant rotation for MS2
            tmpBox->Rotate(rot0);

        }

        if ((j%(typeWidth*3))>=(typeWidth*2)){
            // MS3 version
            Vector_3 boxStart(-boxDimsMS3[0]/2.0, -boxDimsMS3[1]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS3[0]/2.0, boxDimsMS3[1]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);   
            // step-dependent rotation for MS3
            Basis_3 rot = MakeRotationalBasis_3((double)i * M_PI/12.0, 0.0, 0.0);
            tmpBox->Rotate(rot);
        }

        Vector_3 displaceVec(disp0x + (double)i*baseX, disp0y + (double)(1.0)*baseY, 0.0);

        Region_3 *finBox = tmpBox->Clone(displaceVec); 
        task.AddObject(au, finBox, 0); 
    }

    j = type+1;
    for (int i=0; i<numOfXCells; i+=2){

        tmpBox = NULL;

        if ((j%(typeWidth*3))<typeWidth){
            int iMod = i%10;
            // MS1 version
            Vector_3 boxStart(-boxDimsMS1[iMod]/2.0, -boxDimsMS1[9-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS1[iMod]/2.0, boxDimsMS1[9-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);
        }

        if (((j%(typeWidth*3))>=typeWidth) && ((j%(typeWidth*3))<(typeWidth*2))){
            int iMod = i%8;
            // MS2 version
            Vector_3 boxStart(-boxDimsMS2[iMod]/2.0, -boxDimsMS2[7-iMod]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS2[iMod]/2.0, boxDimsMS2[7-iMod]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);
            // constant rotation for MS2
            tmpBox->Rotate(rot0);
        }

        if ((j%(typeWidth*3))>=(typeWidth*2)){
            // MS3 version
            Vector_3 boxStart(-boxDimsMS3[0]/2.0, -boxDimsMS3[1]/2.0, 0.0);
            Vector_3 boxEnd(boxDimsMS3[0]/2.0, boxDimsMS3[1]/2.0, prismHeight);
            tmpBox = GetBox(boxStart, boxEnd);   
            // step-dependent rotation for MS3
            Basis_3 rot = MakeRotationalBasis_3((double)i * M_PI/12.0, 0.0, 0.0);
            tmpBox->Rotate(rot);
        }

        Vector_3 displaceVec(disp0x + (double)i*baseX, disp0y + (double)(1.0)*baseY, 0.0);

        Region_3 *finBox = tmpBox->Clone(displaceVec); 
        task.AddObject(au, finBox, 0); 
    }

    Vector_3 farPlaneMinus(-x, -y, -z); 
    Vector_3 farPlanePlus(x, y, z-meshStep*4.0); 
  
    task.AddNearToFarSet("far0to30",farPlaneMinus,farPlanePlus,Vector_3(),1000,
                         0,M_PI/6,121,0,M_PI,2,DET_F, min(1.0, 50*meshStep));

    task.GetDetectorSet("far0to30")->SetEdges(BOX_FRONT_Z);
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    task.GetDetectorSet("far0to30")->SetComplexMode(outMOD|outRE|outIM);
  
    task.RemoveBinaries(); // this call deletes the raw simulation data in the detector sets.
            // if not used, simulations can end up taking gigabytes of storage at a time. 

    task.Calculate(simTime);

    task.Analyze();

    return 0;
}


	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

	
	
	
	
	
	

	
	
	

