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An optical funnel, which performs as a passive electromagnetic compressor, can guide electromagnetic waves from

a wide inlet to a narrow outlet without reflectance/scattering and squeeze electromagnetic fields uniformly to an
air neck. In this study, an optical funnel is designed by precisely filling subwavelength ceramic blocks with a
gradient refractive index inside a tapered waveguide. The gradient refractive index is designed by transformation
optics, which is isotropic and all above unit, thus exhibiting a broadband feature. Due to the mechanism of
impedance matching over the whole funnel, extremely low reflectance/scattering and stable enhancement of fields
can be achieved. The field enhancement factor in different regions of the funnel (e.g., in the air neck) can be

flexibly designed just by modifying the funnel-width ratios.
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1. INTRODUCTION

The enhancement of electromagnetic (EM) fields has wide
applications in various fields, such as nano antenna [1,2], EM
sensing [3,4], solar cells [5,6], and biosensing [7,8]. Especially
in the field of weak optical/EM signal detection, a compact pas-
sive EM compressor, which can compress EM fields in free
space to obtain a large uniform and stable enhancement factor
for a broad frequency band, is highly required. Surface plasmon
polaritons (SPPs) are one way to enhance the weak electric
fields, e.g., surface-enhanced Raman spectroscopy (SERS)
[9] uses SPPs to enhance the weak electric fields in Raman scat-
tering [10,11]. In addition to SERS, SPPs are also used in other
cases for EM field enhancement in optical detection and sens-
ing, e.g., plasmon-enhanced nanopillar photodetectors operat-
ing in the near-infrared spectral regime [12] and plasmon-
enhanced fluorescence [13]. Electric field enhancement by
SPPs has poor local uniformity due to the protruding nanopar-
ticles or artificial structures on the surface and is usually con-
fined in narrow bandwidth due to the resonance nature of the
SPPs. With the development of metamaterials, several kinds of
novel methods to enhance the EM fields have been proposed,
e.g., concentrators [14,15] or singular structures [16] based on
transformation optics, epsilon-near-zero materials [17], mu-
near-zero materials [18], and plasma antenna arrays [19].
Transformation optics-based EM concentrators squeeze EM
fields into a region filled by materials with high permittivity
or permeability, which is not convenient for subsequent
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detection. Singular structures or arrays usually confine light
to the region with sharp tips, which leads to nonuniform posi-
tion-sensitive enhancement of the fields and seriously affects
stability/robustness for the detection of weak fields, especially
for the sensing system. Materials with near-zero parameters
usually suffer from a narrow band and material loss. Therefore,
there is still no effective method to achieve broadband uniform
EM field enhancement in an air region.

In this study, an optical funnel [see Fig. 1(a)], which can
compress the EM field from its wide inlet to its narrow outlet
without reflectance, is designed to solve the above problem.
The enhanced EM fields can be achieved in the air neck of the
optical funnel [see Fig. 1(a)], which is more convenient for sub-
sequent system integration (e.g., optical sensors). The EM field
enhancement factor can be designed by changing the funnel-
width ratios, i.e., w; /w, for the electric fields and w; /w5 for
the magnetic fields [w;, w,, and wj are the width of the inlet,
the outlet, and the neck; see Fig. 1(a)], which provides more
flexibility and adjustability in different applications. The pro-
posed optical funnel can be widely used as the passive pre-
amplification structure of various optical systems to enhance

EM fields.

2. MATERIALS AND METHODS

The structural diagram of the proposed optical funnel is
shown in Fig. 1(a), which is a tapered EM waveguide and con-
sists of two parts. The waveguide is covered by perfect electric
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Fig. 1. (a) Structural diagram of the optical funnel. PEC (colored pink) and PMC (colored blue) are used as the top/bottom and side boundaries
of the whole funnel, respectively. To show the internal structure of the funnel more clearly, the PEC and PMC on part 2 (colored red) and the neck
(colored green) are not drawn. (b) Refractive index distribution of the whole structure. (c) An implementable structure of the designed optical funnel
by filling ceramic blocks with different permittivity (indicated by different colors and numbers) or air inside the waveguide, where w; = 24,/3,
w, = 0.0lw;, w3 = 0.001w;, h = 0.01w;, Ah = 0.01h, and the working wavelength 4; = 3 m.

conductors (PECs) at the top and bottom, and covered by per-
fect magnetic conductors (PMCs) at the side boundaries. Part 1
is the front part of the funnel, which performs as a waveguide
adaptor filled with dielectrics of the gradient refractive index
designed by transformation optics. Part 1 has a fixed height
of / and varied width from the funnel’s inlet w; to w,. The
length of part 1 is designed as 2w, which can ensure that
the refractive index at the funnel’s inlet is equal to 1. Part 2
is the back part of the funnel, which is an air-filled waveguide
(designed by transmission line theory) and contains an air neck
inside. The funnel’s inlet and outlet are in the front of part 1
and in the end of part 2, respectively.

The function of part 1 is to compress the incident fields
from its wider funnel’s inlet to its narrower port without reflec-
tion, which achieves the first level magnetic field enhancement.
The thin layer between part 1 and part 2 can guide the com-
pressed EM fields smoothly to the height-reduced part 2 (filled
with air) without reflection, i.e., achieving the electric field en-
hancement. The funnel’s neck can achieve the secondary en-
hancement of only magnetic fields by reducing the neck
width. If only electric fields need to be enhanced, the funnel’s
neck can be removed. In the funnel, EM fields are gradually
compressed along the axis of the optical funnel (the y axis) from
the inlet in part 1 to the outlet in part 2 and achieve a uniform
enhanced EM field at the air neck/outlet (see Visualization 1
and Visualization 2 for the transient fields of £, and H,).

For part 1, transformation optics [20,21] is used to design
the gradient refractive index inside the tapered waveguide,
which has matched impedance and ensures that the absorption

and reflection/scattering are sufficiently small. By using a con-
formal transformation, the front part of the funnel (part 1) can
be designed with varied width and gradient refractive index [see
Fig. 1(b)], which can squeeze the EM fields smoothly to its
narrower port without reflection. The distribution of the rel-
ative permittivity (relative permeability = 1) in the tapered
waveguide can be written as (see Appendix A for detail)
wi wi(x* = y%)

16(x2 +}’2)2 2(x2 +}/2)2 ’

which ranges from one (funnel’s inlet) to the maximum value of
(w;/w,)?* (determined by the electric field enhancement factor
Ag). The gradient refractive index in part 1 of the designed
optical funnel can be realized by filling ceramic blocks with
different permittivity inside the waveguide; see the inset of
Fig. 1(a). The size of each ceramic block is about one-fifth
of the local wavelength, i.e., 4/5, which satisfies the require-
ment of the effective medium theory [22]. For the back part
of the funnel (part 2 and the air neck), transmission line theory
can be used to design a proper size and filling material. Since
the final EM-enhanced region (i.e., the funnel’s outlet/neck)
should be air, the size of the waveguide in part 2 needs to
be precisely designed by transmission line theory (to satisfy that
the impedance is always the same as that of the waveguide in
part 1). In our design, the length (the y direction), width (the x
direction), and height (the z direction) of the air-filled wave-
guide in part 2 are designed as 34, w,, and Ah = hw, /w; (see
Appendix B for detail). Although part 1 and part 2 have the

same characteristic impedance, the large difference between

U]
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Table 1. Permittivity of the Ceramic Blocks®

Number 1 2 3 4 5 6 7 8 9 10 11 12
£, 1.1 1.1 1.2 1.2 1.2 1.3 1.3 1.4 1.6 1.7 2.0 2.3
Number 13 14 15 16 17 18 19 20 21 22 23 24
£, 3.3 3.7 6.8 7.3 16 16 36.0 34.5 74.4 70.8 142 136
Number 25 26 27 28 29 30 31 32 33 34 35 36
€, 253 243 424 409 674 654 1027 1001 1510 1477 2150 2110
Number 37 38 39 40 41 42 43 44 45 46

£, 2982 2933 4040 3982 5362 5295 6991 6914 8971 8883

“The sequence numbers correspond to the numbers in Fig. 1(c).

their heights leads to the boundary effect, which will cause se-
vere reflections. A thin subwavelength air layer (with height 4 in
the z direction and length A4 = 1,/15,000 in the y direction)
connecting part 1 and part 2 can well eliminate the boundary
effect and ensure low reflectance (see Appendix B). The funnel’s
neck is embedded in part 2 with a further reduced width w3,
which will not introduce obvious scattering due to the quasi-
static character of the fields in part 2. The EM fields are trans-
mitted from the front part to the back part of the designed
funnel with the same characteristic impedance but different
height. Since the impedance is matched along the axis of
the optical funnel, no reflection appears, which further ensures
a considerable enhancement of EM fields.

As an example of the above design, an optical funnel with
w, = 0.01w; can be realized by filling 92 ceramic blocks with
different permittivities in part 1 [see Fig. 1(c)]. The permittivity
of the 46 ceramic blocks [23] (only half of the blocks are given
due to symmetry) in a frequency range from 1 MHz to
0.1 GHz is listed in Table 1. Note the boundary of the ceramic
blocks is not necessarily straight, i.e., the boundary shape of the
ceramic blocks can be chosen freely. Orthogonal curves are used
as the boundary of the ceramic blocks, which can better fit the
curved boundaries of the funnel. Note the filling materials can
be any dielectric blocks as long as they satisfy the designed per-
mittivity distribution in Eq. (1). Ceramic blocks with different
doping concentrations [23] can precisely meet the requirement

of the permittivity distribution in Table 1 from 1 MHz to
0.1 GHz and are therefore used in the design.

The electric and magnetic fields enhancement factors (A
and Aj;) are defined as the ratio of the electric/magnetic fields’
amplitude in different regions of the funnel to the incident
electric/magnetic fields’ amplitude, which are also related to
the width in different regions of the funnel when the incident
wave is the transverse EM (TEM) wave. In the air neck, the
field enhancement factors can be theoretically derived as (see

Appendix C)

3) w
A, =L =2
E EO w, (2)
A, = H® _ w>
H = g0 = W,

where the superscript (3) represents the EM fields inside the
funnel’s neck, and the superscript (0) represents incident EM
fields at the inlet; see the corresponding regions in Fig. 2(a).
Regions (1) and (2) represent part 1 and part 2 of the funnel,
respectively.

The amplitudes of the electric and magnetic fields inside the
designed optical funnel are shown in Fig. 2(a). The correspond-
ing enhancement factors along the funnel in different regions
are shown in Fig. 2(b), which shows that the funnel can squeeze
EM waves gradually from the inlet to the funnel’s neck/outlet.
The simulated enhancement factors [the red and blue solid
lines for Ay and Ay, respectively, in Fig. 2(b)] in region (3)
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Fig. 2. Simulated results. (a) Amplitudes of electric fields and magnetic fields distributions inside the funnel when a TEM wave of unit amplitude
is illuminated onto the inlet of the designed optical funnel. (b) Electric fields (red) and magnetic fields (blue) enhancement factor along the axis of the
optical funnel (x = 0), where w; = 2/34y, w, = 0.01w;, w3 = 0.1w,, » = 0.01w;, and Ah = 0.014. (1), (2), and (3) represent the correspond-

ing regions in (a).
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fit well with theoretical predictions in Eq. (2) [the yellow and
green dashed lines for Ag and Ay, respectively, in Fig. 2(b)]
with funnel-width ratios w;/w, = 100 and w, /w; = 1000.
Note nonlinear axes are used in Fig. 3(b) for a clear view of
the enhancement in different regions. The three regions have
different enhancement effects on electric and magnetic fields.
Region (1) has no enhancement effect on electric fields, while
regions (2) and (3) can enhance electric fields uniformly. Both
regions (1) and (3) can enhance the magnetic fields gradually
(more details can be found in Appendix C).

3. RESULTS AND DISCUSSION

A. Uniformity of the Enhanced EM Fields

The designed optical funnel can create uniform enhanced EM
fields inside the funnel’s air neck [see Fig. 2(a)]. To numerically
verify the uniformity of the enhanced EM fields with varied
structure sizes and frequencies, the uniformity can be quanti-
tatively defined as the coefficient of variation of the fields
(smaller coefficient of variation means better uniformity):

CE = ZE
e % @)
H ™ H,,
Eds Hds
where E,,, = I v and H,, = 1 <— are the average ampli-

tude (x-y plane) of the electric fields and magnetic fields, S
denotes the cross-sectional area in x-y plane of the funnel’s
neck, and £ and H denote the amplitude of the electric fields

and magnetic fields. o7 = \/[ff (E—Eavg)zds]/S and
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\/ [ (H-H a\,g)zds] /S are the standard deviations of

the electric fields and magnetic fields. The uniformity of the
electric fields and magnetic fields varies accordingly with the
funnel-width ratios (i.e., w, /w, and w, /w3), which are shown
in Figs. 3(a) and 3(b). The error bar represents the standard de-
viations of the fields, and the dots represent the average values of
the fields (on the left y axis). The uniformity Cr and C (blue
squares and red diamonds) are represented in Figs. 3(a) and 3(b)
on the right y axis. It shows that the uniformity of the electric
fields is better for larger w, /w, and smaller w, /ws, while the
uniformity of the magnetic fields is independent on w,/w,
and gets better for larger w,/wj. The coefficient of variation
of both the electric fields and magnetic fields still keeps a small
value (Cz < 0.1 and Cy < 0.1) for all these funnel-width ra-
tios, i.e., the enhanced EM fields inside the funnel’s air neck have
good uniformity with varied width of the funnel. The uniform-
ity is also good in a broad frequency range (from 1 MHz to
0.1 GHz), which is shown in Figs. 3(e) and 3(f). The simulated
results show that the designed funnel has high uniformity of the
enhancement factor in the funnel’s air neck for varied funnel
width in a broad working frequency band.

Oy —

B. Enhancement Factor with Varied Funnel Width

The electric and magnetic field enhancement factors [Ay and
Ay in Eq. (2)] are completed as determined by the geometrical
size of the optical funnel (i.e., funnel-width ratios w; /w, and
w, [ws). Therefore, various enhancement factors for electric
and magnetic fields can be obtained by choosing corresponding
funnel-width ratios (i.e., w;/w, and w,/w;) of the
designed optical funnel. The numerical simulation results in
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Fig. 3. Average value (dots; left y axis), standard deviations (error bars; left y axis), and uniformity (blue squares and red diamonds; right y axis) of
the (a) electric fields and (b) magnetic fields with varied funnel width in the funnel’s neck (at 0.1 GHz). Average value (dots; left y axis), standard
deviations (error bars; left y axis), and uniformity (red diamonds; right y axis) of the (c) electric fields and (d) magnetic fields in the funnel’s neck with
varied frequency (with funnel-width ratios w, /w, = 100 and w, /w; = 1000).
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(a), (b) Numerical simulation and (c), (d) theoretical calculation results for the electric and magnetic fields enhancement factors in the

funnel’s air neck, respectively, when the funnel-width ratios (w;/w, and w,/wj3) of the designed optical funnel vary.

Figs. 4(a) and 4(b) show the electric and magnetic fields en-
hancement factors in the air neck for different funnel-width
ratios, which coincide with the theoretical calculation results
in Figs. 4(c) and 4(d). The working wavelength is the same
as the one in Fig. 1. Figure 4 and Eq. (2) provide convenient
instructions on how to pick suitable funnel widths for achieving
a pre-designed enhancement factor. The magnetic fields have
larger enhancement factors than electric fields due to the sec-
ondary enhancement in the funnel’s neck (see Fig. 4), which
means the designed funnel is very suitable to create large mag-
netic fields from weak background fields.

C. Bandwidth Analysis

Since ceramic blocks in Table 1 with weak dispersion in a wide
frequency band can exactly meet the required permittivity of
the optical funnel in Eq. (1), the designed optical funnel
can achieve a broadband EM fields concentrating effect.
Numerical simulations in Fig. 5 show the electric/magnetic
fields enhancement factors in the air neck of the designed fun-
nel, which shows the relative stable enhancement effect for both
electric fields (A > 100) and magnetic fields (Ay > 990)
within a frequency range from 1 MHz to 0.1 GHz and verifies
broadband features of the funnel. If the working frequency fur-
ther increases, the enhancement factor will drop rapidly as the
effective medium theory cannot be satisfied, and, at the same
time, high-order modes will be excited, which also increase re-
flectance. The optical funnel can also work in higher frequency
bands with proper filling materials (e.g., metamaterials with
high refractive index in the terahertz [24], infrared [25,26],
and optical ranges [27]).
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Fig. 5. Simulated results: the relation between the working fre-
quency and the electric/magnetic fields enhancement factors Ax
(red) and Az (blue) in the air neck of the designed funnel with fixed
funnel-width ratios w;/w, = 100 and w; /w; = 1000.
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4. CONCLUSION

Although the light funnel in this study has a similar shape to the
nonimaging light concentrators (NLCs) [28-31], which are
widely used in solar cells for light concentration, there are many
differences between the optical funnel in this study and the
NLCs. The NLCs are designed by nonimaging optics [28],
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which can be realized by silicon (no gradient media are re-
quired). The optical funnel in this study is designed by trans-
formation optics [20,21], which needs well-designed gradient
distribution of the refractive index. The enhancement obtained
by NLC arrays is caused by the efficient occupation of Mie
modes, which is motivated by its unique geometry [29].
However, from the perspective of transformation optics, the
enhancement obtained by our optical funnel is due to the com-
pression of spatial geometry. The geometric sizes of the NLCs
are usually on the subwavelength order, while the overall size of
our funnel can be larger than the wavelength. Compared with
NLCs, the optical funnel in this study has a lower reflectivity
and can achieve a uniform enhancement in the air region,
whose enhancement factor is directly determined by the geo-
metric ratio in Eq. (2). However, the optical funnel in this
study requires complex material parameter distribution and
is valid for only one polarization. Therefore, the designed op-
tical funnel in this study is different from the NLCs in terms of
theoretical design, material realization, working characteristics,
geometric size, etc.

For a physical realization, three kinds of materials should be
used to build an optical funnel, i.e., PEC, PMC, and dielectric
blocks. In the designed frequency range (i.e., 1 MHz to
0.1 GHz), dielectric blocks have been well designed by using
ceramic blocks [23] [see Fig. 1(c)]. The PEC and PMC can be
realized by metal sheets [32] and artificial structures/surfaces
[33,34], respectively. For higher frequency bands, dielectric
blocks can be realized by metamaterials [24-27]. The PEC
and PMC can be approximately realized by some metasurfaces
[35] and artificial structures [36].

In conclusion, an optical funnel, which can smoothly com-
press incident EM fields from the inlet to the outlet/neck along
the funnel axis and achieve a broadband uniform EM field en-
hancement at the outlet/neck, is designed by precise placement
of weakly dispersive ceramic blocks with a gradient refractive
index. The electric/magnetic fields enhancement factors in dif-
ferent regions of the funnel can be flexibly pre-designed by ad-
justing the funnel-width ratios. Large and stable enhancement

(a) Reference space

Input port u

/'

Upper Riemann sheet

~

Lower Riemann sheet

Output port

of both electric and magnetic fields (e.g., over 100 times) can
be achieved in the air neck of the funnel over a broad frequency
range from 1 MHz to 0.1 GHz. The designed passive funnel
can be used as a passive pre-amplification structure for weak
optical/EM field enhancement and detection, e.g., SERS, op-
tical sensing, EM field concentration.

APPENDIX A: DESIGN OF PART 1

For part 1, EM fields are uniform along the z axis if only TEM
wave is excited at the funnel’s inlet as the source. Therefore, the
design for the funnel can be treated as a two-dimensional (2D)
problem. A 2D conformal transformation, i.e., Zhukovski
transformation, is used here to design the funnel. Zhukovski
transformation can be written as the following formula
[21,37]:
2
¢

where £ = # + v and { = x + iy are the complex coordinates
of the reference space (before the transformation) and physical
space (after the transformation), respectively. a represents the
length of the branch cut in the reference space, which is a line
segment with its two end points of (-24,0) and (24, 0).
Assuming an air-filled rectangular waveguide with width of
w, = 2a is placed in the reference space, shown as the green
region in Fig. 6(a), the reference space of the Zhukovski trans-
formation is composed by two Riemann sheets. The input port
of the waveguide is set in the upper Riemann sheet, and the
output port is in the lower Riemann sheet. In the physical space
shown in Fig. 6(b), the rectangular waveguide changes to a
funnel filled with inhomogeneous materials, the refractive in-
dex of which can be calculated by Eq. (A1) and transformation
optics [21,37]:

2 oA W2 (2 - )
1.2 =1 1 W J ]
&) ‘ & \/ * 16(x* + 57 2(x* + y)?
(A2)
(b) Physical space

Input port y

Fig. 6. (a) In the reference space, 2D structural correspondence between the rectangular waveguides and (b) the optical funnel in the real space,

respectively, based on the coordinate transformation in Eq. (4).
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Note the width of the funnel’s inlet is equal to the width of
the rectangular waveguide in the reference space, while the
width of the funnel’s outlet is compressed to w,, which is re-
lated to w; by the refractive index at the funnel’s outlet, i.e.,
Wy = w) [Nyyee- The gradient refractive index in Eq. (A2) can
guide waves from the funnel’s inlet smoothly to its outlet with-
out reflection due to the impedance matched property of trans-
formation optics. For nonmagnetic materials, i.e., €, = 7%, the
permittivity  distribution in  Eq. (1) can be derived
from Eq. (A2).

APPENDIX B: DESIGN OF PART 2

Part 1 of the optical funnel, which is designed by Zhukovski
transformation, can achieve preliminary field enhancement.
However, one restriction of the above design is the inhomo-
geneous material inside the waveguide adaptor. For most appli-
cations, squeezing EM energy to an air-filled space is highly
required, and therefore we need to guide the above EM waves
smoothly to an air-filled waveguide without reflection. From
the perspective of transmission line theory, the characteristic
impedance of the TEM mode inside a rectangular waveguide
can be written as 2 = \/’gg, where b, w, €, and p are the
height, width, permittivity, and permeability of the waveguide.
If the air-filled waveguide (part 2) is utilized to match the char-
acteristic impedance of the funnel’s outlet with relative permit-
tivity of 72 . = (w;/w,)?, the height of the air-filled
waveguide should be designed as Ah = hw, [w,. Also, to elimi-
nate the boundary effect, we should add an electrically thin
layer with large characteristic impedance, i.e., the same height
of the funnel but filled with relatively low permittivity media
(air) [38].

APPENDIX C: ENHANCEMENT FACTORS IN
DIFFERENT REGIONS

When incident waves enter part 1 through the inlet (ie.,
0 < y <y, see Fig. 7), the out-of-plane electric field £, is pre-
served [37] during the conformal transformation without any
amplifications, i.e., Ay = 1 for 0 < y < y,. However, the mag-
netic field is increased gradually, i.e.,

H(x,y) = ,/%Ew = e G H(y = 0),

for 0 <y <y,

and reaches its maximum enhancement factor of
Ve =y)=w/w, at the end of part 1, ie,
Ay (y =y,) = wy/w,. The enhancement factor at the end
of part 1 can be written as

Ay =1 B
F EPREE T

When the waves propagate inside the thin subwavelength air
layer, i.e., y; <y < y,, the magnetic fields remain unchanged
without any amplifications, while the value of the electric fields
is enhanced gradually and reaches its maximum enhancement
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X 0! Inlet

Part 1

Y1

<—— A thin layer

Part 2

y | Outlet

Fig. 7. Funnel 2D view (x-y plane) from Fig. 1(a). Different y co-
ordinates indicate different locations in the funnel: y = y, represents
the end of part 1; y = y, represents the end of the thin layer; y = y;
represents the end of part 2 (the upper part); and y = y, represents the
end of part 3.

factor of Af = Aph/Ah = Apw,/w, at the end of the
thin layer.

When the waves propagate from the subwavelength layer to
the front part of part 2, i.e., y, < y < y3, both the electric field
and magnetic field remain unchanged without any further am-
plifications. Therefore, the enhancement factor in the front part
of part 2 can be written as

{Ag = wl/wz

" s for <y <Ys. C2
A = w, w, 12 <y<y; (€2

From the front part of part 2 to the funnel’s neck, i.e.,
y3 <y <y the electric field remains unchanged, while the
magnetic field is enhanced by w, /w5 times, which can be ob-
tained using the boundary condition between part 2 and the
neck:

{AE =g for y; <y <y, (C3)

AH - A}_’[ZUZ/W3 ’

Using Eqs. (C1)—(C3), the theoretical values for the field

enhancements at the funnel’s neck in Eq. (2) can be derived.
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