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Broadband Terahertz Metalenses Based on Printed Circuit
Board Fabrication

Chu Qi, Xiaoluo He, Bowen Ren, and Alex M. H. Wong*

Metalenses have provided a good solution to the bulkiness of conventional
refractive lenses. Due to the subwavelength feature sizes of the metalens
structure, the increasing fabrication difficulties at high frequencies limit its
application in the terahertz and optical regime. Moreover, the deeply
subwavelength features of the metasurface unit cells usually make the cells
strongly resonant, which limits the bandwidth of the metalens. In this paper
the usage of aggressive discretization in a metalens design is investigated,
and it is found that aggressive discretization can lead to the usage of weakly
resonant and relatively large unit cells, which leads to excellent broadband
performance and dramatically relaxes the feature size tolerance of the
metalens. For examples, two terahertz focusing metalenses are designed
which feature large numerical apertures (NA = 0.86), diffraction-limited
focusing over a broad bandwidth (240–400 GHz, or 50% bandwidth), and
minimum feature sizes of 0.1 mm. These tolerance-relaxed terahertz
metalenses are successfully constructed using conventional
printed-circuit-board fabrication technology. The experimental measurements
validate the simulated performances. Compared to existing terahertz
meta-devices based on micro-fabrication or nano-fabrication technologies,
this paper opens door to a kind of high-quality terahertz metasurfaces
featuring low-cost, rapid, and established fabrication.
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1. Introduction

Conventional optical components for fo-
cusing and imaging include dielectric
refractive lenses and parabolic mirrors.
For a conventional dielectric refractive
lens, the manipulation of electromagnetic
(EM) waves rely on the curvature of the
lens surfaces and the phase accumulation
provided by the thickness of the lens.
Therefore, conventional dielectric lenses
are usually bulky. The emergence of the
metasurface provides a solution to realize
abrupt phase changes with a subwave-
length thickness.[1,2] Since then, various
metalenses[3–11] and metaholograms[12–21]

have been proposed for imaging. The early
metalenses based on single-layer plas-
monic metasurfaces worked for the cross-
polarized component of a linearly polarized
incidence, thus suffering from strongly
limited efficiency.[4,7,22,23] The metalenses
designed based on the Pancharatnam–
Berry (PB) phase can achieve a higher
efficiency, but they only work for circularly
polarized waves.[6,8,11,24–28] A single-layer
plasmonic metalens backed with a metallic

ground can potentially realize high efficiency. However, their ap-
plications are limited to only reflective cases.[5,11,29,30] A transmis-
sive metalens with high efficiency and large numerical aperture
(NA) requires unit cells with full transmission phase coverage
while maintaining high transmission magnitude, which cannot
be realized with single-layer plasmonic metasurface element.[3]

Metalenses based on multi-layer plasmonic element structures
have been proposed to realize efficient manipulation of the
co-polarized component of a linearly polarized incidence.[31–37]

However, the metallic patterns of most multi-layer metallic meta-
surfaces have feature sizes much smaller than the unit cell size,
which themselves are often deeply subwavelength. They are thus
difficult to fabricate when the frequency goes beyond the mil-
limeter wave (MMW) band. In the terahertz (THz) and optical
regimes, dielectric metalenses have been proposed to achieve
efficient control of different EM polarizations.[10,38–45] However,
due to the resonant nature of the dielectric unit cells, the dielec-
tric metalenses usually have narrow operation bands.

In parallel to these achievements, we have presented the ag-
gressively discretized metasurface, which is designed to have
the least number of unit cells required for the desired diffrac-
tion mode control.[46] With aggressive discretization, the meta-
surface unit cells can be greatly enlarged without limiting the
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performance of the metasurface. This leads to simple structures
with significantly enlarged feature sizes. The enlargement of fea-
ture sizes can make possible metasurface designs at high fre-
quency range. In a previous work, our group has presented an
anomalous refraction metasurface designed on printed circuit
boards (PCBs), the aggressive discretization result in a critical
feature size of 0.15 wavelength. Considering the conventional
PCB fabrication with a typical precision of 0.1 mm, this large
feature size can be easily realized fabricated even when the fre-
quency goes up to 450 GHz, which reaches the lower end of
the THz spectrum. This shows that, with aggressive discretiza-
tion, THz metasurfaces may be designed and fabricated on PCBs,
which potentially leads to high efficiency and low-cost lenses for
THz imaging applications.

In this work, we design and fabricate two transmissive focus-
ing THz metalenses (at 300 GHz) with conventional PCB tech-
nology. First, unit cells with three cascaded rectangular strips are
designed to realize efficient focusing of a linearly polarized plane
wave. Further, by replacing each rectangular strip with a cross-
shaped patch, polarization-insensitive unit cells are designed for
a dual-polarized focusing metalens. In both cases, we use the con-
cept of aggressive discretization to design unit cells with max-
imized feature sizes, without compromising the lens’ imaging
performance. Both metalenses are designed with a size of 20 ×
20 mm2 and a focal length of 6 mm at 300 GHz, thus achieving
a large numerical aperture of 0.86. Besides, the proposed met-
alenses can realize diffraction-limited focusing within a broad
bandwidth of 240–400 GHz. Due to the simple structure of the
elements, the metalenses are both designed with a minimum
line width and gap distance of 0.1 mm, which can be fabricated
straightforwardly using a standard PCB fabrication process. Both
metalenses are fabricated and measured, and the experimental
results agree well with the simulation results. Compared to most
of the micro and nanofabrication techniques used in previous
THz lens designs, the standard PCB fabrication process is cost-
effective and ready for mass fabrication.

2. Metalens Design and Simulated Performances

In this section, we first investigate the effect of aggressive dis-
cretization in a metalens design. Then we apply aggressive dis-
cretization to design a focusing metalens using a linearly polar-
ized unit cell structure. After that, we extend the single polarized
metalens to a polarization-insensitive metalens. Due to the large
unit cell size, both metalenses can be designed with a minimum
feature size of 0.1 mm, which can be fabricated using a standard
PCB fabrication process.

2.1. Aggressive Discretization of a Metalens

We investigate the discretization of a metalens by examining
the scattered wave contents in the spectral domain (k-space).
Figure 1a shows the k-space operation of a metasurface illumi-
nated by a plane wave with an incidence angle 𝜃i and a tangen-
tial wavenumber ki = k0 sin 𝜃i. k0 is the free space wavenumber.
The metasurface varies along y-direction. The output spectrum
(i.e., the distribution of the transmitted/reflected EM wave in the

Figure 1. a) k-space operation of a metasurface which varies along y-
direction. The asterisk sign (*) denotes the convolution operation. Arrows
indicate the existence of modes with different tangential wavenumbers.
The green box in the output spectrum denotes the propagation range of
ky ∈ [− k0,k0]. b) A schematic diagram of a transmissive metasurface upon
an incidence with incidence angle 𝜃i. c) A diagram showing how the output
spectrum in (a) corresponds to the directions of the scattered waves.

spatial frequency (ky) domain) is determined by the input spec-
trum and the metasurface response spectrum. In the output spec-
trum, only the modes within the propagation range (i.e., ky ∈ [ −
k0,k0]) can scatter into the far field; the other modes are evanes-
cent. The directions of the scattered waves are determined by
the corresponding tangential wavenumbers. Figure 1b shows the
schematic diagram of the transmissive metasurface in Figure 1a.
Figure 1c is a schematic showing the directions of the scattered
waves, corresponding to the output spectrum in Figure 1a. The
transmission/reflection angle corresponding to the nth mode is:

𝜃tn = 𝜃rn = sin−1

(
kn

k0

)
(1)

The discretization of a metasurface can be investigated by
studying its k-space spectrum. A metasurface can be treated as an
array of equi-spaced scatterers with similar scattering patterns.
Using Fourier transform theory, one can obtain the scattered
wave contents (in the spectral domain) generated by the discrete
scatterers (in the spatial domain). To be specific, if we know the
transmission (reflection) characteristics of the scatterers, we can
find the k-space spectrum of transmission (reflection) coefficient
profile of the metasurface.

The discretization of a periodic metasurface has been studied
in a previous work.[46] A metalens is an aperiodic arrangement of
discrete elements. As guaranteed by the Fourier transform the-
ory, the corresponding k-space spectrum will be continuous and
periodic. If the element size of the discrete metalens is U, its k-
space spectrum will be periodic with a period of 2𝜋

U
. Generally,

metalenses may deal with scattered waves radiating in all direc-
tions, especially for metalenses with large NAs. That means the
waves scattered by a metalens may have the tangential wavenum-
bers covering the whole propagating range of [ − k0,k0]. In this
case, to avoid aliasing in k-space, the k-space periodicity should
be larger than the free-space propagation range, that is, 2𝜋

U
≥ 2k0,

resulting in a maximum element size of U = 0.5𝜆0. A more de-
tailed study of metalens discretization can be found in the Sec-
tion S1, Supporting Information. The conclusion is that one can
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Figure 2. a) Perspective view and b) front view of the unit cell. c) The transmission magnitudes and phases of the six unit cells composing the proposed
metalens at the design frequency of 300 GHz.

construct a metalens with an element size as large as U = 0.5𝜆0
without suffering aliasing effects in the angular domain. This has
significance on building metalenses with low tolerance require-
ments.

2.2. Metalens Design

We design the focusing metalens following the hyperbolical
phase profile which can be expressed as[47]

Δ𝜑 (x, y) = 2𝜋
𝜆0

(√
x2 + y2 + F2 − F

)
(2)

where Δ𝜑(x, y) is the required phase difference between the posi-
tion (x, y) and the center point (0,0) of a flat lens placed on the xy
plane, 𝜆0 is the working wavelength and F is the focal length. The
focusing ability of a metalens depends on the numerical aperture
(NA), which is:

NA = sin
(

tan−1 D
2F

)
= D

2

(
D2

4
+ F2

)− 1
2

(3)

where D is the diameter of the metalens. The performance of a
metalens with a large NA may suffer from angular dispersion
of the unit cells at the edge of a metalens, since these unit cells
should deflect a wave from normal to a refraction angle of 𝜃 =
sin −1NA , which becomes large as NA increases. In a previous
work[46] we have shown that the unit cell with three cascaded
metallic strips can work well with incidence and refraction an-
gles within ± 60°, therefore, we believe the metalens based on
this unit cell structure can achieve an NA ≈ sin 60° = 0.866. We
design the focusing metalens with a focal length of F = 6𝜆0 and
a dimension of D = 20𝜆0. The NA of the proposed metalens, cal-
culated using Equation (3), is 0.86. We design the metalens with
a discrete unit cell size of 0.5𝜆0 and a phase quantization level of
six.

We design a linearly polarized metalens using a triple-layer mi-
crostrip unit cell shown in Figure 2a,b, which we first used in our
previous work.[46] While other broadband unit cell topologies are
possible, in this work we have chosen this unit cell because it pos-
sesses i) simple geometric features, ii) a wide-angle and broad-
band response, and iii) a co-polarized scattering property that can

be expanded to dual-polarization or polarization-insensitive oper-
ation, as we shall show later in the paper. The chosen unit cell is
constructed using three layers of rectangular strips with length L
and width W. The size of the unit cell is Ux = Uy = 0.5𝜆0, which
is 0.5 mm at the design frequency of 300 GHz. The metalens is
designed on two Rogers RT/duroid 5880 boards ( 𝜖r = 2.2, 𝛿t =
0.0009) bonded by a Rogers 2929 bondply ( 𝜖r = 2.94, 𝛿t = 0.003).
The Rogers RT/duroid 5880 boards have a substrate thickness of
0.127 mm and a copper cladding thickness of 17.8 μm. The thick-
ness of the Rogers 2929 bondply is 0.038 mm. By sweeping the
lengths and widths of the three strips, we can obtain unit cells
with different transmission coefficients. It should be noted that
the unit cell parameters are swept and tuned under the condi-
tion that the minimum feature size (line width and gap distance)
of the metalens is 0.1 mm, so that the proposed metalens can
be fabricated with a standard PCB etching process. Having ob-
tained the unit cells with sufficient transmission phase coverage,
we choose six unit cells with equidistant transmission phases
while maintaining similar high transmission magnitudes to con-
struct the metalens. Figure 2c shows the transmission magni-
tudes and phases of the six unit cells, with their geometrical pa-
rameters given in Table 1. CST Studio Suite is used to simulate
the proposed metalens. The metalens is placed on the xy plane
with its center position at (x,y,z) = (0,0,0). It is illuminated by an
x-polarized plane wave propagating along the +z-direction from
the bottom. Figure 3a shows the perspective view of the proposed
metalens with normalized intensity distributions at the design
frequency of 300 GHz. From Figure 3a we can observe the focus-
ing effect with a focal length of 6 mm as designed.

2.3. Performance within BROAD Bandwidth

In this section we examine the performance of the metalens over
a broad operation bandwidth.

We expect the metalenses we design leveraging aggressive dis-
cretization would exhibit stable broadband performance for the
following reasons. First, aggressive discretization allows one to
use large metasurface elements of up to U = 0.5𝜆0, which in
turn allows the use of the simple structures with large feature
sizes. Second, these simpler structures can be built to be weakly
resonant, thus minimizing loss and avoiding abrupt changes in
scattering response with respect to changes in frequency. Third,
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Table 1. Geometrical parameters of the unit cells.

Unit cell no. Ltop [mm] Wtop [mm] Lmid [mm] Wmid [mm] Lbot [mm] Wbot [mm]

1 0.30 0.15 0.21 0.22 0.30 0.22

2 0.25 0.15 0.20 0.25 0.25 0.20

3 0.15 0.15 0.20 0.10 0.10 0.20

4a) 0.10 0.10 0.50 0.15 n/a n/a

5 0.50 0.10 0.50 0.15 0.50 0.10

6 0.50 0.19 0.50 0.12 0.50 0.19
a)

The 4th unit cell has no metallic pattern on the bottom layer.

the large element size also alleviates the strong mutual coupling
which is often observed among deeply subwavelength metasur-
face elements. These advantages combine to lead to stable per-
formance of the metalens.

Our simulation results validate the metalens operation over a
broad bandwidth from 240 to 400 GHz (a 50% bandwidth). From
Equation (2) we can see, with an invariable transmission phase
profile, the focal length (F) will generally increase with decreas-
ing working wavelength (𝜆0). That is, assuming the unit cells’
transmission phases remain constant, or that they all shift sim-
ilarly with the illumination frequency, the metalens will have a
longer focal length with increasing frequency. Figure 3b plots
the focal length and NA as a function of working frequency.
When the frequency increases from 240 to 400 GHz, the fo-

cal length gradually increases from 3.4 to 9.8 mm. From Equa-
tion (3) we can see that an increasing focal length will lead to
a decreasing NA. When the frequency increases from 240 to
400 GHz, the NA of the proposed metalens decreases from 0.95
to 0.71, which is still high compared to the previous THz met-
alens designs.[7,22,28,31,36,37,45] Figure 3d,e plot the normalized in-
tensity distributions along y and x directions across the focal
center on the focal plane, showing a good focusing effect with
sidelobes lower than 0.1 (−10 dB). Figure 3c plots the spot size
(full-width-at-half-maximum (FWHM)). FWHMx and FWHMy
are the FWHM in the x and y directions respectively. The smaller
FWHMy is due to a smaller angular dispersion of the unit cells
for the transmitted wavevector components on the yz plane than
that for the wavevector components on the xz plane. Due to the

Figure 3. a) Perspective view of the proposed metalens with normalized intensity distribution showing the focusing effect. b) Focal length and NA of
the proposed metalens as a function of the working frequency. c) FWHM of the focal spot compared to the corresponding diffraction limit (DL). d,e)
Normalized intensity distributions along the y-direction (x = 0) and x-direction (y = 0) on the focal plane upon incidences with different frequencies. f)
Focusing efficiency of the proposed metalens.

Adv. Optical Mater. 2024, 2302459 2302459 (4 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Normalized intensity distributions on a) the focal plane: xy plane with z = focal length, b) the yz plane with x = 0, and c) the xz plane with y =
0, when the metalens is illuminated by plane waves with different frequencies ranging from 240 to 400 GHz.

physics of wave diffraction, the resolution of conventional optics
is limited by the Abbé’s diffraction limit (DL), which is related to
the NA as[48]

DL =
0.5𝜆0

NA
(4)

Nevertheless, within the bandwidth of 240–400 GHz, the fo-
cal spot of the proposed metalens has an FWHM very close to
the corresponding DL in both directions, realizing broadband
diffraction-limited focusing. The focusing efficiency is also used
to characterize the focusing performance of a metalens, it is de-
fined as the ratio between the power passing through the area
with a size equal to six times the FWHM on the focal plane
and the incident power.[40] Figure 3f plots the focusing efficiency
of the proposed metalens. We can see the focusing efficiency
reaches the highest (40%) at the design frequency of 300 GHz,
while remaining above 15% within the frequency band of 240–
400 GHz. Figure 4 shows the normalized intensity distributions
of the proposed metalens upon incident plane waves at different
frequencies, from which we can observe good focusing perfor-
mance as well as the focal length changing within the frequency
range of 240–400 GHz.

2.4. Performance upon Oblique Incidence

Figure 5 shows the performance of the proposed metalens upon
oblique incidence. Upon incident plane waves from directions
(𝜃i,ϕi) with 𝜃i ≤ 30°, ϕi = {0°, 90°} , the focal length remains
at around 6 mm. The intensity distributions on the focal plane
(xy plane at z = 6 mm) are plotted in Figure 5a,b. They show
the focal spot shifting according to the incident angle. For
oblique incidence on the yz plane ( ϕi = 90°), the focal spot
shifts along the y-direction, as shown in Figure 5a; for oblique
incidence on the xz plane ( ϕi = 0°), the focal spot shifts along
the x-direction, as shown in Figure 5b,c plots the positions of the
focal spots with different incident directions. Figure 5d shows
the FWHMs of the focal spots. Both FWHMx and FWHMy in-
crease with increasing 𝜃i, showing a slightly worsened focusing
performance with increasing 𝜃i. For incidences with ϕi = 90°

( ϕi = 0°), The FWHMy (FWHMx) of the focal spot changes
slightly, while FWHMx (FWHMy) increases more significantly.
Nevertheless, upon the incidences with 𝜃i up to 30°, the metalens
maintains respectable focusing performance, generating spot
sizes with FWHMs smaller than the illumination wavelength of
1 mm.

Adv. Optical Mater. 2024, 2302459 2302459 (5 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Performance of the proposed metalens upon oblique incidences. Normalized intensity distributions on the xy plane (z = 6 mm) with a) ϕi =
90° (oblique incidence on the yz plane) and b) ϕi = 0° (oblique incidence on the xz plane). c) The focal position on the xy plane (z = 6 mm). d) The
FWHM of the focal spots.

Figure 6. a) Perspective view of the polarization-insensitive unit cell. b)
The transmission magnitudes and phases of the six unit cells composing
the polarization-insensitive metalens at the design frequency of 300 GHz.

2.5. Polarization-Insensitive Metalens

We extend the metalens design to work for both polarizations
by replacing each rectangular strip with a cross-shaped patch
in the unit cell structure, as shown in Figure 6a. With the
same design procedure, we arrive at a polarization-insensitive
metalens design. Figure 6b shows the transmission magnitudes
and phases of the six unit cells, with their geometrical param-
eters given in Table 2. Figure 7a shows the perspective view of
the proposed polarization-insensitive metalens with normal-
ized intensity distribution at 300 GHz, showing the focusing
effect.

The polarization-insensitive metalens also works well in a
broad frequency bandwidth from 240 to 400 GHz (a 50% band-

width). Figure 7b plots the focal length and NA of the metal-
ens with changing frequency. Figure 7c compares the focal spot
width to the Abbé diffraction limit, clearly the spot size is diffrac-
tion limited across the wide bandwidth stretching from 240–
400 GHz. The smaller FWHMy is due to a smaller angular dis-
persion of the unit cells for the transmitted wavevector compo-
nents on the yz plane than that for the wavevector components on
the xz plane. Figure 7d,e plot the normalized intensity distribu-
tions along y and x directions across the focal center on the focal
plane, showing a good focusing effect with sidelobes lower than
0.1 (−10 dB). The intensity distribution generated by the met-
alens can be found in the Section S2, Supporting Information.
Figure 7f plots the focusing efficiency of the proposed metalens.
We can see the focusing efficiency reaches the highest (43%) at
the design frequency of 300 GHz, while remaining above 14%
within the frequency band of 240–400 GHz.

Figure 8 shows the performance of the proposed polarization-
insensitive metalens upon oblique incidence. Upon incident
plane waves from directions (𝜃i,ϕi) with 𝜃i ≤ 30°, ϕi = {0°, 90°} ,
the focal length remains at around 6 mm. Figure 8a,b plots the
normalized intensity distributions on the focal plane and show
how the focal spots shifting with the incidence angle. The po-
sitions of the focal spots with different incident directions are
plotted in Figure 8c,d shows the FWHMs of the focal spots. As
expected, the spot size increases with increasing 𝜃i. Nonethe-
less, the FWHM remains smaller than the working wavelength
of 1 mm when 𝜃i increases to 30°, showing respectable focusing
performance under oblique incidence.

Table 2. Geometrical parameters of the unit cells composing the polarization-insensitive metalens.

Unit cell no. Ltop [mm] Wtop [mm] Lmid [mm] Wmid [mm] Lbot [mm] Wbot [mm]

1 0.32 0.10 0.22 0.22 0.34 0.10

2 0.22 0.22 0.22 0.22 0.30 0.10

3 0.22 0.22 0.10 0.10 0.10 0.10

4 0.12 0.12 0.50 0.18 0.12 0.12

5 0.50 0.10 0.40 0.10 0.10 0.10

6 0.50 0.12 0.38 0.10 0.50 0.12

Adv. Optical Mater. 2024, 2302459 2302459 (6 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. a) Perspective view of the proposed polarization-insensitive metalens with normalized intensity distribution showing the focusing effect. b)
Focal length and NA of the proposed polarization-insensitive metalens as a function of the working frequency. c) FWHM of the focal spot compared to
the corresponding DL. d,e) Normalized intensity distributions along the y-direction (x = 0) and x-direction (y = 0) on the focal plane upon incidences
with different frequencies. f) Focusing efficiency of the proposed polarization-insensitive metalens.

3. Experimental Results

We have fabricated and measured the proposed metalenses.
Figure 9a,b shows the top and bottom layers of the fabricated met-
alenses. Conventional PCB fabrication is performed on a Rogers
substrate and bond wire material system as introduced in Sec-
tion 2. The feature size tolerance guaranteed by the manufac-
turer was 0.1 mm. The size of each metalens is 20 × 20 mm2,
at the center of a 30 × 30 mm2 PCB board. For both lens fab-
rications, a 5 mm metallic margin is left on the bottom layer
for lens support assembly as well as blocking the direct trans-

mission of power from the feed horn to the probe. Figure 9c
shows the experimental setup for the near-field scanning mea-
surement. Two pairs of millimeter-wave VNA extenders, OML
V03VNA2-T/R, and V02.2VNA2-T/R, are used to extend the oper-
ating frequency of the VNA (Agilent N5245A) to THz frequency
bands of 220–325 and 325–500 GHz respectively. For each case,
one extender is connected to a feed horn (Millitech SGH-03 for
220–325 GHz, Virginia Diodes WR2.2H for 325–500 GHz) while
the other extender is placed on a three-axis translational stage
and connected to a scanning probe (VIVA Tech WR03 Probe for
220–325 GHz, VIVA Tech WR2.2 Probe for 325–500 GHz). The

Figure 8. Performance of the proposed polarization-insensitive metalens upon oblique incidences. Normalized intensity distributions on the xy plane
(z = 6 mm) with a) ϕi = 90° (oblique incidence on the yz plane) and b) ϕi = 0° (oblique incidence on the xz plane). c) The focal position on the xy plane
(z = 6 mm). d) The FWHM of the focal spots.

Adv. Optical Mater. 2024, 2302459 2302459 (7 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 9. Photographs of a) The fabricated linear polarized metalens. b) The fabricated polarization-insensitive metalens. c) The experimental setup.

metalens is placed on a support placed between the feed horn and
the probe. The extenders and the metalens support are placed
on an optical table (Newport S-2000 Stabilizer) to ensure stabil-
ity. The experimental results are obtained by scanning the probe
to measure the electric field distributions on the corresponding
planes with a scanning step of 0.1 mm.

3.1. Linear Polarized Metalens

Figure 10 plots the measured intensity distributions.
Figure 10a–c shows the normalized intensity distributions
on the focal (xy) plane, yz plane (x = 0), and xz plane (y =
0) respectively, at different frequencies from 240 to 400 GHz.
Figure 10d,e shows the normalized intensity distributions on
the focal (xy) plane upon oblique incidences. The measured
intensity distributions agree well with the simulated ones shown
in Figures 4 and 5a,b. In Figure 11, we compare the measured
results to the simulated ones. Figure 11a,b shows the normal-
ized intensity distributions along the y and x directions across
the focal center on the focal plane, from which we can find
the FWHMs. From Figure 11d, we can see that the measured
FWHMs are close to the metalens DL. Compared to the sim-
ulated FWHMs, the measured FWHMs are in general slightly
larger and the sidelobes are in general lower compared to the
simulation results as shown in Figure 11a,b. Figure 11c plots the
focal length as a function of the working frequency. Figure 11e
plots the focal position of the proposed metalens upon oblique
incidences at 300 GHz. From the comparison we can see, the
measured results are in good agreement with the simulated
results.

3.2. Polarization-Insensitive Metalens

Figure 12 plots the measured results of the polarization-
insensitive metalens within the frequency range of 240–
320 GHz. Unfortunately, we could not make measurements be-
yond 320 GHz because the VNA extender for the higher fre-
quency band was out of service at the time of our experiment.

Nevertheless, the comparison between the measured and simu-
lated results in the measured frequency band shows good agree-
ment. Figure 12a plots the normalized intensity distributions
of the co-polarization (Co-pol) and cross-polarization (X-pol) on
the focal (xy) plane, showing efficient focusing performance
for the Co-pol and minimal unwanted conversion to the X-pol.
Figure 12b,c plots the normalized intensity on the yz plane (x
= 0) and xz plane (y = 0), showing the expected shift of the fo-
cal length with frequency. The focal length as a function of fre-
quency is plotted in Figure 12h. A strong agreement with sim-
ulation is achieved. Figure 12d,e shows the normalized inten-
sity distributions along the y and x directions across the focal
center on the focal plane, from which we can find the FWHMs.
Figure 12i plots the FWHMs. The measured FWHMs are slightly
larger than the simulated ones, nevertheless, they remain close
to the DL. Figure 12f,g plots the normalized intensity distribu-
tions on the focal (xy) plane upon oblique incidences, showing
how the focal spot shifts with the change of incidence direction.
The positions are plotted in Figure 12j.

3.3. Focusing Efficiency

We also measured the focusing efficiencies of the fabricated met-
alenses at 300 GHz. We perform this measurement by integrat-
ing the focal plane intensity over an area of six times the mea-
sured FWHM, then dividing by the incident power. The incident
power is measured by integrating the intensity over the entire
observation plane (with a size equal the metalens size) without
the metalens. The measured focusing efficiencies are 15% and
17% for the linear polarization and polarization-insensitive met-
alenses respectively. The measured focusing efficiencies are com-
parable to previous THz focusing metalenses, which report mea-
sured focusing efficiencies from 1%[23] to 24%.[45] However, the
measured focusing efficiencies are lower than the simulated val-
ues. In the Discussion Section 4.1, we will investigate the reasons
leading to the discrepancy between the simulated and measured
efficiencies and suggest viable methods to improve the experi-
mental focusing efficiency despite experimental imperfections.

Adv. Optical Mater. 2024, 2302459 2302459 (8 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 10. Measured intensity distributions. The normalized intensity distributions on a) the focal (xy) plane (z equals to the measured focal length as
plotted in Figure 8c), b) the yz plane (x = 0), c) the xz plane (y = 0) at different frequencies. The normalized intensity distributions on the focal (xy)
plane (z = 6 mm) with oblique incidences with d) ϕi = 90° and e) ϕi = 0°. In (b) and (c), the measured z range is 2–8 mm for the frequency range of
240–320 GHz, and 7–12 mm for the frequency range of 340–400 GHz.

4. Discussion

4.1. Discussion on Focusing Efficiency

In this section we provide analysis results explaining the differ-
ence between the simulated and measured focusing efficiencies,
and thereafter suggest methods to improve the experimental fo-
cusing efficiency. Several reasons may lead to the discrepancy be-
tween the simulated and measured efficiencies, including dielec-
tric properties change, conductor surface roughness, fabrication
error, among other reasons. Through the investigation, we find
that the discrepancy between the simulated and measured effi-
ciencies is mostly due to the dielectric materials (substrate and

bondply) having different material properties at 300 GHz than
what we assumed in our design. The simulation results with dif-
ferent dielectric material properties can be found in Section S3,
Figures S3, and S4, Supporting Information. Therefore, we think
that, as long as we know the property of our materials at 300 GHz,
PCB based meta-devices (including metalenses) designed from
the aggressive discretization concept can still achieve high effi-
ciencies. To prove this point, we design and simulate a linearly
polarized metalens with the changed dielectric material prop-
erties of 𝜖r = 2.3, 𝛿t = 0.02 for the substrate and 𝜖r = 3.07,
𝛿t = 0.07 for the bondply. The unit cells’ geometrical parame-
ters are given in Table S1, Supporting Information. The simu-
lated focusing efficiencies are plotted in Figure S5, Supporting

Adv. Optical Mater. 2024, 2302459 2302459 (9 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 11. Comparison between the measured results and the simulated results. Normalized intensity distributions along the a) y-direction (x = 0) and
b) x-direction (y = 0) on the focal plane. c) Focal lengths at different frequencies. d) FWHMs at different frequencies. e) Focal positions upon oblique
incidences at 300 GHz.

Information, showing a rather high focusing efficiency of 33%
achieved at 300 GHz.

4.2. Extension to Other Meta-Atoms and Meta-Devices

The metalens design method using aggressive discretization can
potentially be used to design a plethora of broadband THz meta-
devices at around 300 GHz. Various broadband unit cells ex-
ist, such as those based on X-pol modulation,[7,37,49] PB phase
modulation,[28,50] and propagation phase modulation.[51] Besides,
unit cell structures with multiple resonances (including the one
in this paper) can be designed to achieve broadband performance
by tuning the resonances.[36] These and more unit cell structures
can be chosen according to the working polarization and desired
performance, as long as the unit cell structure meets the conven-
tional PCB fabrication standard. Additionally, our successful de-
sign of the broadband THz metalens (an aperiodic metasurface)
shows that the design methodology can be used to design both pe-
riodic and aperiodic devices. Further, the co-polarized operation
of the unit cells demonstrated in this work strongly suggests that
independent control of both polarizations can be achieved, for ex-
ample by tuning the x- and y-directed arms of the cross-shaped
structure. Thus, the aggressive discretization method demon-
strated in this paper can be broadly applied to construct many
broadband THz meta-devices through PCB technology.

5. Conclusion

In conclusion, we have proposed a method for designing high
quality THz metalenses which can be constructed from standard
PCB fabrication. We have demonstrated in simulation and exper-
iment that these metalenses can realize diffraction-limited focus-
ing with large NA and broadband performance. Due to aggressive
discretization, the metalenses are designed with the largest allow-
able unit cell size, leading to simple structures with relaxed fea-
ture sizes. This minimizes the fabrication difficulties in high fre-
quency applications. Moreover, the enlarged element size allows
the usage of weakly-resonant unit cell designs, resulting in broad-
band performance. With aggressive discretization, we design two
metalenses with a unit cell size of 0.5𝜆0 at the design frequency
of 300 GHz. First we design a single polarization metalens us-
ing a unit cell structure with three cascaded rectangular strips.
Then we design a polarization-insensitive metalens using a unit
cell structure with three cascaded cross-shaped patches. The pro-
posed metalenses have a size of 20 × 20 mm2 and a focal length
of 6 mm at the design frequency, thus achieving a large NA of
0.86. They can achieve diffraction-limited focusing within a broad
bandwidth of 240–400 GHz (a 50% bandwidth). Both metalenses
are designed with a minimum line width and gap distance of
0.1 mm, which allows them to be fabricated using standard PCB
technology. We have fabricated and measured the proposed met-
alenses, and reported focusing performances which agree very
well with the simulation results. This work provides a solution

Adv. Optical Mater. 2024, 2302459 2302459 (10 of 12) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 12. Measured results of the polarization-insensitive metalens. a–c) The normalized intensity distributions on a) the focal (xy) plane (z equals to
the measured focal length as plotted in [h]), b) the yz plane (x = 0), c) the xz plane (y = 0) at different frequencies. d–e) Normalized intensity distributions
along the d) y-direction (x = 0) and e) x-direction (y = 0) on the focal plane. f,g) The normalized intensity distributions on the focal (xy) plane (z = 6 mm)
with oblique incidences with f) ϕi = 90° and g) ϕi = 0°. h) Focal lengths at different frequencies. i) FWHMs at different frequencies. j) Focal positions
upon oblique incidences at 300 GHz.

to THz meta-devices based on PCB technology, which is an es-
tablished, fast, and cost-efficiency fabrication process compared
to micro-fabrication and nano-fabrication technologies. Similar
design methodology can be applied to other metasurfaces in the
300 GHz range, leading to mass-produced, cost-controlled PCB-
based metasurfaces benefiting a plethora of applications in imag-
ing and communication.
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