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Imaging is of great importance in everyday life and various fields of science and technology.
Conventional imaging is achieved by bending light rays originating from an object with a lens. Such
ray bending requires space-variant structures, inevitably introducing a geometric center to the lens. To
overcome the limitations arising from the conventional imaging mechanism, we consider imaging elements
that employ a different mechanism, which we call reciprocal lenses. This type of imaging element relies on
lateral ray shifting, enabled by momentum-space-variant phase modulations in periodic structures. As such,
it has the distinct advantage of not requiring alignment with a geometric center. Moreover, upright real
images can be produced directly with a single reciprocal lens as the directions of rays are not changed. We
realize an ultrathin reciprocal lens based on a photonic crystal slab. We characterize the lateral ray shifting
behavior of the reciprocal lens and demonstrate imaging. Our work gives an alternative mechanism for
imaging and provides a new way to modulate electromagnetic waves.
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I. INTRODUCTION

Lenses have played a fundamental role in imaging since
they were first introduced. They are essential in producing
images and enabling us to see objects ranging from bacteria
to distant stars [1-3]. While lenses made from biological
light-bending structures have evolved in animal species
from every major phylum, artificial lenses have revolu-
tionized almost every field of science and technology, from
semiconductor device fabrication [4,5] to observation of the
cosmos [6,7]. In the past decade, a new type of lens called
“metalenses” has been developed. Unlike conventional
lenses which are bulky, metalenses use subwavelength
resonators to modulate electromagnetic waves [8—17].
However, like conventional lenses, metalenses have limi-
tations due to their need for precise alignment to produce
high-quality images. In addition, a single lens will obey the
Gaussian lens formula and can only produce inverted real
images, requiring a system of lenses to obtain upright real
images. In this work, we introduce another class of lenses,
called “reciprocal lenses,” which follow a distinct lens
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formula and have a different imaging mechanism. A single
reciprocal lens has no geometric center and can produce
upright real images. Our experimental realization of an
ultrathin reciprocal lens in the microwave range not only
verifies the imaging mechanism of reciprocal lenses but
also demonstrates the potential for practical applications.

I1. REVISITING CONVENTIONAL LENSES

We first revisit the concept and imaging mechanism of
conventional lenses before we introduce the notion of
“reciprocal lenses.” Only the far-field propagation of waves
will be considered, and we take the viewpoint of ray optics for
ease of understanding. In a nutshell, an ideal lens focuses
electromagnetic waves by bending rays differently at differ-
ent positions in the lens plane, as illustrated in Fig. 1. The lens
is assumed to be cylindrically symmetric about the z axis for
simplicity, and we reduce the system to a two-dimensional
problem in the x-z plane for now. For each ray intersecting the
lens plane at x, the angle of propagation would change by
Af(x). In the paraxial limit, the angle change Af(x) equals
—Ak,(x)/ko, where Ak, is the change in the projected wave
vector of the ray in the lens plane and k is the free-space
wave vector. The lens can focus rays emitted from a point
source to another point, following the Gaussian lens formula
1/u+1/v=A0(x)/x =1/f (u, v: the distances from the
object and the image to the lens in the z direction; f: the focal
length of the lens) [1-3]. Therefore, we obtain

Dk (x) = —kox/f. (1)
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FIG. 1.

Schematics of the proposed imaging mechanism compared to existing mechanisms. From the viewpoint of ray optics, imaging

is realized by bending rays at different positions. Conventional lenses bend rays by refraction using a curved high-refractive index
medium. Metalenses bend rays by using metasurfaces carrying subwavelength resonators and are thinner than conventional lenses. All
these lenses produce inverted real images. There is another class of lenses, which we call “reciprocal lens.” Instead of bending rays, they
produce images by angle-dependent shifting of rays, as illustrated. Bulky reciprocal lenses can be realized in theory based on negative
refraction. Here, we report our experimental realization of an ultrathin reciprocal lens by implementing a photonic crystal slab. One
particular ray for each mechanism has been highlighted to show the difference. As shown, the image produced by our reciprocal lens is

upright but real.

Such a change in the wave vector can arise from a space-
variant extra phase ¢@(x) passing through the lens plane. The
gradient of the phase change dp(x)/dx determines the wave
vector change [18,19]; thus, we have

Ak (x) = 0p(x)/0x = —kox/f,

k 2
p(x) =— 0% 4 const, (2)

2f

The constant can be neglected here. In other words, any
optical element with a phase profile ¢(x) = —kyx?/2f can
function as a lens [3,19] because it can focus rays and images
in the paraxial limit. A conventional lens introduces the phase
profile by refraction through a bulk material. Alternatively,
the required phase profile can be realized by specific space-
variant resonances in a thin metalens.

III. RECIPROCAL LENSES: IMAGING ELEMENTS
BASED ON RAY SHIFTING

After reviewing the focusing and imaging mechanism of
lenses, an interesting question arises: Can electromagnetic
waves be focused to produce images without bending rays?
The answer is affirmative, as focusing and imaging can be
realized by ray shifting. If each ray emitted by a point
source can be shifted in the z direction by an identical
distance f after passing through some structure, an image
of the source will be produced.

Rays are straight lines that have no distinct starting or
ending points. While it is difficult to find a structure that

can shift rays in the z axis, a ray with an incident angle 0
can be shifted in the x axis by a distance Ax to produce
an identical effect. In the paraxial limit, it will be
Ax(0) = f - 6. Since we have k, ~ —ky0, we can express
Ax with the in-plane wave vector k,:

Ax(k,) = ~fke/ko. (3)

The shifts of rays result from the extra phase gradient in the
wave-vector space (momentum space) passing through the
structure [20]; therefore, we have

ad’(kx) . 7
ok, —Ax(ky) = fk./ko,
%12
P(ky) = J;ZX + const. (4)
0

We can conclude that any structure that provides an
isotropic quadratic momentum-space phase modulation
¢(k)|) ~ |k;|* can function as a “lens,” which has a very
different mechanism for focusing and imaging. Unlike
lenses that are spatially variant, such a “lens” can be
spatially homogeneous with no specific geometric center.
Aslongas u < f — [ (: the thickness of the lens), the image
of the source will appear on the opposite side of the
reciprocal lens and thus will be real. Moreover, the image of
an object produced by this kind of lens will be upright as
the directions of the rays remain unchanged.
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We refer to this class of “lenses” as “reciprocal lenses”
for two reasons: First, the distance between the source and
the image is a constant, leading to a different lens formula,

u+uv=rf. (5)

The form of this lens formula [Eq. (5)] is the reciprocal of
the well-known Gaussian lens formula 1/u+ 1/v =1/f.
As such, while reciprocal lenses cannot focus incoming
waves from infinitely distant objects, they are well suited
for near-field imaging of objects in close proximity to the
lens plane. The phase distribution function [Eq. (4)] is also
the reciprocal of that of lenses [Eq. (2)]. Note that f in
Eq. (5) plays a similar role to the focal length f if we
compare the formula with the Gaussian one. Thus, we can
define f as the focal length of a reciprocal lens.

Second and most importantly, reciprocal lenses are based
on the ray-shifting effect we derived, which is the recip-
rocal counterpart effect of ray bending. Rather than
changing 6(x), the propagation directions of rays at differ-
ent positions, reciprocal lenses modulate x(6), the positions
of rays with different incident angles. The roles of x and 0
(or k,) are exchanged.

Conceptually, slabs supporting negative refraction can be
viewed as examples of reciprocal lenses [21-31], as
illustrated in Fig. 1 (Veselago-Pendry lenses). An arbitrary
ray will be bent twice on passing through the slab,
effectively resulting in a shift that corresponds to the
z-direction propagation phase gained by the ray. The focal
length f of such a slab is /(1 —ny/n,), where [ is the
thickness of the slab, n is the background refractive index,
and n; is the refractive index of the slab. When a reciprocal
lens based on negative refraction is combined with the
evanescent-wave-amplification effect, subwavelength im-
aging can be realized in the near field [23,25,28]. Different
materials including indefinite media and hyperbolic meta-
materials have been proposed to realize negative refraction
lenses [32—-37]. However, there are difficulties in realizing a
bulky slab with negative refraction [29,30]. For example,
achieving 3D all-angle negative refraction typically neces-
sitates the use of intricate structures [38—40]. Moreover,
producing reciprocal lenses based on negative refraction
still entails bending rays at the interfaces, and the dis-
placement of rays depends on the propagation phase given
by a slab that is thick enough so that the bulk dispersion is
well defined. As a result, such a lens may occupy a
significant amount of space in the optical path, potentially
leading to practical limitations.

IV. REALIZATION OF AN ULTRATHIN
RECIPROCAL LENS

In this work, we eliminate the bulky structure and realize
a reciprocal lens based on the ray-shifting effect only.
Instead of leveraging the propagation phase, we apply

guided resonances supported by a two-dimensional (2D)
photonic crystal (PhC) slab [41-47] to induce the momen-
tum-space phase modulation, which allows the resulting
reciprocal lens to be ultrathin. When the incident and
outgoing polarization states of the plane waves passing
through the PhC slab are the same (copolarization con-
dition), it can be shown that a specific photonic band
of guided resonances could give approximately a |kH|2'
dependent resonant phase modulation to the transmitted
waves with k|| & 0 [45,47]. The derivations and discussions
of the transmissive phase induced by a 2D PhC slab are
detailed in Appendix A. If the phase modulation meets the
requirements that it is positively quadratic and sufficiently
isotropic, the PhC slab will behave like a reciprocal lens.
The operation of a 2D PhC slab does not require a precisely
defined 3D bulk dispersion, and its functionality is not
contingent on effective medium theory. As a result, it offers
advantages over negative refraction lenses, which require
both (more information can be found in Appendix D). Note
that such an ultrathin reciprocal lens cannot recover the
evanescent waves carrying subwavelength information;
therefore, it cannot perform subdiffraction-limit imaging.
We designed and fabricated a 2D-PhC-slab reciprocal
lens operating in the microwave range using printed circuit
boards (PCBs). As shown in Fig. 2(a), a one-millimeter-
thick PCB (permittivity: 6.15; loss tangent: 0.002) struc-
tured with circular holes and printed with hexagonal
metallic patches acts as the core 2D-PhC-slab layer. The
holes are arranged periodically in a honeycomb array, and
the distance between two neighboring holes r.y is
3.648 mm. In each unit cell, there is a patch in the middle
of the six holes on each side of the PCB. Such a lattice is
Ce, symmetric. The structured core layer supports both
transverse-electric-like (TE-like) and transverse-magnetic-
like (TM-like) guided resonances as a result of the Bragg
scattering of the periodic array, which is necessary in our
design for momentum-space phase modulation. The core
layer is clad by two background layers (thickness:
4.725 mm; permittivity: 2.2; loss tangent: 0.0009), taking
the possibility of multilayer stacking into consideration.
In our experiments, the input and output waves are
chosen to both be left-handed (or right-handed) circularly
polarized. Combining the circular symmetry of the polari-
zation states and the Cg, symmetry of the structure, the
system is Cg symmetric, which guarantees good isotropic
phase modulation provided by the reciprocal lens in the
momentum space. It can be seen from the measured angle-
resolved phase spectra [right panel of Fig. 2(b)] that the
momentum-space phase modulation of the reciprocal lens
is nearly the same for the two different high-symmetry
directions I-K and I'-M near k; =0. Note that the
momentum-space-variant transmittance at the working
frequency also affects the quality of focusing and imaging.
In order for the transmittance to approach unity and to have
a large enough phase span, we tune the radii of the holes

031039-3



WENZHE LIU et al. PHYS. REV. X 13, 031039 (2023)

(a)

2m 4
£}
g
=
ath, 1
Feel~ Thole 0 : : .
0 0.1 0.2 0.3
= kjal2n
(b) M«~T—K M«~T—K (d)
36
v 0.1 <o
O 32 <o
(]
& 28 <
)
- 0 S
24
30 20 10 0 10 20 30 30 20 10 O 10 20 30 2 1 0
6 (deg) 0 (deg) Beam shift (cm)

FIG. 2. Characteristics of the designed ultrathin reciprocal lens. (a) Photo of the core layer of the designed reciprocal lens comprising a
honeycomb array of circular holes etched on a PCB, whose permittivity is 6.15 and loss tangent is 0.002 (Arlon TC600). A hexagonal
metallic patch is printed at the center of each honeycomb unit cell. The structured PCB acts as a photonic crystal slab and is clad by two
background layers (Arlon DiClad 880, permittivity: 2.2; loss tangent: 0.0009). Left inset: schematics of the unit cell. Right inset:
zoomed-in photo of the structure. (b) Angle-resolved transmittance and transmissive phase-change spectra of the structure (with
circularly copolarized input and output). (c) Phase-change curve along the I'-K direction at a working frequency of 28.5 GHz. In a
specific wave-vector (angle) range, the phase induced by the reciprocal lens (solid curve) follows the quadratic rule we desired, of which
the fitted quadratic dependence is plotted as the dashed curve. (d) Beam shifts for different incident angles corresponding to the
momentum-space phase gradient. The shifts of the beam centroids for different incident angles (blue diamonds) follow the
displacements calculated from the momentum-space phase gradients (black curve). It can be seen that the beam shift has the expected
linear dependence on the in-plane wave vector.

(Fhole: 1.113 mm) and the patches (rpyen: 1.094 mm), direction. The beam shifts confirm that the momentum-
respectively. Consequently, one pair of TE-like degenerate ~ space phase modulations induced by the designed structure
resonances overlap with another pair of TM-like resonan- can shift rays in the expected way as illustrated in Fig. 1 and
ces in the spectrum, leading to a high copolarized trans-  described by Eq. (4); i.e., it can work as a reciprocal lens.

mittance [48—50]. Detailed discussions about enhancing the =~ Constrained by the high-transmittance region in momen-
transmittance by overlapping degenerate resonances can be ~ tum space, we estlma}te the resolution of our reciprocal lens
found in Appendixes B and C. As shown in the left panel of ~ to be about 3.2 cm in the focal plane.

Fig. 2(b), the measured transmittance is high near k| =0 As shown in Fig. 3, we demonstrate the imaging effect of
(in about the 10 degrees range) over a moderate spec-  the designed ultrathin reciprocal lens by measuring the
tral range. transmitted field pattern directly. We use a metallic plate

We choose a working frequency of 28.5 GHz [marked by ~ Wwith an “F’-shaped slot cut in it as the imaging object,
a dashed line in Fig. 2(b)], where the momentum-space ~ Which is shown in Fig. 3(a). The object is set at a position
phase distribution best fits the positive quadratic depend- ~ marked as z = 0, and the slot is illuminated uniformly by a
ence and gives the greatest focal length. The k| phase  horn antenna. First, one layer of the designed reciprocal
modulation function along the I'-K direction at the working  lens is placed at z = 3 cm. Consequently, we observe a
frequency is measured and plotted in Fig. 2(c). As  clear, upright, real image of the object “F” slot at z =
mentioned, the phase induced by the structure follows 7.5 cm with sharp boundary profiles [Fig. 3(c)]. The image
the quadratic rule over a specific range of k. By curve i the same size as the object. For comparison, a diffracted
fitting, we find that the focal length f at 28.5 GHz is about  pattern of the object is seen if the reciprocal lens is
7-8 cm, which is nearly 7 times the wavelength. In  removed.
addition, we measure the shift of a Gaussian beam (waist In addition, reciprocal lenses can be stacked to increase
radius of about 4.57 cm) with different central wave vectors  the focal length. By stacking multiple identical reciprocal
in the sample plane, which is plotted in Fig. 2(d). The lenses, the momentum-space phase modulation may be
incident in-plane wave vectors are chosen to be in the I'-K  enlarged additively, giving a focal length several times the
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FIG. 3. Imaging by reciprocal lens. (a) The “z = 0 cm” photo
showing the object, which is a metallic plate with an “F”’-shaped
slot cut into it. A horn antenna is used to illuminate the slot.
(b) Measured transmissive phase distributions for the one-layered
(black curve) and two-layered (blue curve) reciprocal lenses.
(c) One layer of our designed reciprocal lens applied at z = 3 cm,
where an upright real image of the “F”-slot can be seen clearly at
z =17.5 cm. In comparison, only a diffracted pattern can be seen
without the reciprocal lens. (d) Two layers of the designed
reciprocal lens cascaded to increase the focal length to about
15-16 cm. (e) Several different shapes of objects used to
demonstrate the imaging effect.

original one. To demonstrate this fact, we apply two layers
of the designed reciprocal lens placed at z = 8 cm, stacked
immediately on top of each other. We note that the
thickness of the cladding layers has been chosen to reduce
the interaction between the photonic crystal slabs in the
stacked reciprocal lens. If we simply stack the photonic
crystal slabs on top of each other without the spacers, the
interaction between the resonances of adjacent photonic
crystal slabs may affect the total transmittance and trans-
missive phase so that the focal length will not be additive
and may degrade the performance of the stacked reciprocal
lens. From the measured momentum-space phase distribu-
tion [Fig. 3(b)], we find that the phase modulation is nearly
doubled, leading to a focal length of about 15-16 cm. We
confirm the increased focal length by measuring the field
profile as well. The image produced at z = 16 cm is of
good quality, while the field without the stacked reciprocal
lens at z = 16 cm is more strongly diffracted [Fig. 3(d)].
We also used several different shapes of objects, such as
“H,” “K,” and “S,” to further test the imaging effect of the
one-layer reciprocal lens. All the shapes are well imaged, as
shown in Fig. 3(e). The acute angles of “K” and curved
edges of “S” are well reproduced in the images, indicating
that there is no constraint on the shape of objects. The two
images of the “H”-shaped slot, which are obtained from

separate imaging tests, appear to be almost identical,
proving the imaging repeatability. The detailed experimen-
tal setups can be found in Appendix E.

V. CONCLUSIONS

In summary, we have introduced and experimentally
demonstrated the concept of the PhC-slab-based “reciprocal
lens,” a novel imaging component that produces upright but
real images without bending rays. Unlike conventional
lenses and metalenses, our reciprocal lens has no geometric
center and the object-image distance is a constant. Composed
of an ultrathin periodic structure, our reciprocal lens is not
only simple to fabricate but also easy to integrate, and it can
image multiple objects simultaneously due to its nonlocality.
The reciprocal lens based on a PhC slab presents a novel
paradigm, which adds to the array of optical elements
available for imaging and wavefront reshaping. These lenses
have potential applications in niche areas, such as volume-to-
volume imaging and optical image stabilization. These
applications can be realized by reducing the cost of reciprocal
lenses with an optical building block technique, enhancing
their performance with optimization algorithms, and refining
optical range fabrication methods. Looking forward, by
incorporating additional forms of momentum-space modu-
lation, such as those used for phase contrast [51-54] or edge
visualization imaging [55-57], it may be possible to integrate
multiple functionalities into a single photonic crystal recip-
rocal lens design. Furthermore, this breakthrough can serve
as inspiration for other types of ray-shifting-based optical
devices, such as spectrometers.
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APPENDIX A: MOMENTUM-SPACE PHASE
MODULATION INDUCED BY A PHOTONIC
BAND OF GUIDED RESONANCES

First, let us consider a single-resonance temporal
coupled mode theory (TCMT) [58] of a periodic structure
with in-plane wave vector k. The system is considered to
have o, about the x-y plane and C,, symmetry about the z
axis. No diffractive radiation is involved, and since the
system has a C, symmetry, it is not necessary for us to take
the —k“ resonance into consideration. As a result, there will
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be four channels to consider (+k, and two orthogonal
polarization states). Thus, we can write the TCMT
equations:

d . .
2;14) = (i€ = Ty)|A) + KTlin),

lout) = S|in) = C|in) + D|A). (A1)

In the first equation, |A) = A is the resonance amplitude,
Q) = w, is the resonant frequency of the resonance, and
Iy =y, is the decay rate. Since the system works in the
microwave range, the metallic parts of the structure can be
considered lossless. Therefore, y, corresponds to the
radiation loss. The vector K = (k% k&, k%, ké)T = (k,,a.k,,
ky,a.k,)T is the coupling coefficient between the resonance
and the ingoing plane waves on an arbitrary orthogonal
polarization basis (a, b), where a, = £1 is a parity number
linking the upside radiation and the downside radiation
because of the sample-plane mirror symmetry. We will
explain |in) below.

In the second equation, |in) and |out) are the input and
output amplitude vectors, C is the direct amplitude scatter-
ing matrix without the influence of the resonance, S is
the resonance-involved amplitude scattering matrix of the
structure, and D is the coupling coefficient between the
resonance and the outgoing plane waves. The detailed
forms of the vectors and matrices are

U u
n} out’
o d d
. ny outy,
lin)=1. |, [|out)= .|
n, out,
od
ny out}
Taa taa Tab tab 7'aa taa Tab tab
taa Taa tab Tab ;aa ?aa ;ab Tab
C= , S=1| . N ,
Tba tha Tbb Ipb Tba tha Thb b
tha Tba b Tob ha Tha Thb Thb
d(l
a.d
zra
D= (A2)
d,
(deb

Note that we have a specific natural polarization basis
(p.s) under which 7,,(r,) and #,,(r,,) vanish, consider-
ing the physics of the direct scattering process.
Furthermore, the difference between ,,(r,,) and ()
can be approximately neglected if the incident angle is
small.
The system is energy conserved and has a time-reversal
symmetry. Consequently, we have several equations:
DD = 2y,, CD* = -D,

K=D. (A3)

The first equation gives us
|dal? + 1dy* = r0. (A4)

On the (p, s) basis, the second equation gives some extra
insights:

d d
d_i: _(rss+aztss)v d—f: _(rpp +aztpp)’
s p
|r17p,ss + aztpp.ss| =1,
tpp,ssr;p.ss €l tpp,ss/rpp,ss S (AS)

In the vicinity of the I' point (normal incident inputs and
outputs), ry + a.t; & r, + a.t,. Therefore, the phase differ-
ence between d, and d, is close to zero in this case. In other
words, the polarization eigenstate of radiation of the
resonance shall be almost linear.

Given a real frequency @, we can solve Eq. (A1) for the
scattering matrix,

DKT

S=C+-7——.
i(wo — @) +70

(A6)

We can straightforwardly write down the copolarized
transmission coefficient:

. (l~(ﬂ
- a.d? i(wy—w)+yo+-+
L=t +- =i
i(wg—w)+7o i(wo—w) +70
(00— )+ 70— (@4 1)|d: P+ (@ 2+ 2)d ]

=1

i(wg—w)+7o
(A7)

As mentioned, we assume near normal incidence. In such a
case, we neglect the difference between ¢,,(r,,) and

ty(rs), and assume t,, =t =t,7,, = ry; = r. Then,
the cross-polarized transmission coefficients in any basis
will be zero, while t;; = 1;; = t,r;; = r;j; = r. As a result,

Eq. (A7) can be simplified to

i~ ti(wo — ) +yo = (ar/t + 1)|d;]?
! i(wg —w) + 7o '

(A8)

For convenience, we define two real numbers to simplify the
equation, p = |d;|*/y3€[0,1] and ¢ = —ir/t € [—c0, +0].
Subsequently, Eq. (A8) can be rewritten as
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. i(wy =) +yy— (ia,q + 1)pyy

i(wg — ) + 79
i(“=*—a,pg) + (1 - p)
=1 iwo—w + 1 : (Ag)
Yo

Thus, the copolarized transmissive phase is composed of
three parts, ¢;, ¢,, and ¢p5:

¢ =arg(ly;) = g1 + ¢ + @3

= arg(1) + arg [(1 —p)+ i<w0 — azpqﬂ

70
—arg (1 + iwoy; a))

The first part of Eq. (A10) corresponds to the direct
transmission. This part is obviously an even function of
the in-plane wave vector k| and varies slowly. We can
assume it to be

(A10)

b1 (w. k) ’zclkﬁ + ¢o, (A11)
where c; is a small, positive, real constant. For the second
and third parts, there are wy-related terms bringing in
momentum-space dispersions. It is known that photonic
bands formed by guided resonances generally have quad-
ratic dispersions along different azimuthal directions near
high-symmetry points like the I" point, i.e.,

wo(k)) ~ o, + czkﬁ (k= 0). (A12)

Here, w, = w,(0). By a Taylor series expansion with the
assumption p # 1, we obtain

¢ (0, k) ~ arg {(1 -p)+ l'(we —v_ aszJ)]
70
Yo(1 —P)Czkﬁ

75(1=p)* + (0, — @ — a.pqre)*’

(o, k) ~ —arg [1 + i<‘”e _wﬂ

Y0

}’oczkﬁ
]/(% + (we - w)z ‘

(A13)

Hence, we substitute Egs. (A11) and (A13) into Eq. (A10)
to obtain

N ro(l=p)cy
P(w.k))~¢(@,0)+ {cl =)+ (@, —w—apare)?
__ne
72+ (, —60)2] I A

As long as p # 0 (in other words, the input polarization
state is not perpendicular to the polarization eigenstate of
the resonance and hence does not excite the resonance), the
resonant phase terms will not cancel each other.

If the photonic band considered does not have bound
states in the continuum (BICs) near (or at) the I" point, y,
should vary slowly with k. Here, p corresponds to how
strongly the resonance is excited by the incidence, and it
will not be strongly dependent on k| when the azimuthal
angle of k| is fixed. Note that g is stable in a moderate
range of @ and k|, and ¢/, ¢, are constants along a specific
azimuthal direction of k”. On the other hand, @, ., and a,
are all constants. As such, the quadratic coefficient can be
viewed as a constant. Now, we can conclude that a photonic
band of guided resonances can give a momentum-space
phase modulation with a quadratic dependence in a specific
azimuthal direction of k. Usually, ¢; in an ultrathin
dielectric structure is small, and the resonance-induced
quadratic phase modulation dominates. A negative c¢,
should give a positive quadratic phase modulation, which
is necessary for a reciprocal lens.

APPENDIX B: ENHANCING TRANSMITTANCE
BY OVERLAPPING TWO PAIRS OF
DEGENERATE STATES

We mention that if only one photonic band of guided
resonances is applied, the efficiency of the copolarized
transmission will be pretty low when @ is close to (k).
For example, if p =1 (the input polarization state is
parallel to the polarization eigenstate of the resonance)
and @ = wy — a,qy, in Eq. (A8), the copolarized trans-
mission coefficient will become 0. Moreover, we know that
polarization eigenstates of guided resonances supported by
a photonic crystal slab are almost linear in the vicinity of
the I" point when the system has a C, symmetry. Without an
at-I" BIC, the momentum-space distribution of polarization
eigenstates on a single photonic band in such a case can
only have a C,, symmetry at most [59,60]. As a result, the
order of rotational symmetry of a phase modulation given
by a single photonic band cannot exceed 2. In other words,
the phase modulation will be anisotropic, in general. These
are not ideal for the realization of a reciprocal lens.

There are two key points to overcome these disadvan-
tages. First, we need to remove the low-efficiency regions.
In order to accomplish that, we can apply multiple
resonances overlapping in the spectral range (degenera-
cies). The form of the transmission coefficient would be
different. Second, we expect the system to have higher-
order symmetries. With degeneracies, the polarization
eigenstate distribution on a photonic band can have sixfold
rotational symmetry at the maximum without involving a
BIC [59,60]. We can further apply input and output
polarization states, which have higher-order rotational
symmetries, as well to match with the rotational symmetry
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of the polarization eigenstates. As such, the system can  orthogonal to each other. This is true for resonances in the
have higher-order symmetries. The best choice of the input  vicinity of the degeneracy in momentum space.

(output) beam’s polarization is the circular polarization if Stll assuming ¢, =1t =1,1r,, =rg =7r, We can
we do not take vector beams into account. write down the new form of the copolarized transmission

Here, let us construct the multiresonance TCMT on the coefficient:

circular polarization basis. We start from a two-resonance

configuration with a I'-point radiative d.egeneracy that is i (aur + 1)|d!P (ar + 1)]d"P
protected by a Cy, symmetry. Now, |A) isa 2 x 1 column 7~ 1 ——— ——— m
vector (A, Ay)T. Correspondingly, D and K are 4 x 2 i(wy = @) +yy il —@) +71y

(i=1r).

matrices: (B3)
d 4V Note that we here have a I'-point degeneracy. Therefore, the
a.d  a.d" two bands have the same w, and y, at the I" point. Their
D=K= croE L (B1)  approximate expressions will be
d; dy
dl dH

hr x4 wy(ky) = o, + cékﬁ, wg (k) ~ w, + 5k,

vo(ky) = rg (ki) = yo(k| ~0). (B4)

Meanwhile, we suppose that the eigenfrequency matrix Q,
and the decay ratio matrix I'y are 2 x 2 diagonal matrices
on an orthogonal basis: Note that the polarization eigenstates of the resonances are

almost linear. On the circular polarization basis, this means

wy 0 oo that
90:< 0 H)’ F0:< 0 Il>' (BZ)
0 @ 0 7 A n— |qlt12/ / (BS)
pi = |dil*/ro = 1/2, pi =di|"/ro~1/2. (B5

Note that the above assumption implies did}* + did)" = 0;
i.e., the polarization eigenstates of the two resonances are ~ We have

22K+ i+ Dl - igagy = 2w - o)l ~2lgag + (0=l —itw-0)]
. 2[y0 — i(@ — o, — c3k)]lro — i(@ — @, — c3k})] :
We find that when kH =0, 7;; will be
7.:(0) = —t iqazyo + i(o — w,) ’ )

Yo — i(a) - we)

which is a typical Fano line-shape function with an inevitable zero point. This is not the result we want. However, we have
removed the terms containing p that may induce strong anisotropy to the momentum-space phase modulation given by the
PhC slab.

The transmissive phase can be divided into four parts:

b1 (o, k||) =arg(t) » Clkﬁ + ¢,
We — a))] 1 (6’12 + Clzl)yokﬁ ya 2(w, + Cgkﬁ - w)(we + Clzlkﬁ - o)

$r(w. k) ~ arg {1 +i<

O R R TR e (e R U BT
1 2
(o, —w c2rokj
s (w, k z—arg{lJrl( )]_ ’
3(0. k) Yo 7+ (0-o,)
11 2
®, - c21okj
7k N — 1 J - ’ B8
dal-ky) arg{ +l< 7o )] 75+ (0~ ,) >

Thus, the total transmissive phase is
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P(w, k) % co — arg [1 + i(we
Yo

1 (012+0121>70
S B 2L A 2
+[c' 273+ (w-,)?] !

Note that the quadratic dependence is still present.

In the next step, we apply more resonances to remove the
zero point. We add two other resonances with a I'-point
degeneracy, whose x-y-plane mirror parity is different from
the ones discussed. For simplicity, we assume that this pair
of resonances has the same dispersion as the aforemen-
tioned pair. The matrices would be

dI dH dI dH

d[ dII _ dI _ dl[

d d' d

d dl -d; -d}
why 0 0 0

ol 0 0
Q = 1 ,
0 wy O
0 0 of
%o 0 0 0
0 0 0
I, = 70 (B10)
0 0 7 O
0 0 0

We obtain the expression of the copolarized transmission
coefficient:

ot — 70 _ 70
" yo—i(a)—we—clzkﬁ) Yo—ilw—w, —

k)
—chekt + (ch + M) (0 — 0 )k = (0 —,)? =13
 In—ilw— o, - 3kl — i@ -, - k)]

(B11)

The direct reflection coefficient r disappears from the
expression when we overlap the two pairs of resonances.
The squared modulus of ¢#;; would be

i@, k) |?
o + (0, + ki — o) (@, + Ski — @)
7 + (@, + c3kj = @)?][rg + (@, + ki — w)?]
(B12)

= |t

—w . 2(w, + chki — w)(@, + 3k — )
- Esgn qa;Yo —

20, + ki + ki = 2w

(B9)

Clearly, Eq. (B11) is no longer a Fano line-shape function.
The fraction on the right side of Eq. (B12) is close to unity
when kH is small and will reach 1 with kH = 0. Meanwhile,
if the structure is mainly composed of dielectric material, |
can easily be tuned to approach 1 as well. The numerator
can still give zero-amplitude points but only when

2y
2 0
|kH| = II|

b —c3

and

1 1
= w45 (ch + ) £5,/(ch - )kt - 47

(B13)

As long as the difference between ¢} and ¢!l is small, the
zero points will be far away from k; = 0. We have now
successfully removed the zero point in the vicinity of
k; = 0, achieving a very high efficiency.

We can further look into the phase of Eq. (B11). The
numerator gives abrupt £z phase changes only when
Eq. (B13) is satisfied. The main parts contributing to the
transmissive phase in this case are 7 and the denominator of
the fraction, which will be

b1 (w. k) = arg(r) » c]kﬁ + co,

st (259
(B14)
and the total phase will be
(. k) ~ cy+m—2arg {1 + i<w3y; a))]
lo-gietigls ws

Compared to Eq. (B9), the quadratic factor of phase
modulation given by the resonances is doubled. This is
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favorable for our realization of a well-performing recipro-
cal lens.

In conclusion, the above discussions show that we can
apply two pairs of resonances (symmetry-protected degen-
eracies) that have opposite x-y-plane mirror parities (one
transverse-electric-like degeneracy and one transverse-
magnetic-like degeneracy) but the same -k dispersions
to enhance the transmission efficiency. In practice, the w-k
dispersions of the two pairs of resonances cannot be
identical. However, they can overlap to a certain extent
by parameter tuning so that the above discussions are
approximately applicable. Furthermore, the existence of
degeneracies, along with the choice of circularly polarized
input/output polarization states, allows us to design a
system with a higher-order rotational symmetry. Making
the structure Cg, symmetric, the momentum-space phase
modulation has a C4 symmetry, and the quadratic factors c}
and ¢! of the phase modulation would be nearly isotropic
along different azimuthal directions in momentum space.
As long as b+ c¥ is negative, the phase modulation
dominated by the resonant phase can be positive quadratic.
We can design a PhC-slab-based reciprocal lens with a
good performance based on the principles discussed.

APPENDIX C: SIMULATED BAND STRUCTURES
OF THE DESIGNED STRUCTURE AND THE
CORRESPONDING TRANSMISSION SPECTRA

We designed our reciprocal lens based on the designing
principle we discussed in the previous section; the exper-
imental results are shown in the main text. The simulation
results are supplemented here in Fig. 4. We modify the radii
of the patches (1.058 mm) and holes (1.076 mm) to better
match our experimental results. Note that the difference in
resonant frequencies may result from the difference
between the modeled materials and the practical ones.
One can see that the two degeneracies almost overlap in the
spectra as we proposed, leading to a high transmittance.

(a) 31 (b) 31
N N
I I
O 29 0 29
Iy 3
= c
(0] [}
g 27 327
@ o
[T [T
25 25
03 02 01 0 01 02 03 03 0.2 0.1
k”a/2n

k”a/2n

APPENDIX D: DIFFERENCE BETWEEN
RESONANCE-BASED RECIPROCAL LENSES
AND THE NEGATIVE REFRACTION LENSES

Negative refraction lenses can be viewed as examples of
reciprocal lenses. However, our realization of the ultrathin
reciprocal lens is different from negative refraction lenses.
The difference can be seen in Fig. 5.

As shown in Fig. 5, most realizations of negative-
refraction lenses, including slabs made of hyperbolic or
indefinite metamaterial, are based on dispersion modifica-
tion. To be more specific, the metamaterial applied for a
negative-refraction lens producing 2D images is designed
to have a particular dispersion in 3D momentum space. At a
specific frequency, the dispersion appears as a 3D isofre-
quency surface (k-surface), and such a surface negatively
refracts the incident plane waves (rays) at the interface. The
refraction angle varies with the incident angle. As a result,
negative refraction occurs at the incident interface of the
slab and again at the other interface after the propagation of
rays inside the slab, effectively leading to different ray
displacements. In other words, effective medium theory is
used to describe these structures. The modes inside the
medium have well-defined plane-wave-like propagations,
and it is the optical path length inside the media that causes
the ray shifts. As such, to achieve high transmittance and
optimal performance, it is necessary that the media have a
sufficient thickness.

However, in our realization, we have introduced a new
way to realize ray-shifting lenses. We point out that only a
2D momentum-space distribution of the transmittance and
transmissive phases is required to realize the ray-shifting
imaging. To introduce such a distribution, it is not neces-
sary to design a 3D metamaterial and consider optical path
lengths. Instead, the momentum-space phase modulation
required to shift the rays can be induced by the guided
resonance supported by the ultrathin 2D PhC slab. We only
need to design the dispersion of guided resonances in 2D
momentum space. With a relaxed structural requirement,
we are able to make the thickness of the resonant layer in

T c) 31 ¢
1 © 2n
I, = J
0 529 0
oy
o
[0}
327
@
[T
25 | |
0 0.1 02 03 03 02 01 0 0.1 02 03

k”a/2n

FIG. 4. Simulation results. (a) Eigenfrequency simulation results. The blue and green lines correspond to the transverse-electric-like
resonances (even mirror-symmetric), which are degenerate at the I" point enforced by the Cg, symmetry of the structure, while the purple
and red lines correspond to the transverse-magnetic-like resonances (odd mirror-symmetric). The shaded areas with the corresponding
colors represent the linewidths of the resonances. (b) Simulated transmittance spectra. (c) Simulated transmissive phase spectra.
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N

Free-space
dispersion

Hyperbolic
dispersion

Free-space
dispersion

Refractive ray shifting

Negative refraction at interface

Negative refraction at interface

Resonance

Resonant ray shifting

FIG. 5.

Coupling into the structure

Coupling out of the structure

Difference in the mechanisms of the ray-shifting effect led by negative refraction and by resonances. The momentum-space

phase distribution necessary for ray shifts is induced by the optical path lengths in negative refraction slabs. The 3D dispersions of
negative refraction slabs have been carefully designed to control the path lengths. On the other hand, the phase modulation is induced by
the coupling between guided resonances and free-space plane waves in our realization. Only 2D dispersion engineering is necessary.

our realization only one-tenth of the wavelength, while the
entire structure with the cladding layers is only one
wavelength thick. Thus, effective medium theories are
not applicable to our structure, and no z-direction propa-
gation can be defined for the guided resonances. In other
words, there is no “k-surface” spanned in 3D momentum
space in our structure as our structure works as an interface
rather than a medium.

In summary, we design the transmissive phase and
amplitude in 2D momentum space by implementing guided
resonances rather than designing the bulk dispersion of a
metamaterial in 3D momentum space. Our structure has no
effective medium description or “k-surface” spanned in 3D
momentum space, and our realization is hence distinct from
negative refraction slabs. Reciprocal lenses based on guided
resonances are easy to design and can be made ultrathin.

APPENDIX E: EXPERIMENTAL SETUPS

In this appendix, we show the experiment setups. The
spectra in Fig. 2(b) are obtained by utilizing an angle-
resolved spectra measuring system, as shown in Fig. 6(a).
We have two circularly polarized lens antennas connected
to a vector network analyzer (VNA, Keysight N5245B) via
coaxial cables. One of the antennas acts as the source
(transmitter), and the other works as the receiver; the two
antennas face each other. The photonic crystal slab sample
that functions as the designed reciprocal lens can be
mounted on a sample rack with a rotatable stage in the

middle of the antennas. Both antennas are arranged far
away from the stage; hence, plane-wave incidence can be
assumed. We measure the amplitudes and phases of the
transmitted waves with and without the sample mounted
so that the transmission coefficients can be calculated.

Reciprocallens
- Receiver

FIG. 6. Experiment setups. (a) Angle-resolved spectra meas-
uring system. (b) Beam-profile measuring system for angle-
resolved beam-shift measurements. (c) Imaging testing system.
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By scanning the frequency with the VNA (with time
grating) and changing the incident elevation angle 6, we
are able to obtain the angle-resolved spectra. We can also
rotate the sample azimuthally to change the direction
measured in wavevector space. A few absorbing layers
are attached to the surrounding walls and the table below to
reduce the undesired background scattering noise.

On the other hand, the beam-shifting data in Fig. 2(c) are
obtained with a beam profile measuring system, which is
shown in Fig. 6(b). In this system, the position and the
angle of the sample rack are fixed. A lens antenna works as
the beam source from which a Gaussian-like beam is
emitted. The antenna is placed close to the sample rack
this time. The incident elevation angle € can be changed by
rotating the lens antenna. We measure the outgoing field
profiles with a scanning probe on the other side of the
sample rack. The beam shifts can be obtained by sub-
tracting the positions of beam centroids without the
reciprocal lens from the ones with the reciprocal lens.

For the imaging tests, the profile measuring system is
slightly modified. As plotted in Fig. 6(c), the horn antenna
is now arranged far away to give a plane-wave incidence. A
metallic plate with a letter-shaped slot cut, whose position
is marked as “z = 0,” is placed in front of the reciprocal
lens, which is located at z = 3 cm for the single-layered
sample and z = 8 cm for the double-layered sample. The
slot in the plate is illuminated uniformly by the horn
antenna and acts as the object to be imaged. On the other
side of the reciprocal lens, the scanning probe captures the
transmitted field at a specific z (7.5 cm for the single-
layered sample and 16 cm for the double-layered sample).

APPENDIX F: MEASURED BEAM PROFILES IN
BEAM-SHIFTING EXPERIMENTS

In the main text, we show the measured shifts of beams
with different incident angles given by the reciprocal lens.
In Fig. 2, we only plot the centroids of the beams. We plot
the measured intensity distributions of the transmitted
beams in Fig. 7. Because the input beam is not a perfect

—
—

2 1 0
Beam shift (cm)

k”a/2n
(syun -que) Ajsuayu|

FIG. 7. Intensity distributions of the shifted beams (curves) and
their centroids (diamonds). The intensity curves are normalized
and shifted in the y axis according to their incident in-plane wave
vectors (incident angles) for clarity.

Gaussian beam and the output beam is not measured in its
transverse plane [see Fig. 6(b)], the positions of the
centroids slightly deviate from the positions of the intensity
peaks.
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