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Abstract: We  present  a  compact  self-interference  incoherent  digital  holography  (SIDH)  system  that  incorporates  a
quarter-waveplate  (QWP)-based  geometric  phase  (GP)  lens  to  achieve  high-fidelity,  full-color  holographic  imaging
under  broadband  incoherent  illumination.  Traditional  SIDH  systems  that  utilize  half-waveplate  (HWP)-based  GP
lenses are hindered by unavoidable triple-wavefront polarization interference, stemming from chromatic dispersion
in phase retardation. This interference introduces color-dependent artifacts in the reconstructed images. In contrast,
our QWP-based design inherently suppresses such interference by using the non-diffracted beam as the reference,
enabling  stable  dual-wavefront  modulation.  This  approach  produces  phase-encoded  polarization  interference
patterns  that  remain  spectrally  consistent  across  the  red,  green,  and  blue  (RGB)  channels.  Experimental  results
demonstrate substantial noise suppression and significantly improved full-color image fidelity, supported by channel-
specific noise analysis and structural similarity metrics.  The system also preserves a simplified optical configuration
without  active  polarization  control,  allowing  for  compact  integration  and  cost-effective  fabrication.  These  advan-
tages position the proposed QWP-GP SIDH architecture as a promising solution for portable, real-time digital  holo-
graphic 3D imaging, with scalable potential in applications such as augmented reality, optical diagnostics, and spec-
tral holography.
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 1    Introduction
Digital  holography  (DH)  is  a  computational  imaging  tech-
nique that  captures  and reconstructs  the  complete  complex
optical  wavefront —including  both  amplitude  and
phase —using  intensity-only  measurements.  By  recor-
ding  interference  fringe  patterns  between  the  object  and
reference  beams  on  a  single  sensor  plane,  DH  enables
powerful  capabilities  such  as  digital  refocusing,  depth-
resolved  phase  retrieval,  and  high-precision  3D  imaging1,2.
These advantages have driven the widespread applications in
biomedical  diagnostics,  extended  reality  (XR),  and  optical
metrology3−5.

In  parallel  with  DH,  lensless  imaging  strategies  have

recently  advanced  high-resolution  and  quantitative  phase
imaging by integrating diffraction control or programmable
apertures  with  computational  reconstruction.  Notable
examples  include  holography-based  quantitative  phase
imaging,  palm-sized  single-shot  full-color  incoherent  holo-
graphic  cameras  under  white  light,  programmable  or
complex  Fresnel  zone  aperture  designs,  lensless  cameras
engineered  with  point  spread  function  control,  as  well  as
polarization-multiplexed  multichannel  holography  and
multi-foci  metalenses  for  spectral  and  polarization-elliptic-
ity recognition6−12. Within this broader landscape, self-inter-
ference  incoherent  digital  holography  (SIDH)  has  emerged
as a particularly promising approach for use under ambient
lighting  conditions  or  in  scenarios  where  bulky  and
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expensive coherent light sources are impractical13−15.  Unlike
traditional  two-path  interferometry,  SIDH  generates  inter-
ference  patterns  via  in-line  wavefront  division,  enabling
compact,  robust,  and  vibration-insensitive  optical  systems
that are well ideally suited for portable or real-time 3D holo-
graphic imaging platforms.

To this end, wavefront modulation using geometric phase
(GP) optics—particularly GP lenses—has recently become a
compelling  strategy  for  implementing  SIDH  systems16−21.
Unlike  conventional  phase  control  methods  that  rely  on
active  spatial  light  modulators  or  multilayer  diffractive
structures22,23,  GP  lenses  exploit  spatially  varying  birefrin-
gent  optic  axis  modulation  to  introduce  polarization-selec-
tive  conjugate  quadratic  phase  distributions.  This  enables
ultrathin,  polarization-sensitive  wavefront  shaping  through
the  Pancharatnam-Berry  phase24,  a  geometric  phase  that
arises  from  the  evolution  of  the  polarization  state  on  the
Poincaré sphere rather than from differences in optical path
length25.

In half-waveplate (HWP)-based GP lenses, linearly polar-
ized incident light is decomposed into left-handed circularly
polarized  (LCP)  and  right-handed  circularly  polarized
(RCP)  components,  each  acquiring  an  opposite  spatially
varying phase26−28. This results in the generation of symmet-
ric ±1st-order diffracted beams that encode the object's phase
into  polarization-dependent  interference  patterns.  This
passive  and  compact  approach  enables  high-fidelity  wave-
front  control  without  the  need  for  complex  electronics  or
bulky optical components18,29. As a result, GP-SIDH systems
offer  scalable,  alignment-tolerant  architectures  ideal  for
miniaturized 3D imaging applications.

These  features  have  accelerated  the  development  of  GP-
SIDH technologies. For instance, pixel-divided polarization-
sensitive image sensors have enabled real-time acquisition of
phase-encoded  polarization  interference  maps  using  phase-
shifting  schemes  within  a  compact  form  factor18,19.  More
recently,  temporal  multiplexing  of  GP  phase  shifts  using
high-speed  polarization  modulators  has  further  enhanced
spatial  resolution  and  optical  flexibility,  while  remaining
compatible  with  standard  imaging  sensors.  Collectively,
these  advances  are  pushing  GP-SIDH  toward  practical
deployment  in  high-speed,  high-resolution,  and  miniatur-
ized holographic imaging systems20.

However,  despite  these  promising  developments,  achiev-
ing high-fidelity full-color imaging with conventional HWP-
based  GP-SIDH  systems  remains  fundamentally  challeng-
ing. The wavelength-dependent birefringence of GP materi-
als  leads  to  deviations  from  the  ideal  π  phase  retardation
condition, resulting in incomplete ±1st-order diffraction and
leakage of the residual 0th-order beam. This residual compo-
nent  acts  as  an  unintended  third  wavefront,  introducing
triple-wavefront interference that degrades the desired two-
beam  polarization  interference  and  introduces  holographic
noise30−32.  Critically,  such  noise  cannot  be  fully  suppressed
during  holographic  reconstruction  using  conventional

phase-shifting techniques, leading to persistent spectral arti-
facts—particularly under broadband or RGB illumination19.
These  limitations  have  significantly  hindered  the  imaging
fidelity and practical implementation of full-color GP-SIDH
systems, motivating the development of alternative strategies
to  inherently  suppress  unwanted  wavefront  interference
while retaining the core benefits of GP-based modulation.

 2    Results
 2.1  Full-color SIDH imaging via QWP-based GP lens

To address the inherent spectral limitations of conventional
HWP-based  GP  optics  in  full-color  SIDH  systems,  we
propose  a  compact  holographic  imaging  architecture  that
integrates  a  QWP-based GP lens,  as  illustrated in Fig. 1.  By
precisely  engineering  both  the  incident  polarization  state
and  the  GP  phase  retardation  condition,  the  system  inher-
ently  suppresses  the  undesired third  wavefront  component.
This enables stable two-beam self-interference across the full
RGB spectrum, eliminating the need for additional numeri-
cal denoising.

This  section  presents  the  optical  principles  and  polariza-
tion  interference  characteristics  of  the  proposed  QWP-GP
SIDH  configuration,  with  direct  comparisons  to  its  HWP-
based  counterpart  under  broadband  incoherent  illumina-
tion.  We  analyze  the  wavelength-dependent  behavior  of
wavefront  modulation,  simulate  the  formation  of  phase-
encoded  polarization  interference  patterns,  and  assess  the
impact of chromatic retardation variation on reconstruction
quality  using  a  phase-shifting  technique.  These  theoretical
findings  are  experimentally  validated  through  comparative
measurements  of  GP  diffraction  efficiency  and  full-color
holographic image reconstructions.

Our  results  demonstrate  that  the  QWP-GP  lens  design
effectively eliminates triple-wavefront interference, a persis-
tent  limitation  in  full-color  GP-SIDH  systems.  The  design
substantially  improves  RGB  reconstruction  fidelity,  mark-
ing a significant advancement toward practical, high-quality
incoherent digital holography.

 2.2  Comparative simulation of HWP- and QWP-based
GP-SIDH configurations

In a GP-SIDH system, the GP lens modulates both the phase
and polarization state of the incident beam, as described by
Eq. (1): 

eiδin
∣∣χin⟩GP →√

η
+
ei(δin−Φ)

∣∣χ
+

⟩
+
√

η−e
i(δin+Φ)

∣∣χ−⟩+√η0e
iδin
∣∣χin⟩ ,

(1)
δin

|χin⟩ |χ+⟩ |χ−⟩

where  is the initial phase of the incident beam, and Φ is
the convex lens phase profile recorded onto the GP lens. The
polarization states , ,  and correspond,  respec-
tively, to the incident (or undiffracted) polarization state and
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the  ±1st-order  diffracted  components  associated  with  RCP
and LCP.

Φ (x, y)
2θbi (x, y)

θbi (x, y)

Γ

The  spatially  varying  phase  modulation  =
 rises from the spatially varying birefringent optic

axis  orientation  of  the  GP  lens.  This  modulation
follows the Pancharatnam-Berry phase principle17,26,28, where
geometric  phase  is  imparted  through  local  changes  in  the
optic axis rather than physical thickness. The phase retarda-
tion  introduced  by  the  GP  lens  depends  on  the  material
and  structural  parameters  of  reactive  mesogen  (RM)  layer
and is given by: 

Γ =
2πΔnd
λ

, (2)

d
λ

where  Δn is  the  birefringence  of  the  RM  material,  is  the
thickness  of  the  RM  layer,  and  is  the  wavelength  of  the
incident light. This phase retardation directly determines the
efficiency  of  GP  wavefront  modulation  efficiency33,34.  The
efficiency of the undiffracted 0th-order beam is: 

η0 = cos2
(
Γ
2

)
, (3)

Γ πindicating that  when  ≠ ,  part  of  the input light  remains
in the 0th-order component without undergoing GP modula-
tion. The ±1st-order diffraction efficiencies are given by: 

η±1 =
1
2
[1∓ S'3] sin2

(
Γ
2

)
, (4)

S′3where  is  the  third  Stokes  parameter,  representing  the
degree  of  circular  polarization  of  the  input  beam.  These
expressions  collectively  describe  how  the  GP  lens  redis-
tributes the input beam into various diffraction orders based
on polarization state and wavelength.

Γ π
In a conventional HWP-based GP lens, the phase retarda-

tion  is ideally designed to be , ensuring that for a circu-

S′3 η±1

S′3

larly polarized input (  = ±1), Eq. (4) yields  = 1, mean-
ing  the  entire  beam  is  diffracted  into  a  single  ±1st-order
component  with  opposite  handedness.  In  typical  GP-SIDH
systems,  linearly  polarized  light  (  =  0)  is  used,  which  is
equally decomposed into orthogonal LCP and RCP compo-
nents after passing through the HWP-based GP lens. These
components  acquire  opposite  GP  and  are  diffracted  into
±1st-order  beams.  Their  self-interference  forms  phase-
encoded  polarization  patterns,  which  are  subsequently
reconstructed into phase maps via SIDH.

Γ π

η0

In practice, especially under full-color or ambient illumi-
nation,  the  birefringent  RM  materials  used  in  GP  lenses
exhibit chromatic dispersion, as described by Eq. (2). While
the  GP  lens  can  be  optimized  for  =  at  a  target  wave-
length,  deviations  are  unavoidable  at  other  wavelengths.
These  spectral  deviations  reduce  the  GP  modulation  effi-
ciency,  leading  to  incomplete  transfer  of  energy  into  the
±1st-order  beams.  According  to Eq.  (3),  this  causes  a  non-
zero  component,  introducing a residual undiffracted 0th-
order beam.

As illustrated in Fig. 2(a), this 0th-order component acts as
a  third,  unintended  wavefront,  giving  rise  to  triple-wave-
front  interference.  This  deviation  from  ideal  two-beam
interference  introduces  phase  noise  and  significantly
degrades  holographic  image  quality,  especially  across  the
RGB  spectrum  in  full-color  DH35.  The  effects  of  this
unwanted component, and its polarization-dependent inter-
ference behavior, will be further investigated through phase-
encoded polarization-based SIDH simulations in the follow-
ing sections.

Γ π/2

To overcome the limitations of the HWP-based GP-SIDH
system,  we  propose  a  QWP-based  GP-SIDH  configuration,
where  the  GP  lens  is  designed  with  a  phase  retardation  of

 = , as illustrated in Figs. 1 and 2(b). Unlike the HWP-

 

Incoherent light
Pixel-divided polariza�on-sensi�ve

image sensors

QWP-based GP lens

Wavefront
separa�on

Achroma�c QWP (45°)

LP (0°)

3D object

Fig. 1 | Schematic  of  the SIDH system employing a  quarter-waveplate (QWP)-based GP lens.  The setup includes a  polarization-sensitive image sensor  to
capture real-time interference patterns generated between the non-diffracted 0th-order reference beam and the 1st-order object beam. The QWP-GP SIDH
configuration  enables  dual  wavefront  modulation  for  generating  phase-encoded  polarization  interference  maps,  while  maintaining  compatibility  with
broadband incoherent illumination.
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S′3

based  setup  shown  in Fig. 2(a)—where  linearly  polarized
light  is  decomposed  into  ±1st-order  diffracted  beams,  the
QWP-based system utilizes a circularly polarized input (  =
±1), resulting in a fundamentally different wavefront separa-
tion  mechanism36.  Under  this  condition,  the  transmitted
light consists only of the 0th-order and one of the ±1st-order
diffraction  components,  thereby  intrinsically  suppressing
triple-wavefront interference.

Γ π/2 S′3
η0 η±1

Γ π/2

Substituting  =  and  = ±1 into Eqs. (3) and (4), we
find  = 0.5 and  = 0.5, indicating that the optical power
is equally distributed between the 0th- and ±1st-order beams
under  ideal  conditions.  Although  fabrication  imperfections
or  chromatic  dispersion  may  cause  deviations  from  the
target  retardation  = ,  such  deviations  only  affect  the
relative  amplitudes  of  the  two  beams.  Crucially,  no  addi-
tional diffracted component is generated, and the two-beam
interference condition required for SIDH remains intact.

This  concept  is  schematically  illustrated  in Fig. 2,  which
contrasts  the  wavefront  separation  mechanisms  of  HWP-
and QWP-based GP-SIDH systems. In the HWP case, devia-
tions  from  the  ideal  retardation  value  at  different  wave-
lengths  introduce  a  residual  0th-order  beam,  resulting  in  a
third  interfering  wavefront  that  severely  degrades  image
quality.  In  contrast,  the  QWP  configuration  inherently
suppresses  this  residual  component,  maintaining  a  clean
two-beam  interference  condition  regardless  of  wavelength.
While  chromatic  dispersion  still  affects  the  amplitude  ratio
between the 0th- and ±1st-order beams, it does not introduce

additional  spectral  artifacts  or  compromise  phase  fidelity.
Consequently,  the  QWP-based  system  reliably  produces
high-quality, phase-encoded self-interference patterns across
the entire RGB spectrum under broadband illumination.

ULCP URCP UDC

√η+1
√η-1

√η0

Φ (x, y)

To  better  understand  the  limitations  of  the  conventional
HWP-based  GP-SIDH  and  highlight  the  advantages  of  the
proposed  QWP-based  design,  we  theoretically  analyze  the
effects  of  triple-wavefront  interference.  The  total  wavefront
formed in GP-SIDH can be expressed by Eqs.  (5−7),  where

 and  denote  the  LCP  and  RCP  beams,  and 
corresponds  to  the  unmodulated  direct  current  (DC)
component,  respectively.  The  terms , ,  and 
represent  the  amplitude  coefficients  of  the  +1st-order, –1st-
order,  and  0th-order  beams,  respectively,  as  determined  by
the  GP  lens's  polarization-dependent  diffraction  efficiency.
The  GP  lens  phase  profile  modulates  the  wave-
fronts as follows: 

ULCP = Ao (x, y)
√
η
+1e

iΦo(x,y)e+iΦ(x,y) , (5)
 

URCP = Ao (x, y)
√
η−1e

iΦo(x,y)e−iΦ(x,y) , (6)
 

UDC = Ao
√η0 (x, y) e

iΦo(x,y) , (7)
AO (x, y) ΦO (x, y)

θLP
Iθ

where,  and  represent the amplitude and
phase of object wavefront. In the HWP-based GP-SIDH, the
modulated wavefront passes through a linear polarizer (LP)
oriented at angle . The corresponding components of the
total wavefront, and the overall intensity  are given by: 

 

HWP-based GP-SIDH

QWP-based GP-SIDH

LP (0°)
0° LP

LP

Lens phase profile (Ф)

Lens phase profile (Ф)

ULCP

URCP

ULCP

URCP

ULinear0° LP
LCP RCP

0° LP LCPRCP RCP

Unpolarized
light

Unpolarized
light

Polariza�on-sensi�ve
image sensors

Polariza�on-sensi�ve
image sensors

HWP GP lens

LP (0°)

QWP (45°)

QWP GP lens

HWP GP lens

QWP GP lens

RCP

1
0

1
−i

a

b

Fig. 2 | Schematic comparison of in-line wavefront separation in GP-SIDH systems using HWP-based and QWP-based configurations. (a) In the HWP-based
setup, a linearly polarized beam passes through a GP lens with π phase retardation, generating symmetric ±1st-order diffracted beams along with a resid-
ual 0th-order leakage due to chromatic dispersion, leading to triple-wavefront interference. (b) In the QWP-based setup, the input beam is first converted
to circular polarization before passing through a GP lens with π/2 phase retardation,  producing only the 0th- and +1st- or −1st-order wavefronts,  thereby
inherently eliminating triple-wavefront interference.
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UθLP
H,LCP =

1√
2
ULCP · (cosθLP + isinθLP) , (8)

 

UθLP
H,RCP =

1√
2
URCP · (cosθLP − isinθLP) , (9)

 

UθLP
H,DC = UDC · cosθLP , (10)

 

IH,θ =
∣∣UθLP

H,Total

∣∣2 = ∣∣UθLP
H,LCP + UθLP

H,RCP + UθLP
H,DC

∣∣2 . (11)

ULCPU∗
RCP

To  reconstruct  the  complex  hologram  using  the  four-
phase shifting technique, intensity measurements I0, I45, I90,
and I135 are  recorded at  LP angles  of  0°,  45°,  90°,  and 135°,
respectively37,38.  Based  on Eqs.  (8–11),  the  real  and  imagi-
nary components of  the product  can be extracted
as: 

I0 − I90
2

=Re
(
ULCPU*

RCP

)
+

1
2
|UDC|2

+

√
2
2

Re
(
UDC

(
U*

LCP + U*
RCP

))
, (12)

 

I45 − I135
2

= Im
(
ULCPU*

RCP

)
−

√
2
2

Im
(
UDCU*

RCP

)
. (13)

These  expressions  reveal  how  the  unwanted  DC  compo-
nent  in  the  HWP-based  system  corrupts  the  ideal  interfer-
ence  pattern.  In  contrast,  the  QWP-based  approach  elimi-
nates unwanted component, enabling clean two-beam inter-
ference  for  high-fidelity  holographic  reconstruction  under
full-color, broadband illumination.

S′3
η0 η±1

Γ

In  contrast,  the  proposed  QWP-based  GP-SIDH  system
utilizes a phase retardation of Γ = π/2 and a circularly polar-
ized  input  beam  (  =  ±1).  Under  these  conditions,  the
diffraction efficiencies become  =  = 0.5, ensuring that
only  two coherent  beams are  generated.  These  beams—0th-
and  ±1st-order —interfere  to  form  the  hologram  without
introducing  a  third  interfering  component.  Even  if  devi-
ates  due  to  fabrication  errors  or  dispersion,  the  total  wave-
front  remains confined to two components,  with only their
intensity  ratio  changing.  This  dual-beam  configuration
inherently  prevents  triple-wavefront  interference,  ensuring
robust  phase-shifting-based  reconstruction  even  under
broadband illumination.

S′3
UDC

ULCP

θLP

ULCPU∗
DC

For instance, when the incident light is RCP (  = +1), the
output comprises the 0th-order wavefront , which retains
its  incident  RCP  state,  and  the  1st-order  modulated  wave-
front ,  which  is  converted  to  the  opposite  LCP  state.
These two components interfere after transmission through
a  LP  oriented  at  angle ,  applying  phase-shifting  in  the
GP-SIDH  system.  This  interference  produces  an  intensity
distribution governed by Eq. (14) and (15) and a total wave-
front  intensity  described  by Eq.  (16).  In  this  dual-beam
configuration, no residual third wavefront is present, allow-
ing the real and imaginary components of the complex holo-
gram  to be accurately reconstructed using the four-
phase  shifting  method.  As  a  result,  twin-image  and  bias

noise are effectively suppressed. 

UθLP
Q,LCP =

1√
2
ULCP · (cosθLP + isinθLP) , (14)

 

UθLP
Q,RCP = UθLP

Q,DC =
1√
2
UDC · (cosθLP − isinθLP) , (15)

 

IQ,θLP =
∣∣UθLP

Q,Total

∣∣2 = ∣∣UθLP
Q,LCP + UθLP

Q,DC

∣∣2 . (16)

Γ π/2

ULCP√η+1 UDC
√η0

To assess the robustness of this interference scheme under
non-ideal  conditions  (  ≠ ),  we  simulated  variations  in
the  intensity  ratio  between  the  two  interfering  beams  and
examined their effect on the polarization state of the result-
ing  field.  The  polarization  state  resulting  from the  interfer-
ence  between  the  object  wavefront  with  amplitude

 and the reference wavefront , with amplitude ,
is expressed as:  √

η
+1e

+iΦ
(

1
−i

)
+
√η0

(
1
+i

)
=

( √η0 +
√η

+1eiΦ

i
(√η0 −

√η
+1eiΦ

) ) . (17)

χ ψ
The  polarization  state  of  the  resultant  field  is  character-

ized  by  the  ellipticity  angle  and  the  azimuth  angle ,
which are derived from the Stokes parameters: 

ψ = arctan
(
S2
S1

)
= arctan

(√η
+1η0sinΦ√η
+1η0cosΦ

)
= Φ , (18)

 

χ =
1
2
arcsin

(
S3
S0

)
=

1
2
arcsin

(η0 − η
+1

η0 + η
+1

)
. (19)

√η+1 +
√η0 √η+1 =

√η0 = 0.5

χ

where S0, S1, S2 and S3 are the Stokes parameters represent-
ing the resultant polarization state. The total diffraction effi-
ciency  is  conserved  in  the  system,  meaning  the  sum

 is  always  ≤  1.  The  ideal  condition  for  dual-
beam  interference  occurs  when ,  corre-
sponding  to  perfectly  balanced  interfering  amplitudes.
Under  this  condition,  the  ellipticity  angle  becomes  zero,
indicating  that  the  resulting  polarization  is  purely  linearly
polarized.  This  linear  polarization  represents  the  optimal
condition  for  phase  encoding,  ensuring  maximum  fringe
contrast and minimal polarization distortion.

χ
χ√η+1

√η0
ψ

As  the  amplitude  balance  deviates  from  this  ideal  1∶1
ratio,  increases,  and  the  polarization  becomes  elliptical.
However,  as  shown  in Fig. 3,  while  the  ellipticity  angle 
changes as the amplitude difference between  and 
varies,  the  azimuth  angle  remains  unaffected.  This
confirms  that  phase-encoded  interference  is  preserved
despite wavefront modulation efficiency imbalances. Conse-
quently,  the  principal  polarization  axis,  and  thus  the
encoded  phase  information,  is  well  preserved  in  the  QWP-
based GP-SIDH system. As a result, holographic reconstruc-
tion  accuracy  is  maintained  even  in  the  presence  of  GP
modulation  efficiency  dispersion.  Additional  simulation
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results illustrating the evolution of the polarization state as a
function  of  amplitude  imbalance  are  provided  in Fig.  S1.
This is crucial because, in four-phase shifting holography at
GP-SIDH,  accurate  phase  encoding —rather  than  the  abso-
lute  polarization  state —is  essential  for  precise  hologram
reconstruction.

To accurately  assess  the  performance  of  the  GP lens  and
its  impact  on  holographic  reconstruction  with  SIDH under
spectral  variations,  we  modeled  the  wavelength-dependent
wavefront  modulation  efficiency  using Eq.  (2),  considering
the  wavelength-dependent  material  dispersion  effects
described by Δn(λ) = ne(λ) ─ no(λ). The refractive indices of
the  RM  material  RMM-141C  (Merck,  Germany)  were
measured as ne =  1.732,  1.703,  1.688 and no =  1.553,  1.541,
1.535  at  450,  550,  and  650  nm,  respectively.  These  values
were fit to the Cauchy equations: 

ne = 1.656+
1.203× 10−14

λ2
+

6.955× 10−28

λ4
, (20)

 

no = 1.523+
4.272× 10−15

λ2
+

3.735× 10−28

λ4
. (21)

Using these expressions along with Eqs.  (2–4),  the wave-
length-dependent  GP  modulation  efficiency  was  calculated
and is shown in Fig. S2. Assuming the GP lens is optimized
for  532  nm,  the  calculated  1st-order  diffraction  efficiencies
for  red  (660  nm),  green  (532  nm),  and  blue  (457  nm)  are
84.93%,  100%,  and  84.84%  for  the  HWP-based  configura-
tion,  and  30.69%,  50%,  and  69.62%  for  the  QWP-based
configuration.

Simulations  based  on Eqs.  (5–16) were  performed  in
MATLAB (MathWorks,  USA) using a  Gaussian-distributed
point  source  (500  µm  diameter)  as  the  object. Figure 4
presents  a  comparative  analysis  of  RGB holographic  recon-
struction  for  both  GP-SIDH  systems.  Under  ideal,  disper-
sion-free  conditions  (Fig. 4(b)),  both  HWP- and  QWP-
based  configurations  successfully  reconstruct  clean  holo-

graphic  images  of  the  white  point  source.  However,  when
wavelength-dependent  dispersion  is  introduced  (Fig. 4(c)),
the  HWP-based  system  exhibits  significant  ring-shaped
noise in the red and blue channels due to residual 0th-order
leakage  and  resulting  triple-wavefront  interference.  This
noise  persists  even  after  applying  the  four-phase  shifting
scheme  during  reconstruction.  Channel-separated  simula-
tion  results  are  provided  in Fig.  S3 for  a  more  detailed
comparison.  In  contrast,  the  QWP-based  GP-SIDH  system
maintains artifact-free reconstructions across all RGB chan-
nels.  Although the intensity ratio between the 0th- and ±1st-
order beams varies with wavelength in the QWP configura-
tion  as  well,  the  absence  of  a  third  interfering  wavefront
preserves  stable  two-beam  polarization  interference,
enabling high-fidelity full-color holography.

To further evaluate the robustness of spatial phase encod-
ing under realistic amplitude imbalances, additional simula-
tions were performed using a convex lens phase profile with
a 300 mm focal length. As shown in Fig. S4, the HWP-based
system exhibits significant spatial variations in both azimuth
and ellipticity angles due to triple-wavefront interference. In
contrast,  the  QWP-based  system  reproduces  an  azimuth
profile  identical  to the ideal  two-beam case and shows only
uniform ellipticity deviations. These findings underscore the
superior  resilience  of  the  QWP-based  GP-SIDH  architec-
ture  in  maintaining  spatially  encoded  phase  information
integrity under broadband, non-ideal operating conditions.

 2.3  Experimental demonstration of high-fidelity
full-color imaging using QWP-based GP-SIDH

To  experimentally  validate  the  theoretical  predictions,  we
implemented  both  HWP- and  QWP-based  GP-SIDH
systems  and  evaluated  their  performance  under  broadband
incoherent  illumination.  The  GP  lenses  for  both  systems
were  fabricated  with  identical  lens  phase  profiles  and
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examined  under  polarized  optical  microscopy  (Fig. 5(a, b)).
The experimental setups are shown in Fig. 5(c) and Fig. 5(d).
In the HWP-based system, an LP was placed before the GP
lens.  In  contrast,  the  QWP-based  configuration  incorpo-
rated an achromatic QWP between the LP and the GP lens
to generate circularly polarized light at the input. This polar-
ization  state  is  essential  for  the  QWP-based  SIDH  to  func-
tion  as  designed,  as  the  GP  modulation  relies  on  the  accu-
rate  generation  of  LCP  or  RCP  light.  This  configuration
ensures  the  selective  generation  of  only  two self-interfering
wavefronts, thereby enabling noise-free reconstruction.

Both systems were illuminated with a white LED source to
support full-color imaging. As a test object, we used a multi-
color  target  composed  of  three  vertically  aligned  arrows,
each  dominated  by  red,  blue,  and  green  (RBG)  spectral
components  rather  than  pure  RGB  primaries.  This  mixed-
color  design  was  chosen  deliberately  to  assess  the  system's
ability to resolve overlapping spectral content and highlight
color  crosstalk  sensitivity  under  broadband  conditions.  A

DSLR-acquired  image  of  the  object  under  the  same  illumi-
nation  (Fig. 5(e))  served  as  the  reference  for  evaluating
reconstruction fidelity.

Four  phase-shifted  holograms  were  recorded  simultane-
ously  for  each  system  using  a  pixel-divided,  polarization-
sensitive image sensor equipped with pixelized R/G/B color
filters,  as  described  in Fig. 1.  The  extracted  complex  holo-
grams  were  numerically  propagated  to  the  object  plane
using  wavelength-specific  parameters  to  reconstruct  RGB
channels at a common focal depth. The results are shown in
Fig. 5(f) for  the  HWP-based  system  and Fig. 5(g) for  the
QWP-based system.

The  comparison  clearly  highlights  the  superior  noise
resilience  of  the  QWP-based  configuration.  While  the
HWP-based  reconstruction  (Fig. 5(f))  successfully  recovers
the  general  arrow  shapes  and  color  layout,  it  suffers  from
significant  background  artifacts,  particularly  fringe-like
interference and diffuse noise in the red and blue channels.
These  artifacts  persist  despite  four-phase  shifting  and  are
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Fig. 4 | Simulated holographic image reconstruction for HWP-based and QWP-based GP-SIDH systems with a point source. (a) Intensity profile of the input
point source used for reconstruction, along with the RGB channel cross-sectional profiles. (b) Reconstructed point-source images and corresponding inten-
sity  profiles  for  ideal  HWP- and  QWP-based  systems,  excluding  wavelength-dependent  variations  in  GP  wavefront  modulation  efficiency.  Both  systems
demonstrate spectrally balanced and artifact-free reconstructions under ideal achromatic conditions. (c) Reconstructed images and intensity profiles when
wavelength-dependent  wavefront  modulation  efficiency  is  considered.  The  HWP-based  system  exhibits  noticeable  spectral  imbalance  and  ring-shaped
noise artifacts in the red and blue channels due to residual 0th-order wavefronts, while the QWP-based system maintains spectrally stable and noise-free
reconstructions across all color channels.
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attributed to residual 0th-order leakage resulting from triple-
wavefront interference. By contrast,  the QWP-based system
(Fig. 5(g))  produces  high-contrast,  artifact-free  reconstruc-
tions  across  all  RGB  channels.  The  resulting  image  closely
matches  the  DSLR  reference  (Fig. 5(e)),  demonstrating
excellent fidelity in both spatial and color domains.

The measured spectral  wavefront modulation efficiencies
of  the fabricated GP lenses are summarized in Table 1.  The

HWP-based  lens  shows  near-ideal  phase  retardation  in  the
blue  spectral  region,  with  modulation  efficiency  decreasing
toward  the  red  due  to  increasing  retardation  mismatch.
Similarly,  the  QWP-based  lens  was  optimized  to  achieve
quarter-wave  retardation  primarily  in  the  blue-to-green
region,  leading  to  the  greatest  amplitude  imbalance  in  the
red  channel.  However,  as  predicted  by  theory,  this  ampli-
tude imbalance in the QWP-based configuration only affects
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struction using the QWP-based system. All reconstructions utilized the four-phase shifting method.
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the  ellipticity  of  the  polarization  ellipses  and  does  not
degrade  image  quality.  The  four-phase  shifting  algorithm
inherently  suppresses  spatially  uniform  ellipticity-induced
noise,  allowing  the  QWP-based  system  to  maintain  stable,
artifact-free reconstructions across the entire RGB spectrum.
As  a  result,  it  consistently  outperforms  the  HWP-based
system in visual quality.

NAeff = rh/zr rh
zr

To  quantitatively  evaluate  reconstruction  fidelity,  SSIM
maps  were  calculated  for  each  color  channel  by  comparing
the  reconstructed  holograms to  the  DSLR reference. Figure
6(a) and 6(b) show the SSIM maps for the HWP-and QWP-
based  GP-SIDH  systems,  respectively.  In  these  maps,
brighter regions indicate higher local similarity to the refer-
ence  image.  The  QWP-based  system  exhibits  high  and
uniform  SSIM  values  across  all  RGB  channels,  indicating
strong  local  structural  fidelity.  In  contrast,  the  HWP-based
system  displays  pronounced  SSIM  degradation  in  the  red
and  blue  channels,  particularly  around  the  edges  of  the
colored arrows, due to interference noise arising from resid-
ual  0th-order  wavefronts.  These  localized  degradations,
caused by fringe-like artifacts,  significantly reduce the aver-
age  SSIM value  in  the  HWP-based  reconstruction,  whereas
the  QWP-based  result  retains  high  and  spatially  uniform
similarity, as summarized in Table 2. The difference is visu-
ally evident in Fig. 6(b), where the QWP-based map shows a
more  uniform  and  brighter  similarity  distribution.  These
results  are  supported  by  the  quantitative  PSNR  and  SSIM
values  in Table 2 (see  also  Supplementary  information  of
Figs.  S5 and S6 and Table  S1 for  results  using  a  white  dice
object and RGB-separated analyses). The suppression of the
unwanted  third  wavefront  in  the  QWP-based  design  effec-
tively  eliminates  triple-wavefront  interference,  improving
color consistency and enabling noise-free, high-fidelity full-
color holography under broadband incoherent illumination.
The  theoretical  resolution  limit  of  the  current  QWP-based
GP-SIDH  system  is  limited  by  the  sensor  Nyquist  cutoff
(equivalent to approximately 72.5 lp/mm at the sensor plane
and  approximately  1.6  lp/mm  at  the  object  plane)  and  the
effective  numerical  aperture  of  the  GP  lens  used,

,  where  denotes  the  hologram  radius
recorded on the sensor and  is the reconstruction distance.
For  the  400  mm  focal  length  lens  used  in  this  study,  the
calculated  object  plane  resolution  limit  is  approximately
0.6–0.7 lp/mm. Experimental measurements using a USAF-
1951  target  yielded  average  CTF/MTF  values  of  R

NAeff

rh zh
FoV = 2arctan (rh/zh) zh

zh
NAeff = rh/zr

0.354/0.075,  G 0.358/0.075,  and B 0.441/0.061 with detailed
measurement results presented in Table S2. The experimen-
tal  setup for  the measurement,  the holographic phase angle
data acquired through it, and the reconstruction results and
ROI settings  are  as  shown in Fig.  S7.  A dynamic validation
of this experiment is also provided in Supplementary infor-
mation  of  Movie  S1,  showing  continuous  holographic
reconstruction while moving USAF-1951 target 1 under the
same  setup.  This  resolving  power  demonstrates  that  the
current  limitation  arises  from  the  chosen  lens  parameters
rather than from the QWP-based approach itself,  as  adopt-
ing  a  shorter  focal  length  (~150  mm)  increases  the ,
bringing  the  achievable  resolution  closer  to  the  Nyquist
cutoff. Additionally, the present single-shot FoV is about 39°
follows  from ≈3.53  mm  and ≈10  mm  via

,  where  denotes  the  separation
between  the  GP  lens  and  the  image  sensor.  FoV  can  be
increased  by  decreasing  at  the  usual  trade-off  with  the
effective  numerical  aperture  and  object-plane
resolution.

Having  validated  the  improved  reconstruction  fidelity  of
the QWP-based GP-SIDH system for planar scenes, we next
evaluated its ability to perform depth-resolved, full-color 3D
imaging.  In  this  experiment,  two  identical  high-contrast
objects—white dice with black dots—were used to assess the
system's  depth  discrimination  from a  single  hologram.  The
dice were chosen for their strong broadband reflectivity and
textured surfaces, which provide useful features for evaluat-
ing reconstruction clarity across depth. As illustrated in Fig.
7(a), Dices 1 and 2 were placed along the optical axis with an
axial  separation of  approximately  30  cm to  ensure  a  mean-
ingful depth interval.  Both were illuminated simultaneously
using  a  white  LED  source,  and  four  phase-shifted  holo-
grams  were  captured  in  a  single  exposure  using  the  QWP-
based GP-SIDH setup described earlier. The resulting holo-
gram  encodes  self-interference  from  both  objects  under
incoherent  illumination,  made  possible  through  polariza-
tion-selective modulation.

To  reconstruct  depth-resolved  images,  the  extracted
complex wavefront was numerically propagated to different
axial planes. When focused on Dice 1 (Fig. 7(b)), the nearer
object  appears  sharply  resolved—its  edges,  spots,  and color
are clearly visible—while Dice 2 appears blurred and free of
interference artifacts.  The clean defocusing of  Dice 2,  with-
out  fringe  contamination,  demonstrates  that  the  system

 

Table 1 | Measured GP wavefront modulation efficiencies of the fabricated HWP- and QWP-based GP lenses at red (660 nm), green (532 nm), and blue
(457 nm) wavelengths. The table reports the ±1st- and 0th-order diffraction efficiencies for each configuration.
 

Wavelength (nm)

GP wavefront modulation efficiency (%)

HWP-based GP lens for LP QWP-based GP lens for RCP

+1st order −1st order 0th order +1st order 0th order

660 (R) 36.65 36.65 26.7 30.0 70.0

532 (G) 46.65 46.65 6.7 42.0 58.0

457 (B) 49.55 49.55 0.9 59.4 40.6
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avoids  coherence-induced  crosstalk  between  depths.  Upon
refocusing  to  the  plane  of  Dice  2  (Fig. 7(c)),  it  comes  into
sharp view while Dice 1 becomes defocused, further validat-
ing  depth-specific  imaging.  This  ability  to  switch  focal
planes  digitally  from  a  single-shot  hologram  highlights  the
system's  true  3D  imaging  capability.  Importantly,  both
reconstructions  retain  full-color  fidelity,  confirming  that
spectral  content  from  each  depth  is  preserved  and  accu-
rately  recovered  under  broadband  incoherent  illumination
(see  also  Supplementary  information  of  Movie  S2  for
dynamic  refocusing).  In  addition,  we  provide  a  full-color
holographic  video  acquired  with  the  proposed  QWP-based
GP-SIDH  (Supplementary  information  of  Movie  S3).  This

movie's  result  is  presented  without  any  post-processing,
demonstrating  that  single-shot,  video-rate  full-color  recon-
structions  can  be  reliably  obtained  with  sufficiently  low
noise levels. Supplementary information of Movie S4 applies
AI-based  video  super-resolution  (VSR)39 to  the  same
sequence,  further  improving  perceptual  sharpness  and
smoothness  and  suggesting  potential  for  field  deployment.
We  also  include  Supplementary  information  of  Movies  S5
and S6, which show another scene with near- and far-depth
holographic  reconstruction:  Supplementary  information  of
Movie  S5  is  the  raw  reconstruction  (no  post-processing),
and  Supplementary  information  of  Movie  S6  is  its  VSR-
enhanced  counterpart,  again  corroborating  the  advantages
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Fig. 6 | Structural  similarity  index  (SSIM)  maps  comparing  full-color  holographic  reconstructions  with  the  DSLR  reference  image.  (a)  SSIM  maps  for  the
HWP-based GP-SIDH system, revealing significant similarity degradation in the red and blue channels due to interference-induced artifacts. (b) SSIM maps
for the QWP-based GP-SIDH system, demonstrating consistently higher similarity across all RGB channels with minimal background noise. Brighter regions
indicate greater local structural fidelity, confirming the QWP-based system's superior reconstruction performance.

 

Table 2 | Quantitative  assessment  of  full-color  holographic  reconstructions  using  peak  signal-to-noise  ratio  (PSNR)  and  SSIM  metrics.  Values  were
computed for each RGB channel by comparing the reconstructed images from the HWP- and QWP-based GP-SIDH systems (Fig. 5(f) and 5(g)) with
the DSLR reference image (Fig. 5(e)).
 

Image channel
HWP-based GP-SIDH QWP-based GP-SIDH

PSNR (dB) SSIM PSNR (dB) SSIM

Red 17.88 0.265 19.89 0.397

Green 19.70 0.380 19.94 0.459

Blue 15.14 0.262 16.18 0.328
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of  the  proposed  QWP-based  GP-SIDH.  Implementation
details  of  the  VSR workflow used for  Supplementary  infor-
mation of Movies S4 and S6 are provided in the Supplemen-
tary  information with Fig.  S9.  Because the proposed QWP-
based  GP-SIDH suppresses  key  noise  sources  at  the  optical
acquisition stage, it remains compatible with a broad family
of  modern AI  enhancement  techniques  that  can be  option-
ally applied to refine the final renderings further.

These  results  confirm  that  the  QWP-based  GP-SIDH
system  enables  robust,  multi-depth  holographic  imaging  in
incoherent  lighting  conditions.  By  effectively  suppressing
residual 0th-order components, the system eliminates triple-
wavefront  interference,  allowing  each  depth  plane  to  be
reconstructed  independently  with  high  spatial  and  color
fidelity. This enables optical sectioning via numerical propa-
gation, without the need for mechanical scanning or coher-
ent  sources.  The  successful  imaging  of  both  dice  under
white-light  illumination  further  highlights  the  system's
compatibility  with  real-world,  broadband,  non-coherent
environments.  In  summary,  the  demonstrations  presented
in Figs. 5–7 validate  the  core  advantages  of  the  proposed
design:  the  QWP-based  GP  lens  architecture  not  only
achieves  artifact-free,  full-color  reconstructions  but  also
extends  SIDH  capabilities  to  practical,  high-fidelity  3D
imaging  applications —outperforming  conventional  HWP-
based systems in both image quality and depth resolution.

 3    Conclusion
 3.1  Full-color SIDH imaging via QWP-based GP lens

Γ π/2

The  proposed  QWP-based  GP-SIDH  configuration
addresses  the  limitations  of  conventional  HWP-based
systems by structurally eliminating triple-wavefront interfer-
ence.  As  demonstrated  through  theoretical  modeling  and
confirmed  by  both  simulations  and  experiments,  the  QWP
design featuring a phase retardation of  = , ensures that
only two beams,  the 0th-order reference and a single +1st or
−1st -order object beam, interfere within the imaging system.
When  comparing  light  efficiency  levels  between  conven-
tional HWP-based GP-SIDH and the proposed QWP-based
GP-SIDH  system,  both  approaches  generate  orthogonal
circularly  polarized  wavefront  pairs  for  self-interference.
The  former  achieves  this  under  LP  input  conditions,
whereas  the  latter  proposed  here  utilizes  a  circularly  polar-
ized  input  state.  Although  the  input  polarization  require-
ments differ, the proposed QWP-based configuration intro-
duces no additional optical loss compared with the conven-
tional  HWP-based  system.  Importantly,  the  QWP-based
GP-SIDH  facilitates  stable  two-beam  interference  even
under  chromatic  dispersion,  enabling  the  QWP-based  GP-
SIDH to deliver high-fidelity, full-color reconstructions with
minimal background noise and parasitic fringes. In contrast,
HWP-based  systems  suffer  from  residual  0th-order  leakage
and efficiency imbalances, especially across a broad spectral

 

Dice 2

Dice 1

30 cm

Objec�ve lens

LP+QWP

QWP-based GP lens

Image sensor

a b

c

Fig. 7 | Depth-resolved full-color holographic reconstruction using the QWP-based GP-SIDH system. (a) Experimental setup showing two white dice (Dices 1
and 2) placed at different axial positions, separated by 30 cm. (b) Holographic reconstruction digitally refocused on Dice 1, revealing sharp surface details
while Dice 2 appears blurred. (c) Reconstruction refocused on Dice 2, now clearly resolved as Dice 1 becomes defocused. These results demonstrate the
system's capability for depth-selective, full-color holographic imaging under broadband incoherent illumination. See Supplementary information of Movie
S2 for dynamic focal plane transitions.
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range.  Quantitative  analyses  further  support  these  advan-
tages, with consistently higher PSNR and SSIM values across
all  RGB  channels,  indicating  superior  structural  similarity
and color fidelity.

Beyond improving image quality, the QWP-based system
streamlines  the  computational  pipeline  of  digital  hologra-
phy.  By  eliminating  the  third  interfering  wavefront  at  the
optical  level,  the  recorded  holograms  capture  only  the
object–reference  interference  component.  This  reduces  the
need  for  additional  post-processing  or  noise  suppression
algorithms,  enabling  reliable  amplitude  and  phase  recovery
using  standard  phase-shifting  techniques.  This  simplifica-
tion enhances  computational  efficiency and system reliabil-
ity.  These  findings  confirm  the  QWP-based  GP-SIDH  as  a
robust,  scalable  platform  for  full-color,  incoherent  digital
holography40.  Its  resilience  to  wavelength-dependent  varia-
tions in GP modulation efficiency,  coupled with its  stream-
lined  optical  and  algorithmic  design,  makes  it  highly  suit-
able for compact, broadband, and practical imaging applica-
tions. Furthermore, the results highlight the broader poten-
tial  of  polarization-sensitive  GP  optics  to  advance  incoher-
ent holographic imaging, particularly in applications requir-
ing high color accuracy and system stability.

Looking  ahead,  this  architecture  could  be  extended  to
achieve  higher  spatial  resolution  by  replacing  the  current
pixel-divided polarization image sensor with a conventional
high-resolution  camera.  Building  on  our  previous  work
demonstrating  temporal  polarization  switching  in  HWP-
based  SIDH20,  a  similar  approach  could  be  applied  to  the
QWP-based  system  by  dynamically  switching  the  incident
circular  polarization  states.  This  would  enable  temporal
multiplexing  for  phase-shift  acquisition.  However,  further
optimization  is  required  in  the  design  of  circular  polariza-
tion  switching  optics  to  embed  phase  information  without
introducing chromatic distortions. Special attention must be
given  to  minimizing  polarization-induced  noise  under
broadband  white-light  illumination.  Additionally,  to  main-
tain  the  key  strengths  of  the  GP-SIDH  system,  such  as  its
compact  form  factor  and  video-capable  acquisition,  future
research should focus  on developing high-speed,  integrated
polarization  switching  elements41−43.  These  advancements
will  ultimately  enable  real-time,  high-resolution,  full-color
3D  holography  using  QWP-based  SIDH  under  incoherent
illumination.

 4    Materials and methods
 4.1  Fabrication of GP Lenses

The  GP  lenses  used  in  this  study  were  fabricated  by  first
spin-coating  a  photoalignment  layer  of  Congo  red  (C0550,
Tokyo Chemical Industry, Japan) onto glass substrates. The
desired  GP  profile,  corresponding  to  a  lens  with  a  40  cm
focal  length,  was  then  inscribed  onto  the  alignment  layer
using a polarization interferometer.  A RM solution (RMM-

141C,  Merck,  Germany),  dissolved  in  toluene,  was  spin-
coated onto the  patterned substrate  to  form the  Pancharat-
nam–Berry  phase  film.  For  the  HWP-based  lens,  the  film
thickness was adjusted to achieve a phase retardation of π at
the  design  wavelength  range  of  457–532  nm,  while  the
QWP-based lens  was  fabricated with  a  π/2  retardation.  UV
curing was performed under a nitrogen atmosphere to poly-
merize the birefringent RM layer. The completed GP lenses
were  characterized  using  polarized  optical  microscopy  to
verify  the  fidelity  of  the  recorded  phase  profile  and  the
uniformity  of  in-plane  birefringence.  Additionally,  wave-
length-dependent  wavefront  modulation  efficiencies  were
measured  using  the  optical  setup  shown  in Fig.  S8.  The
measured  results  agreed  well  with  the  theoretical  values
calculated  from  the  birefringence  dispersion  model.  The
calculated efficiency values at RGB wavelengths are summa-
rized  in Table  S3 in  the  supplementary  information.  Based
on this consistency, HWP- and QWP-based GP lens samples
were selected as fair and representative comparison controls
in this study.

 4.2  Optical setup for SIDH experiments

To  enable  a  comparative  analysis,  two  GP-SIDH  systems
were  constructed:  one  using  the  conventional  HWP-based
GP  lens  and  the  other  with  the  proposed  QWP-based  GP
lens. In both setups, an LP was placed before the GP lens. In
the  QWP-based  configuration,  an  achromatic  QWP  was
additionally  inserted between the LP and GP lens to gener-
ate  an  ideal  circularly  polarized  incidence,  which  is  crucial
for  suppressing  triple-wavefront  interference.  In  polariza-
tion-based SIDH systems, off-axis illumination can alter the
effective  retardation  of  the  QWP  and  introduce  ellipticity
distortions  in  the  wavefront  modulations  after  the  GP lens.
In this experiment, such effects were minimized by restrict-
ing the operation to the central 12° of the system's total field
of  view (FoV)  of  approximately  39°.  To further  expand the
FoV in future implementations, techniques such as synthetic
aperture  acquisition  or  multi-shot  tiling/stitching —which
enlarge  the  effective  hologram  area —may  be  incorporated
into QWP-based GP-SIDH systems44,45. Moreover, the use of
cholesteric  liquid  crystals  (CLCs)  has  been  reported  as  an
effective method for mitigating polarization errors caused by
off-axis  illumination46.  The  achromatic  QWP  used  in  this
configuration was a commercial CP42HE (Edmund Optics),
which  integrates  an  LP  (XP42)  with  a  QWP  (WP140HE).
The WP140HE provides a quarter-wave delay of 147 ± 4 nm
at 560 nm, with an operating range from 450 nm to 650 nm.
Its  dispersion  ratio  is  specified  as  R450/R550  =  0.90±0.03
and R650/R550 = 1.04±0.03. The reported retardation values
were all obtained under normal-incidence conditions.

For full-color reconstruction, the test object consisted of a
vertically  aligned  arrow  target  with  red,  green,  and  blue
arrows, each composed of mixed primary color components
to  evaluate  color  fidelity  across  the  visible  spectrum.  For
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depth-resolved  imaging,  two  white  dice  with  black  spots
were  placed  along  the  optical  axis,  separated  by  approxi-
mately 30 cm to provide distinct axial planes. In both experi-
ments, holograms were recorded using a pixelized polariza-
tion  image  sensor  (PHX050S-QC,  LUCID  Vision  Labs,
Canada),  which  integrates  a  Sony  IMX250MYR  CMOS
sensor.  This  sensor  features  a  per-pixel  wire-grid  polariza-
tion  filter  array  aligned  at  0°,  45°,  90°,  and  135°,  directly
overlaid on the standard Bayer color filter array (see Fig. 1).
As a result, each 2 × 2 super-pixel block captures four polar-
ization  angles  and  three  primary  color  channels,  allowing
single-shot  acquisition  of  polarization-resolved  full-color
holograms.  All  experiments were conducted under spatially
incoherent illumination using a broadband white-light LED
source.

 4.3  Numerical simulation of diffraction and
reconstruction

To  model  wavefront  behavior  and  holographic  reconstruc-
tion,  numerical  simulations  were  performed  in  MATLAB
(MathWorks,  USA).  The  GP  wavefront  modulation  effi-
ciency  of  the  GP  lens  was  calculated  based  on  the  wave-
length-dependent  birefringence  of  the  RM  material,  using
experimentally  measured  refractive  indices  at  457  nm,  532
nm,  and  660  nm.  These  values  were  fitted  to  the  Cauchy
equation  to  evaluate  continuous  spectral  performance.
Simulations were conducted with the following parameters:
object-to-lens  distance  of  30  cm,  lens-to-sensor  distance  of
2  cm,  and  a  GP  lens  focal  length  of  15  cm.  A  Gaussian-
distributed  point  source  (diameter:  500  μm)  was  used  to
simulate hologram acquisition and RGB channel reconstruc-
tion. GP wavefront modulation efficiency and image fidelity
were  compared  between  the  HWP-based  and  QWP-based
GP-SIDH configurations, both under ideal and wavelength-
dispersive conditions. The image sensor was modeled with a
pixel  size  of  3.45 μm × 3.45 μm and a  resolution of  2048 ×
2048 pixels.

 4.4  Image quality evaluation

The  quality  of  the  holographic  images  was  quantitatively
evaluated  using  the  PSNR  and  SSIM  metrics47−50.  Recon-
structed  images  for  each  RGB  channel  were  compared
against DSLR reference images captured under identical illu-
mination  conditions.  SSIM  maps  were  generated  to  visual-
ize  local  structural  fidelity,  while  PSNR  values  provided  an
overall  measure  of  signal  quality.  These  quantitative  analy-
ses  confirm  the  superior  performance  of  the  QWP-based
GP-SIDH  system  in  suppressing  reconstruction  noise  and
preserving full-color fidelity across the visible spectrum.

In  addition,  the  proposed  QWP-based  GP-SIDH  system
intrinsically  reduces  noise  at  the  acquisition  stage,  thereby
lowering the computational burden for post-processing. For
a  1000  ×  1000  RGB  frame,  a  conservative  estimate  of  the

computational  pipeline  for  QWP-based  GP-SIDH —using
only the Fresnel diffraction method (FDM) for holographic
image reconstruction—requires approximately 20–35 MB of
working  memory  and  achieves  a  throughput  of  ~11–33  fps
on a CPU (~67–200 fps on a GPU). By contrast, HWP-based
GP-SIDH  generally  require  an  additional  denoising  step,
such  as  Wiener  filtering,  which  increases  memory  usage  to
~40–60  MB  and  reduces  throughput  to  ~4.5–11  fps  on  a
CPU (~22–83 fps on a GPU). The techniques employed for
noise  reduction  and  their  corresponding  resource  require-
ments are summarized in Table S4.
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