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Abstract

Photonic devices that sort and separate light into spatial modes enable trans-
formative advances in quantum-inspired sub-diffraction imaging, high-fidelity
wavefront sensing, free-space optical communication, and quantum information
processing. Among these, photonic lanterns offer a compelling solution - efficiently
coupling light from a multimode fiber (MMF) into multiple single-mode fibers
(SMFs) across a broad wavelength range, facilitating downstream detection and
processing. However, effective deployment of photonic lanterns for mode sort-
ing requires knowledge of the full complex transfer matrix—capturing amplitude
and phase relationships between MMF modes and SMF outputs. Prior intensity-
only approaches fail to recover this essential information. Here we present the
first experimental measurement of the complete multimode-to-single-mode com-
plex transfer matrix of a photonic lantern. Using 787 known multimode input
fields and a dispersive spectrograph, we reconstruct wavelength-resolved trans-
fer matrices for a 19-port lantern across the 720–880 nm range. We validate the
matrices by predicting output intensities for unseen input fields, achieving high
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fidelity across all wavelengths. This technique enables full-field utilization of pho-
tonic lanterns – including amplitude, phase, polarization, and spectral content –
transforming them from intensity couplers into fully calibrated optical interfaces.
Precisely modeling the behavior of arbitrary input fields significantly expands the
scope of photonic lantern applications to include information-rich imaging and
high-capacity communications.

Keywords: Photonic Lantern, Image Retrieval, Mode Sorting, Demultiplexing

1 Introduction

For over a century, the Rayleigh diffraction limit has defined the classical maximum
attainable angular resolution in imaging. In traditional “direct” imaging technologies,
from human eyes, to cell phone cameras, to the most advanced astronomical tele-
scopes, we examine the intensity of the collected light across a transverse focal plane
and find a fundamental limit set by the ratio of the observed wavelength of light
divided by the diameter of the light-collecting aperture. In recent years, microscopists
have developed techniques for “super-resolution” imaging which can provide angular
resolution below the classical diffraction limit, which typically require the use of fluo-
rescent labels, and rely on either structured illumination or pre-conditioned excitation
and specialized sample preparation [1–4], thus limiting their operational flexibility and
widespread deployment. More recent work has shown that imaging techniques based
on spatial modes of light can drive achievable resolution past the classical diffraction
limit and even approach the quantum limit for resolution [5, 6]. Importantly, these
techniques avoid the requirement for structured illuminating light fields and can pro-
vide sub-diffraction super-resolution performance with commonly occurring natural
light sources.

A key practical challenge for such modal-basis imaging is the need for a spatial
mode sorter: a photonic device that separates different modes of light from a single
common input into individual output channels – also known as spatial demultiplexing
[7]. A recent technology that has garnered significant research interest for addressing
this problem is the photonic lantern (PL): a fiber optic device designed to efficiently
transition between a multimode fiber (MMF) and several single-mode fiber (SMF)
ports [8, 9]. Lanterns naturally fit the requirements for efficient mode sorting [10, 11].
They are typically made by adiabatically tapering a bundle of N SMF fibers until
their cladding forms a new multimode core that supports M spatial LP modes [9, 12],
creating an “N -port” photonic lantern where the M -mode input field is uniquely
distributed to the N separate channels (Fig 1). Photonic lanterns inherently offer
monolithic construction, ease of alignment, high stability, and broad bandwidth. Fur-
thermore, lanterns demonstrate high throughput [13], and scalability, making them
a compelling solution compared to other possible mode-sorting technologies (see for
instance [14], [15], [16]).

The decoding transfer matrix is a mathematical operator that describes how each of
the M supported LP modes in the MMF are converted into the N fundamental modes
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Fig. 1 Operating principle of a photonic lantern for modal imaging. (Top) Flow of light in a photonic
lantern system: The input image (a broadband multimode light field, such as produced at the focal
plane of a telescope, microscope, or camera) couples into the lantern multimode end, which separates
the light into discrete spatial modes corresponding to the single-mode fiber outputs. We arrange the
SMF outputs into a linear array and couple their light into a horizontally dispersive spectrograph,
which records the intensity spectrum of each mode on a 2-dimensional CMOS detector array. (Bottom)
Flow of information: The incoming field consists of a linear combination of the M MMF spatial modes
(LP modes), each with its own amplitude and phase, mathematically represented as a complex field
vector u. The lantern distributes the light from these modes into the N SMF outputs according to
a wavelength-dependent complex transfer matrix T . At each wavelength, the amplitude and phase
distribution of the light at the SMF outputs is mathematically represented by the complex vector
w, and the spectrograph records their intensities distributed across a vertical detector column as an
intensity vector I(λ), with elements Ij = |wj |2. By reading the intensity values for all ports from
each detector column, we can extract the full, wavelength-resolved output data.

of each SMF, with a complex-valued coefficient relating each input mode to each out-
put port. Figure 1 shows the parallel flows of light and modal information through a
lantern. For mode-selective photonic lanterns, the transfer matrix is simply a diagonal
matrix, because light from a given LP mode on the input MMF side emerges in a sin-
gle fiber at the SMF output end. However, as the mode count increases, mode-selective
lanterns quickly become difficult to manufacture while maintaining good mode selec-
tivity [17], limiting their utility for modal imaging. Conventional (non-mode-selective)
photonic lanterns are, in contrast, much easier to scale to larger sizes (see for instance
[18], [19], [20]), making them more suitable for practical demultiplexing applications,
but also requiring the ability to measure their non-trivial transfer matrices.
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Previous matrix-based approaches to characterizing photonic lanterns have been
reported, but these typically relate only the intensities of the input and output chan-
nels, rather than the full complex optical field. Such methods employ real-valued
operators—either power transfer matrices, which directly map measured intensities
[21–24], or coupling matrices that describe mode-dependent loss in decibels [25–27].
In addition, these studies often assume that the number of supported modes exactly
matches the number of output ports (N = M), an assumption that does not gener-
ally hold for practical lanterns, especially in a broadband regime. These intensity-level
matrices are useful for some specific applications, such as when modeling the launch
of a single MMF mode at a time, but the lack of phase information prevents them
from accounting for the relative phase of each mode, which changes the interactions
of the light field inside the PL. In other words, two multimode fields with identical
mode amplitudes, but different phases, produce different responses in the device. A
full field transfer matrix for each wavelength is therefore required for proper mode-
sorting implementations, with complex coefficients relating the amplitudes and phases
of the input modes to those of the output ports, as can be seen in Figure 1. Cruz-
Delgado et al. [28] simulated such a transfer matrix for a simple 4-port lantern, at a
single wavelength, from design parameters, while Tschernig et al. [29] demonstrated
efficient simulation of the transfer matrix for a 19-port lantern using the taper ref-
erence frame approach. However, a generalized method for experimentally measuring
the full decoding transfer matrix of an arbitrary lantern across a large bandwidth has
not yet been demonstrated.

We make the distinction between the operator that describes the evolution of
light from the multimode end to the single-mode channels, which we call the decoding

transfer matrix T , and the one that describes the evolution of single-mode light into
a multimode channel when the lantern is reversed, the encoding transfer matrix B.
While this work focuses on the decoding matrix measurement, other authors – for
instance [30] and C.D. et. al. (in preparation) – measure the encoding matrix of a
lantern (mapping the SMF ports to the MMF end) using off-axis holography. These
matrices are true inverses of each other only in the idealized case where the number of
modes equals the number of ports (N = M); however, as we show here, this is generally
not the case. In addition, encoding matrix measurements to-date [30] lack the port-
to-port phase coherence needed to obtain the decoding matrix from it. Consequently,
one matrix cannot generally be derived from the other.

Here, we demonstrate an experimental technique for obtaining the full decoding
transfer matrix of a photonic lantern across a broad wavelength range, allowing its
implementation for broadband sources. We measure transfer matrices at ten sample
wavelengths between 720 nm and 880 nm for a 19-port conventional lantern by generat-
ing a large set of known input fields to feed into the multimode end, and measuring the
corresponding wavelength-dependent response at the single-mode end via a dispersive
spectrograph. We use the input/output pairs of data at each wavelength to constrain
the value of the corresponding transfer matrix, minimizing the difference between the
measured output intensities and those predicted by multiplying the known complex
input modes with the estimated matrix, and using Jensen-Shannon divergence (JSD)
[31] as an evaluation metric. We set aside a subset of measurements as validation data
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Fig. 2 Transfer Matrix measurement process for a single wavelength, λ = 808 nm. (Left) We gen-
erate a set of several hundred known multimode input fields using a Spatial Light Modulator, each
corresponding to a complex mode vector uk (coefficients of the supported LP modes). (Middle) Cou-
pling each input field into the photonic lantern propagates the mode vector through the transfer
matrix T , producing an intensity response vector Ik at the PL ports. For a set of input fields that
span the available modal space, we can determine the elements of T that map the input modes to
output intensities using an optimization algorithm. (Right) Example of a measured transfer matrix
(real and imaginary components) for a 19-port lantern at a single wavelength, T (λ = 808 nm). The
resulting stochastic (“white noise”) appearance is typical in transfer matrices for conventional pho-
tonic lanterns.

and do not include them in the transfer matrix estimation, using them to confirm that
obtained matrices are successful at predicting the output of the device for a known
input.

2 Results

2.1 Measuring the transfer matrix

To demonstrate our method, we use a 19-port photonic lantern tapered from identical
single-mode fibers with a design wavelength of 850 nm, labeled PL850. We conduct
our analysis for a linear polarization state of θ = 0 for the input light. The lantern
features a multimode core diameter of 22.6 µm and a numerical aperture of 0.11. We
define the multimode input field as the vector u (an M -dimensional vector of complex
coefficients corresponding to each of the MMF basis modes), as shown in Figure 2 for
a selection of probe fields. Similarly, we describe the field in the single-mode output
space by arranging N complex coefficients corresponding to the illumination of each
of the SMF ports into the vector w, the intensity of which, I, is measured directly.
The N ×M transfer matrix T of the lantern linearly maps the input space and the
output space as w = Tu at a given wavelength (vector definitions are further detailed
in the Methods section).

We probe the device response by projecting linearly polarized, collimated broad-
band light onto a Spatial Light Modulator (SLM) to imprint a selected 2-dimensional
phase profile at the pupil plane. The polarization state of the field is controlled by
rotating a half-wave plate placed after the SLM. This modified wavefront is then
imaged onto the multimode end of the photonic lantern. We sequentially generate a
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total of 787 probe fields (a number sufficient for a well-posed solution) by utilizing
different phase patterns, calculating the corresponding M -element complex input vec-
tors u(λ) for 10 sampled wavelengths between 720 nm and 880 nm. Figure 2 shows
a selection of these computed vectors u at λ = 808 nm, illustrating the varied modal
content and phase values. For each probe field, we then measure the resulting out-
put intensities at each wavelength by dispersing the 19 ports through a spectrograph.
We present the corresponding output intensity vector measurements I(λ) for these
probes at λ = 808 nm in Figure 2. This process yields a set of 787× 10 complex input
vectors uk(λl) and a matching set of 787 × 10 output intensity vectors Ik(λl) (with
elements Ij = |wj |

2). These pairs of vectors constrain the retrieval of the wavelength-
dependent decoding Transfer Matrix, T (λ), which for this device is a 19× 23 matrix.
This non-square dimensionality arises because while the lantern has N = 19 single-
mode outputs, the multimode fiber core supports M = 23 spatial modes across the
characterization bandwidth. As noted previously, this mismatch means the matrix
cannot be unitary or directly invertible, so the decoding matrix cannot be derived
directly from the encoding transfer matrix of the photonic lantern.

We randomly partition the 787 vector pairs into a 90%–10% split, utilizing the
larger portion for transfer matrix optimization and reserving the remainder for subse-
quent validation. These measurements provide sufficient information to determine the
ten wavelength-dependent lantern transfer matrices, T (λl), one for each sampled wave-
length. For each case, we compare the measured output – intensity values recorded at
the spectrograph – with the predicted output, obtained by applying the estimated TM
operator to the input vector. We minimize the mean squared error (MSE) between
these two to obtain our transfer matrix operator. The resulting matrix performance
is then assessed using the Jensen–Shannon Divergence as a robust evaluation metric,
where JSD = 0 indicates perfect agreement between the predicted and measured val-
ues. For this lantern, the retrieved matrices achieved a final average JSD of 0.0896
when evaluated on the 90% training set. This represents a high-fidelity result, sig-
nificantly exceeding the accuracy thresholds required for superresolution imaging, as
detailed in the Methods section.

2.2 Validating obtained transfer matrices

To verify the accuracy of our obtained transfer matrices, we examine the 10% of
the data reserved for validation. As shown in Fig. 3, we obtain the predicted out-
put vector Îv(λ) by multiplying the input vector from the validation set by the
previously-determined transfer matrix T (λ). We then compare this predicted intensity
to the experimentally measured intensity, Iv(λ), using the Jensen-Shannon Divergence
metric.

We present the full measured and predicted intensity values across all ports and
wavelengths in Figure 3 for three select sample fields, alongside a visualization of their
absolute difference and their calculated JSD. For the first field, we also provide a
detailed comparison of amplitudes across two different wavelengths, λ = 795 nm and
λ = 808 nm, which correspond to distinct spectral “slices” of the same broadband
input. The measured and predicted values are highly similar throughout the entire
validation set, as we can quantify through the JSD values. The final plot in Figure 3
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Fig. 3 Transfer Matrix fidelity assessment using independent validation data set. (Left) Three exam-
ple validation probe fields, along with their corresponding measured intensity vectors at 10 different
wavelengths I(λ), and predicted intensity vectors Î(λ) calculated from the retrieved T (λ). We show

these as amplitudes
√
I to better visualize smaller values. The final column visualizes the absolute

amplitude difference, |
√
I −

√

Î|. (Top right) Detailed comparison of the measured and predicted
intensities for probe field E1 at two adjacent wavelengths, including the calculated Jensen–Shannon
Divergence (JSD) metric for these sets of values. (Bottom right) Compiled distributions of the JSD
evaluation metric across all validation input fields for each sampled wavelength. Median JSD values
are indicated by black dots. Observed JSDs fall consistently below the numerical threshold (indicated
by the dashed line) required for one-quarter of the diffraction limit, confirming the high precision of
our transfer matrix reconstruction.

compiles the full distribution of observed JSD per validation vector at each sampled
wavelength.

We have numerically estimated that the minimum required average JSD across a
data set for 0.25λ/D resolution (a quarter of the diffraction limit) to be 0.165 (see
Section 4.3). Our obtained JSD distribution falls consistently below that threshold for
all wavelengths. This shows that the transfer matrices we obtain produce predictions
that match the observed measurements with very little divergence, well below the
maximum tolerable JSD required for 0.25λ/D resolution imaging. The final average
JSD across the entire validation set is 0.0957, notably similar to the value obtained
in the training set, confirming the generalizability of our characterization method. We
display the entire set of obtained decoding transfer matrices for PL850 in Figure 4.

3 Discussion

We present a general and quantitative framework for determining the full complex-
valued decoding transfer matrix of a photonic lantern across a broad wavelength
range, demonstrated here on a 19-port PL850 device. By generating a large set of
known probe fields in the multimode fiber’s intrinsic modal basis and recording their
wavelength-resolved responses in the single-mode output basis, we directly recon-
struct the multimode-to-single-mode mapping through minimization of the difference
between measured and predicted outputs. Validation with independent probe fields
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Fig. 4 Broadband complex transfer matrices for the PL850 lantern. Measured decoding transfer
matrices, T (λ), for PL850 device at each sampled wavelength for the two orthogonal linear polar-
ization states (θ = 0 and θ = π/2). Each matrix row corresponds to an LP mode Ψi, and each
column corresponds to a lantern output port. The final matrix is the operator that minimized the
difference between predicted and measured output intensity values. Notably, the matrices show negli-
gible correlation across the sampled wavelengths and between the two orthogonal polarization states,
underscoring the necessity of broadband, polarization-resolved characterization.

confirms the effectiveness of this approach, with consistently low JSD values across
all ten sampled wavelengths—well below the threshold required for sub-diffraction
imaging accuracy.

This technique establishes a new paradigm for the quantitative characterization
of multimode photonic interfaces, critical for applications —such as quantum-inspired
imaging or wavefront sensing— that require the precise determination of the decod-

ing transfer matrix. It extends beyond previous intensity-only models, capturing both
amplitude and phase over a broad wavelength range to yield a complete description of
device behavior, a necessary approach to accurately account for the device’s complex
chromatic and polarization-dependent behavior. Crucially, the complex field retrieval
is robust because it leverages a diverse set of probe fields that incorporate large phase
offsets and spatial discontinuities, unlike techniques limited to small phase pertur-
bations. The ability to obtain broadband, field-resolved transfer matrices transforms
photonic lanterns from mere intensity couplers into fully calibrated optical systems.
This capability unlocks powerful new applications in high-capacity optical communica-
tions, adaptive wavefront control, quantum state manipulation, and information-rich
imaging systems.
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Our characterization reveals fundamental physical insights into the photonic
lantern’s behavior, particularly the impact of non-square transfer matrices and the
rapid spectral evolution of the device response. In practical lanterns, the number of
single-mode ports (N) rarely perfectly matches the number of guided modes (M)
across the device’s operating bandwidth, resulting in a non-square matrix that repre-
sents an intrinsically lossy or over-constrained mapping. This geometric reality, also
observed in recent work by Taras et al. [30], means that the encoding and decoding
processes are not simple unitary inverses of one another. Furthermore, we observe a
significant decorrelation of the transfer matrix across the sampled wavelength range.
This “wavelength evolution” confirms that the lantern’s modal interference is highly
chromatic, a property that necessitates the broadband, field-resolved approach we
have demonstrated. These findings re-emphasize that the decoding matrix (T ) cannot
be reliably derived from encoding matrix measurements (B) through simple pseudo-
inversion. Rather, applications requiring high-fidelity field reconstruction need direct
characterization of the decoding transfer matrix.

This procedure for measuring the full complex transfer matrix of photonic lanterns,
while a significant leap forward, is subject to several practical limitations. The accuracy
of the derived matrix is strongly tied to two factors: the precision of the synthesized
probe fields and the sensitivity of the output detection system. Any imperfections in
generating specific input modes or noise introduced during the measured responses will
directly degrade the final matrix fidelity. Furthermore, subtle environmental fluctua-
tions, such as thermal drift during the long measurement sequences, can temporally
corrupt the phase relationships and reduce the quality of the results.

From a computational standpoint, the minimization process, though robust,
remains susceptible to local minima within the high-dimensional parameter space.
This necessitates employing a comprehensive set of probe fields and an efficient opti-
mization algorithm to ensure a reliable global solution is found. Scaling this technique
to devices with a significantly higher number of modes or ports presents an increased
challenge, as the increase in matrix dimensionality demands a dramatically larger num-
ber of probe fields, thereby increasing measurement complexity and duration. Finally,
while the achieved precision is sufficient for the stated imaging requirements, its con-
sistent applicability across the full spectrum of photonic lantern designs and operating
conditions warrants further validation in future work.

4 Methods

4.1 Mathematical notation

For imaging applications, we orient the photonic lantern such that the shared multi-
mode core is the input, collecting the incoming light fields, and the individual SMF
channels are directed toward detectors, which measure the output. Each multimode
field EMM(x, y) that can be guided inside the MMF can be defined by a number M of
complex coefficients ui that describe the amplitude and phase of each mode present
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in the field as

EMM =

M
∑

i

uiΨi, (1)

where Ψi are the orthogonal spatial modes of the MMF (the LP modes) that form
the basis of a vector space U . Each coefficient is found as the overlap integral of the
total input field and the corresponding basis mode

ui =

∫

E∗

MM
ΨidA

√

∫

|EMM|2dA
∫

|Ψi|2dA
. (2)

The input field is therefore uniquely described by organizing these coefficients into a
vector

u =











u1

u2

...
uM











. (3)

Each output field ESM(x, y) that can be observed on the SMF side is likewise
described by N -many complex coefficients wj that describe the amplitude and phase
of the illumination of each port as

ESM =

N
∑

j

wjGj , (4)

where Gj is the fundamental mode of the jth SMF, forming the basis of the output
vector space W . The output field is uniquely described by a vector

w =











w1

w2

...
wN











. (5)

We can then define an N ×M operator T that transforms between corresponding
vectors in the input space U and the output space W , where the complex element Tji

relates the ith MMF mode to the jth SMF port, giving us the equation

w = Tu. (6)

This operator is the decoding transfer matrix that describes how a field coupled to the
lantern MMF is transformed into the emitted field on the other end. It is important to
note that this matrix is different from the encoding transfer matrix B, which relates
the fields in the opposite direction with light being joined into the common MMF as
u = Bw, which is the matrix measured by [30].
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4.2 Constraining the Transfer Matrix

If we consider an estimator T̂ ∈ CN×M for the unknown transfer matrix T of the
system, the goal is to constrain it until it uniquely matches T (up to a global phase).
Each known vector pair u0 and w0, related through w0 = Tu0, provides a constraint.
Thus, our technique relies on synthesizing a set of L multimode fields uk (where k ∈
{1,2,...,L}) and recording the lantern’s corresponding SMF responses, wk. The set
must be large and diverse enough to provide sufficient information about the device
behavior, ensuring the problem is not ill-posed and the optimizer can converge to a
robust estimator T̂ .

A primary challenge in determining the minimum number L of vector pairs required
to fully determine T is the phase loss upon detection, as we only measure the output
intensity vector Ik (with elements Ij = |wj |

2). This loss of information increases the
number of measurements that must be made, as this becomes an NP hard problem
[32]. For the phase retrieval problem, a number of distinct measurements L > 4M − 4
is typically considered injective [33], ensuring the existence of a unique solution. For
practical optimization, we choose a number much larger than this, targeting L > 10M
(where M = 23 for the PL850). This large, diverse dataset significantly improves the
convexity of the loss function, thereby accelerating convergence and enhancing the
robustness of the solution. To achieve this diversity and span the input space many
times over, we synthesize the 787 unique probe fields using a three-part strategy:

1. Base Fields: We start with 23 base masks, each designed to primarily excite one of
the M intrinsic LP modes of the fiber, ensuring all modes are probed at least once.

2. Angular Variation: We introduce additional probe fields by utilizing intermedi-
ate rotations of non-circularly-symmetric modes (e.g., intermediate angles between
LP11a and LP11b modes).

3. Spatial Offsets: We generate offset versions of these fields by translating the beam
relative to the fiber core. More spatial offsets are applied to lower-order modes
(which concentrate power near the center), as they still maintain good coupling
through small translations.

The final count of L = 787 was selected based on numerical simulations showing
diminishing returns in convergence acceleration after approximately 700 probe fields,
achieving the robustness required while minimizing measurement time. Some examples
of these fields and their corresponding input vectors are shown in Fig. 2 for a few
examples. This process produces coupling to different modes with diverse phases,
which is sufficient to span the input space many times over.

Once we have our full set of vector pairs, we choose a large subset of them (typically
90% of L) to use in optimizing the estimator T̂ . We find the complex values for each
unknown T̂ji such that they produce the minimal possible mean squared difference
between the directly measured intensity vector, Ik, and the predicted intensity vector,
Îk. The predicted vector is obtained from the intensity of each element in T̂uk: Îj,k =

|
∑

i T̂jiui,k|
2. This difference between the measured and predicted vectors, Îk − Ik,

serves as our error in the optimization process, with mean squared error as the loss
function to be minimized.
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To verify that we have found a general solution, we keep the remaining 10% of
vectors for validation; they are not used in the optimization of T̂ . If our obtained
transfer matrix is correct, then for each validation vector, the measured intensity Iv
and the predicted intensity Îv should be near identical. We evaluate the similarity
between the two vectors using the Jensen-Shannon Divergence, a symmetric and finite
similarity metric based on the Kullback-Leibler divergence, D(p,q) =

∑

i pi log
pi

qi

[31]. The JSD is defined by

JSD(I, Î) =
1

2
D(I, Ī) +

1

2
D(̂I, Ī), (7)

where Ī = 1

2
(I + Î) represents the average values between the vectors. Two identical

vectors will have a JSD of 0, with increasing values representing a greater divergence.

4.3 JSD sensitivity threshold estimation

To quantify how our measured characterization error, measured through JSD, relates
to the achievable spatial resolution, we performed a direct simulation. The standard
diffraction limit (DL) for our system is defined as DL ≈ λ/D. We calculate the pre-
dicted output intensity vectors for two inputs: A known field E0(r) and the same field
shifted spatially by a known amount ∆r, Eref(r) = E0(r −∆r). By multiplying their
corresponding input vectors u0 and uref with our transfer matrices T (λ), we calculate
the divergence between their produced outputs, JSD(I0, Iref).

By setting ∆r = 1

4
λ/D and ∆r = 1

2
λ/D, we obtain reasonable estimates for

the maximum JSD threshold that allows us to theoretically resolve elements at these
separations. Based on this simulation, we estimate the necessary error thresholds for
our system to be JSD < 0.165 for a quarter of the DL, and JSD < 0.258 for half the
DL.

4.4 Experimental setup

Our setup for obtaining the transfer matrices of the photonic lantern consists of two
main sections: An input field generator that produces the desired multimode fields
and feeds them into the lantern’s MMF port, and a spectrograph that disperses the
single-mode fiber ports, allowing us to record the wavelength-resolved intensity of each.

For the field synthesizer, we take a collimated beam of broadband light from a
supercontinuum laser and direct it onto a spatial light modulator. A polarizer enforces
the linear polarization state required for SLM interaction, and we impart a phase
profile ϕ(x′, y′) on the collimated beam. A subsequent half-wave plate allows us to
arbitrarily rotate the polarization axis of the beam. This modulated pupil plane is then
focused with a lens to form the image E(x, y) – the field which we couple into the MMF
core of the lantern. The decomposition of this focused field into the modes supported
by the lantern defines the PL input vector u. We typically perform measurements for
two orthogonal linear polarizations of the input light, which we arbitrarily label θ = 0
and θ = π/2 and treat independently. We arrange the 19 single-mode output ports
of the lantern to form a linear pseudo-slit which is dispersed through a transmissive
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grating onto a 2D detector array. This spectrograph can be examined across a given
wavelength λ to obtain the 19 intensities that make up the response vector I(λ).
Because the input field is broadband, we can use this spectrograph to extract the
output vectors for many wavelengths simultaneously.

We typically perform measurements across 10 discrete wavelengths in the range
between 720 nm and 880 nm, which is near the design wavelength of the lantern.
The dispersive nature of the phase masks used to generate the input modes means
that as the wavelength deviates significantly from our chosen reference wavelength of
808 nm (selected to match the monochromatic laser used for initial system alignment),
the projected fields begin to fall off the lantern’s face, thereby imposing an artificial
characterization bandwidth. Choosing a different central phase mask wavelength would
allow characterization of the same device in a different regime, and the overall setup
is capable of operating in a broader spectral range, approximately 650 nm to 950 nm.
Collecting a full data set for each polarization state typically takes on the order of an
hour, with the primary time-limiting factor being the data acquisition and handling
speed of our spectrograph camera.
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