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We propose and experimentally demonstrate a simple
method for characterizing the power transfer matrix of pho-
tonic lanterns (PLs) used for mode division multiplexing
(MDM) transmission. Due to the optical reflection arising
at output facet of the few-mode fiber (FMF), we are able to
detect the power at the individual single-mode fiber (SMF)
input port and exploit a series of equations based on the
theory of energy conservation to obtain mode-dependent
characteristics of the PL, including the property of mode
selectivity, insertion loss (IL), and channel-dependent loss
(CDL). The proposed method is experimentally verified
for both the mode selective and the nonmode selective
photonic lanterns. © 2016 Optical Society of America

OCIS codes: (060.1810) Buffers, couplers, routers, switches, and

multiplexers; (060.2340) Fiber optics components; (060.4230)

Multiplexing; (060.2330) Fiber optics communications.

http://dx.doi.org/10.1364/OL.41.002302

Recently, mode division multiplexing (MDM) using few-mode
fibers (FMFs) [1], together with multi-input multi-output
(MIMO) digital signal processing [2], is regarded as a promis-
ing solution to further enhance the date-carrying capacity of
single optical fiber [3,4]. The critical challenges for MDM im-
plementation are to multiplex and de-multiplex several mode
channels with a high contrast ratio, tolerable insertion loss (IL),
channel-dependent loss (CDL), and low mode-dependent loss
(MDL) [5]. The mode division multiplexers (MMUXs) based
on free-space optics usually have severe IL and CDL, limiting
their practical applications [6,7]. However, the waveguide-
based MMUXs, such as long-period fiber Bragg gratings [8]
and PLC-based couplers [9], have relatively smaller IL. Most
recently, due to low IL and CDL, photonic lanterns (PLs)
emerge as the most promising multiplexing solution. By em-
ploying multiple input SMFs that are adiabatically tapered
into a single multi-mode fiber (MMF), several modes can be
simultaneously launched into the fiber of interest [10]. Recent
experiments have demonstrated six spatial and polarization
modes multiplexing QPSK signal transmission over 900 km

FMF using PL-based MMUX with low IL and low CDL [11].
According to the fabrication techniques, PLs can be divided
into two categories, all-fiber PL [12] and laser inscribed 3D
waveguide PL [13]. In view of mode selectivity, there are
two forms of PLs, nonmode selective [14] and mode selective
[15,16]. For nonmode selective PLs, the modes fully couple
at the output of the PL while, for mode selective PLs, most
of the power from one input SMF is coupled into one specific
mode. Therefore, a compact and easy method for characterizing
a power transfer matrix of PL is highly desired, although MDL
of the photonic lantern can only be derived from the field trans-
fer matrix. Until now, the field transfer matrix can only be
quantitatively characterized, when a multi-port optical vector
network analyzer with a spatial-diversity (SDM-OVNA) oper-
ating at the reflection mode is utilized, where a swept wave-
length interferometer is involved [17,18]. In this Letter, a
simple method for characterizing the power transfer matrix,
mode selectivity, IL, and CDL of PLs is proposed. By exploiting
optical reflectivity, the power at each input SMF is quantita-
tively determined by the power transfer matrix of the PL.
By launching power into each input port independently and
detecting the power out of each port, we are able to obtain
the power transfer matrix of the PL, as well as corresponding
mode selectivity and CDL.

When the input SMFs are adiabatically merged into a single
multi-mode core, the launched single-mode field evolves into
the modes guided by the FMF, and vice versa. When the light is
launched from one input port, the output modal field can
be treated as the superposition of several guided modes of the
output FMF. Thus, the input power distributes among the
modes, each mode possessing a ratio that is defined as mode
excitation efficiency. The power transfer matrix of PLs is com-
posed of these mode excitation efficiencies. For a three-mode
PL, as shown in Fig. 1(a), the correspondence between the
SMF input ports and the output modes is described in
Fig. 1(b). We define LP01, LP11a, and LP11b as modes 1, 2,
and 3, respectively. The mode excitation efficiency Rij repre-
sents the ratio of power launched from port i that is coupled
into mode j. The power transfer matrix has the form of Eq. (1),
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regardless of the PL being mode selective or nonmode selective.
It describes the relationship between the input power from
each SMF and the output power in an individual mode. When
the tapering process is adiabatic, the backward propagation
transfer matrix is the transpose form of the forward propagation
direction:

T 3LP �
2
4 R11 R21 R31

R12 R22 R32

R13 R23 R33

3
5: (1)

When a mirror is placed closely after the output FMF end
facet, as shown in Fig. 2, the forward propagating light is re-
flected and propagates backward through the PL. For a real PL,
the correspondence between input ports and the output modes
is not one to one. Thus, the reflected light may be coupled into
every input SMF port. When the coherent length of the laser
source is much smaller than the light path difference between
involved modes, the power array of the modes in the FMF is
equal to the power transfer matrix multiplied by the power vector
of input ports, and vice versa. Therefore, the detected power from
each input port and the input power has the relationship of

Pout � TT
3PL · Rreflect · T 3PL · Pin; (2)

where the superscript T represents the transpose operation.
Here, P in is the input light power array, and Pout is the detected
output power array consisting of the three detected powers from
three input ports. Rreflect is a diagonal matrix where elements r1,
r2, and r3 are the mode reflection efficiencies of the mirror:

Rreflect � diag�r1; r2; r3�: (3)

The parameters of Rij (i � 1, 2, 3 and j � 1, 2, 3) and ri
(i � 1, 2, 3) are to be resolved. When only launching light

P1 from port 1, Pin is � P1 0 0 �T . The input matrix, together
with Eq. (2), generates three equations with 12 unknown param-
eters, as shown in Eq. (4):2

4P11

P12

P13

3
5 �

2
4R11 R12 R13

R21 R22 R23

R31 R32 R33

3
5" r1 0 0

0 r2 0
0 0 r3

#

×

2
4 R11 R21 R31

R12 R22 R32

R13 R23 R33

3
5
2
4P1

0
0

3
5: (4)

P11, P12, and P13 are the detected powers from ports 1, 2, and 3,
respectively. When we launch the light from ports 2 and 3,
another six equations can be obtained. The detected power
out of the output FMF, Pout-i, (i � 1, 2, 3 for the case of launch-
ing from different input ports), is the sum of the power distrib-
uted among the three modes. Thus, another three equations are
obtained: 8<

:
Pout-1 � �R11 � R12 � R13� · P1;
Pout-2 � �R21 � R22 � R23� · P2;
Pout-3 � �R31 � R32 � R33� · P3:

(5)

Pi (i � 1, 2, 3) is the launched power from each input port.
According to Eqs. (4) and (5), we finally have 12 equations with
12 unknown parameters. Although analytical solutions of these
equations is impossible, the approximate values through numeri-
cal calculations can be obtained. Since each element of the sol-
ution has a corresponding physical meaning, the realistic value
can be identified within a unique range, and the reasonable sol-
ution is conditional. Then, the performance of the PL can be
derived from these parameters. A larger Rii means more power
is coupled into the corresponding mode, indicating stronger
mode selectivity. The mode selectivity and IL have the form of

Mode selectivity � 10 log10

�
RiiP
j
Rij

�
�i ≠ j�; (6)

ILi � −10 log10

�X
j

Rij

�
: (7)

The channel-dependent loss (CDL), which describes the IL of
different information channel, is

CDL � ILj − IL1: (8)

During experimental verification, the use of mirrors is not as
good as we expected. Generally, an ideal mirror must be vertical
to the output FMF facet to satisfy the condition of Eq. (2).
Note that the modal distribution of backward propagating light
in the FMF must be the same as the forward propagating light,
except for the propagating direction. Otherwise, the transfer
matrix will not be the same as Eq. (3), indicating the almost
zero distance between the fiber facet and the mirror. Satisfying
these conditions in the experiment is challenging. The alterna-
tive solution is to utilize the Fresnel reflection by the FMF
facet. Even with the detected power being substantially re-
duced, in comparison to the use of a mirror, favorable results
can still be obtained if the output FMF facet is well cleaved.
First, we characterize the transfer matrix of a PL with good
mode selectivity (Phoenix Photonics 3PL-0140104). The
operation wavelength is set to be 1550 nm, and an infrared
charge coupled device (CCD) camera is used to capture the

Fig. 1. (a) Scheme of a three-mode PL. (b) Correspondence
between input ports and output modes.

Fig. 2. Scheme of test for the performance of a three-mode PL.
TLS: wide bandwidth tunable light source.
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modal profile from the output FMF. The experimentally cap-
tured modal profiles are shown in Figs. 3(a)–3(c). The detected
power from the same input port as the launching one after a
circulator is larger than that from other input ports, indicating
strong mode selectivity. After numerical calculations, the trans-
fer matrix is shown in Table 1. It can be found that Rii ≫ Rij
(i ≠ j), indicating that most of the incident power is coupled to
the expected mode. The LP01 mode selectivity over LP11 modes
is 16.80 dB when launching from port 1 while, when launching
from ports 2 and 3, the LP11 mode selectivity over LP01 mode
and the spatially orthogonal LP11 mode is 16.54 and 14.77 dB,
respectively. The IL is 3.67, 4.07, and 4.22 dB, respectively.
The corresponding CDL is smaller than 0.55 dB. For a non-
mode selective PL (Phoenix Photonics 3PL-0140106), the
transfer matrix is shown in Table 1. The corresponding output
modal profiles are summarized in Figs. 3(d)–3(f ). Weak mode
selectivity can be observed from both the calculated transfer
matrix and the output modal profiles. The calculated CDL
is as high as 2.11 dB.

The proposed method can be quantitatively verified when
we cascade two PLs by splicing them at the FMF ends, after
adjusting the orientation to realize a mode match. When
launching power from one PL, the output power from the ports
of the other PL should follow the transfer matrix product,

Pout-PL2 � TT
3PL−2 · T 3PL−1 · Pin−PL1: (9)

Consequently, the detected output power from PL 2 is a little
different from the calculated values with Eq. (9), due to the
perturbation with the error by

Error � ‖Pout-calculate − Pout-measure‖
‖Pout-calculate‖1∕2 × ‖Pout-measure‖1∕2

× 100%; (10)

where ‖ · ‖ represents the 2-norm operator. When power is
launched from three input ports of PL 1 sequentially, the errors
are found to be 1.327%, 2.818%, and 3.104%, respectively.
When power is launched from port 1, the error is the smallest
because most of the power from port 1 of PL 1 is coupled into
the LP01 mode whose modal profile changes little under fiber
perturbation. When we launch power from PL 2, the final er-
rors are calculated to be 3.525%, 4.859%, and 4.766%, respec-
tively. These data quantitatively prove the rationality of the
proposed method. Meanwhile, another quantitative verification
method can be done by modal profile overlap integration. By
operating overlap integration between the captured modal pat-
tern and analytical equation of the designated LP modes, we
can obtain the excitation efficiency of LP01 and LP11 modes.
These excitation efficiencies constitute the power transfer
matrix. The measurement error of the power transfer matrix
can be calculated with Eq. (10). The errors of the three-port
mode selective and nonmode selective PLs under test are
7.2% and 8.22%, respectively.

Next, we test a six-port nonmode selective PL (Phoenix
6PL-0150430). Each input port matches one of the six modes
(LP01, LP11a, LP11b, LP21a, LP21b, and LP02). Since the PL has
weak mode selectivity, the light from one input port is coupled
into all guided modes. However, there is certainly one mode
that possesses the most power. The calculated transfer matrix
is shown in Table 2. Clearly, Rii is larger than Rij (i ≠ j),
indicating that each mode can only get the largest excitation
efficiency from a special corresponding input port. We cannot
find two modes getting the largest excitation efficiencies from
the same input port. The small values of the nondiagonal
parameters indicate the weak mode excitation of other modes.
The mode selectivities for the six modes are calculated to be
5.77, 7.66, 2.88, 2.53, 0.50, and 3.06, respectively. Different
from the three-mode PL, the output modal field of the six-
mode PL is much more complicated and is not easy to identify,
as shown in Fig. 4. However, we can recognize the modes by
jointly analyzing the captured modal field profile and the cal-
culated transfer matrix. Taking Fig. 4(b) as an example, it looks
much like the profile of the LP11 mode, and the mode selec-
tivity is not very small. This is in accordance with the calculated
results when launching power from port 2, as shown in Table 2.
However, we can hardly tell the name of the mode shown in
Fig. 4(e), indicating the co-existence of several LP modes. This
is confirmed by the two large nondiagonal values for port 5
during the calculation of the corresponding power transfer
matrix.

The above experimental results prove the feasibility of the
proposed method for charactering the PL of both mode selec-
tive and nonmode selective types. Meanwhile, we also identify
two factors affecting the accuracy, including the polarization

Fig. 3. Captured output field profiles. (a)–(c) are for Phoenix
Photonics 3PL-0140104 when launching power from ports 1–3, re-
spectively. (d)–(f ) are for Phoenix Photonics 3PL-0140106 when
launching power from ports 1–3, respectively.

Table 1. Calculated Transfer Matrix of a Three-Mode PL

Mode 1 Mode 2 Mode 3 PL

Port 1 0.4208 0.0055 0.0033 Mode Selective
Port 2 0.0046 0.3833 0.0039
Port 3 0.0032 0.0090 0.3662
Port 1 0.2305 0.0624 0.0182 Nonmode Selective
Port 2 0.0553 0.3446 0.1059
Port 3 0.0331 0.0556 0.2871

Table 2. Calculated Transfer Matrix of a Six-Mode PL

Nonmode
Selective

Mode
1

Mode
2

Mode
3

Mode
4

Mode
5

Mode
6

Port 1 0.2837 0.0056 0.0212 0.0317 0.0146 0.0020
Port 2 0.0053 0.3656 0.0294 0.0033 0.0088 0.0158
Port 3 0.0018 0.0252 0.3058 0.0139 0.0338 0.0828
Port 4 0.0207 0.0265 0.0433 0.2425 0.0386 0.0063
Port 5 0.0423 0.0219 0.1358 0.0125 0.4109 0.1536
Port 6 0.0000 0.0995 0.0155 0.0635 0.0215 0.4044
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state of incident light and the perturbation of the FMF. As the
concerned modes are the LP modes, the light launched into the
input port should be linearly polarized to generate the expected
high-order LP mode. Only under such a condition can the out-
put mode field be treated as the superposition of three LP
modes. The second factor aims to reduce the mode mixing
in the FMF. If the FMF is perturbed, mode coupling occurs
between the modes, affecting the accuracy of characterization.
The perturbation, such as bending and twisting, is unavoidable
when the FMF is very long. Only when the output FMF is
short can we guarantee the FMF is with acceptable perturba-
tion. In our experiment, the output FMF is about 50 cm and is
kept free from perturbation during the characterization. Then,
the FMF is slightly bent and twisted to capture a good LP mode
profile without mode coupling between LP mode groups. For
the nonmode selective three-mode PL (Phoenix Photonics
3PL-0140106), we test the power transfer matrix when the op-
eration wavelength spreads from 1530 to 1565 nm, across the
C-band. The calculated mode selectivity spectral is summarized
in Fig. 5. It can be found that the mode selectivity is wavelength
dependent. This may come partially from the fact of polariza-
tion fluctuation, when the operation wavelength of laser source
is tuned.

In conclusion, we propose and experimentally demonstrate
a simple method for charactering the power transfer matrix of
PL. By exploiting the optical reflection arising at the output
FMF facet, we are able to detect the power of individual

SMF input port and obtain a series of equations based on
the theory of energy conservation. From this calculation, the
mode-dependent characteristics of the PL can be obtained.
The proposed method is verified for both mode selective
and nonmode selective PLs.
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