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Four-channel off-axis holography is proposed to simultaneously understand the polarization states and the mode coeffi-
cients of linearly polarized (LP) modes in few-mode fiber. Far-field off-axis holograms in the four polarization directions of
the fiber laser were acquired at the same moment through a four-channel holographic device. The weights, the relative
phase differences, and the polarization parameters of the vector fiber laser mode can be solved simultaneously. The simu-
lated and experimental mode analysis of the laser output by 1060-XP fiber with 6 LP modes at 632.8 nm is conducted, which
shows that the similarity of the total intensity distribution of the laser before and after mode analysis is above 0.97. The
mode polarization states, the mode weights, and the relative phase differences of the few-mode laser can be determined
simultaneously in a single shot by four-channel off-axis holography.
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1. Introduction

Recently, the development of few-mode fiber (FMF) has
attractedmuch attention in frontier technologies[1–4]. For exam-
ple, in telecommunications, spatial mode division multiplexing
(MDM) technology based on FMFs is one of the best solutions to
break the limit of communication capacity of single-mode
fibers[1,2]. In high-power lasers, FMFs with larger mode field
area can effectively improve the power thresholds of nonlinear
effects[3,4]. For these applications, the mode coefficients of the
eigenmodes, including mode weights and phase differences,
are important parameters to characterize the mode field of few-
mode lasers, which is the superposition of the products of the
complex amplitudes and the corresponding mode coefficients
of the eigenmodes.
So far, a variety of mode decomposition (MD) techniques

that calculate the mode coefficients have been proposed, such
as the spatial spectroscopy method[5–7], correlation analysis
method[8–10], numerical analysis method[11–14], digital hologra-
phy method[15,16], and the matrix analysis method[17]. Both
mode weights and phase differences can be determined simul-
taneously using these methods. However, the few-mode lasers
under test usually need to pass through a polarization generator

before the lasers are analyzed by the MD setups, so the above
methods can only determine the mode coefficients under a sin-
gle polarization direction.
Some researchers studied the determinations of the polariza-

tion states of the eigenmodes in FMFs. Flamm et al.[18] achieved
Stokes vector measurement of different polarization modes in a
six-mode fiber by adding a polarizer and a quarter-wave plate
before theMD optical path based on the optical correlation filter
method (CFM). Andrmahr et al.[19] adopted a similar method to
study the polarization evolution of each mode during the
increase of output power of fiber lasers. The polarization param-
eters of each mode were measured separately by introducing the
polarizing elements into the MD system based on the annular
cavity. However, these methods require multiple independent
mode analysis, which rotates the analyzer or quarter-wave plate
repeatedly. It is time-consuming and only suitable for the mea-
surements of static beams.
In this paper, we propose a four-channel off-axis holographic

method to understand both the mode coefficients and the
polarization states of the linearly polarized (LP) mode in
FMF. The light under test interferes with the reference light
on the target of the polarization camera with four polarization
channels, forming four off-axis holograms with different
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polarization directions simultaneously. We can obtain the near-
field complex amplitudes in each polarization direction by
demodulating these single-shot far-field off-axis holograms[20]

and transmitting them virtually. The mode weights, the relative
phase differences, and the mode polarization states of the few-
mode laser can be obtained based on the near-field complex
amplitudes.

2. Theory

In FMF, the mode field can be characterized by a linear super-
position of LP modes[18]. As shown in Fig. 1, each LP mode
includes more than one spatial degenerate mode in the red frame
and each spatial degenerate mode has two polarization degener-
ate modes in the blue frame. The two polarization degenerate
modes with orthogonal polarization directions can be regarded
as one mode in the same spatial distribution with a specific
polarization state. Thus, the vector field of the laser can be deter-
mined by the polarized superposition of the LP modes,

E�x, y����������!
= a ·

XM
m=1

�ρm · eiϑm� · Em�x, y� · Pm
�!

, (1)

where the arrow ·⇀ represents the vector, M is the total number
of modes supported by the fiber, ρm is the mode weight of the
mth-order mode, and ρ2m is proportional to the power ratio of
themth-order mode. ϑm is the phase difference of themth-order

mode and the base mode; Pm
�!

represents the polarization of the
mth-order mode; Em�x, y� is the complex amplitude distribution
of the LP eigen modes, and a is the amplitude coefficient.
According to the Jones vector, the polarization state Pm

�!
of the

mth-order mode can be expressed as

Pm
�!

=
1�����������������

A2
m�B2

m

p �
Am

Bmeiφm

�
, (2)

where Am and Bm are both positive real numbers, which,

respectively, indicate the intensity relationship in the orthogonal
polarization directions. φm ∈ �− π

2 ,
π
2� represents the phase dif-

ference of the vectorial modes in orthogonal directions.
As shown in Fig. 2, we present a four-channel off-axis holo-

graphic technique for mode decomposition of vectorial fiber
laser. The light source is divided into two branches by the 1 × 2
fiber coupler (FC). One branch passes through the variable opti-
cal attenuator (VOA) and the FMF modulated by a polarization
controller (PC), forming the light under test. The other passes
through the VOA and the single-mode fiber modulated by a
PC, forming the point-diffraction reference light. After passing
the free-space nonpolarizing cube beam splitters (NPBSs), the
light under test interferes with the reference light at the polari-
zation camera, which is composed of the microlenses, the pixe-
lated polarizers, and the surface detector. There are four
orientations of the pixelated polarizers, which are 0°, 45°, 90°,
and 135°[21]. Four off-axis holograms are collected by the polari-
zation camera simultaneously. The off-axis amounts of the holo-
grams can be adjusted by the relative radial position of the
reference fiber and the fiber under test. The off-axis hologram
of each polarization orientation can be expressed as

Iintp�x, y�=Ap�x, y��Cp�x, y� cos�φp�x, y��w1 · x� w2 · y�,
(3)

where Ap�x, y� = Ip�x, y� � Ǐp�x, y� is the background of the

hologram. Cp�x, y� = 2
���������������������������������
Ip�x, y� · Ǐp�x, y�

q
is the contrast of the

hologram. Ǐp�x, y� and Ip�x, y� are the intensity distribution of
the reference and the light under test. φp�x, y� is the phase delay
of the light under test regarding the reference light. w1 and w2

are the carrier frequency coefficients in the x and y axis.
The background intensity of the hologram Ip FT�x, y� and

phase difference distribution φp FT�x, y� between the reference
light and the light under test can be obtained by making a
Fourier analysis to the off-axis holograms. Thus, the intensity
of the light under test can be expressed as

Ip in�x, y�=Ip FT�x, y� − Ǐp�x, y�, (4)

Fig. 1. Superposition of polarization-degenerate modes (blue frame) in the
same spatial distribution. Fig. 2. Setup with four-channel off-axis holography.
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where Ǐp�x, y� is the reference light intensity of the pth polariza-
tion orientation.
Considering that the reference light is the LP01 mode, it has

the same curvature radius of the spherical waves as the light
under test at the target of the polarization camera, and the phase
φp FFT�x, y� after eliminating the phase tilt can be directly con-
sidered as the plane wave phase output by the light under test
through the collimation lens. Further, the complex amplitude
Epin�x, y� of the light under test at the target of the polarization
camera can be defined as

Epin�x, y� =
��������������������
Ip in�x, y�

q
exp�iφp FFT�x, y��: (5)

Due to the large difference between the size of holograms and
the fiber core, the mode field of the fiber end surface recon-
structed by the complex amplitude obtained in Eq. (5) is low-res-
olution. To solve this problem, the virtual transmission method
based on 4F system is used to obtain the enlarged complex
amplitude distribution Ep�x, y� at the conjugated position of
the end surface of the fiber core in each channel[16]. The coef-
ficient cmp of themth-order mode on the pth channel can be cal-
culated by the cross-correlation degree[22],

cmp =

ZZ
Ep�x, y�Em�x, y�dxdy�������������������������������������������������������������������������������������ZZ

jEp�x, y�j2dxdy
�ZZ

jEm�x, y�j2dxdy
s , �6�

where Em�x, y� is the ideal eigenmode distribution of the mth-
order mode. The mode weights and the relative phase
differences on the pth channel can be expressed as

θmp = arctan

�
Im�cmp�
Re�cmp�

�
, (7)

rhomp = Re�cmp�2 � Im�cmp�2, �8�
where rhomp satisfies the relationship:

P jcmpj2 =
P

rhomp = 1.
Through the mode analysis, the intermodal relationship on

each channel can be obtained. According to the generalized
polarization theory[23], to determine the polarization parameters
of LP modes, the above intermodal relationship needs to be con-
verted into the light intensity relationship of eachmode in differ-
ent polarization directions ulteriorly.
The complex amplitude ERmp�x, y� of LP modes in each chan-

nel can be expressed as

ERmp�x, y� =
������
Kp

q
·

������������
rhomp

q
· eiθmp · Em�x, y�, (9)

where Kp =
RR

Ip�x, y�dxdy=
RR

I Rp�x, y�dxdy is the intensity
ratio of the pth channel, Ip�x, y� and I Rp�x, y� refer to the actual
intensity distribution and the reconstruction by the normalized
mode decomposition coefficients on the pth channel.
The Stokes parameters express the state of polarization in

matrix defined as[23]

S�x, y� =

2
6664

S0�x, y�
S1�x, y�
S2�x, y�
S3�x, y�

3
7775 =

2
6664

I0°�x, y��I90°�x, y�
I0°�x, y�−I90°�x, y�
I45°�x, y�−I135°�x, y�
IRight�x, y�−ILeft�x, y�

3
7775, (10)

where the I0°�x, y�, I45°�x, y�, I90°�x, y�, and I135°�x, y� are the
intensities measured by pixels corresponding to polarizers ori-
ented at 0°, 45°, 90°, and 135°, respectively, while IRight�x, y�
and ILeft�x, y� are intensities that represent the amount of
right-handed and left-handed circularly polarized light.
If the LP modes are fully polarized, the Stokes parameters can

be determined by the mode weight rhomp and the intensity ratio
Kp of the pth channel,

S0m=I0°�I90° ∝ rhom1 · K1�rhom3 · K3, �11a�

S1m=I0° − I90° ∝ rhom1 · K1−rhom3 · K3, �11b�

S2m=I45°−I135° ∝ rhom2 · K2−rhom4 · K4, �11c�

jS3mj =
����������������������������
S20m−S21m−S22m

q
: (11d)

It also can be represented by the parameters of the polariza-
tion vector Pm

�!
in Eq. (2)[23],

S0m = A2
m � B2

m, �12a�

S1m = A2
m − B2

m, �12b�

S2m=2AmBm cos�φm�, (12c)

S3m=2AmBm sin�φm�: (12d)

Each parameter of the polarization vector Pm
�!

of the mth-
order mode can be expressed by the mode weight rhomp and
the intensity ratio Kp of each channel,

Am =

�����������������������
S0m�S1m

2
=

r ����������������������
rhom1 · K1

p
, �13a�

Bm =

������������������
S0m−S1m

2

r
=

����������������������
rhom3 · K3

p
, �13b�

jφmj = arccos

�
S2m

2AmBm

�

= arccos

�
rhom2 · K2−rhom4 · K4

2
�����������������������������������������������
rhom1 · K1 · rhom3 · K3

p �
∈ �0, π�: (13c)

Comparing the expression of Eq. (9) with Eq. (1) on the 0°
channel, ρm and ϑm in the vectorial laser can be expressed as

ϑm� θm1, �14a�
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ρm ∝
�����������������������������������������������
rhom1 · K1�rhom3 · K3

p
, �14b�

where ρm satisfies the relationship:
P

ρ2m = 1.
It should be noted that the sign of φm cannot be determined

by Eq. (13c). In other words, the polarization rotation direction
of the modes cannot be calculated directly. In order to solve this
problem, we exhaust the different polarization rotations by vary-
ing the sign of φm, and joint Eqs. (13) and (14) into Eq. (1) to
obtain the superposition of LP modes with different rotations.
Comparing the similarity of the above results and the incoherent
superposition of the mode field in each channel after the
demodulation of off-axis holograms, the sign with the highest
similarity is the final result.
In summary, the polarization states and the mode coefficients

of the LPmodes can be calculated by four-channel off-axis holo-
grams. Figure 3 summarizes the calculation flow. First, we obtain
the complex amplitude in the four channels at the camera target
by solving the off-axis hologram based on the frequency carrier
method[24,25]. Second, the mode fields of the fiber end in the
conjugated position of each channel are established by a virtual
4F system. Third, the mode weights and the relative phase
differences of the fiber laser in each channel are calculated by
complex amplitude projection[26]. Finally, the mode weights,
the relative phase differences, and the mode polarization param-
eters of the vectorial LPmodes can be obtained with polarization
mode analysis.

3. Simulation

A simulation model is developed to verify the method. The fiber
under test (core diameter, 5.8 μm; NA, 0.14) is consistent with

the 1060-XP fiber (Nufern), which contains six LP modes at the
wavelength of 632.8 nm. The reference fiber (fiber core diameter,
3.5 μm; NA, 0.13) is consistent with the 630HP fiber (Nufern),
which is a single-mode fiber at the wavelength of 632.8 nm.
Figure 4(a) shows the mode weights and the relative phase
differences of the test laser. The mode weights of LP01, LP11o,
LP21e, and LP21o are set to 0.2; others are set to 0.1. Figure 4(b)
is the representation of each mode polarization on the Poincaré
sphere. The six dots on the Poincaré sphere corresponding to
each LP mode are connected in the order of LP01, LP11e,
LP11o, LP02, LP21e, and LP21o. Figure 4(c) shows the total inten-
sity distribution of the vectorial beam with the parameters
above, which is the incoherent superposition of the projected
complex amplitudes in orthogonal polarization directions of

E�x, y����������!
. As is shown, the total intensity at the end of the test fiber

is concentrated in a circle with a radius of 5.8 μm. Figure 4(d)
shows the total intensity distribution of the circularly-polarized
reference light, which is mainly Gaussian, distributed in a circle
with a radius of 3.5 μm.
Figure 5 shows the simulated off-axis hologram formed in the

0° polarization channel of the polarization camera and its
demodulation results. In the simulation, the transmission dis-
tance from the fiber end to the camera target is set to 0.1 mm,
in order to minimize the spectral undersampling problem[27]

during angular spectrum transmission. The hologram shown
in Fig. 5(a) is mainly distributed in a square with a length of
40 μm. There are six fringes in a circle with a diameter of
5 μm. Figure 5(b) shows the spectral information. Figure 5(c)
shows the intensity distribution of the test light in the 0° polari-
zation channel, obtained by performing the inverse Fourier
transform of the 0th-order frequency component in Fig. 5(b)

Fig. 3. Simulation process.
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and excluding the precollected reference light. The phase distri-
bution in the same channel is shown in Fig. 5(d), which is
obtained by performing the inverse Fourier transform of the
−1st-order frequency component in Fig. 5(b).
Figure 6(a) shows the calculated light intensity distribution of

the fiber end in the 0° polarization channel using the virtual
transmission method[16]. Light intensity varies in each polariza-
tion channel due to the different polarization states of LPmodes.
Figure 6(b) shows the MD results on the 0° channel, including

the mode weights and the relative phase differences. Figure 6(c)
shows the reconstruction by MD on the 0° polarization channel.
The light intensity similarity before and afterMD reconstruction
is 0.9996. The similarities on other channels (45°, 90°, and 135°)
are 0.9987, 0.9981, and 0.9993 respectively. All of them
remained above 0.99, which can verify the feasibility of the MD.
Figures 7(a) and 7(b) represent the mode weights and the rel-

ative phase differences of the vectorial LP modes determined by
Eqs. (14a) and (14b). The solid and striped bar charts represent
the set values and the calculated results, which are consistent
with each other. Figure 7(c) represents the set polarization states
(red) and the calculated ones (blue) of each mode on the
Poincaré sphere. The total intensity distribution reconstructed
by the above mode coefficients and polarization states of LP
modes is shown in Fig. 7(d). The similarity between the distri-
bution in the figure and that in Fig. 4(c) is 0.9883, proving that
this new method can simultaneously understand the polariza-
tion states and the mode coefficients of LP modes.

4. Experimental Setup

Figure 8 shows the experimental setup based on the four-
channel off-axis holography. A He–Ne laser (λ = 632.8 nm,
HRS015B, Thorlabs) is used as the light source. The light source
is coupled into a 1 × 2 fiber optic splitter (MCFBT, MC Light,
China) with a coupler (PAF2-A4C, Thorlabs). Both arms of the
splitter are connected in turn with a VOA (MCVOA-630, MC
Light, China) and a three-paddle PC (FPC030, Thorlabs), form-
ing the reference light and the test light, respectively. 1060-XP
fiber (core diameter, 5.8 μm; NA, 0.14; length, 2 m, Nufern)
is used as the test fiber, which contains six LPmodes at the wave-
length of 632.8 nm. The single-mode fiber (Nufern, 630-HP) is
used as the reference fiber. In Fig. 8, the area circled by the solid
yellow line is the four-channel off-axis holographic system,
which is ultracompact within 50mm × 30mm × 30mm. The
holograms taken by the polarization camera (PHX050S, Lucid)
are analyzed by personal computer (Lenovo Y7000P, CPU
i7-10875 H, RAM 16G).

5. Results

Figures 9(a)-9(d) show the intensity distribution of the reference
light on each channel of the polarization camera. The reference
light is generated by the single-mode fiber with the polarization
states controlled by the three-paddle PC. As is shown, the inten-
sity on each channel conforms to the Gaussian distribution.
Figure 9(e) shows the degree of linear polarization (DOLP),
which is calculated by the method described in the literature[21].
Since the DOLP values in the figure are all close to 0, the refer-
ence light is circularly polarized.
Figures 10(a)–10(d) show the four-channel holograms taken

by the polarization camera in a single shot. The exposure time of
the camera is 33 μs. Intensity and phase distributions of the
test light, which is demodulated by holograms, are shown in
Figs. 10(e)–10(h) and 10(i)–10(l). The tilt aberrations of the

Fig. 4. Parameter of vectorial laser and light intensity distribution. (a) Mode
coefficient set in the simulation; (b) set values of the mode polarization states;
(c) intensity of the test light; (d) intensity of the reference light.

Fig. 5. Off-axis hologram of 0° channel and its demodulation results. (a) Off-
axis hologram; (b) local spectral distribution; (c) demodulation results of the
light intensity; (d) demodulation results of the phase distribution.
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demodulated phase distributions are eliminated. There are
obvious phase steps in the weak intensity positions, which shows
that the tilt aberrations are effectively eliminated. Since the refer-
ence light is fixed, dynamic demodulations of the holograms can
be achieved when a set of reference light intensity is pre-
acquired.
Figures 11(a) and 11(b) show the normalized total intensity

distributions, which is the incoherent superposition of the pro-
jected complex amplitudes in the orthogonal polarization direc-

tions of E�x, y����������!
before and after mode analysis. The similarity

between them is up to 0.9933. Figure 11(c) shows the mode

weights (red) and relative phase differences (blue). The LP11e

and LP11o are the main components in this mode field.
Figure 11(d) shows the polarization states of modes calculated
by mode analysis on a Poincaré sphere. LP11o, LP21e, and
LP21o are nearly linear polarization. LP01, LP02, and LP11o are
elliptically polarized. Through disturbing the test fiber by the
PC, we take 30 groups of holograms for mode analysis. The
acquisition of each group of holograms can be achieved by a sin-
gle exposure of the polarization camera, so the acquisition time
is extremely fast. However, the post-acquisition analysis can be
on the order of several minutes, depending on the data size of the
images. The top and bottom spots of Fig. 12 are the total inten-
sity reconstructed before and after mode analysis, respectively.
The 30 sets of total intensity similarities between them are all
above 0.97, demonstrating this method is robust.

6. Discussions

The polarization state of the reference light influences the
demodulation accuracy of the testing light complex amplitude
and the mode analysis results by affecting the contrast of the
hologram in each channel. Based on the laser parameters set
in the simulation, Figs. 13(a) and 13(b) show the mode analysis
results when the reference light is on elliptic and linear polari-
zation states. The total intensity similarities before and after
mode analysis are 0.9939 and 0.9652 when the reference light
is elliptically and linearly polarized, respectively. The similarity
of the total intensity before and after mode analysis in Fig. 13(a)Fig. 8. Experimental setup.

Fig. 6. Light intensity distribution in the conjugated position of the fiber end and its MD reconstruction in the 0° channel. (a) Light intensity after virtual trans-
mission; (b) MD coefficients; (c) reconstruction by MD.

Fig. 7. Simulation results of mode analysis. (a) Mode weights; (b) relative phase differences; (c) mode polarization states; (d) reconstruction after mode analysis.
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is basically the same as that in Fig. 7(d), while the similarity in
Fig. 13(b) differs from that in Fig. 7(d). Figure 13(c) shows that
the polarization states of different LP modes measured with the
elliptically polarized reference light are consistent with the set
values, while the results measured with the linearly polarized
light are different. This phenomenon can be attributed to the fact
that the contrast of the off-axis hologram is close to 0 on the
channel whose polarization axis is orthogonal to that of the
linearly polarized reference light. Thus, the linearly polarized
reference light cannot be used for the mode analysis with the
four-channel off-axis holography.

Figure 14 shows the effects of the remaining tilt and defocus
aberrations in the demodulated phase distribution in Fig. 5(d)
on mode analysis. The results show that when the tilt aberration
(red line) exceeds 1λ (λ = 633 nm), its similarity of the total
intensity before and after mode analysis is lower than 0.96. As
for the defocus aberration (blue line), the total intensity similar-
ity before and after mode analysis is lower than 0.95. In the
experiment, the stripes of the holograms should be kept as
straight as possible to reduce the effects of the defocus aberra-
tion. At the same time, the tilt aberration should be eliminated
in the demodulation process of the holograms according to the

Fig. 9. Reference light intensity on each channel and its DOLP distribution. (a)–(d) Intensity of the reference light on different channels; (e) DOLP distribution of the
reference light.

Fig. 10. Holograms in each channel and its demodulation results. (a)–(d) Holograms; (e)–(h) demodulation results of the intensity; (i)–(l) demodulation results of
the phase.
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step phase characteristics of the mode field to obtain more accu-
rate mode analysis results.

7. Conclusion

A four-channel off-axis holography is proposed to simultane-
ously understand the polarization states and the mode coeffi-
cients of LP modes in FMF. Far-field off-axis holograms in

the four polarization directions of the few-mode laser are
acquired synchronously through a four-channel holographic
device. Combined with the Fourier analysis of the holograms
and the virtual transmission, the amplitude distributions on
the fiber end in the four polarization channels are reconstructed
with high precision and high resolution. By converting the inter-
modal relationship of each channel into the intensity relation-
ship of each mode in the four channels, the weights, the
relative phase differences, and the polarization parameters of
the vectorial LP modes can be determined simultaneously.
The combination of polarization camera and off-axis holo-
graphic technology enables single-shot mode analysis. The sim-
ilarity of total intensity, which is the incoherent superposition of
the projected complex amplitudes in the orthogonal polarization
directions before and after mode analysis, is up to 0.9933 in
experiment, demonstrating that the mode analysis is accurate.
The method provides a technical solution for the determination
of polarization states and mode coefficients of few-mode fiber
and its devices, which is conducive to the design, manufacture,
and development of fiber laser.
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Fig. 11. Mode analysis results. (a) Reconstruction by MD; (b) reconstruction by
mode analysis; (c) mode coefficients; (d) polarization states.

Fig. 12. Similarities of different MD calculations.

Fig. 13. Mode analysis results based on the reference light on different polarization states. (a) Elliptic polarization; (b) linear polarization; (c) polarization analysis
results based on the reference light on different polarization states.

Fig. 14. Effects of the remaining tilt and defocus aberrations on mode
analysis.
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