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We experimentally demonstrate and evaluate the
performance of an analog signal transmission system with
photonic integrated optical vortex emitter and 3.6-km
few-mode fiber (FMF) link using orbital angular
momentum (OAM) modes. The fabricated photonic
integrated device is capable of emitting vector optical
vortices carrying well-defined and quantized OAM modes
with topological charge I=-2 and 2. After propagating
through 3.6-km FMF, we measure and assess the spurious
free dynamic range (SFDR) of the second-order harmonic
distortion (SHD). Moreover, we study the impact of
nonlinearity-induced resonance wavelength shift of the
optical vortex emitter on the analog link performance as
increasing the input optical power. © 2015 Optical Society
of America

OCIS codes: (050.4865) Optical vortices; (070.1170) Analog optical signal
processing, (130.3120) Integrated optics devices.

A light beam carrying orbital angular momentum (OAM) is
characterized by a helical-phase front of exp(il6), in which [ is the
topological charge number, and 6 refers to the azimuthal angle.
Because of the helical phase structure, the OAM carrying beam twists
and features a doughnut intensity profile due to the phase singularity at
the beam center [1]. OAM beam is also known as a kind of vortex beam.
In 1992, Allen et al. indicated that OAM beam had discrete values of
17 per photon along the propagation direction, where # is the reduced
Planck constant [2]. Since then, OAM beam has been widely used to
explore a variety of novel natural phenomena such as particle trapping,
imaging, quantum information processing, and so on [3-6]. Very
recently, the distinct features of unlimited charge values of OAM in
principle and intrinsic orthogonality among different OAM states
facilitate an alternative multiplexing technique ie. OAM-division
multiplexing (ODM). Similar to mode-division multiplexing, ODM
actually chooses another OAM mode basis for multiplexing. Lots of
research efforts have been devoted to both free-space and fiber-based

optical communication systems by employing OAM multiplexing to
increase the transmission capacity and spectral efficiency [7-15].

However, in most of previous works, complex and bulky optical OAM
emitters are used, which are slow to respond and also cumbersome.
This severely limits the prospect of its wide use in future practical
systems. In this scenario, a laudable goal would be to develop a
micrometer-sized OAM emitter [16]. Meanwhile, the signals carried by
OAM modes are digital signals such as m-ary phase-shift keying (m-PSK)
and m-ary quadrature amplitude modulation (m-QAM) in most of the
OAM transmission experiments [17, 18]. Actually, analog signal
transmissions have been also developed in miscellaneous applications,
for instance, broadband wireless access networks, sensor networks,
radar systems, remote or phased array antennas, and radio-over-optical
transmission systems [18-21]. Recently, analog signal transmission in a
free-space OAM multiplexing system by two spatial light modulators
(SLMs) has been reported [22]. Considering the recent advances of
integrated OAM emitter and fiber-based digital signal transmissions
using OAM modes to explore the space dimension of a light beam, it
would be also interesting to study the impact of OAM beams on analog
signal transmissions in an integrated OAM emitter to an OAM fiber link.

In this Letter, we experimentally demonstrate and evaluate the
performance of analog signal transmission system with photonic
integrated optical vortex emitter and 3.6-km few-mode fiber (FMF) link
using OAM modes. The photonic integrated device emits vector optical
vortices carrying well-defined and quantized OAM. We generate two
OAM modes with topological charge | = —2 and 2 carrying analog
signal and propagate through a 3.6-km FMF. We analyze the spurious
free dynamic range (SFDR) of the second-order harmonic distortion
(SHD), which is an important factor used to estimate the analog link
performance.

The experimental setup of an analog signal transmission system with
photonic integrated optical vortex emitter and 3.6-km FMF link is
shown in Fig. 1. At the transmitter side, the output of a tunable laser is
injected to an intensity modulator (IM). The light source is modulated
by a 3-GHz radio frequency (RF) in the IM, and then amplified by an
erbium-doped fiber amplifier (EDFA). A polarization controller (PC) is
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Fig. 1. Experimental setup of an analog signal transmission system with photonic integrated optical vortex emitter and 3.6-km FMF link. RF: radio
frequency; PC: polarization controller; EDFA: erbium-doped fiber amplifier; QWP: quarter-wave plate; Pol.: polarizer; FMF: few-mode fiber; PC-FMF:
polarization controller on few-mode fiber; HWP: half-wave plate; SLM: spatial light modulator; Col.: collimator; VOA: variable optical attenuator; PD:

photodetector; ESA: electric spectrum analyzer.

used to launch light in the quasi-TE mode before the signal is coupled
into the input waveguide of the micro-ring resonator, and the power is
monitored by a power meter placed at the output port of the waveguide.
For the state of polarization (SOP) of the source whispery gallery modes
(WGMs) and the angular grating structure are both cylindrically
symmetric, the radiated beams should maintain this symmetry and
should be cylindrical vector (CV) beams of which the Jones vector Ecv

can be written as E¢y = (_Czlsn:) exp(il0). Thus, it can be described

as the superposition of two orthogonal scalar vortices, as Ecv can be

further  decomposed into  Eqy = %(_11) expi[(l + 1)6] —
é(i) expi[(l —1)0] , which consists of a right-hand circularly
polarized (RHCP) beam with topological charge of I + 1 and aleft-hand
circularly polarized (LHCP) beam with [ —1 [16]. After passing
through the quarter-wave plate (QWP), the LHCP beam and RHCP
beam are converted to two orthogonal linearly polarization beams.
Then the linearly polarized OAM beam we need is picked out by a
polarizer. In the experiment, we choose OAM: at a wavelength of
1531.91 nm and OAM.; at a wavelength of 1556.56 nm. The picked out
OAM beams are coupled into the FMF by a 10X objective lens and then
propagate through the 3.6-km FMF. polarization controller (PC)
placed at the output of the FMF (PC-FMF) is adjusted to obtain the 0OAM
states with the lowest cross-talk. The OAM beam is collimated by a 20X
objective lens after propagating through the fiber and then
demodulated by the SLM loaded with a reverse phase pattern. The half-
wave plate (HWP) is used to adjust the polarization of the output light of
FMF aligned to the polarization of the SLM. Finally, the demodulated
Gaussian-like beam is coupled into a single-mode fiber (SMF) for
detection. At the receiver side, after being amplified by EDFA and
attenuated by variable optical attenuator (VOA), the signal is sent to a
photo-detector (PD) and then measured by an electric spectrum
analyzer (ESA).

We first measure the intensity profiles of the emitted vector vortex
modes. Figure 2(a) and (c) show the intensity profiles of OAM: at a
wavelength of 1531.91 nm and OAM-; at a wavelength of 1556.56 nm
after decomposition by the QWP and polarizer, respectively. The
interference patterns (i.e. interferograms) of these two modes with a

reference Gaussian beam are depicted in Fig. 2(b) and (d)
correspondingly. The polarization of the reference Gaussian beam is -
45° and 45° with respect to the fast axis of QWP.

We also measure the intensity profiles of the two modes after
propagating through the 3.6-km FMF. The intensity profiles of OAM; at
awavelength of 1531.91 nm and OAM-z at a wavelength of 1556.56 nm
after propagating through 3.6-km FMF are shown in Fig. 3(a) and (c),
respectively. Figure 3(b) and (d) show the intensity profiles of the
demodulation of these two OAM modes after modulated by the SLM
loaded with a reverse phase pattern.

We then evaluate the performance of analog signal transmission in
an optical vortex emitter to 3.6-km FMF link using OAM modes. Figure
4(a) and (b) show measured RF spectra before the integrated optical
vortex emitter to FMF link by ESA at wavelength of 1531.91 nm and
1556.56 nm, respectively. The resolution bandwidth of the measured
RF spectrais 1 kHz.

To further characterize the performance of analog signal
transmission in an optical vortex emitter to 3.6-km FMF link, we
measure the output power of the RF carrier and distortions asa function
of the RF input power of OAM: ata wavelength of 1531.91 nm and OAM-
2 at a wavelength of 1556.56 nm as shown in Fig. 5(a) and (b)
respectively. The input power of the optical signal is about 15 dBm. We
can see that the analog transmission penalty is induced after
transmission through the combined optical vortex emitter and 3.6-km
FMF link. SFDR is an important common judgment criterion to measure
the linearity of an analog link [23, 24]. SFDR is defined by the RF input
power range at the left and right boundaries of which the fundamental
RF power and SHD power are equal to the noise floor [25, 26]. In general,
a higher SFDR system facilitates a more linear analog signal
transmission. SFDRs can be gained by measuring the intercepting
points of output power curves (RF carrier, SHD) and the noise floor. As
shown in Fig. 5(a), for OAM: at a wavelength of 1531.91 nm, the
measured SHD SFDRs before the integrated optical vortex emitter to
FMF link, after the integrated optical vortex emitter, and after the
integrated optical vortex emitter to FMF link are 63.57 dB, 57.97 dB, and
53.25 dB, respectively. As depicted in Fig. 5(b), for OAM: at a
wavelength of 1556.56 nm, the corresponding SHD SFDRs are
measured to be 62.3 dB, 57.6 dB, and 52.5 dB, respectively. A 10-dB
degradation of SHD SFDR is observed for both two modes after



Fig. 2. (a) Measured intensity profile of OAM: at a wavelength of
1531.91 nm after decomposition. (b) Measured interference pattern of
OAM: at a wavelength of 1531.91 nm with a reference Gaussian beam.
(c) Measured intensity profile of OAM-2 at a wavelength of 1556.56 nm
after decomposition. (d) Measured interference pattern of OAM-; at a
wavelength of 1556.56 nm with a reference Gaussian beam.

transmission in optical vortex emitter to 3.6-km FMF link. The notable
reduction of SHD SFDR is induced by two parts. First, the optical
transmission loss plays an important role. The transmission loss is
mainly induced by the emission loss of optical vortex emitter, coupling
loss from free-space to FMF, coupling loss from free-space to SMF and
optical components such as objective lens, SLM, and so on. Second, the
SHD SFDR degrades due to the notch filtering effect of the vortex emitter.
The sideband caused by RF carrier falls into the 3-dB bandwidth region
of the vortex emitter, especially near the notch resonance wavelength.
In this case, the vortex emitter actually functions as a filter to eliminate
the output fundamental frequency sideband (output RF carrier), while
the high-order harmonic sidebands (SHD) survive. In addition,
compared to other works, the measured SHD SFDR of back to back
system is relatively low [22]. Such phenomenon might be ascribed to
the nonlinear response of the modulator and the high-level noise floor
of adopted RF source.

In order to fully investigate the analog signal transmission in the 3-dB
bandwidth region near the resonance wavelength, we change the input
optical power from 15.5 to 18.5 dBm. Figure 6(a) and (b) plot the
measured SHD SFDR after transmission of OAM: at a wavelength of
1531.91 nm and OAM-; at a wavelength of 1556.56 nm, respectively.
One can see that the SHD SFDR varies slightly as changing the input
optical power of OAM: at a wavelength of 1531.91 nm as shown in Fig.
6(a) and OAM-, at a wavelength of 1556.56 nm as shown in Fig. 6(b).
Generally, the SHD SFDR should increase with the input optical power.
To explain such interesting phenomena, we measure the radiation and
transmission spectra of the vortex emitter when the input optical power
is 15, 16, 17 and 18 dBm respectively as shown in Fig. 7(a)-(d) by
scanning input laser wavelength. The red points represent the input
wavelength of 1531.91 nm and 1556.56 nm. One can see that the
resonance wavelength moves towards to longer wavelength as
increasing the input optical power. So the actually radiated optical
power from the optical vortex emitter for analog signal transmission
could change slightly as increasing the input optical power, resulting in
slight variation of SHD SFDR as shown in Fig. 6.

In conclusion, we experimentally demonstrate and evaluate the
performance of an analog signal transmission system in a photonic
integrated optical vortex emitter to 3.6-km FMF link using OAM modes.
Two OAM modes generated by the photonic integrated optical vortex
emitter propagate through the FMF link. SHD SFDR is used to assess the
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Fig. 3. Measured intensity profiles of (a) OAM: at a wavelength of
1531.91 nm after propagating through 3.6-km FMF, (b) demodulation
of OAM: at a wavelength of 1531.91 nm after SLM, (c) OAM- at a
wavelength of 1556.56 nm after propagating through 3.6-km FMF, (d)
demodulation of OAM.z ata wavelength of 1556.56 nm after SLM.
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Fig. 4. (a) Measured RF spectra of RF carrier and SHD by ESA at a
wavelength of 1531.91 nm before the vortex emitter to FMF link. (b)
Measured RF spectra of RF carrier and SHD by ESA at a wavelength of
1556.56 nm before the vortex emitter to FMF link.

analog link performance. The influences of input optical power on the
analog signal transmission are studied. For relatively high input optical
power, the analog signal transmission might be also affected by the
nonlinearity-induced resonance wavelength shift of the photonic
integrated optical vortex emitter.
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