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A quasi-optical single-sideband (quasi-OSSB) modulation approach with a tunable carrier-to-sideband ratio
(CSR) is proposed and demonstrated. By simply tuning the polarizing angle, a continuously tunable CSR
can be obtained. Since the upper sideband is highly suppressed during the CSR’s tuning, quasi-OSSB modulation
signals with extremely small interference are generated. An experiment is undertaken for verification. It is found
that the target CSR can be continuously tuned over a wide range, which can be used to improve the receiver

sensitivity of the fiber links.
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Radio over fiber (RoF) has been considered as a pro-
mising technology in future broadband wireless communi-
cation, With this technology, there are the key
requirements of a reduced cell size and a decreased number
of participating users in order to increase the maximum
available throughput per user. Besides, an extension of
the radio frequency to the millimeter-wave range can
achieve a higher wireless data transmission rate?. By us-
ing optical fibers instead of coppers, the maximum trans-
mission range at a given data rate could be drastically
extended. However, the chromatic dispersion in analog
photonic links is the primary concern. Many schemes have
been proposed to solve this problem, such as using midway
optical phase conjugation, pre-compensation in the elec-
trical domain with phase shifting¥, carrier phase-shifted
double-sideband modulation, and polarization modula-
tion®Y. But in a practical RoF system, there are hundreds
of fiber links, all of which are required to be compensated
one by one. It is costly to construct and maintain such a
network.

Unlike the above schemesZ?, optical single-sideband
(OSSB) modulation seems to be a good solution to remove
fiber dispersion-induced power fading>., Recent research
also found that with an optimum carrier-to-sideband ratio
(CSR), an OSSB signal can improve the receiver sensitiv-
ity of fiber links!22, There have been many reported
approaches to integrating an OSSB signal with an
optimum CSR. The key challenge associated with the ap-
proaches?! is that an integrated modulator (a triple-arm
Mach-Zehnder modulator? or a dual-parallel Mach—
Zehnder modulator) is required, and the bias-drift
problem needs to be taken care of. The approaches™L
are simple and cost-effective. However, they all suffer from
poor CSR. tunability, since in most cases, the property of
the fiber grating is fixed.

In this work, we report a quasi-OSSB modulation
approach with a tunable CSR. The prototype is based
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on polarization multiplication architecture. By adjusting
the polarization angle of the linear polarizer (LP), the
CSR of the quasi-OSSB signals can be continuously tuned.
Thanks to the small signal modulation, the undesired side-
band of the quasi-OSSB signals will be suppressed when
the CSR is tuned to its optimum value. Thus, no further
procedure is required to deal with the issue of radio fre-
quency power oscillation. The scheme is first analyzed
in theory and then verified by experiment. Data transmis-
sion via a long-distance fiber link is also implemented.

The schematic setup of the proposed quasi-OSSB modu-
lation approachisshowninFig. 1. A continuous-wave (CW)
laser serves as the optical source. The lightwave is then
coupled into a modulator. The modulator is then driven
by a radio frequency signal as Vyp(t) = Vyp - sin Qt,
where Vypand Q = 2z fgp represent the magnitude and an-
gular frequency of Vip(t). Under asmall signal modulation,
the impact of the higher-order harmonic (n > 1) is negli-
gible. Thus, the output optical field after modulation can be
concluded as:

Eopss(t) o« Z 1+ (=" 'j]Ean(iz/g—‘P;F)

x exp(joyt + jnQt), (1)

where F is the magnitude of the optical carriers, @, is
the angular frequency of the optical carriers, J,, is the Bessel
function of the first kind of order n,and m = z Vyp/V2V ,is
the modulation index, where V, denotes the half-wave
voltage of the modulator.

The original CSR can be calculated as

o]

Thus, the relationship between the original CSR, (in
decibels) and the modulation index m is shown in Fig. 2.

© 2015 Chinese Optics Letters


http://dx.doi.org/10.3788/COL201513.080606
http://dx.doi.org/10.3788/COL201513.080606

COL 13(8), 080606(2015)

CHINESE OPTICS LETTERS

August 10, 2015

I

I

i

I

i Lo D Ly
i PCI |
I

I

I @_?_

I

I

I

I

I

I

I

I

I

]
I
I
]
I
I
]
i
I
N !
]
— |
W I PC3 | i
| ODSB | PBC | LP | PD |
modulator o1 pC2 1 - I |
A B C E F !
I I
{ “““““““““““““““““““““““““““““““ |
I
1 (b) Frequency Domain )
I |
I \ H ’ |
| . T e OO T J o1 :
I l “ 1 ]
| 1l I R I A ¢ o i O
T L |

T e e \ <, & < z
LA B &E c D F :
T TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
1 (¢) Polarization Domain !
I I
! @) @y |
I 1 LP :
! @, @, e !
! ? ,-Q (- , A i
oL = __ U= ___ A0 :

I

I
i C D E F |
|

Fig. 1. (a) Schematic setup of the proposed quasi-OSSB modu-
lation approach. (b) Illustration of the operation principle in the
frequency domain. (c) Evolution of the polarization state.

Note that at different values of m, the original CSR varies.
In the practical case, small signal modulation is always
preferred. The direct consequence of a small m is that
the original CSR becomes too high, which means the
optical carrier occupies too much power. It will lead to
undesired high power consumption in the fiber link.

Our work focuses on a filtering technique with a tunable
CSR. As shown in Fig. 1(a), the optical double-sideband
(ODSB) signal (point B) is first coupled into a 50/100 GHz
optical interleaver (OI). With the proper setting of CW
central wavelength, the three subcarriers in Eq. (1) are
separated into two paths: one (from point B to point D)
with the lower sideband (1st order), and the other (from
point B to point C) with the optical carrier and upper side-
band (1st order). By using a polarization beam combiner
(PBCQ), different frequency components are polarization
multiplexed. In the polarization domain [see Fig. 1(c)],
the lower sideband is at the slow axis & of the PBC, the
optical carrier, and the upper sideband at the fast axis g.
The optical field (point E) can be simply expressed as:

[ET} |:\/§E0J1(m)exp(jw0t—j§2t—j§) }
3 Nt
E, Lo V2 EyJ, (m)exp(jwyt + jnQt + j )

3)
In the next step, a LP that has its principle polarization

direction 6 relative to ¢ is employed. The optical field
becomes

Eqogsp(t) =cos 0 E, +sin 0+ E,. (4)

Original CSR (dB)

0 01 02 03 04 05 06 07 08 09 1
Modulation index, m

Fig. 2. The original CSR (in decibels) versus the modulation
index m < 1.

Substituting Eq. (3) into Eq. (4), it can be rewritten as

Eqosss
V2 cos 0EqJ_1(m)exp(joyt — jQt — j%)
L V2 sin 0BT, (mexp(jwgt + jnQt + j )
()

Considering the polarizing angle € with a range of
0°-45°, the output CSR can be calculated as

sin 0)2J%(m
CSR =10 - logy, [W} “

For a given value of m, the output CSR is dependent on
the polarizing angle 0 only. To investigate the CSR’s
tunablity, Fig. 3 plots the curves between CSR and 6
at different values of m. When considering the case of
one subcarrier modulation (N = 1), the optimum CSR
is 0 dBE22, To obtain 0 dB CSR, 6 is predicted to be
around 3° at m = 0.1. When m is increased from 0.1 to
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Fig. 3. The output CSR (in decibels) versus the polarizing angle
6 at different modulation indexes m.
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0.2, 0.5, or 1, 0 is supposed to adjust to 6°, 14°, or 24° (as
shown in the insert in Fig. 2). Figure 4 plots the required 8
(left axis) and LUR versus m (when 0 dB CSR is guaran-
teed). Here, LUR is defined as the power ratio between the
lower and upper sideband, which can be used to evaluate
the property of a quasi-OSSB signal. Normally, when the
LUR is pretty high (>20 dB, for example), the impact of
the undesired sideband is small (<1%). The signals can be
considered as OSSB modulations. Figure 5 shows the
relationship between the LUR and the radio frequency
power oscillation after long-distance fiber transmission.
The power oscillation can be estimated as shown in the
figure’s insert. Note that the simulated power oscillation
is around 1.8 dB at LUR = 20 dB, which is small in
practical use.

To investigate its mechanism, an experiment is per-
formed. The setup can be found in Fig. 1. The tunable
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Fig. 4. The required 0 (left axis) and corresponding LUR (right
axis) versus the modulation index m (the output CSR is fixed at
its optimum value, 0 dB).
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Fig. 5. Radio frequency power oscillation versus LUR. The in-
sert denotes the simulated radio frequency power variation at
different fiber lengths. (The radio frequency is frp = 30 GHz,
the fiber dispersion index is D =17 ps/km - nm, and the
attenuation factor is @ = 0.2 dB/km.)

CW laser (Agilent 8164A) works at a carrier wavelength
of 1549.93 nm and a power of 6 dBm. The lightwave is
then coupled into a Mach-Zehnder modulator (Fujitsu
FTM7962EP) for ODSB modulation. This modulator
is characterized by its dual-parallel structure and a
relatively large bias half-wave voltage (around 12 V).
To obtain ODSB modulation, the lower path of the modu-
lator is terminated. As for the upper path, the modulator
is operated at a quadrature point (bias voltage of 6 V).
The signal generator (Hewlett 83711B) generates an
18 GHz sinusoid signal as the radio frequency driving sig-
nal. Then, a 50/100 GHz OI is used to separate the light-
wave. The spectrum response of the OI is then measured
by an optical spectrum analyzer (Ando AQ6317C), as
shown in Fig. 6. The symbols B-C and B-D denote the
response from point B to C (in Fig. 1) and point B to D
(in Fig. 1). The channel isolation can be figured as being
around 40 dB. The reference power level of Fig. 6 is depen-
dent on the output power of the broadband amplified
spontaneous emission source (SuperK). In our setup,
the function of the OI is to separate the lower sideband
from the ODSB signals. Figure 7(a) plots the optical spec-
tra before (dotted line) and after (dashed line) the OI
(B-C). As shown in the figure (blue dotted line), the origi-
nal CSR is around 28 dB, which corresponds to m = 0.1,
according to Fig. 2. The dashed line denotes the spectra
after the OI. Due to the slow-changing response and finite
channel isolation of the OI, the optical carrier cannot be
fully suppressed. As to the upper sideband (+1st order), it
has already been merged by the noise floor. Figure 7(b)
represents the results before and after the OI (B-D).
After combination of the PBC, three subcarriers of the
ODSB signals are allocated with orthogonal polarizations
(i.e., the lower sideband at the slow axis & of the PBC, the
optical carrier, and the upper sideband at the fast axis ¥).
Then, the polarization-multiplexed signal is made linear
by a LP. As a proof-of-concept experiment, not all of com-
ponents are polarization maintained. In order to avoid
polarization turbulence, all components (including the
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Fig. 6. Spectrum response of the 50/100 GHz OI from B-C

(dashed line) and from B-D (dotted line), REW = 0.01 nm.
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Fig. 7. (a) Optical spectra before (blue dotted line) and after
(black real line) the OI (B-C) and the transmission response
(red dashed line) of the OI. (b) Optical spectra before (blue
dotted line) and after (black real line) the OI (B-D) and the
transmission response (red dashed line) of the OI.

cables) from Port B to Port F (in Fig. 1) are fixed at the
shockproof platform in the experiment. The polarizing
angle @ can be controlled by aligning PC3 between
PBC and LP. Thus, the output CSR can be tuned by vary-
ing 6. Figure 8 illustrates the optical spectra with different
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Fig. 8. Experimental optical spectra when CSR = 22, 18, 9.5,
3.5, and 0 dB.

CSRs. For instance, the CSR can be tuned to 22, 18, 9.5,
3.5, and 0 dB if the polarizing angle € is aligned to the right
angle (as shown in Fig. 3). Note that at 22 and 18 dB, the
CSR at the upper sideband still exists in the spectra. The
signal can be considered to be a quasi-OSSB signal.

If we consider one radio frequency tone modulation, we
may fix the CSR to its optimum value, 0 dB22, By sim-
ply tuning the driving frequency from 14 to 20 GHz, the
optical spectra can be found, as shown in Fig. 9. It must be
mentioned that at different driving frequencies, the polar-
izing angle 0 needs a slight re-adjustment. There are two
primary reasons for this: 1) The imperfect response of the
OI. At alower frequency band, the frequency selectivity of
the OI is poor; 2) the limited bandwidth of the electrical
amplifier and modulator. They will result in a different
modulation index m, which will also affect the original
CSR. Thanks to the CSR’s tunability, we can always ob-
tain an optimum CSR by adjusting the polarizing angle.

To evaluate the transmission performance, data modu-
lation is applied. The following part is carried out by sim-
ulation via Opti-System 10.0. The major setup can be
found in Fig. 1. As to the transmitted data, it is generated
by mixing a 512 Mb/s pseudo-random bit sequence with
the radio frequency subcarrier (20 GHz, for example)
using an electrical mixer. In the simulation setup, the
CW laser is operated at a wavelength of 1549.93 nm and
a power of 10 dBm. The modulation index is fixed at
m = 0.2. In order to illustrate the relationship between
the receiver sensitivity and the CSR, we using an
adjustable optical amplifier to maintain the received
optical power while the input of the photodiode (PD) re-
mains constant (at 0 dB, for example). The radio frequency
power versus the CSR (electrical spectra are inserted)
is shown in Fig. 10. Since the bit error rate (BER) perfor-
mance is highly dependent on the radio frequency power,
it can be clearly observed that at 0 dB, the CSR cor-
responds to the best receiver sensitivity. As a comparison,
the traditional ODSB modulation is also evaluated.
Figure 11 plots the BER curves at back-to-back (BTB)
and 100 km single-mode fiber (SMF) transmission. In
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Fig. 9. Experimental optical spectra with different driving
frequencies frp = 14, 16, 18, and 20 GHz.
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order to achieve a more stable performance, the SMF is
placed at point F in Fig. 1. In Fig. 11, the receiver
sensitivity at BER = 107 for the quasi-OSSB signal is
obtained at —13.5 dBm, while it degrades to around
—9.6 dBm for the traditional ODSB signal (in our case,
when 6 is adjusted to 45°, we get the ODSB signal with a
21 dB CSR, as predicted in Fig. 2). The 3.9 dB power
penalty is mainly due to the applied CSR, since 0 dB is
the optimum value. In other words, the receiver sensitivity
(at BER = 107?) has been improved 3.9 dB by tuning the
CSR from 21 to 0 dB. Then, in the case of the 100 km SMF
transmission, similar to the case in BTB, the receiver

sensitivity (at BER = 107?) has been improved 7.5 dB
by tuning the CSR from 21 to 0 dB, in which a 3.6 dB penalty
is induced by the fiber dispersion, and a 3.9 dB penalty is
induced by the incorrect CSR.

In conclusion, a quasi-OSSB modulation approach
is proposed and demonstrated. With careful adjustment
of the polarizing angle 6, the CSR, of the quasi-OSSB sig-
nal can reach its optimum value (i.e. 0, 3, or 6 dB). It is
found that under small signal modulation (m = 0.2 for
example) the impact of the upper sideband is less than
1% (LUR >20 dB). The mechanism is demonstrated by
a proof-of-concept experiment. Under small signal modu-
lation, the CSR can be continuously tuned over a wide
range. It has to be mentioned that the operation frequency
is dependent on OI spectrum response. In order to achieve
a high frequency band (millimeter-wave or terahertz), it
should be specially designed.
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