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Factors affecting the performance of a multi-tone carrier
source based re-circulating frequency shifter®
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Generation of single-sideband (SSB) multi-carrier source based on a recirculating frequency shifter (RFS) is anal-

ysed theoretically and realized experimentally. The effects of affecting factors originating from the deviation from the

right operation bias voltage and unbalanced amplitude, and the phase of the radio frequency (RF) drive signals on the

performance of the multi-tone source are discussed in detail. Based on the theoretical analysis, high-quality 50-tone out-

put is successfully realized. Experiments under some implementation imperfections are also carried out. The imperfect

and low-quality output results are in good agreement with theoretical analysis.
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1. Introduction

In order to achieve the T-bit/s high-speed opti-
cal transmission required to meet the increasing de-
mand for data traffic, coherent optical orthogonal-
frequency-division-multiplexings (CO-OFDMs) with
different modulation formats have been investigated
widely in recent years.! =13 In a CO-OFDM transmis-
sion system, a frequency-locked multi-carrier source is
needed. There are various methods used to generate
multi-carriers, including the typical cascaded Mach—
Zehnder modulators (MZMs),[”! an optical frequency
comb source based on a sine wave driven discrete mode
(DM) laser,®l and a single-side-band (SSB) modulator
based on a recirculating frequency shifter (RFS).[2~]
Of the three technologies, the last one has the advan-
tages of lower drive voltage and the ability to gener-
In addition, these

carriers are exactly frequency-locked. By applying

ate a larger number of carriers.

this method, 24-tonel®=3! and 36-tonel?! multi-carrier
sources have been generated successfully. Moreover,
the crosstalk and stability of the multi-carrier genera-
tor under perfect operation conditions have also been
investigated in Refs. [9] and [10].

are many factors that influence multi-carrier output,

In practice, there
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such as an imbalance of the I/Q modulator (IQM) and
radio-frequency (RF) drive signals.

In this paper, we theoretically and experimentally
analyse the influence of affecting factors on the entire
output of a SSB modulator-based RFS. These affect-
ing factors include the deviation from the right bias
voltage, the amplitude and the phase imbalance of RF
drive signals. According to the theoretical analysis, a
stable 50-tone carrier source with a flat spectrum and
a high optical signal-to-noise ratio (OSNR) is demon-
strated. The experimental results are in good agree-

ment with the theoretical results.

2. Working principle of SSB

modulator-based RFS

The schematic of the SSB modulator-based RFS
is shown in Fig. 1(a). The configuration is a closed
fibre loop, which consists of a 50:50 coupler, an IQM,
an optical amplifier (OA), a tunable optical band-pass
filter (OBF) and a polarization controller (PC). OA is
used to compensate the modulation loss in the loop,
OBEF is used to control the number of desired carriers

and PC is for realizing the states of polarization con-
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trol and stabilization of signals. The IQM is a core
component in the loop. The structure of a commer-
cially available IQM is illustrated in Fig. 1(b), which
consists of two Mach—Zehnder modulators (MZMs)

coupler
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and a phase modulator (PM). St, Sq and Spwy are the
electric signals operating on sub-MZM1, sub-MZM?2
and PM, respectively. The tunable laser source (TLS)
acts as a seed signal.

sub-MZMI
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Fig. 1. Schematic diagram of (a) SSB modulator-based RFS and (b) the optical I/Q modulator.

The SSB modulator-based RF'S working principle
is as follows.

For a perfect IQM whose sub-MZMSs operate in
push-pull mode, the normalized transfer function can

be written as

1 ™ .Vt
T=- Vi— Vi -
9 ¢ [21@1( ! bI)} eXp( J2Vﬂ)
1 . WVbPM T
“yow () o 7 Ve oo
. Vb
— 1
><eXp< JZVWQ>’ (1)

where Vi1, Viq, and Vipy are the half wavelength
voltages of sub-MZM1, sub-MZM2 and PM, respec-
tively; Vo1, Voq and Viypm are the DC bias voltages
on sub-MZM1, sub-MZM2, and PM, respectively; V1
and Vg are the driven RF signals. Corresponding
to Fig. 1(b), St = Vi + V1, Sq = Viq + Vg, and
Spm = VopM.-

If the IQM works under the ideal conditions,
where Vi1 = Vir = Vg = Vog = Vi, Vorm = Vierm/2,
Vi = Vpp cos (27 fit), and Vo = Vpp sin (27 fint), the
normalized transfer function of IQM can be simplified

into

Tideal = %{J sin [0 cos (27 fint)]
+ sin [0y, sin (27 fint)]}, (2)

where 6y, = (7V,)/(2Vz) denotes the phase modula-
tion depth.

Suppose that the input optical field is Ej, =
E, exp(j2mfot), where fy represents the seed fre-
quency, the output electronic field after ideal IQM can

be expressed as

Ez;(t) {jsin [0y, cos (27 fiut)]

+ sin [0, sin (27 fint)] }- (3)

Eout (t) ==

Using the Jacobi-Anger expansion and ignoring all the
high order harmonics, the output of SSB-based RFS
after the first round can be obtained as

Ey (t) = EOJl((Sm) exp [J 27 (fO + fm) t] > (4)

where J;(dy,) is the first kind odd-order Bessel func-
From Eq. (4) we can see that after the first
round, the first frequency tone shift fi = fo + fu

tion.

is produced and the modulator drive voltage Vp, af-
fects the output RFS. Then f; tone is split into two
branches by coupler, one is put out and the other is
coupled back to the input of the IQM. For the same
reason, fo = fo + 2fn, tone shift will be generated in
the second round. With endless recirculating in the
loop, a series of frequency tones, f3 = fo + 3fm, -- -,
In = fo+ Nfu,
the central wavelength and bandwidth of the band-

pass filter placed in the loop, we can obtain N tone

...will be produced. By adjusting

multi-carriers we wanted and filter out those frequency
tones beyond bandwidth.

In fact, high order harmonics will be produced
in the modulation process, which will affect the per-
formance of the RFS output. We have studied the
crosstalk factor in Ref. [10]. Beside the crosstalk,
which has also been investigated in Refs. [9] and [10],
the deviations of bias operation voltage and the imbal-

ance of RF clock drive signal in the actual operation
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also seriously affect the performance of the RFS out-

put. We will discuss them in the following.

3. Theoretical analysis of affect-

ing factors

Firstly, we analyse the influence due to the de-
Assume that the IQM
is perfectly balanced and that the RF drive signals

viation of the bias voltage.

are balanced, which are corresponding to the case
Vit = Veq = Vi, Vi = Vppcos (2mfmt), and Vo =
Vpp sin (27 fint). Suppose that the deviation of DC
bias voltages from the right bias operation points are
AVpr, AVhq, and AVypwm, respectively. Then equation
(1) can be expressed as

T = % sin [0y, cos (27 fint) + Ob1] exp (j Ob1)

+ % sin [0y, sin (27 fint) + O
x exp [j (0bq — dbpMm)] (5)

where

A5b1 = (ﬂAVbI)/(QVﬂ), A(st = (WAVbQ)/(QVWQ),

and Adppm = (TAVhpm)/(Vepm) represent the bias
voltage deviations from the right operation voltage re-
spectively.

In order to observe the influence of the deviation
of the bias voltage on the output, we simulate different
cases for the first round output according to Eq. (5).
The results are given in Fig. 2, showing that more
harmonics appear when the bias voltages are deviated
from the ideal points. More harmonics will result in
serious crosstalk. Obviously, to reduce the harmon-
ics crosstalk, we should take the bias voltages that
are closest to the right operation voltages as much as
possible in practice.

Secondly, the effect of the imbalance of RF drive
signals on the RFS output is analysed. For this case,
we focus on the effects of the voltage amplitude and
phase difference between I-port and Q-port RF drive
signals on the output. Assume that the IQM is per-
fectly balanced and all modulators operate at their
right points, namely, only the phase deviation Af and
voltage amplitude difference AV}, between the two RF
signals are considered. In this case, the transfer func-

tion of the IQM can be expressed as

T = ‘]5 sin [0y, cos (27 fit)]

+ % Sin [(5m + Adu) sin (27 funt + AB)], (6)

where Ady, = (TAVy)/(2Vz).

We also simulate the first round output or transfer
function output for different cases according Eq. (6).
In the simulation process, we use the power difference
AP, instead of the voltage amplitude difference AVj,.
The simulated results are shown in Fig. 3. We can see
that there is no even-order harmonics crosstalk even
though the RF drive signals are unbalanced. These
results are different from the above situations. More-
over, m/4 phase deviation will result in more serious
signal degradation, which is concluded from Fig. 3
where the power of crosstalk component f-1 in case
(b) is larger than that in case (a). In practice, we
should adjust the amplitudes of the two RF signals to

be equal and phase deviation to near zero.
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Fig. 2. Effects of bias voltage deviation on the first round
output in different cases.
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stable 50-tone multi-carrier output with a spacing of

12.5 GHz is successfully achieved, which is shown in

Normalized output/dB

Normalized output/dB

Normalized output/dB

Fig. 3. Effects of amplitude and phase imbalance of RF
drive signals on the first round output in different cases.

4. Experimental demonstration

We study the influence of the affecting factors on
the multi-carrier output in experiment. The experi-
mental setup is shown in Fig. 1(a). The TLS wave-
length is A\g = 1549.9 nm (fy = 193.425 THz) and
the bandwidth of optical band-pass filter is set to be
5 nm. The clock signals with the frequency 12.5 GHz
are obtained from the signal generator, two microwave
power amplifiers and two adjustable power attenua-
tors are used to adjust the driven RF signals input
power. The phase difference is obtained by adjusting
the time delay of the signal generator.

First, we adjust the parameters to the ideal val-
ues. The best output for the transfer function is ob-
tained and, as shown in Fig. 4(a), there are no other

harmonics except for the desired f;. The flat and

Fig. 4(b).

10.0 —
(<10 P e

—40.0 et

10.0 P&
dB/D L.

1549.52 1550.02 nm  0.10 nm/D  1550.52
~1.4 —_—
dBm | G
I ToR ) —
5.0 | -
dB/D il b
—51.4 i i H i i i i i i
1544.00 1547.50 nm 0.70 nm/D  1551.00

Fig. 4. Experimental results under the balanced opera-
tion condition, showing (a) transfer function output and
(b) 50-tone output.
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Fig. 5. Optical spectrum of the transfer function with
high-order harmonics

In order to investigate the influence of the affect-
ing factors on the performance of the multi-carriers
output in detail, we break down the balanced param-

eters. Figure 5 shows the transfer function output
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for the case where the bias voltages and the RF sig-
nals are all unbalanced. We can see that there are
many other harmonics that seriously affect the per-
formance of the output. Subsequently, we discuss the
effects of bias voltage deviation and RF signal imbal-
ance, respectively. Adjust the bias voltage to be away
from the right operation point, the distorted out-
puts of the multi-carrier source are obtained as shown
in Fig. 6, in which the parameters are AV = 0.7 V,

0.2
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—40.8 i i i i i i i i i

1544.53 1547.726 nm 0.64 nm/D

1550.92

Fig. 6. Output spectrum with AW, = 0.7 V, AV, =
AVbPM =0.
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Fig. 7. Output spectra with (a) APy = 1dB and A9 =0
and (b) APy, =0dB, A0 = 7/4.

AVhq = AVypm = 0. Adjust the RF power attenua-
tors to make the driven RF signals between the two
sub-MZMs have a power difference of 1 dB. The out-
put spectrum (Fig. 7(a)) shows that the quality of
the output signal becomes worse. If the time delay of
the signal regenerator is adjusted, the phase difference
between the two RF signals will change. Figure 7(b)
shows the output spectrum when the phase deviation
from right value is 7/4. The results are much worse
than the results shown in Fig. 7(a), which is coincident
with the above theoretical analysis.

To achieve a high-quality multi-carrier source-
based RFS, some other factors should be taken into
account, such as the external cavity laser (ECL) source
with more stable frequency and phase, optical ampli-
fier with lower noise figure (NF) and IQM with lower
insertion loss, besides the above implementation im-

perfections.

5. Conclusion

Guided by the theoretical analysis, a stable and
high-quality 50-tone multi-carrier was successfully
achieved experimentally. The effect of the crosstalk
component induced both by the deviation of DC bias
voltage from the right operation point and by the im-
balance of the amplitude and phase of the RF drive
signals on the output of SSB-based RFS multi-carrier
generator has been analysed theoretically and experi-
mentally. The theoretical and the experimental results
may provide a useful guidance for achieving the high-
quality SSB-based RFS multi-carrier source for Th/s

multi-carrier transmission in practice.
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