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Abstract—Modulation format conversion is useful when the filter [4] have been proposed. By superposing amplitude dif-
signal is transmitted through networks employing different ferent QPSK signals, conversions from OOK to 16QAM using
modulation formats. It is also expected to increase the spectral cross phase modulation (XPM) and parametric amplification
efficiency and reduce power consumption in network nodes by 5 df PSK to 640AM USi i .
applying all-optical signal processing to the modulation format [5], and from Q 0 64Q ; using nonlinear Wavg mixing
conversion. In this paper, we propose an all-optical modula- [6] have been proposed. This sort of low-order to high-order
tion format conversion system between on-off keying (OOK), format conversion technique is suitable when the signals sent
quadrature phase shift keying (QPSK) and 8-ary quadrature ogver short distances or local transmissions are redirected to
amplitude modulation (8QAM) using optical nonlinear effects 5, extended long distance transmission. In the conversion

in semiconductor optical amplifier (SOA) and optical threshold . o
device. We also evaluate the conversion performances of themethod to 8QAM format, studies based on four wave mixing

system by numerical simulation in terms of optical signal-to- (FWM) in highly nonlinear fiber (HNLF) [7] and using FWM
noise ratio, optical signal power, and accumulated chromatic in silicon waveguide [8] have been proposed. However, these

dispersion. methods have problems for practical application. They require
|ndex Terms_Op’[ical processing, modu|ation forma’[, 8QAM, add|t|0na| bandW'dth reserved fOI’ the generated Id|e|’ I|ght
QPSK, OOK. and phase-locking mechanism between signal and pump lights

in the FWM process. In addition, the amplitude shift keying

(ASK) format is not commonly used in optical communication.
|. INTRODUCTION In this paper, therefore, we propose a method of all-optical
gfodulation format conversion from OOK and QPSK to 8QAM

processing technology to improve transmission capaci sing nonlinear optical effects in a semiconductor optical
- : lifier (SOA). Since this method uses XPM and cross gain
and spectral efficiency (SE), advanced modulation formats gﬁ/gp . . . .
P y (SE) modulation (XGM) for nonlinear optical effects, it has the

adopted in optical fiber communication [1], [2] for efficient

use of the bandwidth resource. An employed modulatioandvantage that the reserved bandwidth and the phase-locking

format for a specific network usually depends on the desir@aeChamsm are not required. This method is expected to be

o . . used for modulation format adaptation because OOK and
transmission capacity, optical reach, and system cost. Th

it may be different in networks such as access, metro, a SK formats are well used in optical communication.
backbone networks. When the optical signal is transmitttfcf‘S the opposite direction, high-order to low-order modu-

through different networks, modulation formats should ha-on format conversion technique is suitable when signals

converted at intermediate network nodes. Conventional @ansmltted over long distances are redirected to a short dis-

mat conversions are usually performed via electrical signa'?mCe or local transmission [3]. For instance, modulation for-
méat conversion method from 16QAM to QPSK using optical

namely, once received electrical signal is then re-transmitte ase quantizers based on phase sensitive amplifiers [10] and
as optical signal with the other modulation format. AP q P P

optical modulation format conversion without using opticaI—QF>SK to BPSK using FWM and pulse width compression [11]

to-electrical (O/E) and electrical-to-optical (E/O) conversion.a ve been reported. Quadrature decomposition of a 16QAM

. ; : . |%Pal into two 4 pulse amplitude modulation (PAM) signals
is a candidate solution to reduce such processing overhead§aS been reported by using idler aeneration and polarization
O/E, E/O conversion at intermediate network nodes. P y 9 9 P

. . . . . beam splitters [12], and nonlinear wave mixing [13]. To
Various all-optical signal processing techniques have begn .
. . . . e best of our knowledge, the conversion from 8QAM to
studied so far to realize modulation format conversion. F

instance, conversion from binary phase shift keying (BPS PSK has not been reported yet. Therefore, in this paper, we

. S so propose an all-optical format conversion method from
to quadrature PSK (QPSK) using a delay line interferomet; ) )
(DLI) [3], conversion from QPSK to 16-ary quadrature am.gbAM to QPSK and OOK. The proposed system configuration

. . . . includes SOA [14] and optical threshold device [15]. The
plitude modulation (16QAM) using DLI and spectral shapm%OA is used to[img)ose sehP-phase modulation (SPI\/I[) a]nd gain

Manuscript received MONTH, DAY, YEAR(Hiroki Kishikawa and Masaki saturgtlon to the S'gnal' . . .
Uetai contributed equally to this work.) (Corresponding author: Hiroki This paper consists of 4 sections. Section Il describes the

N recent years, along with the development of digital sign

Ki?rhr:(taggt'%ors are with the Department of Optical Science, Tokushi operation principle of the proposed format conversion from
University, Tokushima 770-8506, Japan ' OK and QPSK to 8QAM and its reversed conversion. Section

e-mail: (kishikawa.hiroki@tokushima-u.ac.jp). Il describes the proposed system configuration and numerical



JOURNAL OF LIGTHWAVE TECHNOLOGY , VOL. XX, NO. XX, XXXX 2018 2

The threshold device distinguishes low and high power levels
by using nonlinear ring resonators whose resonant condition
changes due to the nonlinear phase change by SPM in a high
signal power. Such different power transfer characteristics in
low and high power levels enable a threshold function. The
low-level or high-level output is obtained when the amplitude
: XPM & XGM . :
in SOA of the 8QAM signal is weaker or stronger than the threshold

d |:> value, respectively. The conversion from 8QAM to OOK is
WDM Mux. achieved in this way.
Fig. 1. Schematic diagram of QPSK and OOK to 8QAM conversion using G_am saturation In S_OA used_for the conversion prln_C|pIe
XPM and XGM in SOA. is given by the following equation [18]. In SOA, the light
amplification phenomenon occurs as a result of the interaction

) ) . between the carrier density of the conductor and the light. The
simulation results measured by bit-error rate (BER) and errgipification operation is described by simultaneous equations

vector magnitude (EVM). Conversion system performancgsating to carrier density and light intensity. It is assumed that

are evaluated by dependence of optical signal-to-noise ra§ig jight incident on the amplifier propagates in theirection

(OSNR), signal power and accumulated chromatic dispersigfile increasing the light intensity by stimulated emission.

(CD). Section IV concludes the paper. The light intensity change in the minute sectin is formally
expressed as follows:

= [ox] =

Il. OPERATION PRINCIPLE 0
The schematic diagram of the proposed method from QPSK I(z0 + Az) = I(20) exp [TI/LAZ]’ 1)
and OOK to 8QAM conversion is illustrated in Fig. 1. The ‘

frequency of the original QPSK signal and OOK signal are TeAgJ

; : ; 9o = : 2
fs1 and f,o, respectively. These two signals are multiplexed 0 ved
by wavelength division multiplexing (WDM) combiner, then hv
fed into a single SOA. XPM and XGM effects are taken place 5= T A, ©)

in the SOA. The phase of the QPSK signal is rotated by XPM is th d of light i di is the iniecti
and the amplitude of the QPSK signal is relatively attenuatwerev Is the speed of light in medium/ is the injection

by XGM when the mark pulse of OOK signal propagates gyrrent densitye is the electrical charge] is the active layer

the same time in the SOA. As a result, inner side constellatiéﬂ\ﬂdth’.AQ. IS tr?e d|ffere||'1t|al gain Cﬁefﬂmem{, IS fthe the rl]'ght
points of 8QAM format are obtained. The outer side constellIteNSty In the active gye@u Is the energy of one photon,
tion points of 8QAM format are obtained when the phase afd is the carrier relaxation time. The expression (1) indicates
amplitude of the QPSK signal are maintained as they are by ﬁh‘é‘t . . . 90
OOK space pulse propagation. Modulation format conversion Gain factor in local field = 7 T I/1, )

from OOK and QPSK to 8QAM at frequencf; is achieved . . - :

in this way. Note that the timing of incgming;;%OK and QPSK quat!on 4) ShO.WS that the gain gogfﬁcmnt depengs on light
pulses should be aligned to convert to 8QAM pulse. This ‘etensny. The gain saturation coefficient when the light inten-
‘I'y is sufficiently small isjg, and becomes smaller thagp as

2fc hQ|eF\)/§ﬂ t;?/gr:‘glr :ﬁgn:)gr%r?:iiz ?gtﬁﬁ:zg Eggl p;lsspggf:gie light intensity increases. For this reason, the amplification
ain is constant in the operation region where the input light

i g
ter?ﬁg?cihdeerlna;iE:lgi]agorrag?)ﬁhséggsjlbosed method from 8Q A'WItensity is small, and decreases as the input light intensity
to QPSK and OOK conversion is illustrated in Fig. 2. Thcreases. .
original 8QAM signal is divided into two. One of the divided. Further, th? nqnlmear phase change causeq b.y the change
8QAM signal is converted to OOK signal using optical threst” the refractive index due_ to the carner density in the SOA
old device. The other is converted to QPSK signal by usiﬂa expressed by the following equation [19]
an SOA. Conversion from 8QAM to QPSK is achieved by b = TALL Gy, AR )
using SPM and gain saturation in the SOA. The outer side Y 2a)\ A
constellation points of 8QAM format have greater amount @fhereA L is the length of minute sectiof, is the confinement
nonlinear phase rotation compared to the inner side constefigctor, ¢ is the material gain constant,is the peak of the gain
tion points due to SPM. Simultaneously, the amplitude of thﬁavelength,gm is the material gain; is the small section
outer side and inner side constellation points are amplified aRgmber, A7 is the rate of change of the refractive index in

converged to the similar level due to gain saturation. In thifie active region with respect to the carrier concentration.
manner, the phase and amplitude of the inner and outer side

constellation points of the 8QAM format converge to the same .
positions when the signal has proper power. The conversion .
from 8QAM to OOK is achieved using optical threshold devicd QPSK and OOK to 8QAM conversion

[15] by setting the threshold value between the outer sideThe numerical simulation setup of QPSK and OOK to
and the inner side constellation points of the 8QAM forma8QAM conversion using OptiSystem (Optiwave Systems Inc.)

N UMERICAL SIMULATION
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Flg 2. Schematic of 8OAM to QPSK and OOK conversion using SPM andg 3. Numerical simulation setup of QPSK and OOK to 8QAM conversion.

gain saturation in SOA and optical threshold device.

-1
—e— Converted

is illustrated in Fig. 3 [20]. The original 10-Gbps RZ-QPSk -2 FEC thr. 8QAM
signal at frequency;=193.1 THz is generated by CW lasel—~ ) B2B 8QAM
source with zero linewidth and an IQ modulator with — 1 & -3
pseudo random bit sequence (PRBS). The original 5-Gbps |:’i°, —— Original
OOK signal at frequency,>=193.2 THz is generated by CW 2 3 -4 3 QPSK
laser source with zero linewidth and another 1Q modulat —— Original
with 215 — 1 PRBS. The reason of the zero linewidth is t¢ -5 OOK
avoid signal quality degradation by linewidth enhanceme 1 3 5 7 9 11 13 15 17
in the SOA. The power of the original QPSK and OOk OSNR [dB]

signals are—3 dBm and—0.5 dBm, respectively. Amplified
spontaneous emission (ASE) noise is added to the origif@. 4. BER as a function of OSNR in QPSK and OOK to 8QAM conversion.
QPSK and OOK signals to change OSNR. A CD emulat(z)ER ggthe converted 8QAM is below the FEC threshold when OSNR exceeds
assuming the dispersion coefficient of 17 ps/nm/km and the
dispersion slope of 0.075 ps/dfam at f,; without fiber loss
is placed before the WDM combiner. The QPSK and OOK 5-dB and 12-dB OSNR penalties on the FEC threshold in
signals are injected into the SOA whose parameters are Between the converted 8QAM signal and B2B 8QAM signal,
as [14] to impose XPM and XGM. The converted 8QAMbriginal QPSK signal, respectively. The main reason of the
signal is coherently detected and digitally processed, then Bi5-dB OSNR penalty between the B2B and the converted
errors are directly counted. Performed digital processing 8)AM is the ASE noise accumulation before performing the
enumerated as direct current (DC) blocking, normalizatioformat conversion. The accumulated noise affects the signal
low-pass filtering, adaptive equalization, and carrier phaggality in the nonlinear process in the SOA. Therefore, such
recovery. Frequency offset estimation is not performed singequality degradation can be overcome by reducing the noise
the laser linewidth is set as zero. The bit-error rate calculatia@cumulation before format conversion as much as possible.
needs a special consideration since the mapping of 3 bit orConstellation diagrams of the converted 8QAM signal and
each of the converted 8QAM symbol is not in the ordinarghe original QPSK signal at OSNR of 15 dB, 18 dB and with-
Gray-code. The first bit of the 3-bit mapping is 0 and 1 foput noise are illustrated in Fig. 5. Although the constellation
inner and outer QPSK constellations, respectively. The latiesints are expected to spread due to the noise accumulation
two bits correspond to the ordinary Gray-code mapping fai the SOA, it can be seen that the amplitude of the inner side
QPSK constellation. This mapping is caused by the usagedestellation points of the 8QAM signal much converges com-
original PRBS, namely, the first bit of every 3-bit sequence fsared to the outer side constellation points by the XGM effect
used for data of OOK signal and latter two bits are used fgf the SOA. Furthermore, outer side constellation points of
data of QPSK signal with ordinary Gray-code mapping.  8QAM signal spread in the rotation direction compared to the
BER as a function of OSNR in QPSK and OOK to 8QAMnner side constellation points due to the high-instantaneous
conversion is illustrated in Fig. 4. The BER of the convertegower-induced nonlinear phase rotation.
8QAM signal is below the dashed line which means 7%- EVM as a function of OOK signal power changed from
overhead hard decision forward error correction (HD-FEG)8.5 to 7.5 dBm is illustrated in Fig. 6. The QSPK signal
threshold oflog,,(3.8 x 1073) = —2.42 when OSNR exceeds power is —3 dBm. OSNR of OOK and QPSK is set to 18
14.5 dB. This result shows that the error free format conversidB. A dashed line on 19.0% EVM means the same FEC
can be achieved. Moreover, BERs of the original QPStireshold [22]. It can be seen that EVM exceeds the threshold
signal, original OOK signal, and a back-to-back (B2B) 8QAMvhen the OOK signal power increases higher than 1.0 dBm,
signal are shown in Fig. 4. The BER curves of the originaheaning that proper 8QAM format is not obtained. This is
QPSK and OOK signals have almost 0.5-dB additional OSN#ecause the phase of the QPSK signal is rotated beyond the
penalty compared to the theoretical value [21]. There aigeal constellation point due to the stronger XPM caused
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4 2 0 2 4 4 2 0 2 4 -4 2 0 2 4 threshold around-3.0 and—8.0 dBm as shown in the right-side constellation
schematic.
Fig. 5. Constellation diagrams of the converted 8QAM signal and the original
QPSK signal without noise, OSNR at 18 dB and 15 dB. 45 510 ps/nm
20 . ]
40 Signal Power = -0.5dBm &
Im 35 ‘ *
35 \ S =LY 1
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Signal Power [dBm] Fig. 8. EVM as a function accumulated CD in OOK, QPSK and constellation

diagrams. EVM exceeds the threshold over 1500 ps/nm due to the temporal
Fig. 6. EVM as a function of OOK signal power. EVM is below the thresholdnisalignment and improper instantaneous power of the OOK and QPSK
around—0.5 and4.5 dBm as shown in the right-side constellation schematigignals due to the accumulated CD.

by higher OOK signal power. Similarly, EVM exceeds th@ccumulated CD is emulated by ch_anging its fiber length from
threshold when the OOK signal power is less thah5 dBm. O km t0 200 km, and the OSNR s set to 18 dB. It can be

This is because the phase of the QPSK signal is not rotaRfEN that the calculated EVM exceeds the FEC threshold over

sufficiently due to the weak XPM caused by lower 00500 ps/nm. There are also some points tha_lt gxceed the FEC
signal power. Note that EVM becomes the 2nd minimum valj@reshold at CD less than 1500 ps/nm. This is because the
when the OOK signal power is 4.5 dBm. Even in the strong8fPer 8QAM format cannot be obtained due to the temporal
XPM situation, the phase of the QPSK signal is rotated Bplsahgnment of the QPSK_ and OOK pulses by the influence
135 degrees as shown in the right-side schematic, resulted{f€ CD. Constellation diagrams of the converted 8QAM at
similar constellation diagram as in the ideal 45 degree rotaticn?._ ©f 5,10 ps/nm and 1530 ps/.nm are also plotted.
Therefore, the EVM shows lower value at that power. Eye diagrams of the 8QAM signal at CD of 510 ps/nm and
EVM as a function of QPSK signal power changed froan530 ps/nm are illustrated in Fig. 9. The eye diagram at CD
—11 to 5 dBm is illustrated in Fig. 7. The OOK signal powe f 1530 ps/nm fluctl_Jates than tha_t of 510_ps/nm dge t_o the
is —0.5 dBm. OSNR of OOK and QPSK is set to 18 dB. Ioss—less CD emu_la_t|on and reduction of gain saturation in the
can be seen that EVM exceeds the threshold when the QP A. Therefore., it is found that the outer su_je cpnstellanons
signal power is higher thar-2 dBm, meaning that proper0 the 8QAM signal at CD of 1530 ps/nm in Fig. 8 much
8QAM format is not obtained. This is because the OOK powgpread compared to CD of 510 ps/nm.
decreases due to the gain saturation effect in the SOA, so the
phase rotation on the QPSK signal by XPM is not sufficien- 8QAM to QPSK and OOK conversion
EVM again exceeds the threshold when the QPSK power isNumerical simulation setup of 8QAM to QPSK and OOK
less than—4 dBm. This is because the OOK power increasesnversion using OptiSystem is illustrated in Fig. 10 [23].
by the gain saturation, so the phase rotation on the QPSKe original 15-Gbps 8QAM signal at frequengy;=193.1
signal by XPM is too strong. EVM becomes the 2nd minimurHz is generated by CW laser source with zero linewidth and
value when the OOK signal power is8 dBm. The reason is an 1Q modulator with2!> — 1 PRBS. The power of original
the same as in the OOK signal power of the 4.5 dBm in FI@QAM signal is—4.9 dBm. ASE noise is added to the original
6. 8QAM signal to change OSNR. A CD emulator assuming the
EVM as a function of CD accumulated in OOK and QPSKlispersion coefficient of 17 ps/nm/km and the dispersion slope
signals before format conversion is illustrated in Fig. 8. Thaf 0.075 ps/nrivkm at f,; without fiber loss is placed before
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Fig. 9. Eye diagrams of the converted 8QAM at CD of 510 ps/nm and 1530-5
ps/nm. Optical intensity of CD of 1530 ps/nm fluctuates due to the loss-less g 8 10 12 14 16 18
CD emulation and reduction of gain saturation in the SOA.

OSNR[dB]
PRBS 2%3-1, 15Gb/s 5 Gb/s Fig. 11. BER as a function of OSNR in 8QAM to QPSK and OOK. BER
v Coupler OOK signal of the converted QPSK and OOK is below the FEC threshold when OSNR
CW ] | 8QAM CcD Optical ] Direct exceeds 14.0 dB.
Laser mod emulator|\ [threshold detector
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Fig. 10. Numerical simulation setup of 8QAM to QPSK and OOK. . 42 0024 . 42 002 4 . 42 002 4

Converted

the optical threshold device and SOA. The SOA parameters i apsk
set as [14]. The converted QPSK signal is coherently detec! 2 2 2
and digitally processed, and the converted OOK signal
directly detected. Bit errors are directly counted.
BER as a function of OSNR in 8QAM to QPSK and OOKrig. 12.  Constellation diagrams of the original 8QAM signal and the
conversion is illustrated in Fig. 11. The meaning of BER curw@nverted QPSK signal without noise, OSNR at 18 dB and 14 dB.
of the converted QPSK and OOK (blue diamond legend) is that
the number of bit error of the demodulated OOK data and o
QPSK data are added and it is divided by the total number gfilar phase rotation is imposed by SPM. QPSK format can
transmitted PRBS. The BER of the converted QPSK and Odi€ obtained regardless of 8QAM signal power. _
is below the HD-FEC threshold when OSNR exceeds 14.0BER of the converted QPSK and OOK as a function of
dB. This result shows that the error free format conversigifcumulated CD in 8QAM signal is illustrated in Fig. 14. The
can be achieved. Moreover, BERs of the converted stﬁgcumulated CD is emulated by changing the fiber Iength of
signal, original 8QAM and the converted OOK signal arf'® CD emulator from 0 km to 150 km, and the OSNR s set
shown in Fig. 11. It is found that there is an OSNR penal 18 dB. It is found that the callcullated BER exceeds the FEC
of 2 dB on the FEC threshold between original 8QAM signdlreshold over 2200 ps/nm. This is because the proper QPSK
and converted QPSK and OOK signal due to the ASE noif@mat cannot be obtained since 8QAM pulse waveform is
accumulation before performing format conversion. dlstorted.b.y the mfluen.ce of the CD. Constellation dlaglrams
Constellation diagrams of the original 8QAM signal and th8]c the original 8QAM signal and the converted QPSK S|gna_l
converted QPSK signal at OSNR of 14 dB, 18 dB and witho@ CP ©f 170 ps/nm and 2040 ps/nm are also shown. It is
noise are illustrated in Fig. 12. In the constellation diagraffPServed that the constellation points of the original 8QAM
of the QPSK signal after conversion, it can be seen that tB'éJ”a' at th_e CD Of, 2040 ps/inm shrinks and the distance
constellation points spread in the rotation direction compar gtween adjacent points decreases by the CD compared to the

to the original 8QAM. This is due to the effect of nonlineaFD of 170 ps/nm. Therefore, the converted QPSK_ at the CD
phase rotation by SPM. of 2040 ps/nm becomes less tolerate to the nonlinear phase

BER as a function of 8QAM signal power changed frorﬁOtat'on'
—10 to 0 dBm is illustrated in Fig. 13. OSNR of 8QAM is
set to 18 dB. It is found that there is no point exceeding the IV. CONCLUSION
FEC threshold. The threshold value of the optical thresholdWe have proposed the all-optical modulation format conver-
device is changed according to the 8QAM signal power. Thuspn systems between OOK, QPSK and 8QAM. From OOK
even if the 8QAM signal power is changed, conversion fromnd QPSK to 8QAM conversion was achieved by using XPM
8QAM to OOK becomes error free. Consider conversion froand XGM in SOA. Advantage of this conversion system is that
8QAM to QPSK, the range of the input signal power in Fig. 18he reserved bandwidth and the phase-locking are not required.
is in the gain saturation regime of the SOA. Therefore, theurthermore, it is expected to be applied to practical use for
8QAM signal power converges to a similar value and then timodulation format adaptation since the original formats of
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