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ABSTRACT We report a multi-dimensional quadrature amplitude modulation with M-ary differential phase
shift keying (QAM-MDPSK) modulation for optical access network transmission systems employing a
Mach—Zehnder modulator (MZM) and a phase modulator (PM) in a direct detection system. Even though
several problems that occur in a QAM-DPSK employing a single MZM were solved, inter-signal distortion
between two modulations remains when the optical phase signal is converted into an optical intensity signal
for detection. To maximize the transmission capacity of QAM-MDPSK, the effect of inter-signal distortion in
QAM-MDPSK need to be analyzed for optimization. Mathematical analysis and simulations were performed
to evaluate inter-signal distortion. Furthermore, experimental transmission on the proposed QAM-MDPSK
modulation has been performed to verify the inter-signal distortion analysis.

INDEX TERMS Multidimensional optical modulation, quadrature amplitude modulation with M-ary
differential phase shift keying (QAM-MDPSK), Mach-Zehnder modulator (MZM), phase modulator (PM),

passive optical network (PON).

I. INTRODUCTION

Recently, with the increasing demand for high-data-rate
services such as 4K/8K TV and augmented reality/virtual
reality streaming, data capacity requirements have been
growing exponentially [1]. Conventional optical access
network transmission systems cannot support the data
requirements to cope with such a significant increase in
data traffic. Therefore, a new optical transmission system
that can support this explosive amount of data traffic is
required. However, the transmission capacity as well as the
system complexity should be considered when building such
a system. An intensity modulation/direct detection (IM/DD)-
based system, which has low hardware complexity and high
transmission capacity, offers a promising solution. Hence,
IM/DD-based optical transmission systems have been widely
studied [2]-[5].
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There are two main approaches to increasing the trans-
mission capacity. One is to use a large system bandwidth
and the other is to enhance the spectral efficiency. However,
it is difficult to increase the system bandwidth because of
limitations in the frequency response of electrical and optical
devices. Therefore, it is important to enhance the spectral
efficiency within a given system bandwidth. However, this
cannot be achieved simply by increasing the modulation order
because shot noise [6], thermal noise [7], dark current noise
[8], and amplified spontaneous emission noise [9] limit the
system signal-to-noise ratio (SNR). Therefore, techniques
such as partial response coding [10], signal shaping [11],
faster than Nyquist signaling [12], and bit-loading algorithms
for multicarrier transmission [13]-[16] have been developed.
However, these techniques cannot significantly increase spec-
tral efficiency. For spectral efficiency enhancement, multi-
dimensional modulation [17], [18] has recently attracted
attention. Amplitude shift keying with differential phase-
shift keying (ASK-DPSK) [19] and quadrature amplitude
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FIGURE 1. Transmitter and receiver scheme of QAM-MDPSK.

modulation with differential phase-shift keying (QAM-
DPSK) [20] have been proposed as multi-dimensional modu-
lation techniques. These modulation techniques modulate the
optical intensity and phase simultaneously in IM/DD-based
systems to enhance spectral efficiency. The optical phase
signal should be converted into an optical intensity signal
to detect a phase modulated signal in a DD system. For this
process, the Mach—Zehnder delay interferometer (MZDI) is
widely used. However, if the optical intensity and the optical
phase are modulated at the same time, the optical phase signal
is distorted because the optical beating power of a DPSK
symbol fluctuates owing to the intensity-modulated signal
in this process. ASK-DPSK is a modulation technique in
which the distortion of the DPSK signal by the ASK signal
is significant. Therefore, it is difficult to enhance the spectral
efficiency by increasing the modulation order.

In a previous study, we proposed a 3D QAM-DPSK
employing a single Mach—Zehnder modulator (MZM) to
mitigate the signal distortion of DPSK due to amplitude
variation. QAM-DPSK is a modulation technique that
effectively mitigates the distortion of the DPSK signal by
reducing the variation in the average beating power of
each DPSK symbol. Therefore, the bit error rate (BER)
performance was effectively enhanced compared to ASK-
DPSK. However, there are some disadvantages associated
with QAM-DPSK employing a single MZM. First, it is
unable to increase the modulation order of the DPSK because
a single MZM can provide only two states of the optical
phase. Second, voltage drift occurs, which degrades the signal
quality of QAM; therefore, it is difficult to increase the
modulation order of QAM. Third, there is an imbalance
in the RF signal bandwidth at the transmitter and receiver,
so that the required frequency response of the MZM and
photodetectors (PDs) are different. Therefore, it was difficult
to increase the spectral efficiency of QAM-DPSK employing
a single MZM. However, the aforementioned problems were
solved by employing an additional phase modulator (PM),
allowing each MZM and PM to independently modulate
the optical intensity and phase, respectively. Because multi-
level DPSK can be modulated in this scheme, we refer
to it as quadrature amplitude modulation with M-ary
differential phase-shift keying (QAM-MDPSK) instead of
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QAM-DPSK. To maximize the transmission capacity of
the proposed QAM-MDPSK, which outperforms the QAM-
DPSK employing a single MZM, the inter-signal distortion
needs to be analyzed because the optimal conditions of
modulation order, threshold level and signal shaping are
functions of SNR and inter-signal distortion.

In this paper, QAM-MDPSK optical transmission scheme
by cascading the MZM and PM is presented. We per-
formed a theoretical analysis and simulations to analyze
the inter-signal distortion between QAM and MDPSK.
We also experimentally performed the proposed QAM-
MDPSK transmission, where 16QAM-3DPSK modulations
were successfully demonstrated through the measured sym-
bol error rate (SER) and constellations.

II. PRINCIPLE OF OPERATION

To elucidate the operating principle of QAM-MDPSK,
we must first consider the transmitter and receiver schemes.
For the transmitter, as shown in Fig. 1, a continuous
wave (CW) from the laser passes the MZM and the PM in
series, where the MZM modulates the QAM and the PM
modulates the MDPSK. After the modulated optical signal
arrives at the receiver, as shown in Fig. 1, the optical signal is
first divided by a 3 dB coupler. One of the divided optical
signals passes through the MZDI filter and is detected by
balanced photodetectors, PD1 and PD2. The other optical
signal is directly detected by the PD3. For PD1 and PD2, the
MDPSK signal is detected where the MZDI filter converts the
optical phase signal into an optical intensity signal. For PD3,
the optical intensity signal, in this case QAM, was directly
detected. With knowledge of the overall QAM-MDPSK
scheme, modulation methods for both the MZM and PM need
to be considered. For an MZM biased at the quadrature point,
the RF QAM signal is applied as a modulation signal. The
optical power after intensity modulation can be expressed as

Poam = a+ QAM(t) e

where a represents the optical DC power corresponding to
the bias point of the MZM, and QAM(t) is the time-domain
optical signal power corresponding to the AC QAM signal.
After the intensity modulation, the phase was modulated by
the PM. Because we use only one MZDI filter, unlike the

47267



IEEE Access

J. Lee et al.: Inter-Signal Distortion Analysis

s(t+T) = s(t)-a(t)

@ False

True

s(t+T) = s(t)+a(t)

FIGURE 2. Generation process of MDPSK modulation signal.

conventional multilevel DPSK detection scheme, only the
absolute value of the shifted phase can be detected. Therefore,
the time-domain input signal of PM, s(t), should be generated
as shown in Fig. 2, where T is the symbol duration of DPSK
and a(t) is the absolute value of the desired phase shift in terms
of voltage, which is constant through one DPSK symbol
duration. Consequently, the photocurrents of PD1 and PD2
can be expressed as:

1 1
Ipi = KRla+ 5 QAM(1) + 5 QAM(t = T)]

+{a+ QAM ()} {a + QAM (1 — T)}
x cos(Oppsk + @) 2)

and

1 1
Iy = KRla+ QAM(1) + S QAM (1 — T)]

— Vl{a+ QAM (1)} {a + QAM (1 — T))
x cos(fppsk + ¢) 3)

where 1,1 and I, are the photocurrents of PD1 and PD2,
respectively, K is the overall attenuation factor, R is the
responsivity of each photodetector, Oppsk is the optical phase
shift of the DPSK signal, and ¢ is the phase offset due to
the path length misalignment of the MZDI filter. Therefore,
the photocurrent after balanced detection, 1,1 — I, can be
expressed as follows.

L1 — I, = 2KR\/{a + QAM(t)}{a + QAM (1 — T)}
x cos(Bppsk +¢) (4)

From Equation (4), if we set ¢ =0, the detected
DPSK signal is an even function in terms of the shifted
phase 6ppsk, which means that we can only detect the
absolute value of the shifted phase. Although the orig-
inal DPSK signal is cos(6ppsk + ¢) , a QAM-related
term v/a + QAM (t)QAM (¢t — T) is multiplied, which causes
fluctuations in the DPSK signal during a symbol period.
Therefore, a symbol-averaging filter is applied to detect the
DPSK signal. We denote the normalized symbol-averaged
QAM-related term of the DPSK as the distortion factor (DF)
as follows.

T
DF = l/ \/{1 + 1QAM(t)}{l + lQAM(t —T)}dr (5)
T 0 a a
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FIGURE 3. Optical beating representations of (a) QAM-MDPSK-ESD and
(b) QAM-MDPSK-EMB.

From Equation (5), DF depends on the QAM signal and
the bias point of the MZM. Additionally, the DF varies
according to the symbol duration of the MDPSK signal.
Therefore, we have two types of QAM-MDPSK according
to the symbol duration of MDPSK. One is QAM-MDPSK
with equal symbol duration (QAM-MDPSK-ESD) and the
other is QAM-MDPSK with equal modulation bandwidth
(QAM-MDPSK-EMB). For QAM-MDPSK-ESD, QAM and
MDPSK have the same symbol duration, whereas the
symbol duration of MDPSK is half that of the QAM for
QAM-MDPSK-EMB.

Hence, for QAM-MDPSK-ESD, as shown in Fig. 3 (a),
optical beating in the MZDI always occurs between adjacent
QAM symbols with a full symbol duration. However, for the
QAM-MDPSK-EMB, there are two types of optical beating
in the MZDI, as shown in Fig. 3 (b). In QAM-MDPSK-EMB,
beating can occur within a QAM symbol or between different
QAM symbols because the symbol duration of DPSK is half
that of QAM. We herein refer to the former as intra-QAM
beating and the latter as inter-QAM beating.

The error performance of MDPSK should be evaluated
to determine the modulation order of the MDPSK and
its threshold levels. Because the DF directly affects the
performance of the MDPSK, we need to analyze the
probability distribution function of the error vector caused
by DF. In the optical phase detection, as shown in Equation
(4), if we set the phase offset ¢ to zero, DF is multiplied
by the cosine of the shifted optical phase. Therefore, the
distortion is proportional to the cosine of the shifted optical
phase. Assuming that there is no distortion when QAM (¢) is
zero, the normalized distortion component of the n-th DPSK
symbol, E ,, caused by DF can be expressed as follows.

— nt 1 1
E, = [/ {1+ -0AM)}{1 + -QAM (1 —T)} — 1]
(n—1T a a
x cos(@ppsk)dt  (6)
Because E , is dependent on the QAM signal, E , varies
according to the modulation order, modulation index, and
constellation shaping of the QAM. Additionally, E , can

only have discrete values becau_s)e the modulation order of
the QAM is discrete and finite. E , in MDPSK indicates the
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FIGURE 4. Simulated SER performance of (a) 16QAM-2DPSK-ESD, (b) 16QAM-3DPSK-ESD, (c) 16QAM-4DPSK-ESD and (d) 16QAM-2DPSK-EMB,

(e) 16QAM-3DPSK_EMB, (f) 16QAM-4DPSK-EMB.

spread of the received signal. Therefore, the total distortion
of the received n-th MDPSK symbol can be expressed as
follows,

nT

— —
E n,total = E n+ / N(I)dt, (7)

(n—1)T

where N(¢) is the total noise of the received MDPSK signal
in the time domain. Then, we can also find the probability
density function of E , ;oyWhen the noise distribution is
known. The error probability, P, between two MDPSK signal
levels with an optimized threshold, can be calculated as
follows.

. —
P, = rr}/ln(P[En,total > y|s1]1P[s1]

%
+P[En,total < yls21P[s2])  (8)

In Equation (8), s1 is the lower-level MDPSK signal and
5o is the upper-level MDPSK signal. y is the threshold
level between s; and sp, which is optimal when the error
probability is minimized. Because the inter-QAM beating and
intra-QAM beating have significant differences in terms of
the variance of the optical beating power, each case should be
analyzed and the modulation order should be set according to
the results.

IIl. SIMULATIONS
We simulated the transmission performance of QAM-
MDPSK-ESD and QAM-MDPSK-EMB to compare the
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FIGURE 5. Simulated Eye diagram of 4DPSK in 16QAM-4DPSK-EMB after
applying symbol averaging filter when MI = 0.8 without noise.

SER performance of MDPSK in terms of SNR, modulation
index (MI) of QAM, and modulation order of MDPSK. MI of
QAM in our simulation is defined as follows

yi — Dex(QAM®))) ©)
a

We assumed that the absolute maximum phase shift of
DPSK is m, and the absolute minimum phase shift is zero,
which means that the full signal range of the PM is used. In the
simulation, 1 x 10% symbols were used for each condition.
We applied four levels of MI for QAM-MDPSK-ESD and
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seven levels for QAM-MDPSK-EMB. The results are shown
in Fig. 4. As expected, for the same MI and modulation order,
the SER performance of QAM-MDPSK-ESD was always
better than that of QAM-MDPSK-EMB with a lower DF.
When the MI is high, the SER performance improved as
the MI decrease. However, the SER performance deteriorated
again if the MI decreased more than a certain amount. This is
because of the trade-off between performances of QAM and
MDPSK. When the MI goes higher, SNR of QAM also goes
higher. Therefore, the SER performance of QAM improve.
On the other side, when the MI goes higher, DF also goes
higher. As aresult, SER performance of MDPSK deteriorates
as MI goes higher. Therefore, there is an optimal MI which is
a function of SNR and modulation order of QAM-MDPSK.
In QAM-MDPSK-EMB with a high MI, such as 1 or 0.9,
there were SER limitations, despite a sufficient SNR. This
phenomenon can be explained by Fig. 5, which shows the
eye diagram after applying the symbol averaging filter to
the 4DPSK signal in16QAM-4DPSK-EMB when MI = 0.9,
without any noise. In this case, which is highly affected
by the DF, signal levels overlap stochastically according to
the beating symbol of the QAM signal. As a result, when
the MI and modulation order of the MDPSK are high, SER
limitation occurs. According to Equation (4), DF is directly
multiplied by the DPSK signal. Consequently, the MDPSK
signal level spreading due to the DF was proportional to
the signal level of the MDPSK. Therefore, the nonlinear
signal level of the MDPSK enhances the SER performance.
Additionally, as shown in Fig. 6, the signal level spreading
due to the DF is different for the different constellations of
the QAM. The inner point of the QAM constellation can be
interpreted as a small QAM MI. Consequently, the signal
level spreading of MDPSK is significant for the QAM at the
outer constellation point. Therefore, the constellation shaping
of QAM can also enhance the overall SER performance of
QAM-MDPSK. However, we should consider both the MI
and the modulation order of the MDPSK.

A comparison of QAM-MDPSK-ESD and QAM-
MDPSK-EMB in terms of throughput shows that because
the symbol duration of QAM-MDPSK-ESD is half
that of QAM-MDPSK-EMB, 16QAM-3DPSK-EMB, and
16QAM-9DPSK-ESD have the same throughput, as do
16QAM-4DPSK-EMB and 16QAM-16DPSK-ESD. How-
ever, as shown in Fig 4, the SER of 16QAM-4DPSK-ESD
with MI = 0.8 was similar to that of 16QAM-3DPSK-EMB
with MI = 0.7. In this case, by losing approximately 2 dB
SNR in QAM, we can transmit more than 1 bit at the SER of
1 x 1073, Furthermore, because the results of QAM-MDPSK-
EMB did not consider the two different types of DF, we set
the modulation order of the inter-QAM-DPSK and intra-
QAM-DPSK to be the same. Therefore, the SER performance
at the same throughput can be further enhanced when the
modulation order of inter-QAM-DPSK and intra-QAM-
DPSK are optimized. Considering the simulation results,
QAM-MDPSK-EMB is better than QAM-MDPSK-ESD in
terms of throughput unless the system SNR is insufficient.
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We also plotted the probability distribution of the DF in
the QAM-MDPSK-EMB. Unlike the DF of QAM-MDPSK-
ESD, there are two types of optical beating, thus there are two
types of DF as well. Therefore, the probability distributions of
these two DFs should be compared. Fig. 6 shows two types of
DF as well. Therefore, the probability distributions of these
two DFs should be compared. Fig. 6 shows the probability
distributions of MDPSK distortion by 16QAM according
to inter-QAM beating and intra-QAM beating when MI is
0.6 and 0.4. Because the MDPSK distortion is caused by
QAM, which has finite and discrete constellation, the value
of MDPSK distortion is also finite and discrete. As expected,
the distortion is larger when MI is larger. In contrast, upon
comparing the inter-QAM beating to the intra-QAM beating,
the distortion that occurred between them is found to be
extremely different. As shown in Fig. 6, the distortion by
inter-QAM beating is much larger than that of intra-QAM
beating. Therefore, in order to optimize the modulation order
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LD : laser diode PC : polarization controller
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ODL : optical delay line
PD : photodetector
RF amp. : radio frequency amplifier

MZM : Mach-Zehnder modulator
AWG : arbitrary waveform generator
MZDI - Mach-Zehnder delay interferometer

FIGURE 8. Schematics of experimental setup.
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and constellation QAM-MDPSK-EMB, each case should
be considered separately. Notably, the simulation results
depicted in Fig. 4 (e) and Fig. 4 (f) did not consider the two
different beatings separately in QAM-MDPSK-EMB, thus
the results are not optimal. Therefore, if the modulation order
is optimized in QAM-MDPSK-EMB, the SER performance
would improve from that shown in Fig. 4 (e) and Fig. 4(f)
when the data rate is fixed.

Fig. 7 shows the simulated BER performances of QAM-
MDPSK and QAM-DPSK according to the SNR of DPSK,
when they have the same spectral efficiency. In this
simulation, the MI of 16QAM-4DPSK-EMB is 0.45 and MI
of the other modulation was 0.8. Because the QAM-DPSK
employing a single MZM has only binary level of DPSK,
the transmission capacity depends only on the modulation
order of QAM when the modulation bandwidth is fixed.
Therefore, in order to achieve high transmission capacity,
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QAM-MDPSK is better than QAM-DPSK, although the
modulation order of MDPSK cannot be increased more than
a certain level, due to DF.

IV. EXPERIMENTS AND RESULTS

We experimentally verified the SER performance of 16QAM-
3DPSK-EMB as a proof of concept. In our experiment,
an external cavity laser diode was used as an optical source,
and polarization controllers (PCs) were used to maximize the
signal performance in front of the MZM and MZDI because
both of them are polarization-dependent optical devices. The
input RF signals for the MZM and PM were generated using
an arbitrary waveform generator (AWG70002A). The vertical
resolution of the AWG was 10 bits, and the sampling rate
was 8 GHz. We used 16 samples per QAM symbol and eight
samples per MDPSK symbol. Therefore, the modulation
bandwidths of both QAM and MDPSK were 1 GHz. After
optical modulation from the MZM and PM, the signal was

47271



IEEE Access

J. Lee et al.: Inter-Signal Distortion Analysis

@ m e # W R W &
% & @ W 3w o W @
T ‘Iu-;;iJase‘ : ' o 7 I.u-}:;hase 7

(a) (b)
N b T
il Fv“ | I i
: of \ H H N
el é’ N ‘ ‘ 4 ‘ \
< < % | | | \ ‘\ “
4 ‘\JJ “J \‘w‘ W \
Time(ns) V i"ime(ns) )
(© (d)

FIGURE 11. Constellation of received 16QAM signal when Ml is 0.41 for
(a) 10 km, (b) 20 km transmission and received 3DPSK signal in time
domain for (c) 10 km, (d) 20 km transmission.

4 4

) : )
2 ) . g
: ¥ e g
2. 2.
= . o g?ﬁ, =,
s - wH g
e 7
2 'S B
4 4
4 2 1 1 4 2 -1 0 1 2 4
Inter-QAM beating Inter-QAM beating
(@) (b)

FIGURE 12. Received 3DPSK constellations when Ml is (a) 0.21 and
(b) 0.64.

10'1 - T T T T T
—6—SER of QAM
—%— SER of DPSK
102 F
e 10t E _
&5}
7]
10 F 1
107 v 1
0.2 03 0.4 0.5 0.6 0.7 0.8 0.8

modulation index of QAM

FIGURE 13. Measured SER performance of 16QAM and 3DPSK as a
function of MI.

divided by a 3 dB cross coupler. One of the divided optical
signals passed through the MZDI filter to convert the optical
phase signal into an optical intensity signal. After passing
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through the MZDI filter, the balanced photodetector received
the MDPSK signal. The other optical signal divided by
the first 3 dB cross coupler, which is a QAM-modulated
optical intensity signal, was directly received by the PD. The
electrically converted signals by the three PDs were digitally
converted by a digital phosphor oscilloscope (MSO71604C;
DPO) with a sampling frequency of 12.5 GHz. The overall
experimental scheme is shown in Fig. 8.

In our experiments, optical delay lines (ODLs) were
manually controlled. Therefore, the MZDI was not stable.
Consequently, we were unable to control the marginal
path length of the MZDI. This MZDI’s slight path-length
mismatch resulted in the phase offset shown in Equation (4).
Furthermore, in our setup, the input RF power of the PM
was insufficient so we could not use its full signal range.
Therefore, we intentionally set the phase offset near —7/2 so
that the signal is robust to it, and we could obtain a wider eye
at the same time.

As shown in Fig. 9, we represented the DPSK signal in
the sinusoidal function using Equation (4), when the phase
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offset is (a) —m /2, (b) —57/12, (c) zero and (d) —x/12. For
3DPSK, when the phase offset is zero, the input RF signal
of the PM and its corresponding signal levels are shown in
Fig. 9(c). As observed, the output level is highly nonlinear
when the RF swing power is insufficient. In addition, the out-
put signal power is small compared to that in Fig. 9(a). More-
over, when the intended phase offset is zero, the phase offset
misalignment is critical because the signal level spreads,
as shown in Fig. 9 (d), whereas it is not critical when the
intended phase offset is —7/2 or /2 as shown in Fig. 9(b).

Therefore, in order to receive 3DPSK, we applied an on-
off-keying (OOK) signal to the PM setting phase offset to
—m/2 for the reasons specified above. In fact, it is not
a common 3DPSK signal. The inner level, represented as
level 2 in Fig 9(a), appears twice more frequently than
levels 1 and 3. This is because level 2 appears when there
is no phase shift, whereas levels 1 and 3 appear when there
is a negative and positive phase shift, respectively. Therefore,
the output DPSK appears as a probabilistically shaped 3-PAM
signal. However, when the PM with sufficient maximum RF
input power is employed, we can obtain sufficient SNR and
secure 3DPSK signal level even when the phase offset is
zero. The received optical powers for QAM and MDPSK
detection were about —7 dBm and —12 dBm, respectively.
The power spectral densities of the generated modulation
signals and received signals are shown in Fig. 10. The
experiment was performed using several modulation indices
of QAM. Because the input RF signal of the PM was fixed,
the signal power of the 3DPSK for each MI was almost the
same. However, for QAM, the signal power decreased as
MI decreased. In the simulation results shown in Fig. 4(e),
it was almost error free for 16QAM-3DPSK-EMB with
sufficient SNR and MI is 0.6. This indicates that the DF is
not significant at low MI. Thus, it was difficult to recognize
the differences in the time-domain signals of 3DPSK.

Fig. 11 shows the received signal of 16QAM-3DPSK.
Fig. 11 (a) and (b) show the constellations of the received
16QAM after 10 km and 20 km transmission, respectively,
while Fig. 11 (c) and (d) show the received 3DPSK signal
in the time domain after 10 km and 20 km transmission,
respectively. As shown in Figs. 11 (a) and (b), there is no
voltage drift that degrades the signal quality of the QAM,
compared to the results of our previous research employing
a single MZM. Therefore, we could easily increase the
modulation order of the QAM if the SNR was sufficient.
However, as shown in Fig. 11 (c) and (d), there are distortions
caused by QAM, such that the DPSK signal fluctuates in the
time domain. The constellation of 3DPSK when the MI is
0.21 and 0.64 are shown in Fig. 12 (a) and (b) respectively.
Because the distortion in inter-QAM beating is much larger
than that of intra-QAM beating, as shown in Fig. 12,
the constellation spreads horizontally along the inter-QAM
beating axis. Because the applied signal in the PM is an
OOK signal, the phase did not shift twice in a row in the
same direction. This is the reason why the two diagonal
components are missing in Fig. 12.
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The measured SER performance of 16QAM-3DPSK is
shown in Fig. 13. As expected, the signal performances of
16QAM and 3DPSK trade-off because a large MI also means
alarge DF. In our experiment, the number of symbols for each
trial was 1 x 10° , and there were some experimental issues,
as mentioned earlier, especially in phase offset misalignment
and the resultant nonlinear spacing of the signal level,
as shown in Fig. 9. As a result, there were inaccuracies at
some of the SER points of QAM when the MI was small,
and the SER was very low. In our case, the optimal MI was
between 0.4 and 0.5. However, depending on the SNR of
QAM and MDPSK and the modulation order, the optimal MI
could be different.

In our experiment, the SNR of DPSK is fixed at
17 dB. Fig. 14 shows the comparison of SER performance
between experimental results and simulation results. For the
simulation results in Fig. 14, the SNR of QAM is calculated
as follows

SNRoam = SNRppsk + 101log,o(MI?) (10)

where SNRoay and SNRppsk are the SNR of QAM and
DPSK in dB scale, respectively. Therefore, when the MI
is small, the SNR of QAM is small. However, as shown
in Fig. 15, the measured SNR of QAM was higher than
expected. Furthermore, when MI was greater than 0.4, the
SNR of QAM did not increase. This is because some
hardware impairment such as noise and nonlinearity in
receiver circuit. Also, because we used different PDs for
QAM and DPSK detection, the performances of PDs we
used are different. Because of these reasons, the experimental
results had better performances than the simulation results in
Fig. 14. Additionally, the optimal MI of experimental results
was lower because of the higher SNR of QAM than that of
simulation results.

Because the RF modulation bandwidth is 1 GHz, the
optical linewidth of the modulated signal is 2 GHz. Assuming
that the dispersion coefficient of single mode fiber is
20 ps/nm/km at 1550 nm wavelength, the time spreads by
chromatic dispersion are 3.2 ps for 10 km transmission and
6.4 ps for 20 km transmission. Because the time spreads
are sufficiently small compared to the symbol duration of
QAM and MDPSK, we were unable to observe the effect of
chromatic dispersion.

V. CONCLUSION

We reported a QAM-MDPSK for a multi-dimensional
optical access transmission system employing MZM and
PM in series while maintaining the conventional QAM-
DPSK receiver scheme. The simulation results indicate that
QAM-MDPSK-EMB is better than QAM-MDPSK-ESD,
unless the SNR is extremely low. Although the hardware
complexity increases compared to the case of employing
a single MZM, there are several significant advantages,
including possible extension to the M-ary DPSK from binary
DPSK, and removal of both voltage drift and bandwidth
waste. Although several problems are solved by the proposed
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scheme, there is still an inter-signal distortion that distorts the
MDPSK signal caused by the QAM signal. To maximize the
transmission capacity of QAM-MDPSK, modulation order,
threshold level, and signal shaping need to be optimized,
which are functions of the inter-signal distortion and SNR of
both QAM and MDPSK signals. Therefore, we analytically
verified the distortion components according to the two
types of optical beating in the MZDI and experimentally
showed the distortions of the proposed scheme. As an
experimental verification, a 16QAM-3DPSK signal trans-
mission was successfully demonstrated. We believe that this
modulation scheme would be useful for next-generation
multi-dimensional optical modulation applications.
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