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ABSTRACT During multi-dimensional optical transmission, because of photodetector (PD) operation as a
square law detector, signals get distorted when they are modulated on polarization and phase due to interdi-
mensional interference (IDI) by intensity-modulated signals. We propose an IDI mitigation technique using
recurrent neural network for multi-dimensional optical transmission. The signal transmission performance of
the proposed equalization technique was experimentally analyzed. The performance of the proposed system
was verified using the symbol error rate (SER).

INDEX TERMS Multi-dimensional optical modulation, interdimensional interference (IDI), recurrent
neural network (RNN), optical access network.

I. INTRODUCTION
Recently, the use of various IoT and wearable devices has
been increasing. Additionally, various applications target-
ing 5G and B5G have emerged. Therefore, high-capacity
optical transmission is required for optical access networks,
and it is essential to increase the transmission capacity of
the optical transmission [1], [2], [3], [4]. Most of the tech-
niques for high transmission capacity are affected by various
factors, such as the fiber dispersion occurring during trans-
mission, the frequency response of the devices, especially
the physical limitation of the modulation bandwidth of the
optical modulator, and limitations depending on the signal-
to-noise ratio of the system [5], [6], [7], [8]. Therefore, several
studies have been recently conducted on multi-dimensional
transmission techniques by adding modulation resources
to achieve high spectral efficiency and to eliminate these
factors [9], [10], [11], [12]. We previously reported a sin-
gle wavelength-basedmulti-dimensional optical transmission
with a quadrature amplitude modulation-polarized intensity
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rotational frequency shift keying-differential phase shift key-
ing (QAM-PIRFSK-DPSK) modulation technique, which is
a novel multi-dimensional optical modulation technique [13],
[14], [15], [16], [17], [18]. QAM-PIRFSK-DPSKmodulation
is more robust to changes in the state of polarization (SOP),
especially the rotation SOP (RSOP), than polarization shift
keying (PolSK)-based multi-dimensional optical modulation.
In addition, because the QAM-PIRFSK-DPSK modulation
is a multi-dimensional optical transmission based on direct
detection, it is simpler than an optical coherent transmission
system that requires a local oscillator (LO).

However, in multi-dimensional transmission has critical
issues. In multi-dimensional optical transmission, interfer-
ence occurs between signals modulated in other modulation
dimensions. We refer to this as interdimensional interference
(IDI). Because a photodetector (PD) is a square-law detector,
it detects signals based on the intensity of the optical carrier.
In other words, when a signal modulated in a dimension other
than the intensity dimension is received, the IDI of the inten-
sity dimension affects the signal. When a signal is received
from the optical phase dimension, a signal modulated by
the optical intensity dimension is received simultaneously.
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FIGURE 1. System schematic of QAM-PIRFSK-DPSK optical transmission.

The IDI from the optical-intensity dimension distorts the
signal modulated by the phase dimension. In particular, in the
case of a DPSK signal, because the delayed and original
signals beat together to receive the phase signal, The IDI
caused by the beating component of the delayed intensity
signal and the original intensity signal affect theDPSK signal.
Therefore, it is necessary to develop an IDI mitigation tech-
nique for signal detection modulated by phase dimensions.

In conventional studies on signal equalization, signal dete-
rioration is compensated for by a linear equalizer. However,
as the equalization performance deteriorates for complex
degradations, research on nonlinear equalizers, such as the
Volterra equalizer, was conducted [19], [19], [20], [21], [22].
Recently, performance improvement research has been con-
ducted using artificial intelligence (AI)-based equalizers [23],
[24], [25]. Conventional AI-based studies on optical access
networks have mainly focused on classifiers; however, many
studies on AI-based equalization have recently been con-
ducted. The IDI generated during a multi-dimensional optical
transmission is caused by various factors. An AI-based equal-
ization technique is required to compensate for the signal
deterioration caused by IDI.

In this study, we propose an interdimensional interference
mitigation equalization technique using a recurrent neural
network (RNN) for multi-dimensional optical transmission.
For IDI using intensity modulated (IM) signals generated
during DPSK signal detection, the multi-dimensional optical
transmission performance was improved through RNN-based
equalization. We theoretically and experimentally verified
the performance of QAM-PIRFSK-DPSK transmission using
symbol error rate (SER) analyses.

II. SCHEMATICS
We developed a system schematic for QAM-PIRFSK-DPSK
optical transmission, as shown in Figure 1 [15]. In the
proposed QAM-PIRFSK-DPSK modulation scheme, the
PIRFSK and QAM signals are modulated in the optical
intensity dimension, whereas the DPSK modulation is a
signal modulated in the optical phase dimension. In the
QAM-PIRFSK-DPSK system, the QAMand PIRFSK signals

were modulated for each polarization of the optical carrier
launched from the laser diode (LD) by intensity modulator
(IM), like Mach-Zehnder modulator (MZM). The DPSK sig-
nal is modulated by the phase modulator (PM) to the optical
carrier, which passes through the polarization beam com-
biner. The electrical fields of the modulated optical carrier
are represented by Equations (1) – (7):

Ex =
√
PAx(t) exp {−j (ωt + SDPSK (t))} , (1)

Ey =
√
PAy(t) exp {−j (ωt + SDPSK (t) + φ)} , (2)

Ax =
√
SQAM (t) + Vb × cos (SFSK (t)) , (3)

Ay =
√
SQAM (t) + Vb × sin (SFSK (t)) , (4)

SQAM (t) = α(t) × cos (2π fRF t + β(t)) , (5)

SFSK (t) = 2π fit, fi = {f1, f2, . . . , fm} , (6)

SDPSK (t) = ϕi, ϕi = {ϕ1, ϕ2, . . . , ϕn} . (7)

The power of each polarization is set to P before the optical
carrier passes through the polarization beam splitter. The
phase difference between X and Y polarization of optical
carrier is φ. Thereafter, a multi-dimensional optical signal is
transmitted. After the multi-dimensional optical signal passes
through the 3-dB coupler at the receiver, the QAM signal is
received through the intensity of the optical carrier in Pho-
todetector (PD)1. The PD is a square-law detector; therefore,
signals are received at the PD based on the optical intensity.
When a signal is received by PD1, signals other than QAM
are not received [14], [15]. There was no effect on the IDI
when the QAM signal was received.

The optical carrier passing through the 3-dB coupler was
divided into polarizations through the PBS. Polarized optical
carriers were received by PD2. The received signal at PD1
is the squared form of Equation (3). The multiplied result
of QAM and PIRFSK signals was received. The PIRFSK
signal did not change the amplitude and phase of the signal,
and the QAM signal did not change its frequency. For PD2,
the PIRFSK signal was affected by the IDI of the QAM
signal; however, the effect was insignificant because it did
not change the frequency.
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FIGURE 2. Eye diagram of DPSK signal with IDI and without IDI.

To receive the DPSK signal, the QAM and PIRFSK signals
were simultaneously received. At this time, the QAM and
PIRFSK signals deteriorated the DPSK signal performance.
In particular, because the DPSK signal is received by beating
between a delayed signal and a current signal through a
Mach–Zehnder delay interferometer, the current and delayed
QAM, PIRFSK, and DPSK signals are mixed, beat, and
received. The phase detection path is shown in Figure 1. The
signal was passed through a Mach–Zehnder delay interfer-
ometer (MZDI) including 3-dB couplers and an optical delay
line. The signal passing through theMZDIwas a combination
of two signals. One is the original signal and the other is the
delayed signal, which is delayed by one symbol period of the
original signal. The two signals beat at PD3 during the signal
reception. The equations for the signal received by PD3 are
given by Equations (8) and (9).

Ex_n(t) =
j

2
√
2

[
Ex_n(t) − Ex_n−1(t)

]
=

j
√
P

2
√
2
[Ax_n(t) exp

{
−j

(
ωt + SDPSK_n(t)

)}
− Ax_n−1(t) exp

{
−j

(
ω(t − T ) + SDPSK_n−1(t)

)}
]

(8)

IPD3(t) =
1
8
kRP{A2x_n(t) + A2x_n−1(t)

+ 2Ax_nAx_n−1 cos(SDPSK_n(t) − SDPSK_n−1(t))}

(9)

The DPSK signal was received using QAM and FSK sig-
nals. R is the responsivity of the photodiode, and k is the
proportionality factor. A binary DPSK signal is received as a
single-dimensional transmission is represented by the black
line eye diagram in Figure 2. However, the DPSK signal

FIGURE 3. Concept of the Vanilla-RNN unit.

received with the IDI of the QAM and PIRFSK signals is
shown by the blue-line eye diagram in Figure 2. Asmentioned
above, the IDI that affects the DPSK signal is the beating
value between the QAM, PIRFSK, and delayed signals at the
PD. Because of these complex influences, AI-based equaliza-
tion is required. Asmentioned above, when receiving a DPSK
signal in QAM-PIRFSK-DPSK, the performance degrades
owing to the distortion by the QAM and PIRFSK signals
modulated by the intensity of the optical carrier. In addition,
because the signal passing through the MZDI was received,
the original and delayed signals were mixed and received
after beating at the PD. The data in the current state affect
the next state.

ht = tanh(Whht−1 +Wixt + b). (10)

AI-based equalization with a recurrent structure was
performed to input the delayed signal information. To
equalize these IDI distortions, RNN-based equalization
was performed in this study to improve performance. The
RNN structure includes gated recurrent units (GRU), long
short-term memory (LSTM), and vanilla units. The MZDI
structure is identical to that of the vanilla RNN structure.
Owing to the characteristics of the DPSK signal, the current
signal affects only the next state; therefore, it does not match
the LSTM and GRU signals that affect the later state. LSTM-
based equalizers andGRU-based equalizers have higher com-
plexity than vanilla RNN-based equalizers [25]. Additionally,
since the IDI experienced in DPSK is only affected by the
signal whose intensity has been modulated and the previous
signal, the effect of long-term memory, which is an advan-
tage of the LSTM-based equalizer, is minimal. In IDI, the
influence between symbols only affects the symbol imme-
diately following symbol. The impact of long-term memory
is relatively reduced. Therefore, the GRU- and LSRM-based
equalizer can compensate for the distorted signal caused by
IDI as well as the vanilla RNN-based equalizer, but it is
not suitable because it increases unnecessary complexity. In
this paper, the performance of the proposed technique was
verified through performance comparison with a 3rd-order
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FIGURE 4. Receiver diagram for equalization of QAM-PIRFSK-DPSK transmission system.

FIGURE 5. Experimental setup of QAM-PIRFSK-DPSK transmission system.

Volterra equalizer instead of an LSTM-based equalizer. As
shown in Figure 3, the previous hidden output ht−1 of the pre-
vious state receives the weightWh and enters with the xt of the
current input data, and tanh is the hyperbolic tangent activa-
tion function. We adopted the categorical cross-entropy loss
function and ADAM optimizer as the cost function and opti-
mization algorithm, respectively. Therefore, hidden output ht
is calculated using Equation (10). As shown in Figure 4, PD1
and PD2 receive the QAM and PIRFSK signals, respectively.
Based on the received QAM and PIRFSK signals, the RNN
equalizer learns from the DPSK signal received together with
the IDI received from PD3. The amplitude of the IDI is
affected by the modulation range of the MZM and QAM
signals, and its frequency is influenced by the FSK signal.
The RNN equalizer trains the QAM, delayed QAM, PIRFSK,
delayed PIRFSK, and DSPK signals. The RNN equaliza-
tion technique can mitigate the effects of interdimensional

interference in a multi-dimensional QAM-PIRFSK-DPSK
transmission system.

III. EXPERIMENTS AND RESULTS
Experiments were conducted to verify the performance
enhancement of the proposed multi-dimensional optical
transmission system. To test the proposed multi-dimensional
optical transmission, an experiment was conducted, as shown
in Figure 5. An external-cavity laser (ECL) diode was
employed as the continuous wave (CW) laser source. The
wavelength of the optical source was 1,550 nm. The optical
power of the carrier was 12 dBm. Polarization controller
(PC) 1 was used to divide the optical carriers from ECL
into equal powers using polarization beam splitter (PBS).
PC2 and PC3 were used to maximize the modulation perfor-
mance of the MZMs. The QAM, PIRFSK, and DPSK signals
were generated using an arbitrary waveform generator (AWG

5368 VOLUME 12, 2024



I. Ha et al.: IDI Equalizing Using RNN for Multi-Dimensional Optical Transmission

FIGURE 6. Schematic of RNN-based equalizer.

70002A; AWG). The vertical bit resolution of the AWG was
10 bits, and the sampling rate was set to 18 GHz. The QAM
and PIRFSK signals were converted into optical signals by
the intensity modulation of the optical carrier through two
parallel MZMs. The signal multiplied by the QAM signal and
the PIRFSKwith a doubling frequency were modulated at the
quadrature point (QP) of theMZMs. Themodulation range of
the modulator was set as 0.6. The modulated optical signals
of the X- and Y-polarized optical carriers were synchronized
using the optical delay line (ODL). Subsequently, the changed
polarization states were made orthogonal to each other again
through PC4 and PC5. The orthogonal polarized signals
were combined using polarization beam combiner (PBC).
The experiment was conducted using an optical transmission
with a range of 20 km through a standard single-mode fiber
(SSMF). The SOP of the signal was scrambled using PC6. As
described above, the receiver includes three PDs to receive
the signals modulated at each optical intensity, phase, and
polarization. An unpolarized optical carrier is received at
PD1. The polarized optical carrier that passed through the
PBS was received at PD2. To construct the MZDI structure,
we used a DPSK demodulator for the DPSK signal detection
(Kylia; MINT 2.5 GHz). The DPSK signal is received at PD3
after the DPSK demodulator. The receiving sampling rate was
set to 25 GHz at the digital storage oscilloscope (DSO). The
received signal was stored using aDSO and offline processing
was performed. The received signal was downsampled to
18 GHz using the DSP process.

The transmitted bits are generated using a pseudorandom
binary sequence (PRBS). An electrical QAM signal with
1.25 GHz bandwidth and 16–64 QAM was upconverted to
1.25 GHz RF tone to modulate the optical carrier. The symbol
rate of the QPSK signal was set 1.25 GBd. The PIRFSK

FIGURE 7. DPSK SER performance of the received 16QAM-Mary DPSK
signal.

signal was generated as a 2–4 FSK signal with a bit rate
of approximately 1.25–2.5 Gbps, which is 1.25 GBd. The
symbol period of the PIRFSK signal is maintained. The
DPSK signal was transmitted signals as Mary-BPSK with
a bit rate of approximately 2.5–5 Gbps, which is 2.5 GBd.
Ten thousand symbols were generated and transmitted in each
experiment. Signals were received at optical power between
−15 and 0 dBm for each modulation.
In nonlinear equalization processing, we performed gen-

eral signal demodulation and signal demodulation with RNN-
based equalization. Offline DSP was conducted using the
Keras library. We considered 3,000 data symbols for training
and data 7,000 symbols for testing, using unknown data.
Every symbol in each window contained five values as input
(Figure 4), feeding the RNN layer of eight hidden units. The
sequential neural model is illustrated in Figure 6. Wr is the
recurrent weight, W1 is the fully connected weight, and b1
is the bias. W2 is another fully connected weight, and b2 is
a different bias. Equations (11) and (12) show ht and the
output Ot .

ht = tanh(Wrht−1 +W1xt + b1), (11)

Ot = softmax(W2ht + b2). (12)

As shown above, the symbol duration of DPSK is half of
those of QAM and PIRFSK. In other words, for the equal-
ization of the DPSK signal, half the duration of the PIRFSK
signal, half the duration of the QAM signal, half the duration
of the delayed PIRFSK signal, and half the duration of the
delayed QAM signal were used as training data along with
the DPSK signal. An RNN equalizer was constructed based
on the vanilla RNN model. A performance analysis was
conducted according to the number of training sessions. After
equalization, SER measurements were performed.

To measure the DPSK performance degradation caused
by the IDI according to the expansion of the modulation
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FIGURE 8. DPSK SER performance of the received 64QAM-PIR2FSK-Mary
DPSK signal.

dimension in multi-dimensional optical transmission, the
QAM and DPSK signals were modulated for 2-dimensional
optical transmission. We compared the performance of the
proposed RNN equalizer with a 1-tap linear equalizer and
3rd order Volterra equalizer to check the SER performance
of the DPSK signal. Figure 7 shows the change in perfor-
mance according to the DPSK modulation order during 2D
transmission based on 16QAM. With 1-tap equalization, the
2DPSK signal exhibited an SER performance of less than
10−2 at −3 dBm optical power. The 4DPSK had an SER
performance of 10−2 or less at −1 dBm or more. In addition,
with 1-tap equalizer, the SER performance with increasing
optical power did not significantly improve the SER per-
formance. When a volterra equalizer is used, it has better
SER performance than a 1-tap equalizer. However, like the
1-tap equalizer, using the volterra equalizer the SER perfor-
mance with increasing optical power did not significantly
improve the SER performance. However, after implementing
the RNN-based equalization, the signal performance signifi-
cantly improved. The 2DPSK has SER performance of 10−2

at −7.5 dBm. In particular, for 4DPSK, the SER graphs show
considerable improvement, and the SER performance has
10−2 at about −6.4 dBm.

PIRFSK was simultaneously modulated to expand the
modulation dimensions to three. Figure 8 shows the SER
performance when a DPSK signal is received together with
a 64QAM-PIR2FSK signal. Similar to the case of the 2D
optical transmission shown in Figure 7, the performance of
the DPSK signals significantly degraded with 1-tap equalizer
and Volterra equalizer. After RNN-based equalizer, the SER
performance of the DPSK signals improved significantly.
Compared with 2D optical transmission, the performance
decreased slightly. The IDI level increased with an increase in
the modulation order of the QAM, and the IDI frequency also
increased owing to the PIRFSK signal. As a result, the IDI
performance improvement by RNN equalization was slightly
reduced.

FIGURE 9. DPSK SER performance of the received 64QAM-PIR4FSK-Mary
DPSK signal.

FIGURE 10. DPSK SER performance of the received 64QAM-PIR4FSK-Mary
DPSK signal according to number of data symbol trainings.

This trend is also observed in Figure 9. Figure 9 shows
the SER performance when a DPSK signal was received by
64QAM-PIR4FSK. The modulation order of the PIRFSK
increased, and consequently, the overall SER performance
decreased. However, the performance was improved through
RNN equalization.

In addition, as shown in Figure 10, the DPSK SER per-
formance of the received 64QAM-PIR4FSK–Mary DPSK
signal at −3 dBm optical power was measured based on the
number of total training symbols. The batch size is 50 and the
iteration number is 5. 1 epoch is 250 data symbols trainings.
Performance improvement as per the training was faster with
2DPSK than with 4DPSK. It was difficult to compensate
for the degradation of the IDI generated as the number of
DPSK levels increased. It was found that the effect on IDI
increased as the number of levels of DPSK signals under-
going IDI increased, even under the same IDI generation

5370 VOLUME 12, 2024



I. Ha et al.: IDI Equalizing Using RNN for Multi-Dimensional Optical Transmission

FIGURE 11. Total SER performance of the received 64QAM-PIR4FSK-Mary
DPSK signal.

conditions. With the same intensity modulation, more train-
ing was required for IDI compensation as the modulation
order of the DPSK signal increased. In this experiment, the
RNN equalizer for the DPSK signal was trained 3,000 times,
and the obtained SER values after equalization are shown in
Figures 7–9.

Figure 11 shows the SER performance, including the
QAM, PIRFSK, and DPSK signals. Figure 9 shows a similar
trend in the performance, as shown in Figures 7–9.With 1-tap
equalization and Volterra equalization, for 2DPSK, the QAM
and PIRFSK signals were not affected by the IDI; therefore,
SER performance deterioration did not occur; however, the
DPSK signal significantly degraded the SER performance
owing to the IDI of the IM signal. Similarly, the performance
of 64QAM-PIR4FSK-4DPSK was determined by the DPSK
with the lowest SER and the greatest IDI distortion. The
SER performance after RNN equalization was similar to that
shown in Figure 9. However, the SER of the QAM and
PIRFSK, which were similar to those of the DPSK after
IDI equalization, were combined to form cumulative SER.
Finally, the total SER was slightly worsened. Through this
performance improvement, it can be concluded that the IDI
was effectively reduced.

We modulated and transmitted the proposed multi-
dimensional optical signal simultaneously. After signal
reception, the SER performance of the received signal was
measured by performing IDI equalization through an RNN-
based nonlinear equalization. When a multi-dimensional
modulated signal is optically transmitted, IDI occurs and
the transmission performance deteriorates. This performance
degradation should be compensated, and we proved that
RNN-based equalization is suitable for IDI-degradation
compensation.

IV. CONCLUSION
We developed an IDI equalization technique for multi-
dimensional modulation optical transmission using the

QAM-PIRFSK-DPSK in a direct optical detection system.
We conducted an RNN-based equalization for DPSK signal
demodulation. The performance degradation of the DPSK
signal caused by the IDI of the IM signal was analyzed while
expanding the optical modulation dimensions. Using the pro-
posed technique, it was verified that the RNN-based equal-
ization was effective in reducing the interference between
the modulation dimensions in QAM-PIRFSK-DPSK optical
transmission. We experimentally demonstrated the perfor-
mance of the proposed scheme. The results showed that
the proposed equalization technique for the QAM-PIRFSK-
DPSK system can be used to significantly increase the trans-
mission capacity by utilizing a multi-dimensional optical
transmission scheme.
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