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Transmission of OCDM Based on Asymmetric Pair
Mapping Over a Seven Core Fiber

Shuaidong Chen, Bo Liu ", Jianxin Ren

Abstract—In this paper, transmission of orthogonal chirp divi-
sion multiplexing (OCDM) based on asymmetric pair mapping over
aseven core fiber is proposed. High-order 32 quadrature amplitude
modulation (QAM) is reduced to quadrature phase-shift keying
(QPSK) and 8 QAM signal employing asymmetric pair mapping,
which will not affect the rate of the system. Combined with geo-
metric shaping (GS), the average transmission power is successfully
lowered, realizing signal damage suppression. In order to verify the
performance of the proposed asymmetric pair mapping scheme, a
140 Gb/s asymmetric pair mapping OCDM signal transmission
over 2 km seven core fiber is experimentally demonstrated. The ex-
perimental results show that the proposed transmission scheme has
the best performance when the power distribution ratio (PDR) is 4
dB. Meanwhile, compared with GS 32 QAM with QPSK+-rectangle
8 QAM, GS 32 QAM with QPSK+-star 8 QAM and GS 32 QAM, the
proposed asymmetric pair mapping OCDM signal has improved by
1.55 dB, 1.45 dB, and 0.7 dB, respectively. It has a wide range of
applications in the future optical transmission system due to its out-
standing performance in the suppression of high-order modulation
signal degradation.

Index Terms—Geometric shaping, asymmetric pair mapping,
signal reduced order.

1. INTRODUCTION

HE global Internet traffic demand is increasing by the
day due to the rapid development of new services such
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as 8K video, Metaverse, and whole-house intelligence [1]. A
series of researches on how to boost transmission capacity are
currently underway to improve the transmission capacity of op-
tical fiber communication systems and satisfy capacity demand.
The recently proposed orthogonal chirp division multiplexing
(OCDM) is a new type of multi-carrier transmission system,
enabled by the digital signal process (DSP), which realizes the
idea of high-speed data transmission by multiplexing a sequence
of linear chirp waveforms [2]-[4]. Chirp signals are multiplexed
and superposed in a way similar to orthogonal frequency di-
vision multiplexing (OFDM) [5]. It has been proved that the
modulated chirps are orthogonal in the chirp dimension and
do not interfere with each other during transmission [2]. In
comparison to OFDM, OCDM is more resistant to the effects
of channel fading and noise. The paper [6] confirms that the
OCDM system outperforms OFDM in terms of anti-dispersion.
The receiver sensitivity of the OCDM is 1.3 dB higher than
that of the OFDM, according to our earlier research [7]. The
conversion of classic low-order modulation formats like on-off
keying (OOK) and quadrature phase-shift keying (QPSK) to
high-order quadrature amplitude modulation (QAM) is also
required due to the high transmission rate needed. High-order
modulation improves the spectral efficiency of the system by
carrying more bits in one symbol. It is currently the most
direct and effective means to achieve high spectral efficiency.
In addition, a greater modulation order demands a higher input
optical power, which exacerbates nonlinear effects. Therefore,
in a power-limited optical fiber communication system, the
minimum Euclidean distance between the constellation points
of the signal will decrease with the increase of the modulation
order. It will reduce the receiver’s tolerance for interference
such as noise and dispersion, increasing the chances of the
signal being misjudged. Geometric shaping (GS) [8] increases
the minimum Euclidean distance between constellation points
by redesigning the arrangement of constellation points, thereby
reducing inter-symbol interference and improving the tolerance
of noise. Generally speaking, when a constellation diagram is
composed of a regular triangle or a regular hexagon as a unit
cell, the Euclidean space can be fully utilized, and the minimum
Euclidean distance between constellation points can be raised
while maintaining the same transmit power. A GS structure
based on asymmetric polygons is proposed. This asymmetric
mapping structure improves the receiver sensitivity by 4 dB [9].
Therefore, the asymmetric mapping modulation in the future is
also an effective way to reduce nonlinear damage.
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Although the use of high-order modulation formats can ef-
fectively improve the transmission capacity of the system, the
traditional single-mode fiber (SMF) transmission capacity is
about to reach the Shannon limit [10]. After the dimensions
of time, wavelength, polarization, and other dimensions are ex-
hausted, researchers turn their attention to the space dimension.
Spatial division multiplexing (SDM) technology utilizes fiber
core and mode dimensions to improve transmission capacity
[11]-[13]. Research on multi-core fibers, few-mode fibers, and
hollow-core few-mode fibers has been a hot topic. In the 2012
ECOC, 1.01Pbit/s transmission was achieved through 12 core
optical fiber, which is also the first time to achieve P-bit-level
large-capacity optical signal transmission [14]. In 2020, 10.66
Pbit/s transmission based on 38-core 3-mode fiber was achieved,
which is the maximum transmission rate reported so far [15]. It
can be seen that SDM is an inevitable trend in the development
of large-capacity optical transmission systems in the future.
Howeyver, due to mode crosstalk in few-mode fibers, it is difficult
to maintain the mode field in long-distance transmission, and the
receiving end needs complex multiple in multiple out (MIMO)
equalization processing, which makes it difficult to further in-
crease the number of modes. The multi-core fiber uses the spatial
dimension to set up multiple cores in one fiber, and the crosstalk
between the cores is extremely low, which has attracted more
attention. In our previous work, we successfully used the seven
core fiber to achieve a 2 km transmission experiment. The results
show that the isolation between the weakly coupled seven-core
fibers is greater than 50 dB, and the bit error performance
difference between the cores is less than 0.5 dB [16]-[17].

In this paper, we propose optical transmission of OCDM
based on asymmetric pair mapping over a seven core fiber. The
high-order 32 QAM constellation is reduced to low-order QPSK
and 8 QAM through multi-power distribution. According to the
distribution of the QPSK constellation, asymmetric constellation
shaping is performed on the 8 QAM constellation. What’s more,
one-to-one correspondence between asymmetric GS 8 QAM and
QPSK is designed for asymmetric pair mapping, which reduces
the high transmitted power of the higher-order modulation for-
mat. The channel impairment of the higher-order modulation
format can be suppressed, thus the transmission performance
can be improved.

A 140 Gb/s seven core data transmission employing the pro-
posed OCDM scheme for asymmetric pair mapping is success-
fully demonstrated in the experiment. Without loss of generality,
the asymmetric pair mapping proposed in this paper is a novel
coding modulation method based on digital signal processing
regardless of the type of transmission system. It can be applied
to transmission systems other than seven core fiber.

II. PRINCIPLES

The workflow of OCDM optical transmission based on asym-
metric pair mapping proposed in this paper is shown in Fig. 1.
The original data streams are mapped on QPSK and GS 8
QAM respectively according to the pair mapping. The two
group symbols of asymmetric pair mapping are superimposed
after loading high power density P1 and low power density P2
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Fig. 1. Workflow of OCDM optical transmission based on asymmetric pair
mapping.
N
(a) (b)
Fig. 2. Different structure of 8QAM((a) Rectangle 8QAM (b) Star SQAM

(€)GS 8 QAM).

respectively. Then inverse discrete Fresnel Transform (IDFnT)
realizes OCDM modulation. A cyclic prefix (CP) is applied
to alleviate inter-carrier interference (ICI) and inter-symbol
interference (ISI) from the previous OCDM symbol. Finally,
the original multicarrier data is converted into a serial signal by
parallel-serial (P/S) conversion, and the complex signal is con-
verted into a real number through Digital Up Conversion (DUC).
After up-conversion, the real signal is transmitted in the seven
core fiber. At the receiver end, datal is recovered successively
through Digital Down Conversion (DDC), serial-parallel (S/P)
conversion, CP removal, DFnT, and QPSK demapping. Then,
using the successive interference cancellation (SIC) algorithm,
data 2 will be acquired.

32 QAM can be split into QPSK and 8 QAM. Fig. 2(a)-
(b) shows two typical 8 QAM constellation structures. It has
gradually evolved from the initial rectangular distribution to the
star distribution. The GS 8 QAM used in this paper is based
on the origin as the center, and is extended in an equilateral
triangle to the outside. The constellation figure of merit (CFM)
is an important indicator to measure a constellation diagram [8],
which can be expressed as:

CFM (C) 2 d2;, (C) /P (C) (1)

Where d_ ;. is the minimum Euclidean distance and P(C)is
the average transmit power. The CEM of three different struc-
tures of 8 QAM in Fig. 2 are 0.667, 0.8453 and 0.889, which
indicates that GS 8 QAM has the best performance compared to
the other two constellation distributions.
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(a) Transmitted signal

L

Fig. 3. Schematic diagram of asymmetric pair mapping.

A schematic of asymmetric pair mapping is shown in Fig. 3.
The raw data is split into two parts, one part is used for QPSK
mapping and the other part is utilized for GS 8 QAM mapping.
However, the asymmetric constellation arrangement will lead to
the overlap between the constellation points during the multi-
power density superposition, which will affect the transmission
performance of the system. Therefore, we design four GS 8
QAM constellations with different arrangements, corresponding
to the constellations in the four quadrants of the QPSK signal
respectively. Assuming that the QPSK signal is S; and the GS
8QAM signal is So, the superimposed signal of P1 and P2
after different power densities are allocated can be expressed
as follows:

S = /PiSi + /P:S,

p1+p2=1

(@)
3)

The superimposed constellation map is shown in Fig. 2(b).
The overall constellation map is also an arrangement of 32
constellation points, but it has lower transmitting power com-
pared with the traditional 32 QAM. We compare the transmitted
signal power at different power density ratios (PDR) that can be
expressed as:

“)

As can be observed from Table I, due to different power
distribution, the low-power signal GS 8 QAM is distributed near
the QPSK constellation, resulting in the low transmission power
required. What’s more, with the increase of PDR, the low-power
signal is further decreased, and the required transmission power
is constantly reduced as well. In order to ensure consistency
with the standard 32QAM, we expand the original constellation
points, that is, multiply by the corresponding optimal power
coefficient. The optimal power coefficient in the Table I is the
final minimum euclidean distance of GS 8 QAM with different
PDR. For a standard 32

QAM constellation, the transmit power is 640. So, the op-
timal power coefficient can be express as Optimal Power
Coef ficient = sqrt(640/power).

PDR =P, /P,

o
(b) Received signal |
TABLE 1
TRANSMITTING POWER OF DIFFERENT PDR
Optimal Power
PDR Power Coefficient
2 79.2855 2.8411
3 77.5911 2.8720
4 76.3074 2.8961
5 75.3094 2.9152
6 74.5099 2.9307
7 73.8529 2.9438
8 73.3014 2.9548
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Fig. 4.

Schematic diagrams of the transceivers of OCDM.

The principle of OCDM is shown in Fig. 4. Different chirps
modulate different signals. The baseband time-domain OCDM
signal can be expressed as:

N-1

S(t) = Z I(k)l/fk(t),() <t<T (5)
k=0

’(/}k(t) = 7ej%ejoz7r(t—kAc)2 ©)
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CASE1 CASE2 CASE3

GS-8QAM Demodulation

Fig. 5. The principle of the demodelution at the receiver.

Where o = —N/T? is the chirp rate and Ac = T'/Nis the
chirp shift of each chirp. It can be proved that the chirped signal
in (6) has strict orthogonality.

/ g (t)dt

1 .- 2 1 .x 2
ejzefgonr(tfmAc) e]zeja‘n'(tfkrAc) dt

VT VT
T

. 2 . 2
:/ ejﬂ"%(t*m%) e*]ﬂ%(tfk%) dt
0

=8(m—k) N

Where m and k represent the m™ and k™ chirp respectively.
From (7), it can be found that when m=k, the left side of the
equation is always 0, thus ensuring the orthogonality between
each chirp. If m = k, the signal can be demodulated at the
receiver. Based on this characteristic, the demodulation of the
chirped signal can be realized by the complex conjugate of the
chirped signal.

In the digital domain, OCDM can be obtained by IDFnT as

e N—lx
s(n) = ﬁe kZ:o (k)

¢ I F (=K N = 0(mod2)
X , ®)
e IR (n—k+3)" N = 1(mod2)

Due to the orthogonality of each chirped signal, the demodu-
lation of the OCDM signal can be realized by DFnT. According

CASE4 TR WRER TR R
Signal of data2

to (8), it can be found that the OCDM signal is complex and
cannot be applied to the intensity modulation direct detection
(IMDD) transmission system. DUC is performed to convert the
complex baseband OCDM signal to passband so that all the
spectral content is at the positive frequency while preserving
all the information of the baseband signal [18]. Specifically,
assuming that the continuous time domain signal after the P/S
is s(t), then the signal after the up-conversion can be given by:

Sp(t) =el?mfurts(t) )

Among them f,,, is the frequency of the up-conversion carrier.
After up-conversion, the real part information of the signal can
be expressed as:

Sn(t) =R{S,(t)}

=51(t) »cos2mfpt — Sq(t) .sin2wfpt (10)

Sr(t)and Sq(t)respectively represent the inphase and quadra-

ture components of the continuous time domain signal s(?).
This makes it possible to convert complex signals into real
information that can be transmitted in IMDD without losing
any useful information.

The receiving signal will be demodulated by DDC, S/P, CP
removal, and DFnT. Fig. 5 is the schematic diagram showing the
demodulation at the receiving end. The received constellation is
consistent with the constellation point distribution in Fig. 3(b).
The GS 8 QAM signal with low power is regarded as noise
and the judgment is made in a different quadrant. The signals
distributed in four different quadrants are demodulated as four
constellation points of QPSK, so the datal of high power density
is easily demodulated. Based on SIC, the demodulated QPSK
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Experimental setup (DSP: Digital signal process; AWG: Arbitrary waveform generator; EA: Electric amplifier; MZM: Mach-Zehnder modulator; EDFA:

Erbium-doped fiber amplifier; DL: Delay line; PS: Power splitter: VOA: Variable optical attenuator; PD: Photodiode; MSO: Mixed signal oscilloscope).

signal will be re-modulated. Subtracting the QPSK signal from
the receiving signal to get the data2 signal. The constellation
points distribution of data 2 is shown in Fig. 5. The number of
central constellation points and outer regular hexagon constel-
lation points are significantly more than that of the outermost
four constellation points. This is because, in the principle of
asymmetric pair mapping, each group of cases will have the
distribution of central and outer regular hexagon constellation
points, while the four points on the edge corresponding to the
unique constellation points in each case. Data2 can be recovered
by demodulation based on the principle of asymmetric pair

mapping.

III. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup

The experimental setup is shown in Fig. 6 for demonstrating
the proposed OCDM asymmetric pair matching scheme. The
data after DSP is loaded into an arbitrary waveform generator
(AWG, TekAWG70002A) with 20 GSa/s for digital-to-analog
conversion (DAC). A tunable laser, with a wavelength of 1550
nm and output power of 12 dBm, is used to generate continuous-
wavelength (CW) lightwave signals. An electric amplifier (EA)
is applied to amplify the radio frequency (RF) signal and then the
electro-optic modulation is realized via a Mach-Zehnder modu-
lator (MZM) with a bandwith of 40 GHz. To compensate for the
insertion loss (IL) of the power splitter (PS) and energy loss of the
link during the transmission, an Erbium-doped fiber amplifier
(EDFA) is deployed to amplify the modulated optical signal.
Then, the amplified signal is equ ally divided into seven parts by
a PS, which are delayed separately by SMF for decorrelation. A
fan in device realizes seven core multiplexing. The multiplexed

A
gme 4
Yy N

corel
core2
core3
core4
coreS
coreb

core7
1 1 1
-19 -18 -17 -16 -15 -14 -13 -12

VASPADH» O

------_-_--------.’

Received optical power(dBm)

Fig.7. BER performance of OCDM asymmetric pair matching signal in seven
core fiber.

signal enters a 2 km weakly coupled seven core fiber for trans-
mission. Another fan out device is installed at the receiver for
demultiplexing. A variable optical attenuator (VOA) is applied to
adjust the optical power. Photodiode (PD) which has a bandwith
of 40 GHz is used for the detection and conversion of optical
signals into electrical signals. The signal is received by a mixed
signal oscilloscope (MSO, TekMSO73304DX) with a sampling
rate of 50 GSa/s. Finally, offline DSP recovers the original data.
We use DUC to convert the complex signal into a real number,
so the transmission rate has nothing to do with the number of
IFFT points. The number of subcarriers and the number of IFFT
points are equal to 128. The total bit rate can be tantamount to
the expression of (AWG sampling rate x entropy/ Up-sampling
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coefficient /(14-CP)xnumber of core). In this experiment, the bit
rate can be expressed as 20 x 5/4/(1 + 1/4) x 7 =140 Gb/s.

B. Experimental Results and Analysis

We tested the BER of signals in different cores to verify the
transmission performance of the proposed OCDM asymmetric
pair matching in seven core fiber. The BER performance grad-
ually improves as the received optical power (ROP) increases,
as seen in Fig. 7. This is because greater ROP values yielding a
higher signal-to-noise ratio (SNR), resulting in a better receiver
sensitivity. Each core’s BER curves in the seven core fiber are
also almost identical. At the hard-decision forward error correc-
tion (HD-FEC), BER limit of 3.8 x 1073, the best core 1 has a
receiving power of —16.55 dBm, while the worst performance
via core 6 has a receiving power of —14.45 dBm. The sensitivity
difference between the two receivers is only 1.1dB. It shows that
the seven core fiber used in this experiment has good uniformity
and excellent transmission response.

Atthe receiver, data separation is performed from the received
signal. The performance of the asymmetric pair mapping mainly
depends on the allocated power weights. In order to obtain the
best PDR, we tested the BER of rectangle 8 QAM, star § QAM
and GS 8 QAM with different PDR. Fig. 8(a)—(c) shows the BER
curves of three schemes. From Fig. 8, it can be found that with the
increase of PDR, the power obtained by the QPSK signal in all
schemes increases continuously, resulting in a gradual decrease
in the BER of QPSK. Among these three schemes, the optimal
PDR of rectangle 8 QAM and star § QAM is 6 and the optimal
PDR of the proposed asymmetric pair mapping is 4. This is due
to the in-phase signal and quadrature signal of rectangle § QAM
and star 8 QAM is relatively large, so a large PDR is required
to ensure that signals in different quadrants do not overlap.
The asymmetric pair matching mapping scheme arranges the
largest in-phase and quadrature components on the edge of
each quadrant, which effectively avoids large PDR caused by
excessive in-phase and quadrature components. A larger PDR
will reduce the performance of the low-power signal allocated
by data2, which will ultimately affect the overall performance
of the signal. Moreover, the GS 8 QAM has the largest CFM,
which is beneficial for the final constellation point decision.
Therefore, when the three schemes all use their best PDR, the

PDR

(b

BER versus PDR of different SQAM ((a) Rectangle 8QAM pair matching, (b) Star 8QAM pair matching, (c) GS 8QAM asymmetric pair matching).

Fig. 9. Constellation diagrams for OCDM asymmetric pair matching at dif-
ferent PDR.

BER of asymmetric pair mapping is the lowest. It can be seen
from Fig. 8(c) that there is a dip in the BER curve of GS 8 QAM.
This is because as the PDR increases, more power is allocated
to QPSK. GS 8 QAM which can be seen as the interference is
allocated to a very small power leading to the effect on QPSK
is greatly reduced. After QPSK is restored, GS 8§ QAM will
be demodulated. GS 8 QAM needs to subtract QPSK from the
received signal. Therefore, the performance of QPSK will affect
the demodulation of GS 8 QAM. The error bits of QPSK are
brought into the demodulation of GS 8 QAM, resulting in a
high BER of GS 8 QAM even when the optical power is high.
As the PDR increases, the error effect of QPSK decreases, and
the BER of GS 8 QAM decreases gradually. When the PDR
is higher, the performance of QPSK is further improved, but
the power allocated in GS 8 QAM is lower, resulting in poor
performance. Therefore, GS 8 QAM generally shows a trend
of first decreasing and then increasing. There exists an optimal
power ratio of 4 dB for the GS 8 QAM.

The experimental results in Fig. 8 are fully explained in
Fig. 9. When the PDR is 2 dB or 3 dB, there is an overlap
between the constellation points, which leads to error codes in
the demodulation of datal by the receiver. Because of the error
propagation by the SIC algorithm, the BER of data2 is very high.
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Fig. 10. BER comparison of different schemes.

When PDR is 4 dB, there is no overlap between the constellation
points, and the constellation of data?2 is relatively clear with good
bit error performance. However, when PDR is greater than 5
dB, the distribution of constellation points to quadrant is more
obvious, and the BER of datal decreases. But the distribution
of constellation points of data2 gets blurred, which affects the
performance of data2 and all of the data.

To verify the superiority of the proposed asymmetric pair
mapping, we compare this scheme with GS 32 QAM with
QPSK+rectangle 8 QAM, GS 32 QAM with QPSK+star 8
QAM and GS 32 QAM in [8]. Fig. 10 is the BER comparison
of different schemes. At the HD-FEC BER limit of 3.8x 1073,
the proposed asymmetric pair mapping scheme have sensitivity
gains of 0.7 dB, 1.45 dB, and 1.55 dB, respectively when
compared to GS 32 QAM in [8], GS 32 QAM with QPSK+star
8 QAM and GS 32 QAM with QPSK+rectangle 8 QAM. This
is because the PDR of GS 32 QAM with QPSK+rectangle 8
QAM and GS 32 QAM with QPSK+-star 8 QAM is 6, and the
difference between the two channels is large, resulting in poor
performance of low-power signals. The PDR of the asymmetric
pair mapping is 4, the power difference between QPSK and GS
8 QAM is smaller, and the performance difference between the
two sets of data is smaller, resulting in better overall transmission
performance. Compared with GS 32 QAM in [8], the proposed
asymmetric pair mapping method can perform channel equaliza-
tion twice at the receiving end with SIC, which can more effec-
tively compensate for channel impairments. And the minimum
Euclidean distance of the asymmetric pair mapping is larger than
that of GS 32QAM which leading a better performance.

IV. CONCLUSION

In this paper, we propose an OCDM optical transmission
scheme based on asymmetric pair mapping. High power QPSK
signal and low power GS 8 QAM are integrated into high
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order 32 QAM signal for transmission through asymmetric pair
matching. The signal is demodulated by the SIC algorithm at
the receiver. We experimentally demonstrated 140 Gb/s pair
matching OCDM signal transmission over 2 km seven core fiber.
The suggested asymmetric pair mapping improves the receiving
end sensitivity by 0.7dB, 1.45dB, 1.55dB when compared to
GS 32 QAM, GS 32 QAM with QPSK+star 8 QAM and GS 32
QAM with QPSK+rectangle 8 QAM. We believe that this ap-
proach can be used to effectively improve high-order modulation
signals performance in future high-capacity optical transmission
systems.
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