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Abstract—We investigate the nonlinear performance of
8QAM-alternative 4D modulation format using GMI to evaluate
the BICM capacity. Due to its constant modulus feature, the 4D-
2A8PSK modulation has higher nonlinear threshold than Star-
8QAM and Circular-8QAM.

I. INTRODUCTION

Various modulation formats have been studied for coherent
optical communications [1]. 8-ary quadrature-amplitude mod-
ulation (8QAM) plays an important role in filling the gap
between quaternary phase-shift keying (QPSK) and 16QAM
in terms of bit rates and reach [2], [3]. It has also been
proposed that 8QAM-16QAM and QPSK-8QAM are used in
time-domain hybrid [4]. In order to achieve similar bit rates
with improved sensitivity, subset-optimized PSK codes [5],
quaternary code and sphere-cut lattice codes [6], [7], 4D hon-
eycomb lattice codes [8], and 4-dimensional 2-ary amplitude 8-
ary phase-shift keying (4D-2A8PSK) [9] have been proposed.
4D-2A8PSK is especially attractive among these 3-b/s/Hz/pol
codes, since it has the properties of Gray coding and constant
modulus. The latter is important for reducing the penalty due to
fiber nonlinearities. Its gain over the conventional Star-8QAM
is more than 1 dB in uncoded cases.

Current optical communication systems usually rely on
soft-decision (SD) forward error correction (FEC) coding
based on bit-interleaved coded modulation (BICM). Therefore,
using the BICM mutual information, also called generalized
mutual information (GMI), is a better metric for comparing
multiple modulation formats. Several 8QAM constellations
were compared using this metric [10] in the linear region.
In this work, we extend the use of GMI to the nonlinear
region for comparing two types of 8QAM, 8PSK, and 4D-
2A8PSK through nonlinear fiber transmission simulations. The
results show that the constant modulus property can effectively
increase the margin for fiber nonlinearity.

II. MODULATION FORMATS

In this paper, we evaluate four different modulation for-
mats. The most common formats include the Star-8QAM and
8PSK. Circular-8QAM [11] is an improvement over Star-
8QAM and 8PSK since the Euclidean distance is larger.
Figure 1 shows the constellation and labeling of Star-8QAM,
Circular-8QAM, and 8PSK. Constellation for the 4D-2A8PSK
format [9] is shown in Fig. 2. 4D-2A8PSK and DP-8PSK are
constant modulus formats, i.e., the total power summed over

the two polarizations is constant at the symbol time in T -space,
while the power of Star-8QAM and Circular-QAM can vary.
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Fig. 1. Constellation and labeling [10] of (a) Star-8QAM, (b) Circular-8QAM,
and (c) 8PSK.
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Fig. 2. Constellation and labeling of 4D-2A8PSK for (a) x-polarization,
and (b) y-polarization, where (0 1 0) etc. in (a) is the first half and in
(b) is the last half of the bits of the code word. Red numbers 1, 2, 3, ...
represent the constellation points corresponding in x- and y-polarizations. Red
and green circles in (a) and (b) indicate corresponding points in x- and y-
polarizations [9]. For example, the point 2 has the code word of (0 0 0 0 0
1).

Figure 3(a) shows the dual polarization 8-ary phase-shift
keying (DP-8PSK) constellation in the Stokes space, where
each projected point represents 8 words of 6 bits which are
actually separated well in 4D space. The nearest words in the
4D space correspond to the nearest points in Fig. 3(a). In order
to increase the nearest points in the Stokes space, 4D-2A8PSK
uses the constellation configuration in Fig. 3(b), where the
8 constellation points are staggered and separated into two
groups. This increases the Euclidean distances.
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Fig. 3. Stokes representation of (a) DP-8PSK and (b) 4D-2A8PSK [9].
The nearest neighbor in 4D space corresponds to neighboring points in the
Stokes space. It can be seen that the distance between points in 4D-2A8PSK
is increased from that of DP-8PSK.

The 4D-2A8PSK format is expressed as

x(k, l) = a(k, l) eφk , y(k, l) = b(k, l) eφl ,

φk =
π

4
(k − 1), φl =

π

4
(l − 1),

k = 1, 2, . . . , 8, l = 1, 2, . . . , 8,

where  =
√
−1 and

a(k, l) = r1, b(k, l) = r2, (k + l = even),

a(k, l) = r2, b(k, l) = r1, (k + l = odd),

r1 =
sin(θ + π/2)√

2
, r2 =

cos(θ + π/2)√
2

.

The ratio of the two radii r2/r1 determines the 4D effect.
If r2/r1 = 1, the format is reduced to DP-8PSK. If r2/r1 <
0.586, 4D-2A8PSK is not Gray coded. In this paper, we use
r2/r1 = 0.65, which gives the best nonlinear performance.

III. AWGN CHANNEL PERFORMANCE

We first evaluate the performance of those modulation
formats in an additive white Gaussian noise (AWGN) channel.
Bit error ratio (BER) was calculated as a function of signal-
to-noise ratio (SNR) by Monte Carlo simulations, as shown
in Fig. 4. Circular-8QAM and 4D-2A8PSK had nearly equal
BER performance over the whole SNR range. Even though
8PSK is worse than other formats at high SNR regimes, it
performs comparable to the other formats when SNR is low.

We then calculated GMI of the modulation formats for
AWGN channels. The procedure for calculating GMI is de-
scribed in [12]. Here, we chose the normalized GMI of 0.85
(GMI = 2.55 b/s/Hz/pol) as the target [10] for the state-of-the-
art SD-FEC of a code rate around 0.8 [15]. Around the target
code rate, Circular-8QAM is slightly better than 4D-2A8PSK,
and much better than Star-8QAM and 8PSK.

IV. OPTICAL TRANSMISSION PERFORMANCE

We simulated transmission performance over a 2,000 km
non-zero dispersion shifted fiber (NZDSF) link at a rate of
132 Gb/s per wavelength to investigate the effect of high
fiber nonlinearity. Modulated symbols are mapped to the four
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Fig. 4. BER as a function of SNR calculated for the four modulation formats.
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Fig. 5. GMI of the four modulation formats as a function of SNR.

dimensions (4D-2A8PSK), and two dimensions (DP-Circular-
8QAM, DP-Star-8QAM, and DP-8PSK). At the transmitter,
rectangular pulses were filtered by a root-raised-cosine (RRC)
filter with a roll-off factor of 0.1, which drives the I/Q
modulator. Five-wavelength channels with the same code were
simulated with 37.5 GHz spacing and no optical filtering.
The link comprises 25 spans of 80 km NZDSF with loss
compensated by Erbium-doped fiber amplifiers (EDFAs). In
order to quantify performance over a single link for mul-
tiple modulation formats, span loss budget was used as a
performance metric [13]. NZDSF parameters were, γ = 1.6
/W/km; D = 3.9 ps/nm/km; α = 0.2 dB/km. We used
coupled nonlinear Schrödinger equations to model the non-
linear fiber transmission. Other fiber effects such as dispersion
slope and polarization mode dispersion were not simulated.
At the end of each span, 90% of the chromatic dispersion
was compensated as a lumped linear dispersion compensator.
No dispersion pre-compensation was introduced. An ideal
homodyne coherent receiver was used, with a transfer function
described by the RRC filter of a roll-off factor of 0.1, followed
by sampling at twice the symbol rate. Following this, ideal
chromatic dispersion equalization and data-aided least-mean-



square equalization were employed. We first used a BER
threshold of 1 × 10−2 for a 20% hard decision (HD) FEC
with a code rate of 0.81 [14]. All the optical noise due to the
EDFA (4.0 dB noise figure) is loaded just before the receiver.
The plot of span loss budget vs. launch power for the four
modulation formats are given in Fig. 6.
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Fig. 6. Span loss budget of the four modulation formats with a target BER
of 10−2.

We then evaluated the span loss budget with the target
GMI per bit of 0.85 (GMI = 2.55 b/s/Hz/pol). The optical
noise is added onto the transmitted signal including nonlinear
distortion, and the GMI is calculated at each optical noise level.
The required optical SNR (ROSNR) is calculated such that the
GMI reaches the target value. This ROSNR is used for calcu-
lating the span loss budget. The calculated span loss budget
for the four formats are shown in Fig. 7. In the low launch
power regime (−10 dBm) where linear propagation effects are
dominant, Circular-8QAM had a slightly higher margin than
4D-2A8PSK. For higher launch powers where nonlinearity is
dominant, the margin for 4D-2A8PSK becomes higher than
those for Circular-8QAM and Star-8QAM by 0.27 dB and 0.98
dB, respectively, due to its constant modulus property. It is
interesting to note that 8PSK gives 0.34 dB better margin than
the Star-8QAM, also benefiting from the constant modulus
property. In addition, Star-8QAM has larger Euclidean distance
than 8PSK, yielding better BER characteristics, while 8PSK
has Gray coding characteristics, giving relatively better GMI
performance.

V. CONCLUSION

We investigated several modulation formats which has the
same spectral efficiency as DP-8QAM in the presence of high
fiber nonlinearity through numerical simulations, using the
GMI as a metric. The recently proposed 4D-2A8PSK has 0.3
dB advantage over Circular-8QAM, and 1.0 dB over Star-
8QAM. We also found that 8PSK performs better than Star-
8QAM by 0.3 dB. These results indicate that constant modulus
property is important to reduce the effect of fiber nonlinearity.
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