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Abstract: Mode Vector Modulation (MVM) is a spatial, multidimensional modulation

format for short-haul, optical interconnects. We evaluate the back-to-back performance of

optically-preamplified MVM direct-detection receivers and prove that MVM is superior to

conventional binary modulations.

1. Introduction

There is keen interest in short- and medium-haul optical interconnects utilizing direct-detection (DD) receivers

and novel modulation formats [1, 2]. Among others, Stokes vector modulation (SVM) [3–5] allows for more

power-efficient signaling than M-ary pulse amplitude modulation (M-PAM) by spreading the constellation points

in the three-dimensional Stokes space. To further increase the energy efficiency of SVM, a transition to a higher-

dimensional Stokes space is necessary, which can be achieved by using few-mode [6] or multicore fibers, or free

space orthogonal mode sets. We call this new modulation format mode vector modulation (MVM) [7].

We give a closed-form upper bound for the symbol and bit error probabilities of optically-preamplified MVM

direct-detection receivers by applying the Union Bound formalism [8] to higher-dimensional Stokes spaces. We

validate the bound via Monte Carlo simulation and use it to compare the performance of MVM to conventional

modulation formats.

2. Mathematical Model and the Union Bound

MVM consists of simultaneously sending optical pulses of the same shape (but ofvdifferent amplitudes and initial

phases) over N identical spatial and polarization degrees of freedom (SDOFs). We consider M-ary transmission,

where the transmitter uses an alphabet of M symbols, each representing a word of k := log2(M) bits. For the m−th

symbol, the electric fields of the optical waves at the transmitter output are combined into a single column vector

sm(t) = Ameιφmg(t)|sm〉, where Am is the common amplitude of the electric fields, φm is the common phase, g(t)
is the pulse shape, and |sm〉 is a generalized unit Jones vector with elements describing the complex excitations of

the cores, i.e., the relative amplitudes and phases of electric fields of the optical waves.

We analytically calculate the back-to-back performance of M-ary MVM over N SDOFs in the amplified spon-

taneous emission (ASE) noise-limited regime. For mathematical tractability, we neglect transceiver imperfections

and implementation penalties. These assumptions are justified in the sense that we seek to quantify the ultimate

potential of MVM for use in optical interconnects. We model the communication link as an additive white Gaus-

sian noise (AWGN) channel. The received signal vector equals r(t) = eιθ sm(t)+n(t), where θ is a random carrier

phase shift uniformly distributed in the interval [0,2π) and n(t) is a noise vector with N independent and identi-

cally distributed (i.i.d.) entries following the complex Gaussian distribution with zero mean and variance σ2 per

quadrature. For equiprobable and equipower signals, the optimal detection scheme based on the maximum likeli-
hood criterion, after averaging over all possible random carrier phase shifts [9], is m̂ := argmax1≤m≤M | 〈r|sm〉 |.

The general form of the Union Bound is described in [8] and reads
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e,bin , (1)

where Pm is the occurrence probability of the mth symbol and Pm′|m
e,bin is the pairwise error probability of deciding

on |sm′ 〉 when |sm〉 was sent in a binary decision where no other symbols are considered. We relate the pairwise

error probability Pm′|m
e,bin to the difference between two independent Rician random variables [10] and find that
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Fig. 1: (a) Symbol error rate (SER) for a (8,512)-MVM constellation via Monte Carlo simulation (red) and the Union Bound

(blue). (b) Symbol error probabilities for various geometrically optimized (N,M)-MVM constellations. (c) Bit error probability

for (16,256)-MVM in comparison to conventional modulation formats for an 8-core MCF.

where γ := | 〈sm|sm′ 〉 |, Q1(a,b) is the first-order Marcum Q function [8], and I0(x) is the zeroth order modified
Bessel function of the fist kind. Upon multiplying the pairwise symbol error probability Pm′|m

e,bin by the Hamming

distance hm′m between the bit sequences assigned to symbols m′,m, the average bit error probability satisfies

P̄e|b ≤
1

kM

M

∑
m=1

∑
m′ �=m

hm′mPm′|m
e,bin . (3)

3. Results and Discussion

In Figure 1a, we show the symbol error rate (SER) as a function of the symbol SNR per SODF, γs := 1/(2σ2), for a

(8,512)-MVM constellation via Monte Carlo simulation (red) and via the Union Bound (blue). The Union Bound

(1)–(2) gives meaningless values at low SNR but becomes sharp as we move to a higher SNR regime. In particular,

the Union Bound becomes asymptotically tight for symbol error probabilities below roughly 0.1%. In Figure 1b,

we show the symbol error probability as a function of the symbol SNR, as computed by the Union Bound (1)–(2),

for various geometrically optimized (N,M)-MVM constellations (designed per the methodology in [11]).

To illustrate how to compare the performance of MVM with conventional modulation formats for short-haul

transmission and optically-preamplified direct-detection, we consider the special case of a homogeneous 8-core

MCF with single-mode cores. We can transmit 8 parallel channels using either binary intensity modulation (IM)

[12], binary DPSK (BDPSK) [12], or binary SVM (BSVM) [13] per single-mode core. We can also transmit

28 = 256-ary MVM using all 8 cores with 16 SDOFs. The optimal (16,256)-MVM constellation corresponds

to a 256-simplex in the 255-dimensional generalized Stokes space [7]. All aforementioned modulation formats

can achieve a theoretical spectral efficiency of 0.5b/s/Hz/SDOF if ideal Nyquist pulses with zero roll-off factor

are used, ensuring a fair comparison. Figure 1c shows plots of the bit error probability as a function of the bit

SNR per SDOF, γb := γs/k, at the decision device in the optically-preamplified direct-detection receiver. At a bit

error probability of 10−9, (16,256)-MVM has bit SNR gains of approximately 4.2 dB, 7.0 dB, and 7.2 dB over

DBPSK, binary IM, and BSVM, respectively. Therefore, the use of MVM can dramatically improve the system

performance compared to conventional modulation formats at the expense of transceiver complexity [7].

4. Conclusion

We derived a tight upper-bound for the error probability of optically pre-amplified DD receivers and used it to

show that MVM has higher sensitivity than other DD modulations, e.g., gaining 4–7 dB of SNR in an 8-core MCF.
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