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Abstract: The emergence of modern hyperscale datacenters and artificial general intelligence
(AGI) supercomputers creates an unprecedented demand for high-speed, scalable optical inter-
connects. Contemporary datacenter optical networks rely on pluggable transponders using M-ary
pulse amplitude modulation (M-PAM) and direct detection (DD). To scale capacity, the prevailing
strategy is to use parallel fiber strands that carry independent M-PAM/DD tributaries, a form
of space-division multiplexing (SDM). Meanwhile, multicore fibers (MCFs) with nominally
uncoupled, homogeneous, single-mode cores are intended to replace fiber strands in the future to
reduce fiber count and simplify data center connectivity. Rather than treating each MCF core as
an independent lightpath, we can exploit all MCF spatial and polarization degrees of freedom
jointly to transmit multidimensional symbols via space modulation—a format we term mode
vector modulation (MVM). This paper presents several novel MVM DD receiver architectures,
each offering a different balance between hardware complexity and performance. In parallel,
we introduce and evaluate a suite of digital signal processing (DSP) algorithms for polarization
tracking, including both blind and pilot-assisted methods. Together, these innovations enhance
the practicality of MVM as a high-sensitivity, bandwidth-efficient alternative to M-PAM for
future direct-detection-based optical interconnects.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

To accommodate the exponentially increasing datacenter traffic and the demand for high-speed
artificial general intelligence (AGI) supercomputer optical interconnects, pluggable transponders
using M-ary pulse amplitude modulation and direct detection (M-PAM/DD) are currently being
developed [1]. Experimental efforts in recent years have demonstrated the feasibility of short-haul
transmission with PAMS/DD at symbol rates reaching 170 GBaud at the time of this writing [2].
Concurrently, significant progress has been made in digital signal processing (DSP) techniques
for optical interconnects based on M-PAM/DD [3-5].

While M-PAM/DD optical interconnects have traditionally been preferred for short-reach
links due to their low cost and simplicity, the receiver sensitivity degrades significantly with
increasing constellation cardinality M. As data rates continue to rise, there is growing motivation
to adopt higher-order constellations to reduce the symbol rate and confine the signal spectrum
within the bandwidth limitations of commercially available components. To this end, modulation
formats that are compatible with direct detection and offer enhanced receiver sensitivity relative
to M-PAM are particularly attractive.

Over the years, various higher-order modulation (HOM) formats combined with direct detection
have been proposed and investigated as a means to address bandwidth constraints in short-haul
optical transmission systems [6,7]. These formats serve as promising interim solutions for
high-speed optical interconnects in both intra- and inter-datacenter applications, bridging the gap
until low-cost coherent transponders—capable of supporting a broader range of sophisticated
HOM formats—become commercially viable [8].
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On a broader note, the relative merits of wavelength division multiplexing (WDM) versus
space division multiplexing (SDM) for scaling datacenter network capacity have been the subject
of ongoing debate [9]. Historically, the high complexity and cost of WDM components have
limited their adoption in datacenter environments. As a result, fiber-rich solutions allowing
for a rudimentary form of SDM achieved through the use of parallel fiber lanes have been the
preferred approach. Nonetheless, certain hyperscale operators have begun to deploy coarse
wavelength division multiplexing (CWDM) within their datacenters, as reported in [10] and
references therein.

Looking ahead, multicore optical fibers (MCFs) are poised to play an increasingly important
role in datacenter infrastructure, driven by physical space constraints that limit the continuing
use of discrete fiber strands [11]. By integrating multiple cores within a single cable, MCFs can
significantly reduce cabling footprint and simplify connectivity management.

Nominally uncoupled, homogeneous, single-mode-core multicore fibers (MCFs) are commonly
envisioned for use in datacenter environments in conjunction with space-division multiplexing
(SDM), where independent data streams are transmitted through separate cores to increase overall
link capacity [12].

However, the integration of MCFs in datacenters also presents an opportunity for innovation in
modulation formats tailored to short-haul optical communication [13—16]. In particular, spatial
modulation techniques can exploit the N spatial and polarization degrees of freedom available in
uncoupled, homogeneous, single-mode-core MCFs to transmit N-dimensional symbols across
the entire spatial domain. This approach contrasts with conventional SDM, where N parallel and
independent data streams are transmitted through the cores [13-16].

In a recent publication [17], we investigated the potential of a novel optical interconnect
paradigm based on multidimensional spatial modulation combined with self-coherent direct-
detection receivers. This modulation format, referred to as mode vector modulation (MVM) [17],
is denoted as (N, M)-MVM, where N represents the number of spatial and polarization degrees
of freedom, and M denotes the constellation cardinality.

Table 1 contrasts the conventional M-PAM and the proposed (N, M)-MVM modulation formats,
highlighting their respective strengths and limitations in the context of short-reach optical
interconnects. M-PAM is favored for its simplicity, cost-effectiveness, and minimal digital signal
processing (DSP) requirements, but suffers from reduced receiver sensitivity, limited scalability,
and the need for elaborate polarization demultiplexing at higher data rates. In contrast, (N, M)-
MVM leverages the signal space dimensionality to spread the constellation points apart in order
to achieve enhanced receiver sensitivity and extended transmission reach. One of the attractive
features of MVM DD receivers is their ability to perform adaptive electronic compensation of
modal crosstalk. Despite these advantages, MVM suffers from increased complexity in receiver
architecture, particularly due to the necessity of a large number of photodiodes and the associated
analog-to-digital converters (ADCs).

In particular, the primary limitation of M-PAM lies in its one-dimensional signal space, which
causes the required signal-to-noise ratio (SNR) per bit to scale quadratically with the constellation
cardinality, in the amplified spontaneous emission (ASE) noise-limited regime [18]. In contrast,
for (N, M)-MVM, the required SNR per bit scales as O (MNL—T) [19], offering a significant
sensitivity advantage as the number of spatial and polarization degrees of freedom increases.

However, this improvement in receiver sensitivity initially appears to come at a high cost:
the number of photodiodes required for the measurement of the components of a generalized
Stokes vector scales with the dimensionality of the generalized Stokes space [20], specifically as
o (NZ) [17]. Fortunately, a deeper analysis of the inherent interdependence among the Stokes
parameters [21] reveals that all N 2 1 components of the Stokes vector can, in fact, be inferred
from only O (N) measurements. With recent progress in silicon photonic integrated circuits
significantly reducing the cost and complexity of advanced optical receivers, we argue that MVM,
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Table 1. Comparison of M-PAM and (N, M)-MVM modulation formats. Topics in red are
addressed in this publication.

Format Pros Cons
M-PAM Simplicity of implementation Reduced receiver sensitivity
Cost-effectiveness Limited scalability to higher cardinalities
Minimal DSP Complex polarization demultiplexing
(N.M)-MVM | Multi-dimensional polarization modulation Complex receiver architecture
Higher sensitivity (w. geometric shaping) Vulnerability to MD, MDL
Electronic compensation of modal crosstalk
Applicability to FSOC (energy efficiency)
Time-domain implementation as PPM, DPSK

when combined with self-coherent polarimetric direct detection, presents a promising pathway
for realizing bandwidth-efficient, next-generation optical interconnects based on direct detection.

In this paper, which is a follow-up of [17], we elaborate on two key issues related to MVM
DD receiver design (shown in red in Table 1): (i) We propose and study novel architectures
for the optical front-end of MVM DD receivers with hardware complexity O (N), a significant
advancement that makes MVM more practical for deployment in datacenters. (ii) We introduce and
evaluate multiple DSP algorithms for polarization tracking—both blind and pilot-assisted—that
are specifically adapted to the MVM framework. Together, these innovations help to establish
MVM as a viable, high-performance alternative to conventional M-PAM for short-reach optical
interconnects.

The rest of the paper is organized as follows: Sec. 2 reviews briefly the fundamentals of
MVM using generalized Jones and Stokes calculus [17]. In Sec. 3, several direct-detection
receiver architectures are proposed, spanning from quadratic- to linear-hardware-complexity
designs, and their performance is evaluated through simulation. In Sec. 4, DSP algorithms for
polarization tracking are developed, including pilot-aided derotation, blind LMS equalization, and
Wiener-Hopf filtering. Finally, Sec. 5 provides theoretical and experimental results confirming
that MVM, combined with polarimetric direct detection, offers a scalable alternative to PAM4
for high-speed datacenter links.

2. Mode vector modulation: a brief overview
2.1. Literature review

Polarization shift keying (PolSK) was first investigated in the late 1980s and early 1990s [22-25],
but eventually fell out of mainstream focus. In recent years, however, it has regained attention as
a component of Stokes vector modulation (SVM) [26-46], fueled by advances in direct-detection
systems for short-reach fiber-optic links. This renewed interest is largely attributed to the
emergence of cost-effective integrated photonics and the capability to compensate for polarization
rotations in optical fibers through adaptive electronic equalizers operating in Stokes space.

Stokes vector modulation (SVM) offers more power-efficient signaling than M-PAM by
exploiting the full three-dimensional Stokes space, rather than the one-dimensional signal space
used by M-PAM. To further enhance energy efficiency, our team extended this approach to
higher-dimensional Stokes spaces by leveraging few-mode fibers, multicore fibers, or free-space
modes — a technique known as mode vector modulation (MVM).

Both SVM and MVM are forms of spatial modulation formats [47]. Although they are
typically paired with direct-detection receivers, spatial modulation techniques have also been
investigated in coherent optical systems using multicore fibers. For instance, Eriksson et al.
[13] examined multidimensional position modulation combined with various QPSK schemes
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to enhance spectral and power efficiency. Similarly, Puttnam et al. [14—16] reviewed related
approaches for high-capacity coherent and self-homodyne transmission systems.

2.2.  MVM signal waveforms

MVM leverages spatial and polarization degrees of freedom in multimode fibers, multicore fibers,
and free-space optical links as independent spatial channels. In this section, without loss of
generality, we illustrate the concept of MVM transmission using an ideal, homogeneous two-core
multicore fiber (MCF) with single-mode cores, assuming both cores are identical and exhibit
negligible differential group delay.

In the illustration of Fig. 1, MVM consists in transmitting optical pulses over the two
polarization states of both single-mode cores simultaneously, with each pulse having the same
shape but differing in amplitude and initial phase.
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Fig. 1. (a) MVM signal waveforms transmitted over an ideal, homogeneous two-core MCF
with identical, uncoupled single-mode cores; (b) Intensity distribution of the MVM symbol
corresponding to the waveforms in (a).

In general, the combined optical field in MVM can be represented using N = 2K polarization
components — specifically, the x and y polarization states within each of the K independent
cores.

The mathematical representation of MVM signals is

En(1) = Amexp (t¢m) 8(0)I5m). (1

where m = 1,...,M, A, and ¢, represent the common amplitude and phase, respectively,
g(1) is a real function defining the pulse shape, and |s,,) is a generalized unit Jones vector that
encapsulates the complex excitations across the different spatial paths, i.e., the amplitudes and
phases of the electric fields of the optical waves [20,48,49].
Eyy e
|s) = : - (2)
Eyyc€e'®x

Jones vectors, up to phase, are commonly represented by generalized real Stokes vectors § in a
higher-dimensional real vector space of dimension N 2_1. The generalized unit Stokes vectors
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are defined through the quadratic form [49]
§:= Cy(slAls), 3)

where A denotes the generalized Gell-Mann matrix vector and Cy denotes the normalization

coefficient [49]
N
Cn = \’m 4)
2.3. MVM adjacencies

It is important to note that the concepts underlying MVM extend beyond its original use
as a modulation format. For instance, an interesting application involves employing MVM
direct-detection receivers and DSP algorithms to facilitate polarization division multiplexing
and demultiplexing in dual-polarization (DP) intensity-modulated direct-detection (IMDD)
transceivers for intra-datacenter communication. In a recent experimental demonstration by
Zhao et al. [50], it was shown that it is possible to achieve 400 Gbps Ethernet by launching
two independent PAM4 waveforms at 100 GBaud each in the x and y states of polarization at
the same wavelength. In this experiment, polarization demultiplexing was performed in the
optical domain using a programmable photonic integrated circuit composed of Mach-Zehnder
interferometers and phase shifters. To adjust the phase shifters, it was necessary to employ a low-
speed direct-detection polarimeter. For this purpose, the four-photodiode polarimeters shown in
Fig. 3 below exhibit superior performance at the thermal noise limit. In general, low-speed MVM
DD transponders could be used to characterize polarization rotations in multimode/multicore
fibers through pilot tones and this information can be used to control adaptive optical optical
compensators.

Furthermore, in quantum networks utilizing polarization-entangled photons or spatial qudits,
one could time multiplex over the same wavelength a classical MVM signal. As before, a
low-speed MVM DD transponder can be used to characterize the channel through pilot tones and
control an optical compensator that can compensate for polarization rotations. Then, quantum
signals can be transmitted with high fidelity.

Another application could be to use MVM in high-capacity, energy-efficient free-space optical
(FSO) communication links. MVM is a natural fit for FSO communication because these links
are energy starved and MVM exploits the high-dimensional nature of free-space propagation to
increase the receiver sensitivity.

Finally, a fundamental connection exists between SVM/MVM and multichip DPSK [51,52],
based on the equivalence of spatial dimensions and time slots in the AWGN limit. Building on this
relationship, we recently proposed an energy-efficient multichip DPSK scheme by representing
its symbols as polarization vectors within a generalized Stokes space, allowing for optimized
phase transitions and improved signal separability [53]. By permitting phase transitions to vary
continuously instead of being confined to discrete 27 /M steps, we employed geometric shaping
in Stokes space to increase symbol separation and lower error rates [53].

3. MVM DD receiver architectures
3.1. SVM DD receiver architectures

Initially, we review various cost-effective Stokes vector receiver architectures that offer different
trade-offs between the hardware complexity of the optical front-end of the polarimetric receiver
and the computational complexity of the receiver’s DSP. In particular, we focus on the three
widely-used contemporary SVM receivers, namely those proposed by Benedetto et al. [25], Che
et al. [54], and Shieh et al. [55]. We also discuss the asymmetric hybrid SVM receiver recently
proposed by our group [56,57].
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The first SVM receiver we analyze is the one proposed by Benedetto et al. [25]. Itis an
analog direct-detection-based polarimeter that has been recently revamped slightly, most notably
by adding a DSP unit that can perform polarization tracking [26]. The block diagram of the
Benedetto receiver in its current form is shown in Fig. 2(a). At its core, it consists of three
different branches of almost identical structure, composed of polarization beam splitters (PBS)
and balanced photodetectors. In the second and third branches, the PBSs are preceded by
polarization controllers (PCTRs) that act as half waveplates and quarter waveplates, respectively.
The incoming signal state of polarization (SOP) is represented in Fig. 2(a) by the Jones vector |r).
After a three-way splitter that divides the optical power equally among branches, the received
signal SOP |r) is projected along the x- and y-polarization basis |x)(x| and |y)(y|, the linear 45°-
and the —45°- polarization basis [45°)(45°| and |-45°){(—45°|, and the right-circular (RC)- and
left-circular (LC)- polarization basis |RC){RC| and |LC){LC|, respectively. The power difference
between the two orthogonal SOPs of each arm is equal to the Stokes parameter of the incoming
signal along the main axis of the corresponding PBS. Using the Jones-Stokes calculus, we can
show that the photocurrents at the outputs of the balanced receiver can be used to calculate the
normalized Stokes vector [58].

Unit Cell
1:3 -
e
2:3 -
- 4
1 90-degree ::% =t DSP
v lgf'.(') s Tx PCTR Optical
> > PE Q00 .|  Hybrid
en e
PBS
|RE (RO —
=
1:3 PRS 1:3 E
FLCTR g LO) 1O =
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Fig. 2. (a) The conventional direct-detection-based polarimeter SVM receiver [25]; (b) A
phase-diversity SVM receiver that is more amenable to photonic integration [54]; PCTR:
polarization controller, PBS: polarization beam splitter, ADC: analog-to-digital converter.

A seemingly different, but mathematically equivalent variant of the same architecture is shown
in Fig. 2(b). It uses a phase-diversity receiver composed of a 90-degree optical hybrid and two
balanced detectors, and was first proposed by Che et al. [54]. A 90-degree optical hybrid is
a multiport coupler routinely used in phase-diversity coherent optical intradyne receivers to
mix the optical signals of the transmitter and the local oscillator prior to photodetection. A
PCTR placed at the input of the optical hybrid aligns both polarization tributaries created by the
PBS to the same state of polarization. The upper and lower balanced detectors after the optical
hybrid in Fig. 2(b) measure the real and imaginary part of the product of the incoming optical
signals, respectively. The DSP combines these terms to create the s,-s} terms. Several recent hero
experiments such as [30] use the direct-detection SVM receiver architecture depicted in Fig. 2(b),
because this configuration is more amenable to photonic integration since it uses a 90-degree
optical hybrid to combine the incoming optical signals.

Shieh et al. [55] proposed a cost-effective direct-detection SVM receiver architecture using
four single-ended photodetectors (PDs) (Fig. 3(a)). The receiver comprises a 2 X 2 asymmetric
coupler (in blue) in cascade with a 3 x 3 optical hybrid (in green) as shown in Fig. 3(a).

Another cost-effective SVM receiver architecture, based on an asymmetric optical hybrid
and four single-ended photodiodes, is shown in Fig. 3(b) [57]. We call this the Asymmetric
Hybrid Receiver (AHR). The asymmetric optical hybrid is depicted inside the rectangular boxes
in Fig. 3(b). It consists of two asymmetric directional 2 X 2 couplers (green), two directional
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Fig. 3. (a) A cost-effective SVM receiver that uses only four photodiodes [55]; (b) The
four-photodiode asymmetric hybrid SVM receiver [56,57]; CPL: coupler, OH: 90-degree
optical hybrid, PBS: polarization beam splitter, PCTR: polarization controller, ADC: analog
to digital converter.

2 x 2 3-dB couplers (blue), a 90° phase shifter, and a fiber permutation between stages. The
two beam splitters at the input of the optical hybrid are not 50:50 splitters, but have an unequal
power splitting ratio ¥/(1 — ), where y is a free parameter to be adjusted for optimum receiver
performance.

3.2.  Previously-proposed MVM DD receivers

The SVM receiver architecture proposed by Che at al. [54] (Fig. 2(b)) can be easily generalized
for N>2 giving rise to the conventional, quadratic-complexity MVM receiver. The receiver
estimates the dyad of the received signal |r){r|, which is an N x N Hermitian matrix. A Hermitian
matrix is equal to its own conjugate transpose. Off-diagonal elements form complex conjugate
pairs symmetrically across the main diagonal. Therefore, it is sufficient to measure only the
elements in the upper triangular part of the dyad. The upper triangular part of the dyad has
N real elements at the diagonal and N(N — 1)/2 complex off-diagonal elements. We need N
single-ended photodiodes to measure the N diagonal elements and N(N — 1)/2 optical hybrids
each having four photodiodes to measure the N(N — 1)/2 off-diagonal elements. The total number
of photodiodes in this receiver type is thus 2N? - N.

For illustration, in Fig. 4(a), we show the schematic of an optical-hybrid-based quadratic-
complexity MVM receiver for the special case of N = 4. This receiver could be used, for
instance, together with a two-core MCF with identical single-mode cores. The design consists of
two PBSs at the output of the single-mode cores, respectively, followed by four power splitters,
six 90-degree optical hybrids (each with two balanced photodiodes), and four single-ended
photodiodes, therefore equaling a grand total of 28 photodiodes, in accordance with the formula
2N? —N. The PBSs split the optical signal into its x— and y— components, and the power splitters
divide the incoming power into four parts based on an optimal splitting criterion. PCTRs at the
inputs of the optical hybrids turn both polarization tributaries into the same polarization. Like
discussed earlier, the most unsophisticated implementation of the MV receiver for the detection
of generalized Stokes vectors requires a total of 2N2 — N identical photodiodes. The disadvantage
of this architecture is that its complexity scales quadratically with N. It is possible to design a
more sophisticated MVM DD receiver architecture [21] that exploits the interdependence of the
generalized Stokes parameters to reduce the front-end complexity. This reduced architecture for
the special case of N = 4 is shown schematically in Fig. 4(b). The basic building block (and
associated optical components) of this receiver is the same as the full-fledged receiver with a
couple of notable differences. The most profound difference is the reduced number of 90-degree
optical hybrids, which results in a lower number of photodiodes. While the number of optical
hybrids in the quadratic complexity receiver is N(N — 1)/2, the number of hybrids in the new
linearized-complexity receiver is only N — 1. This is because the N2 — 1 Stokes components are
functions of the N Jones components and are interdependent, thus making inference of a large
number of Stokes parameters possible given a small number of measurements. We can conclude
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by noting that since each optical hybrid has two pairs of balanced photodiodes (four photodiodes
in total) and additionally, N single-ended photodiodes are required to measure the |.*:i|2 terms,
a total of SN — 4 photodiodes are required. For the N = 4 case, this translates to a total of 16
photodiodes as seen in Fig. 4(b).
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Fig. 4. (a) The full-fledged quadratic complexity MVM receiver for N = 4; (b) A linearized-
complexity MVM receiver for N = 4 having 5N — 4 photodiodes; (c) The asymmetric hybrid
MVM receiver for arbitrary N, composed of cascaded asymmetrical optical hybrid and
3N - 2 photodiodes; PBS: polarization beam splitter, SPL: power splitter, OH: 90-degree
optical hybrid, PCTR: polarization controller.

The previously-discussed AHR can be generalized to any even N as shown in Fig. 4(c).
This architecture requires N /2 input hybrids (magenta), with the first and last connected to 3
photodiodes, and the remaining N /2 — 2 hybrids connected to 2 photodiodes each. These are
followed by N/2 — 1 output optical hybrids (green), each connected to 4 photodiodes. This
design results in a total of N — 1 asymmetric optical hybrids and only 3N — 2 photodiodes. These
measurements are sufficient to recover the (N2 — 1)-dimensional Stokes vector as described in
detail in [56].

3.3.  Novel MVM receiver architectures with linear-hardware-complexity

The hardware complexity of the conventional MVM direct detection receiver scales quadratically
with the number of modes N leading to a decrease in cost-effectiveness with increasing N.
This drawback could significantly hinder the adoption of MVM in short-haul communications
despite its superior receiver sensitivity compared to conventional modulation formats such
as M-PAM. Over the past couple of years, we have proposed various cost-effective MVM
receiver architectures that have linear-hardware-complexity [21,56,57]. While these receivers
have been shown to match the performance of the quadratic-complexity MVM receiver in the
optically amplified regime, they greatly lag behind the quadratic-complexity MVM receiver in the
thermal-noise-limit for N>2 [56,57]. In this paper, we present two new MVM receiver designs
with linear-hardware-complexity that aim to enhance the performance at the thermal-noise-limit
while preserving their cost-effectiveness. This endeavor is particularly important, as it is thermal
noise that limits the sensitivity of MVM direct-detection receivers in the absence of optical
amplification.

3.3.1. New receiver-design | using 4N photodiodes

A novel receiver architecture for mode vector direct-detection that has a total of N asymmetric
optical hybrids and 4N photodiodes is shown in Fig. 5(a). The asymmetric hybrids used in this
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design are the same as reported in [56,57] and shown within the rectangle in Fig. 3(b). However,
unlike the asymmetric hybrid receiver (AHR) in [56,57], the present design uses only one layer
of N asymmetric hybrids. Each asymmetric optical hybrid can be described by a 4 x 4 unitary
transfer matrix, which relates the input and output electric field vectors |E’) and |E°) as

ES bE| + aE},

By = 2] = |7 )
Ej| V2 |iaE} + bE}
EY iaE} — bE}

where a and b are the amplitude splitting ratios of the asymmetric couplers inside the asymmetric
hybrid (Fig. 3(b)) where a + b*> = 1. Note that a®/b?> = (1 — y)/y. where v is the power splitting
ratio referred to earlier in the paper. The value of the splitting ratio is set to its optimum value
calculated analytically for N = 2 in [56] at the thermal-noise-limit. The optimum a, b and y are
given by:
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Fig. 5. (a) Schematic of the optical front-end of an MVM receiver with 4N photodiodes
for any even N'; (b) Schematic of the optical front-end of an MVM receiver with 4(N — 1)
photodiodes for any even N.

To understand the DSP necessary to calculate the generalized Stokes parameters, consider the
special case corresponding to N = 4 where the optical front-end comprises four 3 dB splitters
and four asymmetric hybrids. For N = 4, the N? — | = 15 elements of the generalized Stokes
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vector can be written in terms of the electric fields as shown in (7).
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Each of the generalized Stokes parameters in (7) can be determined by inferring the elements
of the dyad shown in (8).

|Ei|> EEF E\EY EEY
- |E'E'* |EL|> E!E* EE}

ELEY* ELEY |Ei|* ELEY
E.El* E.EY E.EF |Ei|?

The elements in blue are estimated directly from the four output photocurrents in each
asymmetric hybrid in Fig. 5(a). Let us consider the first asymmetric hybrid and deduce how its
output photocurrents can be used to estimate certain blue elements of the dyad (8). Given the
responsivity R of the photodiodes, the photocurrents can be mapped to the optical powers at the
four outputs, defined as Py := |Ef|2. Substituting the output electric fields from (5), the output
powers are obtained as

2Py = P*|E} | + @*|E5|? + 2abRe{ELEY} (9a)
2P, = V*|Ei|* + a*|E}|* - 2abRe{E\EX} (9b)
2Py = d*|E}|* + b |ES)? — 2abIm{ELES} (9¢)
2Py = A |EL > + VP |ES)? + 2abIm{ELES) . (9d)

In the absence of noise, summing these four expressions gives 22:1 P, = 1, since we assume
normalized Jones vectors, i.e., |E‘1|2 + |E‘2|2 = 1. From these measured powers, our objective is
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to determine the terms |E% |2, |E}|, and E! Elf, which are elements of the dyad (8). Solving (9)
for these terms yields
a* (P3 + Py) — b* (P1 + P))

|EY > = g : (10a)
. 2Py +Py)-b*(P3 + P

32 = a (P, jg_bz( 3 4), (10b)
o (PI—P))+i(Py—P

EiE“:( 1 2)2a;( 4 3)_ (10¢)

Similarly, by using the output photocurrents from the other three asymmetric hybrids and
appropriately modifying the indices in (10a)—(10c), additional blue elements of the dyad can be
inferred.

Note thateach of the diagonal elements |E} where j < N in (8) can be independently calculated
from the output photocurrents of two distinct asymmetric hybrids using (10a) and (10b). For
example, in the case N = 4, the element |J’5"1 |2 can be inferred from both the first asymmetric
hybrid (which combines E‘1 and E;) and the fourth asymmetric hybrid (which combines Ejr and
E‘i). Instead of simply ignoring one of these extra measurements, we take their average and use
it to compute the dyad. Since both hybrids are implemented with identical components, their
thermal noise variances are approximately equal (02). Moreover, because the noise originates
from physically distinct photodiodes and resistors, the two contributions are uncorrelated, i.e.

cov(n, n2) = 0. Under these assumptions, the variance of the averaged estimate is reduced by
X1+Xo
2

|2

half, var( ) = "Tz, which directly improves the effective SNR of the diagonal terms. We
initially hypothesized that by utilizing each measurement and computing their averages, we
would be able to increase the noise robustness and reduce error propagation. Subsequently, via
simulations we verified that taking the average slightly boosted the receiver sensitivity compared
to the case where we only utilized one of the measurements.

The elements in green are then calculated from the elements in blue using an iterative process
first reported in [21]. This algorithm is based on the fact that the N? - 1 Stokes components
are functions of the N Jones components and are interdependent, making inference of a large
number of Stokes parameters possible given a small number of measurements. In other words, a
pair of distinct products E,-E;, E;E; contain common information as they share a common Jones
component Ej. The first step is to calculate the differential phases 6; .1, where

Oiiv1 = 0; — 01 = arg (EiE, ) . (11)

In the case N = 4, this refers to the phases 61, 62,3, and 3 4. Since the terms E{EY, EXEY
and E;E;‘ (shown in blue in the dyad (8) are already known, the differential phase terms can
easily be inferred. Thus, we can now retrieve all remaining terms EiEJf by

EE] = ¢%|E|||E)|, (12)

where, for any i<j,
Oij = Opin1 + -+ + 051 (13)

For our special case of N = 4, the remaining terms of the required form (shown in green in
(8) are E{E% and ELEY . These two terms can be easily calculated using (12) and (13) since we
already know the required diagonal elements as well as the differential phases.

Finally, the elements in black are inferred by using the fact that they are simply complex
conjugates of elements that have been previously determined. Thus, we have demonstrated how
each element of the dyad |r)}{r is determined for N = 4. This method can be easily extended to
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any even N. From the dyad |r){r, the DSP can evaluate the generalized Stokes vector (7) based
on the formulae (3), (4).

It is worth discussing how thermal noise affects the various elements of the dyad (8). As
seen in (10a)—(10b), the diagonal elements |J’5;.'|2 are obtained from additive combinations of
photocurrents, yielding strong signal terms; moreover, because each diagonal can be computed
from two distinct asymmetric hybrids, we average the two independent estimates, which halves
the noise variance and further improves robustness. In contrast, the off-diagonal in (10c) (nearest-
neighbor, e.g., E‘IE‘Z‘ in (8) is formed directly from differences of nearly balanced photocurrents
(e.g., Py — Py and P4 — P3), so the useful signal partially cancels while the thermal noise variances
add, producing a much lower effective SNR. For other cross terms (12) (e.g., EiEg* in (8), we
reconstruct the complex quantity as EiE; = |Ei||E}] @i ++617) g0 multiple noisy differential
phases are summed and their uncertainties accumulate in the exponential. Consequently, these
off-diagonal entries are inherently more susceptible to thermal noise than the diagonal powers,
and the DSP stage, which combines these noisy phase estimates, makes the disparity appear more
pronounced.

3.3.2. New receiver-design Il using 4(N — 1) photodiodes

On close inspection of the receiver architecture and the corresponding DSP outlined in the last
section, it becomes evident that there exists some redundancy in the design. In particular, it is
inferred that the last hybrid does not yield any new information that is not already computable
via the measurements of the other hybrids. Specifically, in the case N = 4, the dyad element
E;E"l‘ need not be measured from the fourth hybrid like we did earlier; instead, it can be inferred
using the same procedure explained earlier for the receiver with 4N photodiodes [21].

At first, we calculate E1E} by modifying (12) and (13) as shown below.

E\E} = €)4|Ey||E4], (14)

where
Ora= 012+ 623 +634. (15)

Since the necessary electric fields and the differential phases from (14) and (15) above are
already known as explained above for the 4N receiver, E4E}* and its complex conjugate E| Ey can
be easily determined without having to use an additional asymmetric hybrid. As a result, the last
hybrid can be omitted, giving rise to a receiver with N — 1 hybrids and 4(N — 1) photodiodes. Note
that all other elements of the dyad are calculated exactly as were calculated for the receiver with
4N photodiodes with suitable scaling factors added as explained below. The optical front-end of
this receiver is shown in Fig. 5(b).

Notice that in Fig. 5(b), the first and last inputs do not have 3 dB splitters, unlike the inputs in
the middle. This power asymmetry in the architecture needs to be compensated in the DSP by
employing suitable scaling factors for the elements of the dyad |r)(r. Let us assume that the dyad
elements (8) measured from the various asymmetric hybrids as explained earlier prior to any
scaling are denoted using e’s instead of E’s. Like in the 4N design, there are certain elements in
the dyad that can be independently derived from the outputs of two different asymmetric hybrids.
These correspond to the N — 2 central terms in the main diagonal, which are each calculated
from the addition |€i,;'|2 + |€iJ+1 |2 in two successive hybrids where k is the index of the E-field
and and j is the index of the asymmetric hybrid. This addition serves as an averaging mechanism
to reduce errors as described in the previous section, while at the same time compensating for
the power asymmetry described above. Secondly, the multiplying factors for the N — 3 terms in
the second diagonal are 2, and for the two edge terms, they are V2. The dyad for N = 4 after
applying the necessary scaling is shown below in (16). Like in the previous architecture, the
dyad elements are calculated in the order blue, green, and black. Like in the 4N case, the blue
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elements denote the ones measured directly from the output photocurrents of the asymmetric
hybrids and the green elements are determined from the blue elements using an iterative process
explained in detail in the previous section [21]. The element in black are once again determined
by noting that they are the complex conjugates of the blue and green elements.

|ei]|2 ﬁei]eg* e\ e e e’
o elet el |2+ el L2 el el* el e’
|EI)<EI|: 2 1 2,1 2,2 2 3 FARE | (16)
i % i ik i |2 i 12 el
ese ese, |63,2| + |63,3| 2ezey
cel  eief des el

After applying the appropriate scaling, we can compute the correct dyad (16), which allows
us to evaluate the generalized Stokes vector (7) based on the formulae (3), (4). Thus, we have
described another novel receiver architecture for mode vector direct detection that has a total
of N — 1 asymmetric optical hybrids and only 4N — 1) photodiodes. The two aforementioned
receiver architectures have been compared on the basis of important metrics in Table 2. We
can clearly see that there exists a tradeoff between hardware complexity/cost and computational
complexity of the DSP.

Table 2. Comparison of the two receiver architectures proposed in this paper.

Metric Receiver I Receiver IT

Photodiode count AN 4N-1)

Asymmetric hybrid count | N N-1

Upfront cost More Lower

DSP Less dependence/less computational More dependence/more computational
complexity complexity

4. Adaptive polarization tracking in the generalized Stokes space

As an MVM signal travels along an optical fiber, its state of polarization is perturbed and rotated.
Successful reception of an MVM signal therefore requires counteracting these distortions in
order to correctly determine the received symbol. Further complicating the matter is that the
fiber rotation varies over time due to environmental changes, e.g., temperature fluctuations and
vibrations. The goal of this section is to show how such rotations can be counteracted within the
MVM receiver’s DSP.

4.1.

Consider an N-dimensional Jones space and a D = (N2 — 1)-dimensional Stokes space. Rotations
within Jones space are given by |r) = U|s) for a unitary Jones matrix U, while rotations within
Stokes space are given by 7 = RS for a Miiller matrix R. We can calculate the Miiller matrix R
from the Jones matrix U from the formula

Correspondence of rotation matrices in Jones and Stokes spaces

R; (17)

1

Etl’ [UT,{,'U/IJ']

where A;, A; denote the generalized Gell-Mann matrices.
Proof. Letting |s) and § denote the same state of polarization in Jones and Stokes space

respectively, we will perform the rotations |r} = Uls) and 7 = RS and seek to relate the resulting
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terms. We begin by recalling that the components of the Stokes vector § are given by (3), (4)

N
S = Cy(slAls), Cy= ms (18)

where A; is a generalized Gell-Mann matrix. Using that |[r) = Uls) and converting to Stokes
space yields
i = Cn(tlilt) = Cy(s|UT 4 Us), (19)

while using 7 = RS yields

= DRk = 3y 3 R 5149 = G <s

) . (20)

Z R Ay
k
Equating these two expressions for 7; yields that

ZR""A" ) 21
k

As this equation holds for arbitrary |s), we arrive at the matrix equation

(s|UTAUJs) = <s

UtaU = Z R, (22)
k

which yields
URAU4 = ) Raddy (23)
k

upon right-multiplication by A;. Taking the trace of both sides, while noting that tr [/lk/lj'] = 20k,
gives that
ir [UTAU4] = > Ratr [4d] = > Ra26y = 2R (24)
k k

and thus |
R; = S [UT4,U4] (25)

as desired.

4.2, Pilot-based derotation

The pilot symbol derotation scheme hinges upon the observation that the fiber rotation, while
varying over time, is approximately constant on the time scale of a symbol period. We can
therefore periodically send K predetermined pilot symbols to characterize the fiber, estimate the
rotation matrix, and thus derotate subsequent symbols carrying the data payload. This method
does incur an overhead and thus reduce the effective data transmission rate, but the exact amount
of pilot symbols in relation to data symbols will depend on the engineering application.
Letting 5; and _fk denote the k-th symbol transmitted and received, and 7 denote a noise vector
we have
e = RSy + 1, (26)

for the unknown Miiller matrix R (which is assumed to be constant over the timescale of interest).
In the following, we omit the noise in (26). Collecting the first K > D symbols to characterize
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the fiber, we create the auxiliary matrices

T=f ... &l S=15 ... 5 (27)

The Stokes space rotation for all K symbols can be written in compact form
T = RS, (28)

where the dimensions of matrices are D X K, D x D, and D x K, respectively. We can estimate R
using the pseudo-inverse:
R = TST(SS”) !, (29)

where we note that SS is invertible provided that S is full rank. As we have complete control
over the chosen K > D pilot symbols, this condition is easily satisfied.

Having thus characterized the fiber rotation via the Miiller matrix R, we can derotate subsequent
symbo]s?k, k>K, arriving at the receiver the by computing the derotated symbol R‘l?k =~ § in
the DSP.

4.3. Blind adaptive channel equalization in Stokes space

The mode vector direct-detection receiver DSP can estimate and counteract Stokes vector rotations
caused by fiber propagation using blind adaptive channel equalization.

4.3.1. Least-mean squares (LMS) algorithm

Blind adaptive channel equalization can be performed using the least-mean squares (LMS)
algorithm (Fig. 6(a)).

: Stokes Spaee
H
HER b | Sym. to hit | S .\’Fl: s w
converter Diecision

(b)

Fig. 6. (a) Block diagram of MVM transceiver; (b) Least-mean squares (LMS) blind adaptive
channel equalizer. Abbreviations and symbol definitions: b;= input bit, Ty=transmitter,
|3in)= input Jones vector, |n)= noise in Jones space, H= channel transter matrix, |8qu)=
output Jones vector, |r)= output vector with noise in Jones space, R,= receiver, f= output
vector with noise in Stokes space, W= derotator, s’= Stokes vector after the derotation, ML=
maximum likelihood, §j,= estimated Stokes vector, Bi: estimated input bit, BER= bit error
rate.

In Fig. 6(a), the received generalized Stokes vector 7, is multiplied at the k—th time instant with
a compensating generalized (N2 — 1) x (N% — 1) Miiller matrix M(k). The resulting generalized
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Stokes vector Z; is used by the maximum-likelihood decision criterion to estimate the transmitted
Stokes vector §;. The estimated Stokes vector is denoted by a double hat fsk. The error signal
between the derotated generalized Stokes vector 7, and the estimated symbol 5i is given by their
difference. The LMS equalizer uses the mean square error (MSE) as its cost function

& = E{|l&1%}. (30)

We want to minimize the cost function (30) by recursively adjusting the elements of the Miiller
matrix M(k) in Fig. 6(a).

The conventional LMS algorithm replaces the expectation E{|[é]|?} in (30) by its instantaneous
value ||é||%. Expanding the norm we obtain

& = 1182 = 18 = Zell® = 1+ 11Zll? = 25k - Z. (31)

We need to calculate the gradient of the above cost function, which requires the partial
derivatives of & with respect to the elements of the matrix M;;. We assume that, to the first-order,
the estimated symbol 5t is not affected by small changes in the values of Mj;. Therefore, we only
need to evaluate the partial derivatives of the terms that contain Z; with respect to the elements of
the matrix Mj;.

43
Vé= , 32
& [ M; (32)
where o
T (z,- - si) i (33)
Rewriting the gradient-descent method in matrix formulation, we obtain
M(k + 1) = M(k) - V& = M(K) - 21 [Z — ] @70, (34)

where ® denotes the outer product.

4.4. Derotation based on Wiener-Hopf equation

In this section, we derive an analytical expression for the optimal derotation matrix based on the
theory of Wiener filters [59].

We assume that we transmit Stokes vectors S and we receive their rotated noisy versions
T = RS as given by (28). The receiver performs a derotation of T by multiplying them with a
matrix M that we want to evaluate based on a mathematically-tractable optimality criterion.

As an objective function for the optimality of the derotation, we use the mean-squared error
criterion

£=E {tr (ssr)} , (35)

where E {.} denotes expectation (i.e., ensemble averaging) and we defined the error £ between
the ideal output Stokes vector S and the actual output Stokes vector after derotation MT as

E:=S-MT. (36)
The outer product of the error vector with itself is written as

&ET = (S-MT)(S - MT)"

37
= SST + MTT'M” - ST"M” — MTS” 37
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By using (37) in (35) and by interchanging the order of the expectation function and the trace,
the objective function is given by

E=u[E{SS"} + ME{TT"} M"

38
—E{STT}MT—ME{TST}]. (35)
We set the autocorrelation matrices:
Ks = E {857}, (392)
Kr := E{TT"}, (39b)
P:=E{ST"}. (39c)
By substituting (39) into (38), we obtain
& =tr[Ks + MKyM” - PM" - MP"]
(40)
= tr[Ks] + tr [MKyM7| — tr [PM”]| - tr [MP"].
We will show that the optimum derotation matrix is
M = PK;', (41)

which is a variant of the Wiener-Hopf equation [59].

Proof. To simplify the proof, we will use the Einstein summation convention, i.e., when an
index variable appears twice in a single term, it implies summation of that term over all the
values of the index. For instance, the trace of a matrix is calculated by taking the sum of the
diagonal elements of the resulting matrix. Using the Einstein summation convention, we write
for brevity trC = C;; instead of trC = }; Cj;. Similarly, for matrix multiplication, the elements
of the product C = AB are written for brevity as Cj; = Az By; instead of Cjj = Xp AuBy;.

To obtain the elements M, of the optimum derotation matrix M, we minimize the objective
function £ by setting the partial derivatives of £ with respect to all M,,, to zero

(")lil—i, =0. (42)
We define the auxiliary cost functions
& = tr [MKyM"] = tr [KtM'M] (43a)
& =1 [PM'], (43b)
&= [MPT]. (43c)

Switching the order of the matrices inside the trace and using the Einstein summation
convention, we can rewrite £1 in terms of the elements of Kr, M7, and M as follows:

& = tr [MKyM'] = tr [KtM"M]| = Ky, M}, M,y = K, MMy, (44)
Taking the partial derivative of £ with respect to My, we obtain

3]
oM,

= KT& 6m_u Ok Mpi + KT& M 6m;15t'v » (45)

where 6;; denotes the Kronecker delta.
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Simplifying the Kronecker deltas, we obtain

0&
oM,.,

= KTivMﬂi + KTvk M,uk (46)

Changing the dummy variable for summation in the second term from k to i and taking into
account the symmetry of the matrix Kr that yields Kt,, = Kr,,, we obtain

aiil = KT!'VM#II + KTw‘ Mﬂ" = KT:’V Mﬂi + KT;‘VMP" = 2KT;‘VM#1" (4?)
v
or, equivalently,
& 3
aM,,, =2Kr, M,; = 2M,Kr,,, (48)
which can be written in matrix form as
&

Similarly, since & := tr [PM”] = (PM”),, = PgxM[. = P M, taking the partial derivative of
& with respect to M, we obtain

0&
oM,

= 6i;15kvPH< = P,uv- (50)

Finally, since & := tr [MPT| = (MP”), = MuPl, = M Py, taking the partial derivative of
& with respect to M, we obtain

0 3
m = 61;1(5kvpd'< = P,uv- (51)
Assembling everything together, we get
o B
i = 2(MKr—P) = 0. (52)
or, equivalently,
M = PK;. (53)

5. Results and discussion

5.1.  Performance of MVM DD receivers under noise and transmission impairments

First, we compute the performance of our proposed receivers through Monte Carlo simulations
in the exclusive presence of thermal noise for N = 4 and N = 6. We compare our two proposed
receivers with the quadratic complexity MVM receiver consisting of 2N? - N photodiodes
(Fig. 4(a)), which is a generalization of the receiver reported in [54] for N>2, the linear
complexity receiver proposed by us in [21], which uses SN — 4 photodiodes (Fig. 4(b)), as well
as the AHR (Fig. 4(c)), which employs 3N — 2 photodiodes [56,57]. The BER vs. launch power
curves for all these receivers in the thermal-noise-limited regime are shown in Fig. 7(a) and
Fig. 7(b). From Fig. 7(a) (N = 4), we see that in the thermal-noise-limit, the receiver with 4N
photodiodes significantly outperforms all other linear-complexity receivers including the one with
4(N - 1) photodiodes. In particular, employing the receiver with 4N photodiodes instead of the
AHR boosts the sensitivity by ~ 2 dB. It still lags behind the quadratic-complexity receiver by = 2
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dB, which is a vastly reduced margin than its competitors. One of the reasons for the superiority
of the receiver with 4N photodiodes over the AHR despite both being based on asymmetric
hybrids is the fact that the former’s splitting ratio is optimized while the latter’s is not. This is
because the receiver with 4N photodiodes is based on a set of cascaded asymmetric hybrids each
corresponding to N = 2. The splitting ratio of the asymmetric couplers in the receiver with 4N
photodiodes for any even N is set to its optimum value at the thermal-noise-limit for N = 2 as
shown in (6) and derived analytically in [56]. However, for the AHR, computing the optimum
splitting ratios for N>2 is a non-trivial problem and we have to resort to repeated numerical
computations that are not exact leading to reduced receiver sensitivity.

N=4 thermal noise limit N=6 thermal noise limit
i 0.500/m—s—p___ !
| | 8 |
01000 ey ; . ‘“‘z‘ .
0.050 NS | 0.100, NS s
2 : N L S | = 0050 ey |
g « ZNP-N N AN g « 2N - N ! .3y I
5 0010 N 5 0010 \ ey
= I 5N=-4 \ = YUY 5N=-4 | e T
o 0005 * 1 b 0,005 \ L
5 « AN . S + 4N \ e h |
\ Ny | |
| . ' LAY | . v *
0-0015 « 4(N-1) AN s 0.100% = 4(N-1) i N
Sx107 an-2 . . ¥ <07 an-2 ol
T S T T T R
Launch Power [dBm)] Launch Power [dBm)]
(a) (b)

Fig. 7. BER vs. launch power for different receiver types in the exclusive presence of
thermal noise at a bit rate of 10 Gb/s. (a) (4, 16)-MVM; (b) (6, 64)-MVM.

Additionally, we can conclude that reducing the number of photodiodes from 4N to 4(N — 1)
results in a significant performance penalty, which diminishes its feasibility despite being
more cost-efficient. The reason for the lower receiver sensitivity of the receiver with 4(N — 1)
photodiodes is its greater dependence on error-prone DSP as opposed to direct measurements as
outlined in Table 2. However, for N = 6 (Fig. 7(b)), the gain associated with the receiver bearing
4N photodiodes observed in Fig. 7(a) disappears for higher SNRs. Interestingly, in Fig. 7(b),
we observe that at higher SNRs, the probability of error versus SNR plot for the two receivers
proposed in this paper does not resemble a waterfall curve in a log-log diagram but rather a
double waterfall, i.e., it displays a floor at certain intermediate SNR values. This phenomenon is
also observed for the receiver with SN — 4 photodiodes [21]. These findings lead us to conclude
that thermal noise greatly affects the inference of the E,-E; terms of the received field dyad (8),
(16) in the linear complexity receivers for N>2, and this effect becomes more pronounced as we
increase N and thus reduce the number of direct measurements and rely more heavily on the DSP.
The unequal effect of thermal noise on different dyad elements has been discussed in detail in
section 3.3.1. We also note that the AHR with 3N — 2 photodiodes begins to outperform the
other linear-complexity schemes at launch powers above approximately 3 dBm. While the exact
mechanism behind this crossover is not fully understood, one possible explanation is that the
reduced detector count in the AHR alters the balance between noise averaging and nonlinear
distortion at higher input powers. At the same time, other receiver configurations may be more
prone to error propagation or numerical instabilities in the DSP at high powers, which could
account for their comparatively degraded performance.

In Fig. 8(a) and Fig. 8(b), we compare the performance of our two proposed receivers with
an ideal receiver as well as the conventional, quadratic-complexity receiver with 2N? - N
photodiodes in the presence of amplified spontaneous emission (ASE) noise and modal dispersion
(MD). These simulations were conducted in a 6-mode few-mode fiber (FMF), using a set of
linear coupled-mode equations as described in [60]. Within the MVM transmitter, ideal root
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raised cosine (RRC) waveforms corresponding to the geometrically optimized (6, 64)-MVM
constellation are generated. The system parameters include a total fiber length of 10 km, a symbol
rate of 56 GBd, a mode coupling coefficient of —30 dB/km, and no intramodal dispersion between
the polarization components of the LPy; and LP;; modes. To facilitate optical compensation,
half of the fiber length is configured with a Differential Mode Delay (DMD) of the opposite
sign. Additionally, a DSP unit employs a least mean square (LMS) algorithm [17] to mitigate
polarization rotations in Stokes space induced during fiber propagation. The results clearly show
that the new receivers with 4N and 4(N — 1) photodiodes do not cause any additional penalty
with respect to the ideal/conventional MVM receivers both in the presence and in the absence of
optical compensation.

N=6 modal dispersion without MD fiber management M=6 modal dispersion with MD fiber management
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Fig. 8. BER vs. bit SNR per spatial degree of freedom for different receiver types
considering the impact of intermodal dispersion for (6, 64)-MVM at a symbol rate of 56
GBd. (a) Without MD fiber management; (b) With MD fiber management.

Now that we have verified that all receiver architectures are equivalent in terms of receiver
sensitivity in the presence of MD, ASE noise, and intermodal coupling, it is worth investigating
how transmission distance affects the performance of MV-DD receivers. The three transmission
distances we simulate are 1 km, 5 km, and 10 km, all of which are realistic fiber-optic link
lengths in short-haul optical links such as inter- and intra- data center links and short-reach
data center interconnects (DCIs). In Fig. 9(a), as expected intuitively, we observe that the BER
increases as we increase the transmission distance at a constant MD parameter of 1 ps/km and
no optical compensation. In Fig. 9(b), we observe that transmission distance does not have a
significant effect on the performance of MV-DD receivers at a MD parameter of 48 ps/km and
in the presence of optical compensation. This is because, the optical compensation described
earlier almost perfectly neutralizes the effect of MD even at longer transmission distances and
stronger MD. In both the scenarios, we assumed a mode coupling coefficient of —30 dB/km and
a symbol rate of 56 GBd.

Besides intermodal dispersion, another important effect in MV-DD systems is spatial mode
coupling as well as its single mode counterpart: polarization mode coupling. In the preceding
simulations, we have considered a mode coupling coefficient of —30 dB/km, which introduces
undesirable intermodal crosstalk between the various spatial modes in our FMF. In Fig. 10(a) and
Fig. 10(b), we quantify the effect of varying levels of intermodal coupling on the performance of
our two proposed MVM receivers both in the presence and in the absence of DMD management.
In the absence of DMD fiber management (Fig. 10(a)), we see that with a constant low MD
parameter of 0.4 ps/km, the impact of varying intermodal crosstalk remains negligible up to at
least -10 dB/km. This is because the effects of uncompensated DMD appear to overshadow any
potential penalty from crosstalk. When MD increases to 24 ps/km, and DMD fiber management is
employed (Fig. 10(b)), the influence of crosstalk becomes more pronounced but still tolerable. As
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Fig. 9. BER vs. bit SNR per spatial degree of freedom considering the impact of
transmission distance for (6, 64)-MVM at a symbol rate of 56 GBd. (a) Without MD fiber
management; (b) With MD fiber management.

seen in Fig. 10(b), the BER rises as the degree of modal crosstalk increases from -40 dB/km to -10
dB/km. This crosstalk-induced degradation in performance is due to the accumulation of modal
crosstalk before DMD compensation, which contains significantly large DMD corresponding
to a MD parameter of 24 ps/km. The combined effects of large DMD and crosstalk result in
power coupling between larger arrays of adjacent symbol components of the three propagating
modes, leading to greater penalties at the receiver. Overall, the two proposed receivers exhibit
equivalent receiver sensitivity in this regime, even in the presence of significant modal crosstalk.
It is worth noting that polarization mode coupling in single-mode systems is mathematically
analogous to spatial mode coupling in FMF/MCE, since both manifest as linear mixing between
tributaries. Prior work on direct-detection MIMO receivers similar to ones we used has shown
that such polarization coupling can be effectively tolerated with only minor BER penalties [61].
This further supports our finding that realistic levels of modal or polarization coupling do not
fundamentally limit the proposed architectures in short-reach links.
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Fig. 10. BER vs. bit SNR per spatial degree of freedom considering the impact of varying
levels of spatial mode coupling for (6, 64)-MVM at a symbol rate of 56 GBd. (a) Without
MD fiber management; (b) With MD fiber management.

These aforementioned simulations neglected the effect of fiber chromatic dispersion (CD),
which is a valid assumption when operating in the O-band [62]. Nevertheless, it is worth
quantifying the effect of CD on our proposed MVM receivers when operating in both the C-band
and the O-band since our receivers are not equipped to compensate for CD. In the subsequent
simulations, we assume that CD is the dominant impairment and ASE noise and thermal noise
is negligible. We also note that the effects of MD are perfectly counteracted through optical
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compensation as explained earlier and that we are in the low intermodal coupling regime where
the effects of modal crosstalk are negligible. These assumptions enable us to isolate the effect
of CD and characterize the CD tolerance of the proposed receivers. Like earlier, we consider a
total fiber length of 10 km and a symbol rate of 56 GBd. In Fig. 11(a) and Fig. 11(b), we see
how the BER changes with varying accumulated CD (D x L) for (4, 16)-MVM and (6, 64)-MVM
transmission in the C-band where D is the chromatic dispersion coeflicient and L is the fiber
length. We see that at 56 GBd in C-band, the proposed receivers tolerate up to 30 ps/nm
accumulated CD before the BER degrades steeply. At 1550 nm, with typical SMF D = 16.7
ps/nm/km, that tolerance equals only = 1.8 km of uncompensated fiber. Thus, for longer links, it
is imperative to transition to the O-band where the chromatic dispersion coefficient D is extremely
small. At O-band (~1312 nm), 10 km of SMF corresponds to less than 20 ps/nm accumulated
dispersion. Across this entire range, the receivers showed no measurable errors. Thus, in the
intended O-band scenario, CD is negligible and does not limit performance. Additionally, from
Fig. 11(a) and Fig. 11(b), it is evident that the two proposed receivers are equivalent in the
exclusive presence of CD.
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Fig. 11. BER vs. accumulated CD for the two proposed receiver types in the C-band at a
symbol rate of 56 GBd. (a) (4, 16)-MVM.; (b) (6, 64)-MVM.

5.2.  DSP algorithm validation
5.2.1. Pilot-aided polarization derotation using an LMS equalizer

To evaluate the convergence behavior of the LMS algorithm and its sensitivity to Additive White
Gaussian Noise (AWGN), numerical simulations were conducted using a 4-SVM signal in a
back-to-back configuration without fiber impairments.

A random 3 x 3 rotation matrix R was generated to model polarization rotation in Stokes
space. This matrix was derived via singular value decomposition (SVD) of a normally distributed
random matrix A. The resulting umtdry matrix R was used to simulate symbol rotations by
evaluating 7, = R3;. Additive noise T, was generated to simulate received signals as rk =T + iy
Figures 12(a) and 12(b) illustrate the pilot-aided LMS algorithm’s performance in estimating the
Miiller matrix M(k) under varying SNR.

Figure 12(a) shows the evolution of the average cost function & over 1,000 pilot symbols and an
n-symbol moving average, i.e., & = - ): fk ;. AWGN imposes a lower bound on &, limiting
the LMS algorithm’s accuracy in producmg the optimum M(k). This is evident in Fig. 12(b),
where the derotated Stokes vectors (blue) do not perfectly overlap with the transmitted vectors
(black), indicating residual error.

The optimal step size u of the LMS algorithm varies depending on noise conditions, as shown
in Fig. 13. A robust estimate of u can be obtained by averaging cost-function performance
over many random realizations of R. For benchmarking against the pseudo-inverse, the LMS



Research Article Vol. 33, No. 23/17 Nov 2025/ Optics Express 47871

Optics EXPRESS

SNR =20 dB SNR=13dB
1, - N |_»,
* % 5
luIJ_ @ a5l L
T

S

SNR = 20 dB
== 5NR = 13 dB

cost function &

SHR =10 dB

1] 200 400 GO0 ann 1000
pilot symbol k&

@ ®

Fig. 12. Pilot-aided LMS results with step size g = 0.01. (a) Average cost function &
minimized using k = 1, 000 pilots across SNRs. The light shaded traces represent £, whereas
the bolded traces represent £ with n = 25. (b) Poincaré spheres showing transmitted (3,
black), received (_fk, red), and derotated (blue) Stokes vectors.

algorithm may be applied to derotate a 4-SVM constellation using a fixed-length k of known pilot
symbols, with u optimized before transitioning to a decision-directed (blind) mode of operation.

average cost function £

step size p

Fig. 13. Averaged final cost £ over 500 fiber rotation trials with varying SNR, using 1,000
pilot symbols. Plotted as a function of step size p.

5.2.2. Pilot-based polarization derotation using the pseudo-inverse

The Wiener-Hopf equation and the pseudo-inverse yield equivalent solutions, as shown by the
mathematical identity of Egs. (29) and (41). The approximation R‘l?k =~ §y is further clarified
through the ensemble averaging inherent in the Wiener-Hopf formulation.

Since the pseudo-inverse relies on averaging over symbol ensembles, its accuracy degrades
with shorter pilot sequences. This motivates an experimental evaluation using the 4-SVM simplex
constellation.

A dual-polarization IQ transmitter driven by user-defined waveforms from an external arbitrary
waveform generator (AWG) is used. The data payload is based on a 4° De Bruijn sequence,
prefixed by k pilot symbols selected from the orthogonal Stokes basis [1,0,0]7, [0,1,0]”, and
[0,0,1]7, repeated cyclically. The full experimental setup is shown in Fig. 14. The transmitter
consists of an AWG, a continuous-wave (CW) laser, a 1:2 optical splitter, two quadrature
modulators (QMs), and a polarization beam combiner (PBC). Due to the lack of a Stokes vector
receiver, a coherent intradyne receiver captures both quadratures of each polarization of the
4-SVM signal. The coherent intradyne architecture mixes the incoming signal with a local
oscillator (LO), and the resulting waveforms are captured using a four-channel oscilloscope,
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which then feeds the data into the DSP block. The SVM simplex optimization experiment was
performed at a symbol rate of 4.6 GBd.

To facilitate the derotation, each oscilloscope record captures a full sequence of symbols
including both pilot and payload packets. An additional guard band of a single repeated symbol
is used as an identifier signifying the beginning of the pilot band, Fig. 15.
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Fig. 14. Block diagram for the simplex SVM optimization experiment.
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Fig. 15. Successive symbol dot products with pilot symbol length k = 1,152 and a 4-SVM
payload.

Poincaré sphere visualizations in Figs. 16(a) and 16(b) show received Stokes vectors from
three consecutive acquisitions with pilot lengths k = 3 and k = 1,152, respectively.
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Fig. 16. Poincaré sphere visualizations of derotated Stokes vectors following three
consecutive acquisitions with (a) k = 3 and (b) k = 1,152 after implementing the pseudo-
inverse. The tetrahedra are formed using the averages of each group of received Stokes
vectors (orange) and the black points represent the ideal symbol vertices.

As anticipated, improved rotational consistency is observed with the longer pilot sequence.
Due to the inconsistency of rotations where k = 3, we find a substantial penalty incurred at the
KP4 FEC threshold of approximately 3 dB to that of k = 1,152, Fig. 17. Additionally, we found
for k > 96, the BER results converge to the k = 1,152 curve with negligible penalty.
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Fig. 17. BER vs average received power for different pilot lengths k at a symbol rate of 4.6
GBd.

6. Summary

The demand for Th/s-class Ethernet optical interconnects has spurred renewed interest in advanced
modulation formats and direct-detection (DD) receiver architectures. Among various DD designs,
Stokes Vector Modulation with direct detection (SVM/DD) has gained prominence due to its
ability to encode information on both the x and y states of polarization simultaneously and follow
polarization variations using simplified MIMO-based polarization tracking. While SVM/DD
systems offer improved energy efficiency compared to conventional amplitude modulation, their
performance is ultimately limited by the dimensionality of the signal space.

In parallel, the adoption of multicore fibers in datacenters has opened new possibilities for
increasing the capacity of short-haul optical links. Although typically used for space-division
multiplexing (SDM), MCFs offer multiple spatial and polarization degrees of freedom that can
alternatively be exploited jointly to transmit a single data stream more efficiently.

In recent papers, we presented Mode Vector Modulation (MVM)}—a novel spatial modulation
format that generalizes SVM to multimode links. MVM enables the use of a digital polarimetric
DD receiver that extends the single-mode Stokes vector receiver to higher-dimensional generalized
Stokes spaces. In [17], we showed that geometric shaping of MVM constellations leads to
superior receiver sensitivity and energy efficiency relative to both SVM/DD and M-PAM/DD
formats. Performance gains, measured in terms of SNR improvements, scale with the number of
spatial degrees of freedom.

This paper proposes several new MVM transceiver architectures with linear hardware com-
plexity and Stokes-space-based algorithms for polarization tracking. We provide theoretical
and experimental back-to-back results for thermal-noise-limited and optically pre-amplified
MVM/DD receivers considering the impact of various transmission impairments in a FMF.
These results demonstrate MVM’s potential as a replacement for conventional PAM4/DD optical
transponders in short-haul optical links.
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