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Abstract

The rapid scaling of artificial intelligence infrastructure, with training clusters exceeding
10,000 accelerators and communication overhead consuming up to 60% of training time, has
made 400 gigabit per second per lane an inevitable requirement for next-generation Ethernet
switches. With switch radix constrained by fundamental packaging and thermal limits to ap-
proximately 128 ports, achieving switch capacities exceeding 400 terabits per second demands
lane speed of over 400 gigabits per second. This paper examines the technical landscape for
400G per lane implementation, addressing the emerging divergence between optical and electri-
cal domains. While optical signaling has converged on PAM4 with multiple viable modulator
platforms—Indium Phosphide, Silicon Photonics, and Thin Film Lithium Niobate—the electri-
cal interface remains contested between high-baud PAM4 and reduced-baud PAMG6 approaches.
We analyze passive channel constraints, SerDes technology requirements, and Ethernet PHY
architectures including pluggable optics, linear variants, and co-packaged solutions. Central to
our analysis is the role of Forward Error Correction as the architectural anchor: with RS-FEC
(KP4) fixed as the end-to-end outer code for backward compatibility, the choice between PAM4
with lightweight inner coding versus PAM6 with stronger concatenated FEC involves trade-offs
among bandwidth requirements, signal-to-noise ratio, latency, power consumption, and silicon
area. We conclude that passive link bandwidth capability—specifically whether the ecosystem
can deliver connectors, cabling, and packaging sustaining bandwidths exceeding 112 GHz—will
determine whether the industry favors the continuity of PAM4 or the complexity trade-offs of
PAMS6 for 400G per lane electrical interfaces.
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1 Introduction

The advancement toward 400 gigabit per second per lane is driven by unprecedented demands
from artificial intelligence infrastructure. Large language models have undergone rapid parameter
scaling, with frontier models approaching or exceeding two trillion parameters [2,3]. Training these
models requires coordination across thousands of accelerator devices; Alibaba’s HPN architecture
supports training on more than 10,000 GPUs with high-efficiency parallel computing [4]. Industry
deployments now regularly exceed 10,000 accelerators per cluster, with hyperscalers planning over
100,000 devices for next-generation models [5, 6].

The communication bottleneck in distributed training has emerged as a critical limiting factor
for large-scale artificial intelligence workloads. Analysis of large-scale training systems demonstrates
that all-reduce communication overhead can consume 30 to 60 percent of total training time for
trillion-parameter models when network bandwidth is insufficient [1]. Similarly, analysis of large-
scale training systems shows that communication-bound workloads achieve only 20 to 40 percent of
peak computational efficiency without optimized networking [7]. This scale introduces a fundamental
challenge: communication bandwidth between devices must keep pace with computational capacity
to avoid becoming the bottleneck.

However, switch radix saturation limits constrain the scaling path. Switch ASICs package sizes
and front-panel real estate constrain the maximum number of ports to 64 to 128 ports due to bump
pitch, power delivery, and thermal dissipation constraints [8]. Flip-chip packaging technology is
approaching fundamental limits at 128 ports for high-power ASICs, with 51.2 terabit per second
switch chips consuming approximately 750 watts and reaching heat flux of 1.79 watts per square
millimeter [9]. Cabling complexity compounds this constraint, as port counts increase quadratically,
creating significant management overhead, airflow obstruction, and reliability concerns. Cable con-
gestion in raised-floor plenums can reduce cooling fan energy efficiency, with unsealed cable cut-outs
allowing 22 to 78 percent of conditioned air to escape without cooling IT equipment [10,11]. Indus-
try analysis indicates that switch radix scaling has reached a plateau, with further radix increases
beyond 128 ports facing fundamental packaging and signal integrity barriers [12].

Given radix saturation, the industry has pivoted from more ports to more bandwidth per port
as the primary scaling vector. Port bandwidth requirements have progressed from 25.6 terabit per
second switches in 2022, to 51.2 terabit per second switches (Tomahawk 5) in 2023 to 2024, and
now to 102.4 terabit per second switches (Tomahawk 6) entering volume production in 2024 to
2025 [8,13]. Industry roadmaps project that artificial intelligence training workloads will require
switch capacities exceeding 400 terabit per second in the 2026 to 2027 timeframe [14]. With radix
saturation constraining practical port counts to 128, achieving such switch capacities demands per-
port bandwidths of 3.2 terabits per second or higher. And given that the lane count is fixed at 8
lanes per port due to electrical complexity management, 400 gigabits per second per lane becomes
the inevitable demand.

Historically, the evolution of Ethernet physical layer interfaces has maintained synchronization
between electrical and optical domains. Across the past generations of signaling rates from 25
gigabit per second to 200 gigabit per second, both domains have shared common modulation schemes,
progressing from NRZ to PAM4, and end-to-end FEC standards. This alignment has enabled simple
interoperability and maximized the reuse of digital IPs and analog frontends across the industry.

However, as the industry advances toward 400 gigabit per second per lane, a divergence is emerg-
ing. On the optical side, the direction is comparatively clear: recent industry discussions converge
on extended PAM4 viability for intensity-modulation direct-detection optics, supported by progress
across multiple modulation and integration platforms. On the electrical side, feasible modulation
formats (PAM4, PAM6, and PAMS) remain under active discussion, but practical viability is in-
creasingly governed by passive channel bandwidth, discontinuities, and packaging transitions. The
approximately 112 gigahertz bandwidth required for 400 gigabit per second PAM4 signaling (224
GBd Nyquist frequency) challenges PCB materials, connectors, and packaging transitions, with
passive channel physics imposing hard limits on electrical domain scaling [15].

The remainder of this paper examines the technical landscape for 400 gigabit per second per
lane implementation. Section II addresses optical transceiver component status, reviewing the three
primary modulator platforms and their readiness for 400 gigabit per second per lane operation. Sec-
tion III analyzes electrical channel technology status, addressing both passive link constraints and



SerDes technology considerations. Section IV presents Ethernet physical layer architecture options,
from pluggable optics to co-packaged solutions. Section V explores FEC considerations for electri-
cal links, analyzing concatenated FEC schemes and modulation-specific requirements. Section VI
provides comparative analysis of PAM4 versus PAM6 electrical interfaces, including quantitative
trade-offs in coding overhead and signal-to-noise ratio requirements.

2 Optical Interconnect Status

Optical interconnect has been the leading force of the 2-fold increasement of signaling rate throughout
the Ethernet physical layer evolution from 25Gbps per lane to 200Gbps per lane. The technical
foundation of this trend is the leading progress on optical component bandwidth exceeding the
required Nyquist frequency of each signaling rate transition. The story will continue to repeat in
the transition to 400Gbps signaling, where optical interconnect takes the first step and is facilitated
by multiple credible implementation paths of the determining components, i.e., modulators and
photo-diodes.

2.1 Indium Phosphide (InP) modulator

InP remains a strong candidate technology for high-speed transmitter. Multiple work from industry
has been published extending the viability of EML-based approaches to 400G by using differential-
drive techniques, with Broadcom [16], Mitsubishi [17], and Huawei [18] demonstrating beyond 160
GBd PAM modulations. InP Mach-Zehnder modulators (MZM) with bandwidth beyond 100 GHz
are also demonstrated by NTT [19] as candidates for 400G PAM4.

2.2 Silicon Photonics (SiPh) modulator

Silicon Photonics has finally win its position among the mainstream optical transceiver technology
during the migration from 100G/lane to 200G /lane, with its industry share projected further ex-
panding. It is natural for the industry to expect the product solutions based on Silicon Photonic
evolving to the next signaling rate. However, the biggest hurdle sits on Silicon photonic’s path
towards 400G /lane is the achievable bandwidth of the modulator. The bandwidth barrier is increas-
ingly treated as a system co-optimization problem across silicon photonic modulator, its high-speed
driver and the equalization offered by the DSP. A SiPh MZM of beyond 90GHz bandwidth was
demonstrated by AMF in [20] leveraging the on-chip equalizer. Heterogeneous integration com-
bines the benefit of high electro-optic response of the organic material with the mature photonic
fabrication platform and device library of silicon photonic, and brings highly energy efficient and
high bandwidth modulators viable for 400Gb/s signaling [21]. IMEC reported a 110GHz bandwidth
GeSi electroabsorption modulator (EAM) capable of 400Gb/s IMDD signal transmission, more im-
portantly featuring a 300mm SiPh fabrication platform for commercial readiness [22]. More exotic
approach such as polarization multiplexing can be used to double the spectral density of an IM-DD
link, however its practicality remains in question due to challenges in de-multiplexing the two rotated
polarization signals and its lack of interoperability with existing architecture.

2.3 Thin Film Lithium Niobate (TFLN) modulator

TFLN is increasingly viewed as a major enabler for high-bandwidth modulation with emerging
demonstrations beyond 110GHz. Optical industry showed a vibrant effort to cultivate the eco-
system for commercial readiness, spanning across IDM startups, foundry services for future fabless
operation, and veteran optical component corporations. For system architects, the significance is
that TFLN is being positioned not only as a high-performance modulator technology, but also as a
manufacturable platform that can be integrated into higher-density photonic stacks, aligning with
packaging and density requirements at 400G /lane.



2.4 High-speed Photodiodes

Silicon waveguide photodetectors gain increasing interest owing to its homogeneous integration with
the transmitter, thus making the optical transceiver another viable chiplet for the semiconductor
industry’s modular portfolio. Unlike the challenge in modulator, the progress towards 400G-capable
PD has been very encouraging, in fact the competition has shifted from bandwidth race to perfor-
mance optimization with a focus on responsivity and dark current. Recent demonstrations from
TSMC showed record performance, with receiver bandwidth around 110 GHz, responsivity around
0.9 A/W and dark current below 20 nA.

The availability of 100GHz+ bandwidth optoelectronic components greatly expedite the conver-
gence of optical signaling modulation format to PAM4. However optical signaling doesn’t stand
alone, instead it is tightly associated with electrical signaling. While the first wave of the newer and
faster signaling rate typically is implemented with optical interconnect interfaced with 2 lanes of the
older and slower electrical interconnect, the most power efficient and long-lasting implementation
always put optical and electrical interface at the same signaling rate. Unlike optical interconnect
where SMF fiber link has close-to-zero bandwidth restrictions, electrical interconnect is largely con-
strained by the bandwidth of the passive electrical channel. This brings forth the next section in
this study report, status of the electrical channel technology. The progress and the development
trajectory of passive channel lay down the boundary of the exploration space of electrical signaling.

3 Electrical Channel Technology Status

3.1 Channel Characteristics and Materials

Electrical signaling for 400G /lane is strongly dependent on the passive link. While active analog
frontends and DSP techniques continue to improve, the system-level feasibility is often dominated
by end-to-end channel behavior driven by printed circuit board (PCB) materials and stack-ups,
copper design, connectors, cabling, and packaging transitions. This passive ecosystem is therefore
the central bottleneck when progressing toward 400G /lane electrical interconnection.

Major source of channel impairments

=L ﬁ ___ S tub: Length

| chip || cPC Pk
Substrate I Connector Connector Substrate

1

Package profile Cabled host OSFP connector PCBtracesandvias
loss and intra-pair skew  limitingbandwidth loss and impedance discontinuities

Figure 1: Key stakeholders determining the SI of an electrical channel.

Doubling the electrical data rates imposes a ~2x increase in Nyquist frequency, exponentially
exacerbating channel loss, distortion, and noise sensitivity. At 400G /lane, the amplitude of the
signal component will decrease due to the increased conductive and dielectric losses of the chip
package, PCB, and connectors as Nyquist frequencies push toward 112 GHz (for PAM4) or 90
GHz (for PAM6). Aside from the rapidly increasing insertion loss, link penalty due to passive
link impairments become non-negligible if not critical. Due to multiple transitions points between
medium and increased I/0O density, the noise component due to reflections and crosstalk will increase
and become harder to mitigate. Moreover, intra-pair skew can amplify jitter and inter-symbol
interference ultimately degrading the eye diagram. For 400G /lane, the receiver skew tolerance
window narrows significantly to 1.8 ps for PAM4 and 2.36 ps for PAMG6, allocated across the package,
PCB, and cable. A comparison of intra-pair skew tolerance of different signaling rate is shown in
Table 1, for simplicity only KP4 FEC overhead is considered.



Table 1: Skew tolerance requirement of different signaling rate

Data rate (Gb/s) 106.25 | 212.5 425
Modulation PAM4 | PAM4 | PAM4 PAM6 PAMS
Time Per Ul (ps) 18.8 9.4 4.7 5.9 7.0
Skew tolerance 7.52 3.76 1.88 2.36 2.8
assuming + /- 0.4UI

Pluggable modules must overcome critical signal integrity barriers of the front panel connector to
survive in 400G per lane. The current golden finger type of connector suffer from the high-frequency
roll-off caused by mating stubs and the stringent sensitivity of return loss at Nyquist frequencies.
Reducing the stub length to 0.5 mm could increase the effective bandwidth over 80 GHz which is
not yet sufficient for PAM4 or PAM6 modulation and comes with the cost of manufacturability.

Meanwhile, emerging interconnect technologies and ongoing advancements in connector design
offer promising pathways to overcome these bandwidth limitations. The industry has tried to push
the channel bandwidth beyond 100 GHz, and shown evidences to support PAM4 signaling for
400G /lane. A co-packaged copper (CPC) channel with two-phase optimization, board-level followed
by connector-level, has been conducted by Luxshare-Tech. As depicted in Figure 2, the insertion
loss measured is ~40 dB at 110 GHz. Besides, Huawei has also demonstrated near-packaged copper
(NPC) channels which can be found in [18]. One of these channels shows an insertion loss of 41.2
dB at 106.25 GHz, see Figure 3.
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Figure 2: Insertion loss measurement results by Luxshare-Tech with two-phase optimization. Cour-
tesy of Luxshare-Tech.

Figure 3: Channel characteristics provided by Huawei. Courtesy of Huawei.



