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The landscape of high-speed data transmission is undergoing a seismic shift as data centers transition from 100G 

to 400G and beyond. At the heart of this evolution is the 100G Single Lambdatechnology. Traditionally, 100G

Ethernet was achieved using four separate optical lanes, each operating at 25Gbps (4x25G NRZ). However, the

industry has pivoted toward a more efficient approach: packing the entire 100Gbps capacity onto a single optical

wavelength (lambda). This shift is not merely an incremental upgrade; it represents a fundamental change in

modulation techniques, digital signal processing (DSP), and optical component integration.

The Theoretical Foundation of Single Lambda 100G

To understand how 100Gbps is achieved on a single wavelength, we must examine the limitations of traditional

Non-Return to Zero (NRZ) modulation. In an NRZ system, a signal has two levels: high and low, representing a 1 or

a 0. To reach 100Gbps with NRZ, the hardware must switch at incredibly high frequencies, which introduces

significant signal integrity challenges and requires expensive, high-bandwidth components.

The Transition to PAM4 Modulation

The solution adopted by the 100G Lambda MSA and the IEEE is PAM4 (4-Level Pulse Amplitude Modulation). 

Unlike NRZ, which carries 1 bit per symbol, PAM4 utilizes four distinct signal levels (00, 01, 10, 11), allowing it to 

carry 2 bits per symbol. This effectively doubles the data rate at the same baud rate. For a 100G single lambda link, 

the transceiver typically operates at a baud rate of 53.125 Gbaud. Because each symbol represents two bits, the 

resulting raw data rate is 106.25 Gbps, which accounts for the 100Gbps Ethernet payload plus the necessary 

Forward Error Correction (FEC) overhead.

Mathematical Representation of PAM4 Levels

In a PAM4 system, the electrical levels are mapped to four voltage or optical power levels. If we normalize the

signal range from 0 to 3, the mapping typically follows:

•  Level 0 (00): Minimum power/voltage.

•  Level 1 (01): 1/3 of peak amplitude.

•  Level 2 (11): 2/3 of peak amplitude.

•  Level 3 (10): Maximum power/voltage (Note: Gray coding is used to ensure only one bit changes between 

adjacent levels, reducing the bit error rate).

The Signal-to-Noise Ratio (SNR) challenge is inherent here. Because the distance between levels in PAM4 is only 

one-third that of NRZ for the same peak power, the system is much more sensitive to noise. This necessitates the 

use of sophisticated Digital Signal Processing (DSP) and robust FEC algorithms.

Technical Architecture: The 100G QSFP28 Single Lambda Transceiver

A 100G QSFP28 Single Lambdatransceiver (such as the DR1, FR1, or LR1 variants) differs significantly from the

older 100G SR4 or CWDM4 modules. Internally, the device must perform a complex conversion between the host

side (electrical) and the line side (optical).



Internal Components and Workflow

1.  Electrical Interface: The host (switch or router) typically provides 4 lanes of 25Gbps NRZ (CAUI-4) to the 

transceiver module.

2.  The Gearbox & DSP: The core of the module is the DSP chip. This chip acts as a "gearbox," aggregating the 

4x25G NRZ electrical signals and converting them into a single 53.125 Gbaud PAM4 signal.

3.  The Driver & TOSA: The PAM4 electrical signal is sent to a Transmitter Optical Sub-Assembly (TOSA). For 

100G single lambda, this usually involves an Electro-absorption Modulated Laser (EML) or a Silicon Photonics 

(SiPh) modulator capable of operating at 53Gbaud.

4.  The ROSA: On the receiving end, a Receiver Optical Sub-Assembly (ROSA), typically a PIN photodiode or 

an APD (for longer reaches), detects the optical signal.

5.  Equalization: The DSP on the receive side uses Feed-Forward Equalization (FFE) and Decision Feedback 

Equalization (DFE) to compensate for chromatic dispersion and other fiber impairments before converting the 

signal back to 4x25G NRZ for the host.

Comparison of 100G Optical Specifications

The following table illustrates the differences between the primary 100G single lambda standards defined by the

100G Lambda MSA and IEEE 802.3.



Standard Reach Fiber Type Wavelength Typical Application

100GBASE-DR1 500 meters OS2 SMF 1310nm Data Center Leaf-
Spine (Short reach)

100GBASE-FR1 2 kilometers OS2 SMF 1310nm Enterprise and 
Campus Backbones

100GBASE-LR1 10 kilometers OS2 SMF 1310nm / 1270nm Metropolitan Area 
Networks (MAN)

100GBASE-ER1 30-40 kilometers OS2 SMF 1310nm (with SOA) Extended Reach / 
Edge DCI

Why 1270nm vs 1310nm?

While 1310nm is the traditional standard for single-mode fiber (SMF) due to its zero-dispersion point, 1270nm is 

frequently used in 100G single lambda applications to enable easier integration into WDM (Wavelength Division 

Multiplexing)systems. Specifically, using 1270nm allows for a wider guard band when co-existing with other

legacy signals or when being multiplexed into 400G FR4/LR4 architectures.

The Strategic Path to 400G and 800G

The true value of 100G Single Lambda technology lies in its role as the building block for higher speeds. To achieve

400G, the industry doesn't need to invent a new technology; it simply aggregates four 100G single lambda

channels.

•  400G DR4: Uses four parallel fibers (MPO-12), each carrying a 100G single lambda signal.

•  400G FR4: Uses four different wavelengths (1271, 1291, 1311, 1331nm) on a single pair of LC fibers, with 

each wavelength carrying 100G.

This architectural consistency allows data center operators to maintain a unified testing and maintenance regimen

across different speed tiers. Transitioning to 100G single lambda optics now ensures that the physical layer

infrastructure is ready for a seamless 400G upgrade path.

Performance Evaluation: TDECQ and Link Budgets

Evaluating a 100G single lambda link requires different metrics than legacy 100G NRZ links. The most critical 

metric is TDECQ (Transmitter and Dispersion Eye Closure Quaternary). 

Understanding TDECQ

In NRZ, we used simple eye-opening measurements. In PAM4, because there are three eyes (one between each

level), simple eye-opening is insufficient. TDECQ is a power-penalty metric that characterizes the quality of a PAM4

transmitter. It measures how much additional power is required from a transmitter to achieve the same bit error rate

(BER) as an ideal transmitter after the signal has passed through a worst-case optical channel. A lower TDECQ

value indicates a higher-quality transmitter.

Forward Error Correction (FEC)

Because PAM4 is more susceptible to noise, the raw BER is usually around 10^-3 or 10^-4. This is functionally 

unusable for Ethernet. To achieve a "post-FEC" BER of 10^-12 (the industry standard for error-free transmission), 



KP4 FEC (RS(544, 514))is employed. This adds a specific amount of redundant data to the signal, allowing the

receiver to identify and correct bit errors on the fly.

Practical Implementation and Field Guide

When deploying 100G Single Lambda optics, engineers must consider several practical factors to ensure link

stability and longevity.

1. Interoperability Challenges

A common pitfall is attempting to connect a 100G Single Lambda (e.g., 100G-DR) transceiver to an older 100G 

transceiver that uses 4x25G NRZ (e.g., 100G-CWDM4). These are not optically compatible.The modulation

(PAM4 vs. NRZ) and the number of wavelengths (1 vs. 4) differ. Interoperability requires a gearbox either in the

switch or a specialized conversion module.

2. Fiber Cleaning and Inspection

With 100G single lambda, the tolerances for loss and reflection are tighter. Dust on an LC connector can cause

back-reflections that significantly degrade the TDECQ, leading to intermittent link drops or high CRC error counts.

High-quality click-cleaners and fiber scopes are mandatory for deployment.

3. Power Consumption and Cooling

The DSP chip required for 100G single lambda consumes more power than the simple clock and data recovery

(CDR) chips in NRZ modules. While 100G QSFP28 modules are generally rated for 3.5W to 4.5W, high-density

switches must have adequate airflow to prevent thermal throttling of the DSP, which can lead to increased signal

noise.

Case Study: 80km Transmission via Single Lambda PAM4

Recent experimental data has shown that 100G PAM4 is capable of reaching up to 80km, a distance previously 

reserved for expensive coherent optics. This is achieved using DWDM (Dense Wavelength Division Multiplexing) 

and EDFAs (Erbium-Doped Fiber Amplifiers).

•  Scenario: Connecting two regional data centers 80km apart without coherent hardware.

•  Solution: 100G Single Lambda optics with fixed-grid DWDM.

•  Mechanism: A specialized DSP with enhanced electronic dispersion compensation (EDC) is used to mitigate 

the chromatic dispersion occurring over 80km of G.652 fiber.

•  Result: Significant cost reduction (up to 40%) compared to coherent 100G modules, albeit with a more 

complex link budget calculation involving optical amplifiers and dispersion compensation modules (DCM).

Summary and Broader Implications

The migration to 100G Single Lambda is a defining moment in optical engineering. By moving from 4x25G NRZ to

1x100G PAM4, the industry has achieved a 75% reduction in the number of optical components per module. This

reduction leads to higher reliability, lower power consumption, and, most importantly, a scalable foundation for the

400G and 800G era. 

For network architects, the decision to adopt single lambda optics today is a hedge against future obsolescence. As

the 100G Lambda MSA continues to refine standards, we can expect even higher levels of integration, perhaps

eventually leading to 200G or 400G on a single lambda. The technical hurdles of PAM4 SNR and DSP complexity

have been largely overcome, making 100G single lambda the de facto standard for modern high-bandwidth



interconnects. Organizations should evaluate their current fiber plant and switch capabilities to ensure they can

leverage the efficiencies offered by this robust optical technology.
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