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Designing 800G Backplanes 
Using Channel Operating Margin 
(COM) 
 

The proliferation of high performance/low power semiconductor chipsets for the 
data center, enterprise networking, and high-performance computing markets 
has driven tremendous growth within the internet infrastructure eco-system.  
New innovative Serializer-Deserializer (SerDes) technologies must deliver the 
bandwidth, scalability and end-to-end signal integrity needed to meet the 
demands of advanced networks up to 800G with single-lane 28Gbps, 56Gbps, 
or 112Gbps serial connectivity. In order to make these hyperscale networks a 
reality, the physical layer architect designers are turning to new test 
methodologies. Transmitter and receiver chipsets can employ traditional eye-
opening techniques such as Decision Feedback Equalizers (DFE), but newer 
methods such as Channel Operating Margin (COM) must be used to realize the 
fastest channels.  

The Channel Operating Margin (COM) is a powerful tool for physical layer 
designers to explore the design space at an early stage, as well as to optimize 
the channel physical parameters, thus overcoming the classic channel 
performance metrics such as eye diagram and BER. The analysis of the test 
cases proposed herein will guide through the use of COM and the channel 
analysis by investigating a 112 Gbps PAM4 chip-to-chip communication over a 
complex channel composed of a host board, a mezzanine connector, and a 
daughter card. Accurate analysis of these elements is carried out based on the 
connector characterization by measurements and full wave models; the PCBs, 
instead, are modeled as multi-conductor transmission lines to resemble the 
typical configuration of coupled differential striplines. A comprehensive 
discussion of the COM results set relevant guidelines for a pre-layout analysis 
of such high-speed communication channels. 
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So, what do COM results look like? This test report shows the output of a typical COM test with a 
multitude of new channel metrics that include pulse response, voltage bathtub curve, insertion loss 
deviation and insertion loss to crosstalk ratio. 

 

Introduction 
New and novel statistical test methods are constantly proposed by industry to improve our 
understanding of high-speed digital design as well as to push the actual data throughput limits. Channel 
Operating Margin (COM), that is a signal to noise ratio expressed in dB, is one of these and it is a 
relatively new figure of merit that takes into account both the passive channel and active channel 
components [1]. As data rates exceed 100Gbps and the margin for pass/fail becomes even more 
challenging, engineers developing high speed digital standards recognized the need for more real world 
testing that allowed both PHY engineers and channel engineers additional freedom in design. This 
lands into the field of channel optimization that, in turns, translates into a combined optimization of the 
physical medium (insertion loss, crosstalk, noise factors) together to the active equalization (Pre/de-
emphasis, CTLE, DFE) [2]. The COM perfectly fits this optimization task by iteratively selecting the best 
equalization for a given physical input. Example standards discussing COM include the IEEE STD 
802.3™ requirements for Ethernet as well as the Optical Internetworking Forum (OIF) for the electrical 
part of an optical link. Furthermore, today’s test methodologies are somewhat restrictive because the 
additive margin of serial components often produce excessively low yields at higher data rates. By 
varying the combination of component margins in a clever fashion using the advanced conceptual 
algorithms in COM allows higher yields without sacrificing overall channels performance. Furthermore, 
traditional metrics used by digital designers, such as eye diagram, as the PAM4 eye at 56 Gbps shown 
in Fig. 1, may be used as long as the channel losses and crosstalk still output an open eye; in that case 
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the eye diagram can be applied in conjunction with COM to allow performance trade-offs. However, for 
increasing bit-rates, losses and crosstalk, the received waveform does not offer an open eye, thus the 
receiving equalization (CTLE, DFE, etc.) must be applied to achieve a reliable bit interpretation. In the 
latter case, COM is the best way to evaluate the channel performances. A typical high speed channel 
composed by two boards and a mezzanine connector is investigated in this paper; the purpose of this 
work is to highlight the process for accurately develop and validate a physical model of the channel that 
needs to be evaluated using COM; moreover the use of COM for the selection of viable channel 
solutions is shown by analyzing the trade-off among channel length, losses, and crosstalk. The 
relationships between the typical pass value of COM = 3dB and the required insertion loss, crosstalk, 
and their ratio are highlighted. 

 

 

Figure 1. 28 Gbaud/s (56 Gbps) PAM4 eye diagram with CTLE equalization 
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The Channel Operating Margin 
Channel Operating Margin is included in several Standards for communications (i.e. IEEE STD 802.3™, 
OIF, etc.) and is gaining more and more attention as a valuable tool for analyzing high speed digital 
channels at an ever increasing data (or baud) rates such as 112 Gbps based on PAM4 baseband 
modulation [3]. At such data rate, eye diagram and BER may no longer be applied to the inherent 
limitation of receiving a completely closed eye diagram at the receiver input [4]-[5]. What makes the 
communication still feasible is the receiver equalization (CTLE and DFE) that brings back the 
transmitted bit to be correctly interpreted up to the required Detector Error Ratio (DER). By considering 
other typical metrics such as insertion loss, return loss, common mode conversion, and crosstalk noise 
as separate contributions, the designers can be mystified leading to wrong interpretation (false positive, 
false negative) of the channel compliance results. Moreover, at such data rates and channel loss, the 
received and equalized signal has an extremely low amplitude such that the chip noise (random, 
deterministic) plays a relevant role and it cannot longer be ignored in the channel budgeting. 

The initial significant challenge to the IEEE802.3bj task force’s effort [6] was the objective of supporting 
channels with up to 35 dB loss at 12.9 GHz, and the additional support for PAM4 signaling with its 
channel objective of 33 dB at 7 GHz. The challenges lay in reconciling different constraints in different 
market segments under one or two (PAM2, PAM4) designs. The answer to the challenge was to allow 
the trade-off between loss, reflections and crosstalk, as well as allowing the trade-off between channel 
permutations and chip capabilities. Put in another way, the effort needed a guiding “unifying budget” to 
make trade-off decisions [7].  

COM is computed in a Matlab script [8] with a well-defined mathematical algorithm utilizing channel s-
parameters as inputs. It is a fast and efficient means to assign a single Figure Of Merit (FOM) to 
interconnect channels composed of PCB, connectors, and components.  Loss and crosstalk graphs 
anchored many past interconnect specifications. Their effectiveness was more limited at higher Gbps 
data rates.  Specifications such as IEEE Std 802.3ba™-2010 were augmented and improved with 
integrated power sum based metrics. Combining time-domain and statistical analysis, COM is a further 
evolution and refinement of the single FOM for channel design and specification. These statistical 
methodologies can be remarkably meaningful for multiple engineering disciplines as discussed in 
previous works [9]. The units of COM are signal to noise ratio (SNR). The channel COM utilizes the 
minimum reference architecture through the optimization of equalization settings (tap weight, etc…) and 
is readily computed from channel S-parameters [10]. An overview of the structure of the COM algorithm 
is shown in Fig. 2. The physical channel of interest is described by the S-parameters S(0), whereas all 
lines S(k) are the crosstalk aggressors. The transmitter and receiver packages are also included as 
transmission lines and terminations whose values are defined by the Standard for which the COM is 
applied. The parameters of the transmitter pre-emphasis and CTLE and DFE receiver equalizers are 
obtained at the end of the optimization process. Noise contributions from inter-symbol interference, 
crosstalk, random and dual-Dirac jitter noise, transmitter and receiver are appropriately combined for 
providing the overall output noise. The reference transmitter and receiver architecture represents a 
minimum expected capability. A channel with defined minimum COM is expected to operate with a 
minimally compliant transmitter and receiver to minimize power consumption and equalization 
complexity. By-products of COM calculations provide data for channel design budgets. Examples of just 
how to make channel crosstalk and insertion loss trade-offs are explored. 
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Figure 2. Overview of the COM algorithm structure (from Figure 93A-1 in [6]) 
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Description of the High-speed Digital Channel 

Channel architecture 
The channel that is investigated is made by three main contributions resembling a typical chip-to-chip 
communication over a backplane. The channel architecture consists of a host board (PCB A), a 
connector, and a receiving daughter-card (PCB B) as shown in Fig. 3. Since the crosstalk is a 
relevant noise contribution, the channel of interest (from TXA to RXA) is built together to other 4 
differential pairs acting as Near-End crosstalk (NEXT) inputs. The differential stripline are laid out on a 
typical low-loss multilayer stack-up with dielectric permittivity Dk = 3.8 and loss tangent Df = 0.005. 
The trace width w = 6.2 mils and the spacing s is set to achieve a 90 Ω target differential impedance. 
The pair-to-pair spacing d is considered as part of the design exploration, thus it is varied from an 
extremely low value (d = 1×w), to a more reasonable and conservative values, d = 3×w and d = 5×w, 
respectively.  

 

Figure 3. Overview of the channel architecture 

 

Charaterization and validation of the connector model 
The most complex part of the channel is represented by the connector. An inaccurate model in terms of 
losses, crosstalk among adjacent pairs, and impedance profile over the connector length may invalidate 
the overall pre-design analysis, thus leading to wrong COM estimation and decisions concerning the 
channel geometry. The female-male assembly of the PCB-to-PCB connector, suitable for such high data-
rate (extremely low crosstalk to 40 GHz, tight impedance control, BGA attach to the board for greater 
density and optimized trace breakout region), has been measured within an ad-hoc designed PCB kit, as 
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shown in Fig. 4a. The kit routes 5× high-speed differential pairs from the female-male mated connectors to 
high-precision RF (2.4 mm) connectors, as can be easily identified by the differential TDR response in Fig. 
4b. A small variability (about 5% with respect to the nominal 93 Ω) of the kit PCB stripline differential 
impedance is clearly visible. The impedance profile along the connector portion is also very stable, with a 
+6 Ω variability to the 92 Ω nominal impedance (as an intermediate value to address both 86 Ω and 100 Ω 
applications). 

The measured S-parameters are employed to validate the corresponding full-wave model of the 
standalone male-female mated connectors [12]. To this aim, since the full-wave model includes only the 
mated connectors with a small portion (1 mm stripline) of the PCB to takes into account the connector to 
PCB transition, an equivalent circuit model is built as shown in Fig. 5. S-parameter simulation and transient 
simulation were performed to model the transmission line traces and coax connectors. By examine the 
single-ended S-parameters, proper trace dimensions were determined. 

 

 

Figure 4a. 

 

Figure 4b. 

Figure 4. (a) Setup for measuring the mezzanine connector embedded into the two PCB kit. (b) TDR response of 
one measured differential pair  
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Figure 5a. 

 

Figure 5b. 

 

 

 

 

 

 

Figure 5c. Frequency (GHz)   Figure 5d. Frequency (GHz) 

Fig. 5. (a) Hybrid equivalent circuit model for validating the full-wave connector model to the measured data. 
Comparisons between measured and simulated data, (b) differential impedance, (c) differential return loss Sdd11, (d) 
differential insertion loss Sdd21 
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The dielectric model used to model the transmission line were wideband causal model based on [14]-
[16]. By using the material properties and cross-section geometry such as substrate height, conductor 
thickness of the transmission line, a 2D method of moments EM solver computed the multi-conductor 
transmission line behavior. Then the equivalent circuit models of the 2 PCBs of the kit are assembled to 
the connector full-wave model to resemble the measured S-parameter network. The difference between 
simulated and measured differential impedance is less than 5% whereas the difference between 
simulated and measured differential insertion loss is within 1dB up to 45 GHz, as shown in Figs. 5b-d. 
The full-wave model of the standalone connector validated herein by the measured data is employed for 
building a board-to-board full channel model in Section IV. 

 

Exploration of Channel Designs 
A channel design at data rates at, and exceeding, 25 Gbps requires extremely accurate design 
strategies [17]-[21]; to this aim, and to simplify the channel engineering process, the design guidelines 
reported into the protocol Standard [3] come to help. They depend on the channel media (i.e. Copper 
Cable – CR, Backplane – KR, optical short range – SR etc…). The Standard fixes the input parameters 
(package modeling, amplitude of noise contributions, limits and settings of the equalization parameters 
etc…) for the COM calculation and the COM threshold, usually set at 3 dB. The key step for achieving a 
reliable channel design that is left to the engineers is the selection of the appropriate physical channel 
parameters that meet the required COM threshold. This design choice is always a trade-off between 
losses and crosstalk that translates into the trade-off between maximum channel length and required 
layout area for the backplane (PCB) routing. The most relevant objective of the present study is to 
provide a guide toward the key steps for exploring the design space for high speed digital 
communications. Therefore, the most relevant parameters affecting losses and crosstalk are 
investigated through a parametric analysis of PCB length and pair-to-pair spacing affecting the crosstalk 
to the victim channel. The exploration of the channel design will be carried out by applying the following 
parametric variation: 

• Host board (PCB A) length LA = 1, 7.5, 14 inches 
• Daughter card (PCB B) length LB = 1, 2.5, 4 inches 
• Host board and daughter card pair-to-pair distance d = 1×w, 3×w, 5×w. 
• Adding 1 to 4 NEXT, terms according to the NE transmitters at the RXA receiver side shown 

in Fig 3. 

 

The NEXT is preferred with respect to the FEXT since the former usually degrades more the signal on 
the victim at the receiver, being the NEXT associated with a large signal amplitude just launched out by 
the NEXT transmitters. Therefore, the application of NEXT terms is, in general, more conservative. The 
overview of all simulated cases is summarized in Table I. Beside the analyzed design parameters (d, LA, 
LB), some of the most relevant results are reported into the table: 

• Insertion Loss (IL, Sdd21) extracted at the Nyquist frequency (28 GHz) of the nominal bit-rate 
of PAM4 112 Gbps. Two values are reported: 
o The IL of the raw channel S-parameters (without package),  
o The IL of the channel after its assembly to the transmitter and receiver package models. 
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• COM value when no crosstalk contribution is considered, 
• Insertion Loss to Crosstalk ratio (ICR) extracted at 28 GHz and the corresponding COM value 

while adding one by one the four NEXT terms. 

 

An example of the differential IL (without and after assembling the package models) within the full range 
of the modeled channel (fmax = 70 GHz) is reported in Fig. 6a. It corresponds to the case 54 in Table I. 
The specific package model considered in this study roughly degrades the raw channel IL by about 8 dB 
at 28 GHz. Fig. 6b, instead, reports the ICR and it identifies the fNyquist at which the ICR reported in Table 
I is extracted. The case in Fig. 6b refers to the cumulative contribution of all four NEXT terms (last case 
- +NEXT 4 in Table I). The usual COM threshold set in most of the standardized transmission protocols 
is 3 dB. Thus, the COM values in Table I are marked by a green background whenever COM > 3 dB. If 
the COM response for the channel is between 2 and 3 dB, the value is included into a brighter green 
cell, whereas the cell is red whenever COM < 2 dB. When COM gets lower than 2 dB, no additional 
simulations are run based on the addition of further crosstalk terms. Some of the results included into 
Table I are extracted for carrying out interesting conclusions and for setting relevant guidelines for 
channel design. 

First of all the COM values vs. the corresponding IL for each of the 27 cases are reported in Fig. 7. The 
data corresponds to the cases without any NEXT contributions. The three curves are for the 3 values of 
pair-to-pair distances: almost no differences are found, except a slight COM reduction for the case of d 
= 1×w due to the impact of adjacent trace on the differential impedance. This plot demonstrates the 
general trend of COM, that tends to saturates for small values of IL (IL > -25 dB). Moreover, whenever 
IL < -35 dB, the COM drops quickly, and a feasible channel cannot be obtained. 

 

 

Figure 6a. 
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Figure 6b. 

Figure 6. (a) Differential IL of the channel for the case 54 in Table I. (b) ICR for the same case 54, when all 4 NEXT 
terms are included. 

 

Figure 7. COM vs. IL when all NEXT contributions are ignored. 

Results aimed at a more realistic channel design are those than include the NEXT terms. The curves of 
COM vs. IL are reported in Fig. 8a for most of the cases including NEXT terms (no NEXT, after adding 
one, two, and all four NEXT terms). The case of d = 1×w is not feasible since the crosstalk has a 
detrimental impact even with only 1 NEXT term considered. Even with the shortest path (LA=1” + LB=1”, 
thus IL=-13.32 dB), the crosstalk is too large with small ICR=34 dB. When the pairs get farther (d = 
3×w), it is necessary to consider at least the two closest NEXT terms to get a stable COM trend. A 
reliable channel (COM > 3dB) can be obtained while keeping the channel of a reasonable length, to 
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avoid a too detrimental IL (IL should be larger than -23dB). When the pairs get even farther (d = 5×w), 
the crosstalk contribution becomes less relevant, and a stable COM results is achieved even with a 
single NEXT term (even though the two closest NEXT terms provide a more precise COM estimation). 
Moreover, the channel is able to properly work until the IL starts to be too low (IL < -35 dB). Another way 
to interpret the results in Table I is to analyze the COM vs. ICR, as shown in Fig. 8b. 

 

 

Units of IL, COM, ICR are dB. Units of LA and LB are inches. 
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Basically, to get a functional channel (COM > 3 dB) the ICR should be always larger than 35 dB. About 
the specific pair-to-pair spacing, it is evident that: 

• The cases based on d = 1×w are completely unfeasible 
• The cases of d = 3×w can make the channel working, but a trade-off between IL and crosstalk 

should be clearly identified, with an ICR reasonably above 35 dB. 
• When d = 5×w a working channel is obtained in most of the cases, unless the IL starts to be 

too low; thus, a trade-off between IL and crosstalk should needs to be identified, but with 
wider flexibility in terms of possible channel lengths. 

 

Figure 8a. 
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Figure 8b. 

Fig. 8. (a) COM vs. IL for different NEXT contributions at different pair-to-pair spacing d; (b) COM vs. ICR for all run 
cases for identifying a practical limit of ICR allowing a COM > 3 dB. 

 

Future Trends: JCOM 
In the design of real world high-speed serial channels, it is important to consider all possible 
combinations of various vendor’s channel components that will work together as a functional system; 
beginning to end. This includes a flexible use of off-the-shelf transceivers that are being offered with 
new emerging performance parameters. Traditional compliance checks of individual components alone 
that plot characteristics and limit lines can possibly yield overdesign with increase of cost or functional 
limitations. This overdesign trend increases as transmission speeds increase. As an alternative, the new 
COM figure-of-merit (FOM) considers both active (TX/RX) components as well as passive components 
(backplanes, PCB’s, connectors and cables). 

Compliance check with COM reduces the overdesign as it allows the ‘give and take’ approach between 
different channel characteristics. This reduction of overdesign makes the COM method attractive and 
starts to be spread to other high-speed standards other than just Ethernet. Compared to full statistical 
simulators, COM was built on several assumptions that were needed to simplify the algorithm and 
improve its performance. Some areas affected by those simplifications are the contributions from the 
input jitter and crosstalk. Moreover, COM considers only two package variations based on long and 
short transmission line models. It also constrains the fixed FFE architecture to two or three variable tap 
coefficients and the CTLE implementation to two or three poles and one or two zeros. Now, JCOM is a 
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new emerging FOM derived from COM that addresses those limitations to allow for custom device 
package and transceiver models to be used jointly with the COM algorithm. A new concept in JCOM 
relates to device variables such as rise/fall time filters, terminations, and packages. The computational 
algorithm is similar to the one from IEEE 802.3 COM, but the equalization optimization is performed for 
each possible combination of transmitter/receiver lanes and transmitter rise/fall times. JCOM is 
calculated as the minimum value resulting from all of those combinations, and it is compared to a 2-dB 
threshold for channel compliance checking. 

 

Conclusions 
In conclusion, this parametric experiment has shown some interesting results regarding Channel 
Operating Margin. Clearly, to get a functional channel (COM > 3 dB) the ICR should be always larger 
than 35 dB. Furthermore, regarding pair-to-pair spacing, the following is evident: the cases based on d = 
1×w are completely unfeasible, while when d = 5×w a working channel is obtained in most of the cases, 
Therefore, it can be confirmed that crosstalk is one of the fundamental drivers of COM levels.  

Channel Operating Margin has proven to be flexible and efficient, albeit somewhat challenging to 
implement. New design and simulation tools are enhancing usability by running COM MATLAB dynamic 
link libraries within a user-friendly shell [22]. COM is becoming more strongly embraced by the 
engineering community and standardization committee bodies such as OIF-CEI, Fibre Channel, and 
JEDEC as it continues to evolve. The emerging JCOM standard will need to live up to these same 
expectations if it hopes to be adopted industry wide. 
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