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ABSTRACT

This application report examines the challenges in designing 5 Gbps backplanes and outlines solutions to
these challenges.
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1 Introduction

With the migration of desktops to Gigabit Ethernet, and the ever-increasing demand for higher port density
and lower cost per port, system designers of switches and routers are faced with the need to increase the
capacity of backplanes that move traffic among line cards and switch fabric cards. They can design newer
backplanes for higher speeds but this usually comes with the penalty of higher development costs and
resistance from end customers for more costly new systems. Another approach is to re-use existing
chassis and upgrade the switch cards to higher speeds, offering end customers an upgrade path with
newer line cards when needed. This approach is more cost-effective, but it is technologically more
challenging to upgrade older generation backplanes designed for lower speeds.

Today, most backplanes are running at speeds of 600 Mbps to 2.5 Gbps. Moving forward to 5 Gbps or
beyond presents huge challenges to signal integrity engineers, system designers and IC designers alike.
Migrating from 2.5 Gbps to 5 Gbps doubles the data rate, but usually comes with an exponential increase
in transmission problems.

2 Backplane Impairments

There are several transmission impairments from a high speed backplane. These impairments include
transmission loss, parasitic capacitance from plated-through holes used in the backplane, and crosstalk
from adjacent channels. The impairments and their impact on data transmission are described in details in
the following sections.

2.1 Transmission Loss

Below 2.5 Gbps, the transmission loss of a backplane is dependent on printed circuit board properties
such as skin loss and dielectric loss. Above 2.5 Gbps, the transmission loss of a backplane is highly
influenced by the backplane connectors, which are mostly high-density, press-fit connectors for reliability
reasons. The small pitch of high-density connectors restricts useable trace width, typically 5–8 mils,
resulting in even higher transmission loss.

Figure 1 shows the transmission loss of a 20-inch FR4 board trace using a 6-mil trace width versus a 20-
inch backplane using an 8-mil trace width. Figure 2 illustrates the dominating effect of the backplane
connector by comparing a 20-inch backplane versus a 10-inch backplane.

Figure 1. Comparing a 20-inch FR4 Board Trace Figure 2. Comparing a 20-inch versus a 10-inch FR4
versus a 20-inch Backplane Backplane
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2.2 Connector Via and Via Stubs

For historical and reliability reasons, most of today’s connectors use press-fit technology. Press-fit
connectors mandate the use of relatively large plated-through holes, usually called via’s. These plated-
through holes interact with many layers of power and ground planes in a backplane, and cause excessive
parasitic capacitance. A typical backplane thickness is about 200-mil, and a typical line card thickness is
about 100-mil. Depending on which inner layer the differential signals are being routed, the length of via
below the signal layer presents a stub. The signal layer closer to the top of the board has longer stub
length, and consequently, has larger parasitic capacitance and higher transmission loss than the signal
layers closer to the bottom of the board.

Figure 3 is a differential TDR plot showing the impedance profile of a backplane. The two dips on the left
of the plot show the impedance drop due to the via of the connector at the line card and the via at the
backplane. This drop in impedance presents an excess parasitic capacitance of about 0.5 pF–1.5 pF
hanging at the connector.

Figure 3. Impedance Profile of a Backplane

2.3 Inter-Symbol Interference (ISI)

The effect of transmission loss on a serial bit stream is higher deterministic jitter. The bandwidth limited
transmission channel acts as a low-pass filter and introduces attenuation distortion to the higher frequency
components of a data bit stream. Figure 4 illustrates the effect of transmission loss on a K28.5 bit stream.
As shown in Figure 4, the lower frequency 5-bit continuous 1’s bit stream has larger amplitude than a
higher frequency one-bit pulse. Depending on their starting amplitude, the data transitions follow different
paths, resulting in variations from their nominal positions. These variations in data transition position
introduce jitter that is dependent on the data pattern. This type of jitter is commonly called data dependent
jitter.

Figure 5 illustrates and Table 1 summarizes the pulse shape of a 1-bit pulse at the end of a backplane at
1.25, 2.5 and 5 Gbps. The pulse amplitude shrinks as speed and transmission loss increase. At 5 Gbps,
the complimentary signals do not cross each other, resulting in eye closure. The pulse width is also much
greater than one bit period because of edge rate degradation from the backplane. The residual voltage of
the previous transition that extends into the next symbol influences the next data transition.

The variation in data transitions in a passive backplane is pattern dependent. The pattern dependent jitter
is bounded and is commonly referred to as deterministic jitter. This increase in jitter makes it difficult for
the downstream receiver to correctly recover data. Figure 6 depicts the eye diagrams of a pseudo-random
bit stream after a backplane at 1.25, 2.5 and 5 Gbps. The eye closure for a 5 Gbps copper backplane
poses a huge challenge to system designers.
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Figure 4. Waveform of a K28.5 Bit Stream at 2.5 Gbps

(a) 1.25 Gbps, 1-Bit Pulse (b) 2.5 Gbps, 1-Bit Pulse

(c) 5 Gbps, 1-Bit Pulse

Figure 5. 1-Bit Pulses at 1.25 Gbps, 2.5 Gbps, and 5 Gbps
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Table 1. Summary of 1-Bit Pulse Duration as Shown in Figure 5

Symbol Width Approximate
(1 UI) Pulse Duration

1.25 Gbps 800 ps 1600 ps (2.0 UI)

2.5 Gbps 400 ps 1100 ps (2.75 UI)

5 Gbps 200 ps 604 ps (3 UI)

(a) 1.25 Gbps (b) 2.5 Gbps

(c) 5 Gbps

Figure 6. Eye Diagrams of Pseudo-Random Bit Stream at
1.25 Gbps, 2.5 Gbps, and 5 Gbps Running (210-1) Pattern
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2.4 Crosstalk

In addition to transmission loss, near-end-crosstalk (NEXT) is the second most important factor affecting
data integrity of high-speed backplanes operating beyond 2.5 Gbps. The conducting elements inside a
connector create electromagnetic fields, which are coupled to conductors in the adjacent pairs of the
connector. Similar coupling occurs in the cylindrical vias used by adjacent connector pairs.

On a line card, the transmitters are driving the backplane at full amplitude, usually higher than 1000 mVPP.
The transmitted signal is heavily attenuated by the backplane and becomes a weak signal when it reaches
the receiver at the other end of the backplane. The near-end-crosstalk from the strong local driver
superimposes onto the weaker receive signal, resulting in a poor signal-to-noise ratio. At 5 Gbps, it is not
uncommon to have 20 dB transmission loss in the data path and 28 dB of near-end-crosstalk, resulting in
a S/N ratio of merely 8 dB. Figure 7 shows the signal paths illustrating the significance of NEXT.

Figure 7. Signal Paths of Victim and Agressors

2.4.1 Crosstalk Amplitude Increases With Speed

Each data transition in the aggressor driver introduces an asymmetric crosstalk pulse on the victim
channel. The crosstalk pulse usually spans a few hundred picoseconds in duration. At lower data rates,
the crosstalk pulse fades in amplitude within one symbol width. At higher data rates with smaller bit width,
the crosstalk pulse duration is comparable or larger than one symbol width. Figure 8a shows an aggressor
running at 2.5 Gbps with repeating pattern of ten 1's and ten 0's. The crosstalk caused by one data
transition at the aggressor has faded before another crosstalk pulse appears. Figure 8b shows the same
aggressor running at 5 Gbps. Before one crosstalk pulse fades, another crosstalk pulse arrives,
superimposing on the previous crosstalk pulses. As a result of this additive effect, crosstalk amplitude
increases as speed increases and symbol width shrinks. The effect of NEXT is critical in high data rates,
such as 5 Gbps, where system engineers have to battle high transmission loss in the victim channel and
increased crosstalk from the aggressor channels. Figure 9 illustrates the increase in NEXT amplitude with
data rate.
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(a) 2.5 Gbps (b) 5 Gbps

Figure 8. Cumulative Effect of NEXT Pulses as Bit Width Shrinks at 2.5 Gbps and 5 Gbps

(a) 1.25 Gbps (b) 2.5 Gbps

(c) 5 Gbps

Figure 9. NEXT Amplitude at 1.25 Gbps, 2.5 Gbps, and 5 Gbps, Running (210-1) Pattern

7SNVA114A–April 2005–Revised April 2013 AN-1380 Design Challenges in 5 Gbps Copper Backplanes
Submit Documentation Feedback

Copyright © 2005–2013, Texas Instruments Incorporated

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVA114A


OBSOLETE

Backplane Impairments www.ti.com

2.4.2 Crosstalk Decreases the Receiver’s Timing Margin

Crosstalk results in high frequency jitter in the victim channel. The weak receive signal is contaminated by
crosstalk which disturbs the positions of the receive data transitions. Figure 10 illustrate the effect of
severe crosstalk on an alternating-1-0-pattern at 5 Gbps, with the aggressor channel running (210-1)
pattern at 5 Gbps. Crosstalk reduces the receiver’s timing margin in data recovery. In severe crosstalk
situations, it becomes difficult to sample the data correctly. This results in a high error rate and affects
system performance.

(a) Without Crosstalk (b) With Crosstalk

Figure 10. Alternating-1-0-Pattern at 5 Gbps Without and With Crosstalk
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2.5 Not All Backplanes are the Same

The transmission impairments are directly affected by connector’s performance, board geometry used in
the backplane design (such as via structure, trace width, board thickness, board stack-up and board
material) and how differential pairs are assigned within the connector. Newer backplane designs make use
of newer and high-speed friendly connectors with less impedance mismatch and lower crosstalk. These
new connectors, along with high-speed printed circuit board design techniques, have eased the routing
constraints at the connector interface. Legacy backplanes usually built years ago, used older generation
connectors designed for lower speed operation. These legacy backplanes are not high-speed friendly
because of higher impedance mismatch and higher crosstalk coupling. Upgrading these legacy
backplanes to 5 Gbps requires the use of high performance transceiver integrated circuits that are more
tolerant to transmission impairments. A few examples are shown in Figure 11 illustrating the channel
characteristics in transmission loss and crosstalk. At 5 Gbps, the point of interest is the transmission loss
and the ratio of transmission loss to NEXT at 2.5 GHz.

(a) 20-inch Backplane (Connector Vendor A) (b) 30-inch Backplane (Connector Vendor B)

(c) A Legacy Backplane (d) 5-meter Shielded Cable Assembly (Vendor C)

Figure 11. Loss and NEXT of Several Types of Transmission Channels
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3 Multi-Gbps Backplane is Feasible

The success of a 5 Gbps backplane design relies on careful jitter management and the use of high
performance backplane transceiver components. In newer backplane designs, system engineers can
reduce the transmission loss through the use of high-speed board design techniques and newer and
better high speed connectors. Coded bit streams, such as 8b/10b coding, are commonly used to limit the
span of the spectral components to control the amount of ISI distortion. The use of newly introduced high-
performance SerDes and signal conditioning integrated circuits makes the migration path to 5 Gbps a
reality.

The techniques that enable 5Gbps copper backplanes are described in details in the following sections.

3.1 Receive Equalization

Through the use of receive equalization technique, designing 5 Gbps is feasible for newer and better
backplanes, as well as the older legacy backplanes. Because the transmission loss between the shortest
and the longest channels only vary by a few dB, a fixed equalizer is able to equalize the longest channel
without causing a negative impact to the shorter channels. Located at the receive end of the backplane,
the equalizer compensates the channel loss by boosting the higher frequency components of the signal,
thereby minimizing the amplitude difference between the low and high frequency components of the bit
stream. Equalization reduces the ISI caused by the backplane and restores an ample eye opening for
successful data recovery. A stand-alone equalizer design, such as Texas Instruments EQ50F100, allows
system designers to place the equalizer close to the connector on a line card. After equalizing the
backplane channel, it re-shapes the waveform and feeds the signal to a SerDes for data recovery. A
stand-alone equalizer also allows system designers to use different equalizer designs to optimize against
different channel characteristics.

(a) Before EQ50F100 (b) After EQ50F100

Figure 12. Eye Diagrams Before and After EQ50F100 Used In a Legacy Backplane
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3.2 Driver De-Emphasis

In a less lossy backplane where the eye is not severely attenuated, a small amount of equalization is
needed to reduce the ISI distortion. A de-emphasis technique, implemented in the transmit driver, reduces
the driving amplitude of the lower frequency components of the bit stream to a level comparable to the
higher frequency components after the channel loss. Figure 13 shows a driver waveform with de-
emphasis. This technique is more crosstalk-friendly. Unlike traditional pre-emphasis technique used by
other lower speed SerDes, de-emphasis does not increase the drive amplitude and thus will not worsen
critical crosstalk problems at higher data rates. The newly introduced SCAN50C400 5 Gbps backplane
transceiver features programmable de-emphasis for its transmit drivers.

Figure 13. De-Emphasis Waveform from Driver

Figure 14. Eye Diagrams With and Without De-Emphasis After a 30-inch Backplane

11SNVA114A–April 2005–Revised April 2013 AN-1380 Design Challenges in 5 Gbps Copper Backplanes
Submit Documentation Feedback

Copyright © 2005–2013, Texas Instruments Incorporated

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVA114A


OBSOLETE

Solution www.ti.com

3.3 Crosstalk Management

Crosstalk introduces high frequency jitter into the input data bit stream of a receiver. The receive PLL is
unable to track (follow) the high frequency jitter that is beyond its PLL bandwidth, and consequently
causes a reduction in the receiver’s timing margin to recover data correctly. A receiver with high input jitter
tolerance is necessary to withstand the reduction in timing margin. One way users can reduce crosstalk is
the use of the smallest transmit drive level acceptable to the downstream receiver. System designers can
reduce crosstalk significantly by avoiding transmit and receive signals using adjacent pins of the
connector. Having transmit and receive pairs adjacent to each other maximizes signal coupling and
unwanted crosstalk.

3.4 High Performance Transceiver

Texas Instruments SCAN50C400 is a high performance SerDes transceiver designed for 5 Gbps
backplane applications. It is equipped with high receive input sensitivity (< 100mV), and is able to recover
data from a weak signal due to a lossy backplane. Its receive PLL has an input jitter tolerance of about
150ps, providing ample timing margin to recover data amidst ISI, noise and crosstalk impairments from
the backplane. The SCAN50C400 also features low transmit jitter, programmable output drive amplitude to
minimize crosstalk and programmable driver de-emphasis to compensate for transmission loss of
backplane.

3.5 Avoid Noisy Power Supplies

It is important for system engineers to avoid excessive power supply noise within the bandwidth of the
transmitter’s PLL of a SerDes transceiver. Noise in the passband of the PLL will be translated directly into
periodic jitter at the transmitter’s output. If this noise induced periodic jitter is within the PLL bandwidth of
the downstream receiver, the PLL will track the jitter and produces no harm. In a multi-supplier
environment, it is hard to know which supplier’s receiver will be used. A good engineering practice is to
minimize the supply noise induced jitter. To further enhance the performance of the SCAN50C400 in a
system, Texas Instruments offers a very low noise down-converting switching regulator LM27262. It has a
fixed switching frequency of about 300 KHz and switching noise less than a few millivolt. Cleaner power
supplies such as Texas Instruments LM27262 improve overall jitter performance and result in low error
rate performance in the system.

4 Solution

Texas Instruments offers a total solution to enable 5 Gbps backplane while maintaining backward
compatibility to legacy 1.25 Gbps or 2.5 Gpbs line cards. Figure 15 shows this solution. The total solution
consists of the following components:

• SCAN50C400: Quad 1.25, 2.5 or 5 Gbps backplane transceiver with programmable output level and
programmable de-emphasis. SCAN50C400A 1.25/2.5/5.0 Gbps Quad Multi-Rate Backplane
Transceiver (SNOSA22).

• EQ50F100: Single 1–6.25 Gbps PCB equalizer. EQ50F100 1Gbps - 6.25 Gbps Backplane Equalizer
(SNOSAB8).

• LM27262: Voltage regulator controller. LM27262 Intel CPU Core Voltage Regulator Controller for
VRD10 Compatible PCs (SNVS262).
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Figure 15. Texas Instruments Total Solution for 5 Gbps Backplane

5 Conclusion

System designers face many challenges in designing multi-gigabit backplanes. Texas Instruments
SCAN50C400 quad backplane transceiver and EQ50F100 receive equalizer address these challenges. By
managing crosstalk and jitter through careful system designs, legacy backplanes can be upgraded to
5Gbps operation, while minimizing development time and cost.

13SNVA114A–April 2005–Revised April 2013 AN-1380 Design Challenges in 5 Gbps Copper Backplanes
Submit Documentation Feedback

Copyright © 2005–2013, Texas Instruments Incorporated

http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVA114A


IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESD48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI’s terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent TI deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of significant portions of TI information in TI data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
TI is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use
of any TI components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI’s goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those TI components which TI has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.

Products Applications

Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive

Amplifiers amplifier.ti.com Communications and Telecom www.ti.com/communications

Data Converters dataconverter.ti.com Computers and Peripherals www.ti.com/computers

DLP® Products www.dlp.com Consumer Electronics www.ti.com/consumer-apps

DSP dsp.ti.com Energy and Lighting www.ti.com/energy

Clocks and Timers www.ti.com/clocks Industrial www.ti.com/industrial

Interface interface.ti.com Medical www.ti.com/medical

Logic logic.ti.com Security www.ti.com/security

Power Mgmt power.ti.com Space, Avionics and Defense www.ti.com/space-avionics-defense

Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video

RFID www.ti-rfid.com

OMAP Applications Processors www.ti.com/omap TI E2E Community e2e.ti.com

Wireless Connectivity www.ti.com/wirelessconnectivity

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2013, Texas Instruments Incorporated

http://www.ti.com/audio
http://www.ti.com/automotive
http://amplifier.ti.com
http://www.ti.com/communications
http://dataconverter.ti.com
http://www.ti.com/computers
http://www.dlp.com
http://www.ti.com/consumer-apps
http://dsp.ti.com
http://www.ti.com/energy
http://www.ti.com/clocks
http://www.ti.com/industrial
http://interface.ti.com
http://www.ti.com/medical
http://logic.ti.com
http://www.ti.com/security
http://power.ti.com
http://www.ti.com/space-avionics-defense
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/omap
http://e2e.ti.com
http://www.ti.com/wirelessconnectivity

	AN-1380 Design Challenges in 5 Gbps Copper Backplanes
	1 Introduction
	2 Backplane Impairments
	2.1 Transmission Loss
	2.2 Connector Via and Via Stubs
	2.3 Inter-Symbol Interference (ISI)
	2.4 Crosstalk
	2.4.1 Crosstalk Amplitude Increases With Speed
	2.4.2 Crosstalk Decreases the Receiver’s Timing Margin

	2.5 Not All Backplanes are the Same

	3 Multi-Gbps Backplane is Feasible
	3.1 Receive Equalization
	3.2 Driver De-Emphasis
	3.3 Crosstalk Management
	3.4 High Performance Transceiver
	3.5 Avoid Noisy Power Supplies

	4 Solution
	5 Conclusion


