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Introduction
While today’s widespread need for signal equalization in 
electronics may seem to be a recent phenomenon, there 
are examples of linear equalization in telecommunications 
dating back well over a century. In fact, continuous time 
linear equalization (CTLE) is just part of a signal condi-
tioning ecosystem designed to aid in the transmission and 
reception of high-speed digital signals. This compensation 
or conditioning of the digital signals is usually called 
emphasis in the transmit domain and equalization in the 
receive domain.

What is linear equalization and why it is it 
needed?
Equalization is a process or technique used to restore 
balance between the various frequency components which 
together make up an electronic signal. In an simple 
analogy, audio equalizers are often used to help boost 
signal components which speakers have difficulty repro-
ducing, or our old ears can no longer hear efficiently. 
Moving from audio speakers to signals on a PCB or in a 
cable, a similar issue is encountered. As high-speed signals 
pass through the transmission media, high-frequency 
signal components are quickly attenuated due to the phys-
ical properties of the conductor and the surrounding 
dielectric. 

CTLE performance
Modern telecommunication standards must 
embrace and specify faster data rates to help 
satisfy the increasing appetite for instanta-
neous information around the globe. This 
almost ensures that CTLE will continue to be 
specified in serial data standards under devel-
opment now and in the future. At an overview 
level, the linear gain or high-pass boost by 
CTLE circuitry helps to expand the incoming 
signal envelope. CTLE, in combination with 
digital equalization strategies like decision 
feedback equalization (DFE), can enable 
robust signal reception across media with 
levels of signal attenuation not possible with 
DFE alone. A more in-dept view is provided by 
time-domain waveforms and frequency-domain 
plots to highlight common CTLE characteris-
tics and how they impact an actual eye 
diagram.

Figure 1. Impulse response after 10-inch 
FR4, with and without CTLE
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In Figure 1, the received time-domain impulse is initially 
launched into a 10-inch length of FR4 transmission media 
with an output differential voltage of 800 mVpp. After 
traversing the FR4 transmission media, the received 
impulse amplitude is reduced by half and the trailing-edge 
energy has spread well past the original bit width or unit 
interval (UI) boundary. In this example, a DS125BR820 
equalizer from Texas Instruments was attached at the far 
end of the 10-inch trace to demonstrate the CTLE func-
tion and its effectiveness for reducing jitter due to channel 
losses. As the CTLE level is gradually increased to match 
the channel loss, it is able to restore the impulse ampli-
tude and adjacent bit interference. Looking at the ampli-
tude and timing features on the impulse response provides 
insight into system response to a pseudo-random binary 
sequence (PRBS) pattern. This method simply time shifts 
and sums each of the PRBS transitions as an impulse. In 
the strict mathematical sense, the impulse in Figure 1 
does not have infinite amplitude and zero width, but it is 
still a good intuitive way to look at CTLE performance.

Without CTLE, even a simple data pattern clearly shows 
the effect of reduced amplitude and pulse-spreading for 
the single-bit transitions within the eye diagram. The addi-
tion of CTLE reduces these effects by equalizing the 
amplitude of all transitions in the data pattern and mini-
mizing the pulse spreading across bit boundaries. In 

图 1：10 英寸 FR4 之后的脉冲响应 
（采用和未采用 CTLE 时）
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引言

尽管当今电子产品中对于信号均衡的广泛需求似乎是近

来才有的现象，然而电信领域中的线性均衡事例却可以

追踪到一个多世纪以前。事实上，连续时间线性均衡 
(CTLE) 仅仅是信号调节生态系统的一个部分，此类系统

专为在高速数字信号的传送和接收中提供帮助而设计。

数字信号的这种补偿或调节常常被称为“加重”（在传

输域中）和“均衡”（在接收域中）。

什么是线性均衡？为什么需要进行线性均衡？

均衡是一种用于在共同构成一个电信号的各种不同频率

分量之间恢复平衡的过程或方法。有一个简单的类比，

那就是音频均衡器，它常常被用来帮助提升那些扬声器

难以再生或者我们上了年纪的耳朵不再能够有效听清的

信号分量。把视线从音频扬声器转移到 PCB 上的信号或

电缆中的信号，我们会遇到相似的问题。当高速信号穿

过传输介质时，高频信号分量将由于导体和周围电介质

的物理属性而快速衰减。

CTLE 性能

现代通信标准必须接纳和规定较快的数据速

率，以帮助满足全球范围内对于即态访问信

息不断增长的巨大需求量。这几乎肯定了在

目前及未来开发的串行数据标准中将继续规

定 CTLE。在概述的层面上，利用 CTLE 电路

实现的线性增益或高通提升有助扩展信号包

络。搭配诸如判决反馈均衡 (DFE) 等数字均

衡方案，CTLE 能够跨多种介质实现稳健的信

号接收，并具有仅靠 DFE 所无法获得的信号

衰减水平。通过采用时域波形和频域曲线图

来突出显示 CTLE 的一般特性及其对实际眼

图的影响，可获得更加深入的信息。

在图 1 中，首先利用一个 800 mVPP 的输出差

分电压使接收到的时域脉冲进入一个 10 英寸

长的 FR4 传输介质中。在穿过了 FR4 传输介

质之后，接收脉冲的幅度减半，而且后沿能

量的传播远远超过了原始位宽度或单位区间 
(UI) 边界。在该例中，由德州仪器提供的一

千兆位级系统中的高级线性均衡
作者：Lee Sledjeski
系统工程师

个 DS125BR820 均衡器被连接在 10 英寸走线的远端，以

演示 CTLE 的功能及其在抑制由于通道损耗所引起的抖动

上的有效性。随着 CTLE 的水平逐渐增加至与通道损耗相

匹配，它就能够恢复脉冲幅度和相邻比特干扰。观察脉冲

响应上的幅度与定时特性可深入了解针对伪随机二进制序

列 (PRBS) 图形的系统响应。这种方法简单地把每个 PBRS 
转换作为一个脉冲进行时移及求和操作。就严格的数学意

义而言，图 1 中的脉冲不具有无限的幅度和零宽度，但它

仍然是一种很好的研究 CTLE 性能的直观方式。

如果未采用 CTLE，那么即便是一个简单的数据模式也会

在眼图的内部显现幅度减小和脉冲展宽对于单比特转换 
(single-bit transitions) 的影响。采用了 CTLE 之后，其可

均衡数据模式中所有转换的幅度并尽量地减小横跨位边界

的脉冲展宽，从而抑制上述的影响。（接下页）
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eliminating the interaction between bits, 
inter-symbol interference (ISI) is minimized 
and the eye opening is improved. This can 
be seen in Figure 2 by comparing the eye 
diagrams.

Frequency domain
Another way to examine CTLE is in the 
frequency domain. The FR4 used in the time 
domain experiment can be measured to 
determine its frequency domain characteris-
tics. The same measurement tool is also 
used to measure the CTLE characteristics. 
Typically, the optimum eye-diagram results 
are achieved when the attenuation of the 
transmission media is matched by the CTLE 
gains out to a frequency close to the Nyquist 
frequency across a wide range of frequen-
cies. The example shown in Figure 3 shows 
the transmission loss and CTLE gain associ-
ated with a 12-Gbps serial data rate. For a 
12-Gbps signal, a repeating pattern of 101010 
binary symbols produces a 6-GHz fundamen-
tal frequency. This combination results in a 
total system response of the media + CTLE 
that is ideally zero or flat.

Taking this technique to extreme levels of 
attenuation and high-frequency gain uncovers 
a CTLE limitation. As the frequency domain 
plot shows, a CTLE circuit can provide 
considerable boost to the high-frequency 
signal components. Internally, the CTLE is 
designed to minimize any random jitter (RJ) 
additions to the high-speed signal. Externally, 
it is impossible for the CTLE gain to discrim-
inate between signal and system noise. 
Therefore, all aspects of the incoming data 
receive a boost, and this effect is made more 
apparent at higher CTLE boost.

Figure 2. Eye diagrams without CTLE (top) and 
with CTLE (bottom)
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Figure 3. FR4 attenuation and idealized CTLE gain
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图 2：未采用 CTLE（上部）和采用 CTLE
（下部）时的眼图

图 3：FR4 衰减和理想化的CTLE 增益

（续上页）通过消除位之间的相互影响，

最大限度地降低了符号间干扰 (ISI)，并改

善了眼图开启度。这可以通过比较图 2 中
的眼图看出来。

频域

考察  CTLE 的另一种方法是在频域中。

可对在时域实验中所使用的 FR4 进行测

量以确定其频域特性。相同的测量工具还

可用于测量  CTLE 特性。通常，在一个

很宽的频率范围内，当传输介质的衰减

由 CTLE 增益匹配时（一直到一个接近于

奈奎斯特频率的频率），可实现最佳的眼

图结果。图 3 中的例子示出了与一个 12 
Gbps 串行数据速率相关联的传输损耗及 
CTLE 增益。对于一个 12 Gbps 信号，

101010 的二进制符号重复模式产生一个 
6 GHz 的基频。这种组合实现了“介质 + 
CTLE”的总系统响应，其在理想情况下

为零（即响应曲线是平坦的）。

如果把这种方法应用到极端的衰减和高

频增益水平，就会发现  CTLE 的一个局

限。如频域曲线图所示，CTLE 电路能够

为高频信号分量提供相当大的提升。在内

部，CTLE 专为最大限度地减少添加到高

速信号上的任何随机抖动 (RJ) 而设计。

在外部，CTLE 增益无法区别信号和系统

噪声。于是，输入数据的所有方面都接收

到了一个提升，而且这种作用在较高的 
CTLE 提升幅度下更加明显。
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As shown in Figure 4, when higher levels of CTLE 
gain are required to compensate for transmission 
losses, jitter-decomposition software recognizes the 
increased levels of RJ. High levels of RJ can result in 
bit errors. Fortunately, CTLE in a low-to-medium 
dose can be applied without significant increases in 
measured RJ. In fact, CTLE solutions continue to be 
specified and used for media compensation at data 
rates above 25 Gbps. Currently, 25-Gbps interfaces 
are limited to a very small portion of the total inter-
face market. Most designers still have the opportu-
nity to come up to speed in standards like PCI 
Express® (PCIe), 10-gigabit Ethernet (10GbE), and 
serial attached SCSI (SAS), which range from 8 to 
12 Gbps.

Link training
One thing all these standards have in common is the 
concept of link training and adaptive signal condi-
tioning. Although the specifics and algorithms will 
vary, all incorporate methods that allow receivers 
(Rx) to feedback or recommend finite impulse 
response (FIR) coefficient changes to the transmit 
(Tx) device. Working through this process enables 
the Rx/Tx pair to arrive at a total channel solution 
for signal compensation without external interven-
tion. A linear equalizer inserted into a lossy channel 
designed to use link training must maintain and 
preserve the linearity of the channel while providing 
sufficient gain to effectively turn a long channel into 
a shorter, less lossy channel. The DS125BR820 
exhibits sufficient bandwidth and dynamic range to 
accommodate maximum-amplitude signals from 
industry-standard transmitters.

In PCIe applications, a linear equalizer can be placed 
adjacent to an add-in-card (AIC) connector. Standards-
based software testing is used to exercise the host trans-
mitter to sequence through the full range of Tx preset 
values with varied amounts of FIR energy. A comparison in 
both Table 1 and Figure 5 shows how an equalizer can 

Figure 4. CTLE gain vs. additional RJ
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Table 1. Ideal and measured PCIe transmit preset values

PCIE Tx 
Preset

Preset 
Binary 
Value

Ideal
Vb

Measured
Vb

Ideal Measured

Post 
Cursor

Pre 
Cursor

Post 
Cursor

Pre 
Cursor

P4 0100’b 1000 1070 0 0 0 0

P1 0001’b 668 772 –3.5 0 –2.8 0

P0 0000’b 500 592 –6 0 –5.1 0

P9 1001’b 668 772 0 3.5 0 2.8

P8 1000’b 501 592 –3.5 3.5 –3.1 3.1

P7 0111’b 402 479 –6 3.5 –5.5 3.3

P5 0101’b 803 903 0 2 0 1.5

P6 0110’b 750 845 0 2.5 0 2.1

P3 0011’b 750 845 –2.5 0 –2.1 0

P2 0010’b 603 699 –4.5 0 –3.7 0

P10 1010’b 335 409 –9.5 0 –8.4 0

Figure 5. Graphical representation of measured 
PCIe Tx preset values
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preserve the pre-cursor and post-cursor energy within the 
allowed PCIe standard margins.

The combination of linear equalization and output drive 
creates a high level of FIR transparency. This enables the 
equalizer to reproduce and successfully pass on all  
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如图 4 所示，当需要较高的 CTLE 增益水平以

补偿传输损耗时，抖动分解软件可察觉 RJ 程度

的增加。较高程度的 RJ 会导致位错误。幸运的

是，可使用中低水平的 CTLE。这样实测的 RJ 就
没有显著的增加。事实上，在高于 25 Gbps 的数

据速率下，介质补偿仍将继续指定和使用 CTLE 
解决方案。目前，在整个接口市场上，25 Gbps 
接口仅限于其中非常小的一部分。多数设计人

员仍有机会接触诸如 PCI Express® (PCIe)、10 
千兆位以太网 (10GbE) 和串行连接 SCSI (SAS) 
等标准中规定的速度，其范围介于 8 Gbps 和 12 
Gbps 之间。

链路培训

所有这些标准有一个共同点，那就是链路培训和

自适应信号调节的概念。虽然规范和算法将有所

不同，但是它们均运用了允许接收器 (Rx) 向发

送 (Tx) 器件反馈或推荐有限脉冲响应 (FIR) 系
数变化的方法。通过该过程可使  Rx/Tx 对形成

一种用于信号补偿且无需外部干预的整体通道解

决方案。被插入一个有损通道并专为使用链路培

训而设计的线性均衡器必须保持和保存该通道

的线性度，同时提供充足的增益，以有效地把

一个长通道变为一个较短、损耗较小的通道。

DS125BR820 具有足够的带宽与动态范围，可适

应来自业界标准发送器的最大幅度信号。

在 PCIe 应用中，可以把一个线性均衡器安置在

一个附加卡 (AIC) 连接器的近旁。采用基于标准

的软件测试来操作主机发送器，使之在具有不同 
FIR 能量值的整个 Tx 预设值范围内进行排序。表 
1 和图 5 中的比较说明了均衡器是如何在允许的 
PCIe 标准裕量之内保持前导波能量 (pre-cursor 
energy) 和后续波能量 (post-cursor energy) 的。

线性均衡和输出驱动的组合创建了很高的 FIR 透明度。这

使得均衡器能够再生并成功地在 AIC 连接器上传递所有的 
PCIe 3.0 Tx 预设值。（接下页）

图 4：CTLE 增益与附加 RJ 的关系曲线

图 5：实测 PCIe Tx 预设值的图解表示

表 1：理想和实测 PCIe 发送预设值
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PCIe 3.0 Tx preset values at the AIC connector. PCIe 3.0 
performance of the DS80PCI810 from Texas Instruments 
has been verified at a recent PCI-SIG Compliance Workshop. 
As of this article’s publication, it is the only linear equal-
izer currently listed on the PCIe 3.0 Integrator’s List. PCIe 
Tx presets are tested using a specific compliance pattern 
and oscilloscope software to extract and calculate the 
measurement values. This testing helps to ensure robust 
operation in PCIe-compliant channels.

While a system integrator looks at this type of specifica-
tion and measured data with a very critical eye, a more 
intuitive feel for the CTLE performance is easier to gener-
ate with waveforms captured at the full bit rate or speed. 
In a modern digital system, it is important to understand 
the waveform characteristics at several locations within 
the transmission channel. The waveform sequence in 
Figure 6 shows a 10GbE waveform at several points 
(match arrow color to waveform color) along the channel.

Modern methods of adapting Tx and Rx equalization 
easily allow for 20- to 30-inch links at the 10-Gbps data 
rate. The additional linear equalizer may not always be a 
requirement at this distance, but it is a good length to 
show how a linear equalization scheme can effectively 
reduce the equalization requirements of other system-
level components. As seen in Figure 6, a linear equalizer 
can restore lost amplitude to the high-frequency compo-
nents embedded in the waveform transitions while simul-
taneously preserving the low-frequency amplitude 
characteristics. By placing the CTLE midway through the 

Figure 6. Restored TX FIR energy using linear equalization

MAIN Tx FIR

Transmission Media
10-inch FR4

PRE-CURSOR

POST-CURSOR

CTLE CTLERx

DFE

VGA
Transmission Media

10-inch FR4

20-inch channel, it allows the waveforms to be paired up 
to show equivalent waveforms at the CTLE input and Rx 
input. Inserting the CTLE has reduced the effective 
channel length by 10 inches or almost 9 dB.

Conclusion
Using linear equalization adds mere picoseconds of latency 
and minimal additive jitter to the serial link. This increases 
the effective solution space for transmission and reception 
of high-speed signals. It is clear that digital-signal process-
ing and communication will continue to dominate the 
infrastructure of new communication standards. However, 
the use of linear equalization in the analog domain still 
plays an important support role in the realm of high-speed 
signal conditioning, thereby ensuring robust error-free 
operation across a broad spectrum of serial protocols, 
including 10GbE Ethernet, PCIe and SAS.

Related Web sites
Signal Conditioning—Repeaters, Retimers and 
Mux-Buffers: www.ti.com/sigcon

Product information:
www.ti.com/DS80PCI810
www.ti.com/DS125BR111 
www.ti.com/DS125BR820 

Subscribe to the AAJ:
www.ti.com/subscribe-aaj
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（续上页）由德州仪器提供的 DS80PCI810 的 PCIe 3.0 
性能已在近期举办的  PCI-SIG 相容性认证工作会上通

过了验证。到本文发表时为止，它是目前唯一一款上了 
PCIe 3.0 集成商清单的线性均衡器。PCIe Tx 预置采用一

种特定的相容性测试码型和示波器软件（以提取和计算

测量值）来测试。该测试可帮助在符合 PCIe 标准的通道

中确保稳健的运作。

虽然系统集成商会以一种非常挑剔的眼光来考察此类规

范和实测数据，但是利用在全比特率或全速条件下捕捉

的波形可以较容易地对 CTLE 性能产生一种更加直观的

感觉。在新式数字系统中，应了解传输通道内部几个位

置上的波形特征，这一点很重要。图 6 中的波形序列示

出了沿着通道的几个点上的 10GbE 波形（使箭头颜色与

波形颜色相匹配）。

采用 Tx 和 Rx 均衡的新式方法可容易地提供数据速率为 
10 Gbps 的 20～30 英寸链路。在此距离上或许并不总是

需要额外的线性均衡器，但它却是一个可以说明线性均

衡方案能有效地降低其他系统级组件之均衡要求的合适

长度。如在图 6 中看到的那样，线性均衡器能够恢复由

于嵌入在波形转换中的高频分量而损失的幅度，并同时

保持低频幅度特性。通过把 CTLE 布设在 20 英寸通道的

中间，其允许将波形配对以显示 CTLE 输入和 Rx 输入端

上的相等波形。插入 CTLE 使有效通道长度缩减了 10 英
寸（几乎相当于 9 dB）。

结论

采用线性均衡只给串行链路增加了区区几 ps 的延迟和极

小的附加抖动。这增加了用于高速信号的传输和接收的有

效解决方案空间。显然，数字信号处理和通信将继续主导

新通信标准的基础架构。然而，在模拟域中使用线性均衡

在高速信号调节领域里仍然起着重要的支持作用，借此可

在采用广泛的串行协议时确保稳健的无差错操作，包括 
10GbE 以太网、PCIe 和 SAS。
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(Mux-Buffer)：www.ti.com/sigcon

产品信息：

www.ti.com/DS80PCI810
www.ti.com/DS125BR111
www.ti.com/DS125BR820

订阅 AAJ：

www.ti.com/subscribe-aaj

图 6：采用线性均衡恢复的 TX FIR 能量
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