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Just when you thought you had mastered Zo, the charac-
teristic impedance of a PCB trace, along comes a data sheet
that tells you to design for a specific differential impedance.
And to make things tougher, it says things like: “… since the
coupling of two traces can lower the effective impedance, use
50 Ohm design rules to achieve a differential impedance of
approximately 80 Ohms!” Is that confusing or what!!

This article shows you what differential impedance is.
But more than that, it discusses why it is, and shows you how
to make the correct calculations.

Single Trace:
Figure 1(a) illustrates a typical, individual trace. It has a

characteristic impedance, Zo, and carries a current, i. The
voltage along it, at any point, is (from Ohm’s law) V = Zo*i.

General case, trace pair:
Figure 1(b) illustrates a pair of traces. Trace 1 has a

characteristic impedance Z11, which corresponds to Zo,
above, and current i1. Trace 2 is similarly defined. As we
bring Trace 2 closer to Trace 1, current from Trace 2 begins
to couple into Trace 1 with a proportionality constant, k.
Similarly, Trace 1’s current, i1, begins to couple into Trace 2
with the same proportionality constant. The voltage on each
trace, at any point, again from Ohm’s law, is:

V1  =  Z11 * i1  +  Z11 * k * i2     Eqs. 1
V2  =  Z22 * i2  +  Z22 * k * i1

Now let’s define Z12 = k*Z11 and Z21 = k*Z22. Then,
Eqs. 1 can be written as:

V1  =  Z11 * i1  +  Z12 * i2     Eqs. 2
V2  =  Z21 * i1  +  Z22 * i2

This is the familiar pair of simultaneous equations we
often see in texts. The equations can be generalized into an
arbitrary number of traces, and they can be expressed in a
matrix form that is familiar to many of you.

Special case, differential pair:
Figure 1(c) illustrates a differential pair of traces. Re-

peating Equations 1:
V1  =  Z11 * i1  +  Z11 * k * i2     Eqs. 1
V2  =  Z22 * i2  +  Z22 * k * i1

Now, note that in a carefully designed and balanced situ-
ation,

Z11 = Z22 = Zo, and
i2 = -i1

This leads (with a little manipulation) to:
V1  =   Zo * i1 * (1-k)   Eqs. 3
V2  =  -Zo * i1 * (1-k)

Note that V1 = -V2, which we already knew, of course,
since this is a differential pair.

Effective (odd mode) impedance:
The voltage, V1, is referenced with respect to ground.

The effective impedance of Trace 1 (when taken alone this is
called the “odd mode” impedance in the case of differential
pairs, or “single mode” impedance in general) is voltage di-
vided by current, or:

Zodd  =  V1/i1  =  Zo*(1-k)
And since (from above) Zo = Z11 and k = Z12/Z11, this

can be rewritten as:
Zodd = Z11 - Z12

which is a form also seen in many textbooks.
The proper termination of this trace, to prevent reflec-

tions, is with a resister whose value is Zodd. Similarly, the
odd mode impedance of Trace 2 turns out to be the same (in
this special case of a balanced differential pair).
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Various Trace Configurations



Differential impedance:
Assume for a moment that we have terminated both

traces in a resister to ground. Since i1 = -i2, there would be
no current at all through ground. Therefore, there is no real
reason to connect the resisters to ground. In fact, some peo-
ple would argue that you must not connect them to ground
in order to isolate the differential signal pair from ground
noise. So the normal connection would be as shown in Fig-
ure 1(c), a single resister from Trace 1 to Trace 2. The value
of this resister would be the sum of the odd mode
impedance for Trace 1 and Trace 2, or

Zdiff = 2 * Zo * (1-k)  or
            2 * (Z11 - Z12)

This is why you often see references to the fact that a
differential pair of traces can have a differential impedance
of around 80 Ohms when each trace, individually, is a 50
Ohm trace.

Calculations:
To say that Zdiff is 2*(Z11 - Z12) isn’t very helpful

when the value of Z12 is unintuitive. But when we see that
Z12 is related to k, the coupling coefficient, things can be-
come more clear. In fact, this coupling coefficient is the
same coupling coefficient I talked about in my Brookspeak
column on crosstalk (Footnote 1). National Semiconductor
has published formulas for Zdiff that have become accepted
by many (Footnote 2):

Zdiff = 2*Zo[1-.48*exp(-.96*S/H)]    (Microstrip)
Zdiff = 2*Zo[1-.347*exp(-2.9*S/H)]  (Stripline)

where the terms are as defined in Figure 2 and “exp()”
means e, the base of the natural logarithm, raised to the
power in the parentheses. Zo is as traditionally defined
(Footnote 3).

Common Mode Impedance:
Just to round out the discussion, common mode

impedance differs only slightly from the above. The first
difference is that i1 = i2 (without the minus sign.) Thus Eqs.
3 become

V1  =   Zo * i1 * (1+k)   Eqs. 4
V2  =   Zo * i1 * (1+k)

and V1 = V2, as expected. The individual trace impedance,
therefore, is Zo*(1+k). In a common mode case, both trace
terminating resisters are connected to ground, so the current
through ground is i1+i2 and the two resisters appear (to the
device) in parallel. Therefore, the common mode impedance
is the parallel combination of these resisters, or

Zcommon = (1/2)*Zo*(1+k), or
Zcommon = (1/2)*(Z11 + Z12)

Note, therefore, that the common mode impedance is ap-
proximately ¼ the differential mode impedance for trace
pairs.

            Microstrip                                   Stripline

Figure 2
Definition of terms for Differential impedance calculations

Footnotes:
1. “Crosstalk, Part 2: How Loud Is It?” Brookspeak, De-

cember, 1997.
2. See National Semiconductor’s “Introduction to LVDS”

(page 28-29) available from their web site at
www.national.com/appinfo/lvds/
or their “Transmission Line RAPIDESIGNER Operation
and Applications Guide”, Application Note 905.

1. See “PCB Impedance Control, Formulas and Re-
sources”, Printed Circuit Design, March, 1998, p12. The
formulas are:

Zo=87*Ln[5.98H/(.8W+T)]/SQR(εr+1.41)  (Microstrip)

Zo=60*Ln[1.9(H)/(.8W+T)]/SQR(εr)          (Stripline)
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易迪拓培训(www.edatop.com)由数名来自于研发第一线的资深工程师发起成立，致力并专注于微

波、射频、天线设计研发人才的培养；我们于 2006 年整合合并微波 EDA 网(www.mweda.com)，现

已发展成为国内最大的微波射频和天线设计人才培养基地，成功推出多套微波射频以及天线设计经典

培训课程和 ADS、HFSS 等专业软件使用培训课程，广受客户好评；并先后与人民邮电出版社、电子

工业出版社合作出版了多本专业图书，帮助数万名工程师提升了专业技术能力。客户遍布中兴通讯、

研通高频、埃威航电、国人通信等多家国内知名公司，以及台湾工业技术研究院、永业科技、全一电

子等多家台湾地区企业。 

易迪拓培训课程列表：http://www.edatop.com/peixun/rfe/129.html 

 

 

射频工程师养成培训课程套装 

该套装精选了射频专业基础培训课程、射频仿真设计培训课程和射频电

路测量培训课程三个类别共 30 门视频培训课程和 3 本图书教材；旨在

引领学员全面学习一个射频工程师需要熟悉、理解和掌握的专业知识和

研发设计能力。通过套装的学习，能够让学员完全达到和胜任一个合格

的射频工程师的要求… 

课程网址：http://www.edatop.com/peixun/rfe/110.html 

ADS 学习培训课程套装 

该套装是迄今国内最全面、最权威的 ADS 培训教程，共包含 10 门 ADS

学习培训课程。课程是由具有多年 ADS 使用经验的微波射频与通信系

统设计领域资深专家讲解，并多结合设计实例，由浅入深、详细而又

全面地讲解了 ADS 在微波射频电路设计、通信系统设计和电磁仿真设

计方面的内容。能让您在最短的时间内学会使用 ADS，迅速提升个人技

术能力，把 ADS 真正应用到实际研发工作中去，成为 ADS 设计专家...

课程网址： http://www.edatop.com/peixun/ads/13.html  

 

HFSS 学习培训课程套装 

该套课程套装包含了本站全部 HFSS 培训课程，是迄今国内最全面、最

专业的HFSS培训教程套装，可以帮助您从零开始，全面深入学习HFSS

的各项功能和在多个方面的工程应用。购买套装，更可超值赠送 3 个月

免费学习答疑，随时解答您学习过程中遇到的棘手问题，让您的 HFSS

学习更加轻松顺畅… 

课程网址：http://www.edatop.com/peixun/hfss/11.html 
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CST 学习培训课程套装 

该培训套装由易迪拓培训联合微波 EDA 网共同推出，是最全面、系统、

专业的 CST 微波工作室培训课程套装，所有课程都由经验丰富的专家授

课，视频教学，可以帮助您从零开始，全面系统地学习 CST 微波工作的

各项功能及其在微波射频、天线设计等领域的设计应用。且购买该套装，

还可超值赠送 3 个月免费学习答疑… 

课程网址：http://www.edatop.com/peixun/cst/24.html  

 

HFSS 天线设计培训课程套装 

套装包含 6 门视频课程和 1 本图书，课程从基础讲起，内容由浅入深，

理论介绍和实际操作讲解相结合，全面系统的讲解了 HFSS 天线设计的

全过程。是国内最全面、最专业的 HFSS 天线设计课程，可以帮助您快

速学习掌握如何使用 HFSS 设计天线，让天线设计不再难… 

课程网址：http://www.edatop.com/peixun/hfss/122.html 

13.56MHz NFC/RFID 线圈天线设计培训课程套装 

套装包含 4 门视频培训课程，培训将 13.56MHz 线圈天线设计原理和仿

真设计实践相结合，全面系统地讲解了 13.56MHz线圈天线的工作原理、

设计方法、设计考量以及使用 HFSS 和 CST 仿真分析线圈天线的具体

操作，同时还介绍了 13.56MHz 线圈天线匹配电路的设计和调试。通过

该套课程的学习，可以帮助您快速学习掌握 13.56MHz 线圈天线及其匹

配电路的原理、设计和调试… 

详情浏览：http://www.edatop.com/peixun/antenna/116.html 
 

我们的课程优势： 

※ 成立于 2004 年，10 多年丰富的行业经验， 

※ 一直致力并专注于微波射频和天线设计工程师的培养，更了解该行业对人才的要求 

※ 经验丰富的一线资深工程师讲授，结合实际工程案例，直观、实用、易学 

联系我们： 

※ 易迪拓培训官网：http://www.edatop.com 

※ 微波 EDA 网：http://www.mweda.com 

※ 官方淘宝店：http://shop36920890.taobao.com 
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