
The Circuit Designer's Companion: RF cables, twisted pair and crosstalk 

Peter Wilson 

http://www.edn.com/design/components-and-packaging/4433087/The-Circui

t-Designer-s-Companion--RF-cables--twisted-pair-and-crosstalk 

 

电路设计师指导手册（5）：射频电缆、双绞线与串扰 

作者：Peter Wilson 

1.2.5 RF cables 

Cables for the transport of radio frequency signals are almost invariably 

coaxial, apart from a few specialized applications such as HF aerial 

feeder which may use balanced lines. Coax's outstanding property is that 

the field due to the signal propagating along it is confined to the inside 

of the cable (Figure 1.21), so that interaction with its external 

environment is kept to a minimum. 

1.2.5 射频电缆 

除了一些特殊应用外，比如高频天线馈线可能使用平衡线，射频信号传输用电缆

几乎总是同轴电缆。同轴电缆的突出属性是信号沿着电缆传播产生的磁场被限制

在电缆内部(图 1.21)，与外部环境的交互因此保持在最小程度。 

 
FIGURE 1.21 Coaxial cable 

图 1.21 同轴电缆 

护套 屏蔽或外层导体 电介质 内部导体 磁场被限制在外层导体之内 

A further useful property is that the characteristic impedance of coax 

is easily defined and maintained. This is important for RF applications 

as in these cases cable lengths frequently exceed the operating wavelength. 

The generic properties of transmission lines - of which coax is a 

particular type - will be discussed in Section 1.3. The parameters that 

you will normally find in coax specifications are as follows: 
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另外一个有用的属性是同轴电缆的特征阻抗很容易定义和保持。对射频应用来说

这点很重要，因为在这些应用中电缆长度一般都会超过传输信号波长。1.3 小节

将讨论传输线的一般属性——其中同轴是一种特殊类型。通常在同轴参数规格中

见到的参数有： 

 Characteristic impedance (Zo): the universal standard is 50 Ω, 

since this results in a good balance between mechanical properties 

and ease of circuit application. 75 Ω and 93 Ω are other standards 

which find application in video and data systems. Any other 

impedance must be regarded as a special. 

 

 特征阻抗(Zo)：通用标准是 50Ω，这个值可以在机械属性和电路易用性方

面取得很好的平衡。75Ω和 93Ω标准常见于视频和数据系统。任何其它

阻抗必须被认为是特殊类型阻抗。 

 

 Dielectric material. This affects just about every property of the 

cable, including Zo, attenuation, voltage handling, physical 

properties and temperature range. Solid polythene or polyethylene 

are the standard materials; cellular polyethylene, in which part 

of the dielectric insulation is provided by air gaps, offers lower 

weight and lower attenuation losses but is more prone to physical 

distortion than solid. These two have a temperature rating of 85°C. 

PTFE is available for higher temperature (200°C) and lower loss 

applications but is much more expensive. 

 

 电介质材料。电介质材料会影响到电缆的各种属性，包括 Zo、衰减、电

压处理、物理属性和温度范围。固体聚乙烯或聚乙烯是标准材料。蜂窝状

聚乙烯的部分电介质绝缘性能由空气间隙提供，因此可以提供较轻的重量

和较小的衰减损耗，但比固体材料更容易产生物理变形。这两种材料的额

定工作温度是 85℃。聚四氟乙烯(PTFE)材料适用于更高温度(200℃)和更

低损耗的应用，但价格要贵得多。 

 

 Conductor material. Copper is universal. Silver plating is 

sometimes used to enhance high-frequency conductivity through the 

skin effect, or copper can be plated onto steel strands for strength. 

Inner conductors can be single or stranded; stranded is preferred 

when the cable will be subject to flexing. The outer conductor is 



normally copper braid, again for flexibility. The degree of braid 

coverage affects high-frequency attenuation and also the shielding 

effectiveness. Solid outer conductor is available for extreme 

applications that don't require flexing. 

 

 导体材料。普遍用的是铜。有时也用电镀银，它能通过趋肤效应增强高频

传导性，或将铜电镀到钢绞线上以增强强度。内部导体可以是单股或多股

线。当电缆有柔韧性要求时，最好使用多股线。外部导体一般是铜编带，

同样也是为了柔韧性。编带覆盖程度影响高频衰减和屏蔽效果。对于不要

求柔韧性的特殊应用来说，可以使用坚硬的外部导体。 

 

 Voltage rating. A thicker cable can be expected to have a higher 

voltage rating and a lower attenuation. You cannot easily relate 

the voltage rating to power handling ability unless the cable is 

matched to its characteristic impedance. If the cable isn't matched, 

voltage standing waves will exist which will produce peaks at 

distinct locations along the cable higher than would be expected 

from the power/impedance relationship. 

 

 额定电压。较厚的电缆通常具有较高的额定电压和较小的衰减。你不能轻

易地将额定电压与功率处理能力联系在一起，除非电缆与其特征阻抗相匹

配。如果电缆不匹配，会产生电压驻波，进而在电缆沿线的一些特殊位置

产生峰值电压，这个值比从功率/阻抗关系推导出的值要高。 

 

 Attenuation. Losses in the dielectric and conductors result in 

increasing attenuation with frequency and distance, so attenuation 

is quoted per 10 meters at discrete frequencies and you can 

interpolate to find the attenuation at your operating frequency. 

Cable losses can easily catch you out, especially if you are 

operating long cables over a wide bandwidth and forget to allow for 

several extra dB of loss at the top end. 

 

 衰减。电介质和导体的损耗特性导致衰减随频率和距离增加而增加，因此

衰减数据一般提供离散频率点每 10 米的值，你可以从中找到你的工作频



率点的衰减值。电缆损耗很容易让你抓狂，尤其是当你使用长电缆传输宽

带宽信号、又忘了在末端放出额外几个 dB 的损耗余量时。 

Readily available coax cables are specified to two standards: the US 

MIL-C-17 for the RG/U (Radio Government, Universal) series and the UK BS 

2316 for the UR-M (Uniradio) series. The international standard is IEC 

60096. Table 1.8 gives comparative data for a few common 50 Ω types. 

目前市场上的同轴电缆分成两种标准：针对 RG/U(无线电政府，通用型)的美国

MIL-C-17 标准和针对 UR-M(Uniradio)系列的英国 BS 2316 标准。国际标准是 IEC 

60096。表 1.8 给出了一些普通 50Ω电缆的比较数据。 

 

One word of warning: never confuse screened audio cable with RF coax. The 

braids and dielectric materials are quite different, and audio cable's 

Zo is undefined and its attenuation at high frequencies is large. If you 

try to feed RF down it you won't get much at the other end! On the other 

hand, RF coax can be used to carry audio signals. 

一句话警告：永远不要混淆带屏蔽层的音频电缆和射频同轴电缆。它们的编带和

电介质材料有很大的区别，音频电缆的 Zo 是不确定的，高频时的衰减非常大。

如果你试图用它来馈送射频信号，那么你在电缆末端是接收不到多少信号的！另

一方面，射频同轴电缆可以用来承载音频信号。 

1.2.6 Twisted pair 

Special mention should be given to twisted pair because it is a 

particularly effective and simple way of reducing both magnetic and 

capacitive interference pickup. Twisting the wires tends to ensure a 

homogeneous distribution of capacitances. The capacitance to ground and 

also to extraneous sources is balanced. This means that the common-mode 

capacitive coupling is also balanced which allows high common-mode 

rejection.  
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1.2.6 双绞线 

应该对双绞线给予特殊关照，因为它在减小磁性和电容干扰耦合方面特别有效方

便。将两根线绞合在一起可以确保电容的均匀分布。到地的电容和到外部源的电

容是平衡的。这意味着共模电容耦合也是平衡的，因此可以实现很高的共模抑制。 

Twisted and un-twisted (straight) pairs are compared in Figure 1.22, but 

note that if your problem is already common-mode capacitive coupling, 

twisting the wires won't help. For that, you need shielding. 

图 1.22 对双绞线和非双绞线(直线对)进行了比较，但需要注意的是，如果你的

问题已经是共模电容耦合，那么将线绞起来是没有什么帮助的。要解决这个问题，

你需要采用屏蔽技术。 

 

FIGURE 1.22 The advantage of twisted pairs 

 

图 1.22：双绞线的优点。 

连续的半绞合可以抵消磁场感应 

平衡的到地电容 

双绞线 

磁场感应不能被抵消 

不平衡的到地电容 

直线 



Twisting is most useful in reducing low-frequency magnetic pickup because 

it reduces the magnetic loop area to almost zero. Each half-twist reverses 

the direction of induction so, assuming a uniform external field, two 

successive half-twists cancel the wires' interaction with the field. 

绞给方法在减少低频电磁耦合方面最有用，因为它能将磁环面积减小到几乎为零。

每个半绞合都会反转感应方向，因此假设外部磁场是均匀的，那么两个连续的半

绞合会抵消线缆与磁场的交互作用。 

Effective loop pickup is now reduced to the small areas at each end of 

the pair, plus some residual interaction due to non-uniformity of the 

field and irregularity in the twisting. Assuming that the termination area 

is included in the field, the number of twists per unit length is 

unimportant: around 8-16 turns per foot (26-50 turns per meter) is usual. 

Figure 1.23 shows measured magnetic field attenuation versus frequency 

for twisted 22-AWG wires compared to parallel 22-AWG wires spaced at 0.032 

inches. 

有效的环路耦合现在被减小到线缆对两端的小块面积上，加上由于磁场的不均匀

性和线缆绞合的不规则性引起的少量残余交互。假设终端面积包含在磁场中，那

么单位长度内的绞合数量就不重要了：通常每英尺约8－16圈(每米26至50圈)。

图 1.23 对 22-AWG 双绞线与间隔为 0.032 英寸的 22-AWG 并行线的磁场衰减与频

率关系进行了比较。 

 



FIGURE 1.23 Magnetic field attenuation of twisted pair (Source Data: 
"Unscrambling the mysteries about twisted wire", R.B. Cowdell, IEEE EMC 
Symposium, 1979, p. 183) 

图 1.23 双绞线的磁场衰减。(数据来源：R.B.Cowdell 在 1979 年 IEEE EMC 专题

论文集第 183 页发表的文章“探索双绞线的秘密”） 

A further advantage of twisting pairs together is that it allows a fairly 

reproducible characteristic impedance. When combined with an overall 

shield to reduce common-mode capacitive pickup, the resulting cable is 

very suitable for high-speed data communication as it reduces both 

radiated noise and induced interference to a minimum. 

将一对线绞合在一起的另外一个优势是支持完全可再现的特征阻抗。当与整体屏

蔽结合在一起时可以减少共模电容耦合，这样的电缆非常适合高速数据通信，因

为它既能减少辐射噪声，也能最大限度地减小感应干扰。 

1.2.7 Crosstalk 

When more than one signal is run within the same cable bundle for any 

distance, the mutual coupling between the wires allows a portion of one 

signal to be fed into another, and vice versa. This phenomenon is known 

as crosstalk. Strictly speaking, crosstalk is not only a cable phenomenon 

but refers to any unwanted interaction between nominally un-coupled 

channels. The coupling can be predominantly either capacitive, inductive, 

or due to transmission-line phenomena. 

1.2.7 串扰 

当同一条电缆束内有 1个以上的信号要传输任何距离时，导线之间的互相耦合将

使得一个信号的一部分馈送至另一个信号，反之亦然。这种现象被称为串扰。严

格地讲，串扰不仅是一种电缆现象，而且是指名义上非耦合信道之间的任何有害

的交互作用。这种耦合可能是电容主导，也可能是电感主导，或者是由于传输线

现象造成的。 

The equivalent circuit for capacitive coupling at low-to-medium 

frequencies where the cable can be considered as a lumped component (in 

contrast to high frequencies where it must be considered as a transmission 

line) is as shown in Figure 1.24. 

当电缆可以被看作是集总元件时(与之相反，高频时必须被看作是传输线)，其低

频至中频电容耦合的等效电路如图 1.24 所示。 



 

FIGURE 1.24 Crosstalk equivalent circuit 

 

图 1.24:串扰等效电路。 

 

电缆长度 D 

电缆电容 Cc 

针对电路 1耦合进电路 2的情况 

串扰电压 

In the worst case where the capacitive coupling impedance is much lower 

than the circuit impedance, the crosstalk voltage is determined only by 

the ratio of circuit impedances. 

在电容耦合阻抗远低于电路阻抗这种最坏情况下，串扰电压仅取决于电路阻抗的

比值。 

Digital crosstalk 
Crosstalk is well known in the telecomms and audio worlds, for example 

where separate speech channels are transmitted together and one breaks 

through onto another, or where stereo channel separation at high 

frequencies is compromised. Although digital data might seem at first 

sight immune from crosstalk, in fact it is a serious threat to data 

integrity as well. The capacitive coupling is all but transparent to fast 

edges with the result that clocked data can be especially corrupted, as 

Figure 1.25 shows. If the logic noise immunity is poor, severe false 

clocking can result. A couple of worked examples (see Figure 1.25) 

demonstrate the nature of the problem. 

数字串扰 

串扰在电信和音频领域是众所周知的，例如本来分开的语音通道在一起传送、一

个通道串进另一个通道时，或者高频时分开的立体声通道又被组合在一起时。虽
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然数字化数据初看起来是不受串扰影响的，但事实上它对数据完整性也是一种严

重的威胁。电容耦合对快速边沿几乎是透明的，结果是与时钟同步的数据特别容

易受到破坏，如图 1.25 所示。如果逻辑噪声抗扰性能较差，可能导致严重的错

误时钟。一些实际例子(见图 1.25)展示了问题的实质。 

 

FIGURE 1.25 Digital crosstalk effects 

图 1.25:数字串扰效应。 

 

信号 A 

串扰耦合 

时钟 B 

受破坏的时钟 B 

 

(a) Two audio circuits with 10 kΩ source and load impedances are run in 

2 meters of multicore cable with inter-conductor capacitances of 150 pF/m. 

What is the crosstalk ratio at 10 kHz? 

(a) 源和负载阻抗都为 10kΩ的两个音频电路使用 2米长的多芯电缆传输信号，

导体间的电容为 150pF/m。此时在 10kHz 时的串扰比是多少呢？ 

The coupling capacitance CC is 2 meters of 150 pF/m = 300 pF. At 10 kHz 

this has an impedance of 53 kΩ. 

The source and load impedances in the crosstalk circuit in each case are 

10 K//10 K = 5 kΩ. 

So the crosstalk will be: 

耦合电容 CC等于 2m x 150pF/m=300pF。10kHz 时的阻抗为 53kΩ。 

每种情况下串扰电路中的源和负载阻抗为 10K//10K=5kΩ。 

因此串扰等于： 



 

5 K/(5 K + 5 K + 53 K) = 22 dB: unacceptable in just about any situation! 

If the output drive impedance is reduced from 10 kΩ to 50 Ω then the 

crosstalk becomes: 

49/(49 + 49 + 53 K) = 60 dB 

which is acceptable for many purposes, though probably not for hi-fi. 

 

5 K/(5 K + 5 K + 53 K) = 22 dB：这在任何情况下都是不可接受的！如果输出

驱动阻抗从 10kΩ减小到 50Ω，那么串扰变为 49/(49 + 49 + 53 K) = 60 dB：，

这对许多应用来说都是可以接受的，虽然对 Hi-Fi 来说还是不可接受。 

 

(b) Two EIA-232 (RS-232) serial data lines are run in 16m of data cable 

(not individual twisted pair) which has a core/core capacitance of 108 

pF/m. The transmitters and receivers conform to the EIA-232 spec of 300 

Ω output impedance, 5 kΩ input impedance, ±10 V swing and 30 V/µs rise 

time. What is the expected magnitude of interference spikes on one circuit 

due to the other? 

(b)两条 EIA-232(RS-232)串行数据线采用了 16 米长的数据电缆(不是单独的双

绞线)，其芯/芯电容为 108pF/m。发送器和接收器符合 EIA-232 规范，即具有 300

Ω输出阻抗、5kΩ输入阻抗、±10V 摆幅和 30 V/µs 上升时间。那么由于某个电

路引起而在另外一个电路上产生的干扰尖峰幅度有多大呢？ 

 

Coupling capacitance here is 16 × 108 pF = 1728 pF. 

The current that will be flowing after t seconds in an RC circuit fed from 

a ramping voltage with a constant dV/dt is I = C × dV/dt (1 - exp[-t/RC]) 

which for our case with dV/dt = 30 V/µs for 0.66 µs and a circuit resistance 

of 567 Ω is 25 mA. This translates to a peak voltage across the load 

resistance of (300//5 K//5 K) of 

25 × 10–3 × 267 = 6.8 V 

This is one reason why EIA-232 isn't suitable for long distances and high 

data rates! 

这里的耦合电容是 16 × 108 pF = 1728 pF。 

来自具有恒定dV/dt的斜坡电压、经t秒后在RC电路中流动的电流I = C × dV/dt 

(1 - exp[-t/RC])。在我们这个例子中，dV/dt=30 V/µs 持续 0.66 µs，电路电

阻为 567Ω，此时的电流为 25mA。转换成阻值为(300//5 K//5 K)的负载电阻上

的峰值电压为：25 × 10–3 × 267 = 6.8 V。这正是 EIA-232 不适合长距离和

高数据速率的一个原因！ 



Crosstalk can be combated with a number of strategies, which follow from 

the above examples. These are: 

串扰可以有许多解决策略，从上述例子中可知一二。这些策略是： 

 Reduce the circuit source and/or load impedances. Ideally, the 

offending circuit's source impedance should be high and the 

victim's should be low. Low impedances require more capacitance for 

a given amount of coupling. 

 

 减小电路的源和/或负载阻抗。理想情况下，侵害电路的源阻抗应该高，

受害电路的源阻抗应该低。在耦合大小一定的情况下，低阻抗要求更高的

电容。 

 

 Reduce the mutual coupling capacitance. Use a shorter cable, or 

select a cable with lower core-to-core capacitance per unit length. 

Note that for fast or high-frequency signals this won't solve 

anything, because the impedance of the coupling capacitance is 

lower than the circuit impedances. If you use ribbon cable, 

sacrifice some space and tie a conductor to ground between each 

signal conductor; another alternative is ribbon cable with an 

integral ground plane. Best of all, use an individual screen for 

each circuit. The screen must be grounded or you gain nothing at 

all from this tactic! 

 

 减小交互耦合电容。使用更短的电缆，或选择单位长度具有更低芯到芯电

容的电缆。需要注意的是，对于快速或高频信号来说，这样解决不了任何

问题，因为耦合电容的阻抗小于电路阻抗。如果你使用带状电缆，牺牲一

些空间，将每根信号线之间的导线连到地；另外一种方法是采用具有完整

地层的带状电缆。最好的方法是每个电路使用单独的屏蔽层。屏蔽层必须

接地，否则这种方法不会给你带来任何好处。 

 

 Reduce the signal circuit bandwidth to the minimum required for the 

data rate or frequency response of the system. As can be seen from 

(b) above, the coupling depends directly on the rise time of the 

offending signal. Slower rise times mean less crosstalk. If you do 

this by adding a capacitance in parallel with the input load 



resistor (across RL2 in Figure 1.24) this will act as a potential 

divider with the core-to-core capacitance, as well as reducing the 

input impedance for high-frequency noise. 

 

 将信号电路带宽减小到系统的数据速率或频率响应要求的最小值。从上面

的(b)可以看出，耦合效应直接取决于侵害信号的上升时间。较慢的上升

时间意味着较小的串扰。如果增加一个与输入负载电阻(图1.24中的 RL2)

并联的电容，与芯到芯电容形成分压器，同样可以减小高频噪声的输入阻

抗。 

 

 Use differential transmission. The bogey of crosstalk is a major 

reason for the popularity of differential data standards such as 

EIA-422 (RS-422), and other more recent ones, at high data rates. 

Coupling capacitance is not necessarily reduced by using paired 

lines, but the crosstalk is now injected in common mode and so 

benefits from the common-mode rejection of the input buffer. The 

limiting factor to the degree of rejection that can be obtained is 

the unbalance in coupling capacitance of each half of the pair. This 

is why twisted pair cable is advised for differential data 

transmission. 

 

 使用差分传输。串扰的可怕是高数据速率时差分数据标准(如

EIA-422(RS-422))和其它更新标准流行的主要原因。使用对线时没有必要

减小耦合电容，但此时的串扰是以共模方式注入的，因此可以受益于输入

缓冲器的共模抑制功能。抑制程度的限制因素是每半对线耦合电容的不平

衡。这正是建议差分数据传输使用双绞线电缆的原因。 

 

 


