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FEATURED TOPIC

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Communication frequency in telecommunications has been increasing to improve data transmission speed and capacity. 
However, this increase also raises the possibility of unintentional radiated emissions from communication cables, leading to 
electromagnetic compatibility (EMC) problems. From the viewpoint of radiation, we examined the transmission and radiation 
characteristics of unshielded twisted pair (UTP) cable commonly used in local area networks and in-vehicle communication 
networks. The examination confirmed that the UTP cable emits a portion of the transmitting signal within a certain frequency band. 
This emission follows the same mechanism as a leaky cable. We verified that the equation derived from the leaky cable 
mechanism can explain the relationship between the radiation bandwidth and the radiation angle. This paper introduces the 
radiated emission from UTP cable and explains the radiation mechanism in detail. Additionally, we provide a guideline on how to 
avoid potential EMC problem related to UTP cable.
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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1. Introduction
Recently, frequency bands used in wireless communi-

cation systems have been getting higher and wider, as exem-
plified by the full-scale launch of 5th Generation Mobile 
Communication System (5G) services.(1) There is the same 
trend in automobiles. In-vehicle and outside-vehicle commu-
nication frequencies have been getting higher to improve 
data rate and capacity with low latency for achieving fully 
automated driving.(2) Under these circumstances, cables may 
serve as the sources of generation and inflow of electromag-
netic noise that may cause electromagnetic compatibility 
(EMC*1) problems, which did not arise in previous commu-
nication systems. Therefore, it is important to select cables 
that emit or receive minimal electromagnetic noise.

An unshielded twisted pair (UTP) cable, in which two 
electric wires are helically twisted, is considered to emit and 
receive minimal electromagnetic noise because currents 
flowing in the electric wires cancel the magnetic fields 
around the cable.(3) UTP cables are, therefore, widely used 
for wiring of conventional LAN systems and in-vehicle 
communication systems. On the other hand, we developed 
and applied twisted pair leaky cables, whose structure was 
similar to that of UTP cables, to communication antennas in 
tunnels.(4) In line with the recent trend to use higher frequen-
cies for communication devices, we considered that UTP 
cables were likely to cause unexpected EMC problems.

With this backdrop, the authors evaluated the trans-
mission characteristics of high-frequency signals in antici-
pation of using UTP cables for transmitting signals of 
multi-gigabit*2 or higher. Through the evaluation, we 
confirmed that unintentional electromagnetic radiation 
occurred in a certain frequency bands.(5),(6) We found that 
radiation from UTP cables occurred in the same mecha-
nism as that of leaky cables due to their structural simi-
larity with leaky cables and that the radiation band and 
radiation direction can be described using the equation for 

leaky cables. This paper presents the evaluation results of 
the transmission and radiation characteristics when 
high-frequency signals are input into a UTP cable and 
explains the radiation mechanism based on that of leaky 
cables. We also propose guidelines for selecting UTP 
cables that are less likely to cause EMC problems from the 
viewpoint of emitting and receiving noise.

2. Transmission Characteristics of 
a UTP Cable 

UTP cables are used for wiring to transmit differential 
signals,*3 which are transmitted and received between 
devices. The basic electrical characteristics are evaluated 
based on the transmission characteristics and reflection 
characteristics against the input differential signals. To 
enable communication between devices, it is desirable to 
attain low loss and low reflection. The authors examined a 
UTP cable, which is generally used for in-vehicle commu-
nication wiring. The structure and dimensions of this UTP 
cable are as shown in Fig. 1.(5),(6) The structure is character-
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Fig. 1.  Structure and dimensions of a UTP cable
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ized by two helically twisted electric wires. The twisted 
shape of an entire cable is maintained by the resin (sheath).

We evaluated the transmission characteristics and 
reflection characteristics of the UTP cable when high-fre-
quency differential signals of up to 10 GHz were input 
using the measurement system indicated in Figs. 2 (a) and 
2 (b). A UTP cable with a total length of 420 mm was 
wired at a height of 25 mm above ground. It was connected 
to a measuring instrument called a vector network 
analyzer*4 via a connection jig substrate.

Figure 3 shows the evaluation results of the transmis-
sion characteristics and reflection characteristics. The 
vertical axis indicates the ratio of the transmitted and 
reflected power against the input power in a logarithm. In 
terms of the transmission characteristics shown in Fig. 3 (a), 
the smaller the value, the higher the insertion loss. In terms 
of the reflection characteristics shown in Fig. 3 (b), the 
higher the value, the higher the return loss. The transmis-
sion characteristics of the UTP cable subject to measure-
ment (indicated by the solid line in Fig. 3 (a)) indicate the 
general properties of a gradual increase in loss in line with a 
frequency increase up to 4 GHz. However, a peculiar 
increase in loss was observed in the frequency bands of 

around 4.7 GHz and 5.7 GHz or higher.
For the discussion based on electromagnetic field 

analysis in Chapter 3 and beyond, we conducted verifica-
tion and confirmed that the electromagnetic field simula-
tion reproduced this peculiar increase in loss. The measure-
ment system was modeled using a three-dimensional elec-
tromagnetic field simulator (HFSS, ANSYS Inc.) (Fig. 2 
(c)) to analyze the electrical characteristics of the UTP 
cable. The results are shown by the dashed line in Fig. 3. 
As in the case of the measurement results, the simulation 
results showed that the loss increased in the frequency band 
around 4.5 GHz and 5.7 GHz or higher.

First, we focus on the increase in loss around 4.5 
GHz. Return loss increased sharply at 4.5 GHz (Fig. 3 (b)), 
resulting in an increase in insertion loss. In other words, of 
the power input into the UTP cable, the power that returned 
to the input end due to reflection increased, resulting in a 
decrease in the power that reached the output end (an 
increase in insertion loss). Given that the propagation 
wavelength at 4.5 GHz (40 mm) is equivalent to double the 
twist pitch (20 mm), the increase in return loss is attribut-
able to reflection from each twisted wire mutually strength-
ened due to the in-phase synthesis (Fig. 4).

Meanwhile, at the frequency band of 5.7 GHz or 
higher, an increase in return loss equivalent to an increase 
in insertion loss did not occur. That is, although the power 
that returned to the input end due to reflection did not 
increase, the power that reached the output end decreased 
sharply. This is presumed to be caused by radiation of part 
of the power input into the UTP cable as electromagnetic 
waves during transmission.

3. Electromagnetic Radiation from the  
UTP Cable

3-1 Experimental verification
To verify that the increase in insertion loss described 

in the previous chapter was attributed to the radiation of 
electromagnetic waves, we measured the received power of 
an antenna placed next to the cable as shown in Fig. 5.(5),(6) 
To clarify that the radiation was attributed to the structure 
of the UTP cable, similar measurement was conducted on a 
two-parallel-wire cable for comparison.

Figure 6 shows the measurement results of the power 
received of the antenna. The higher the value, the higher 
the received power of the antenna, indicating that electro-
magnetic waves are emitted from the cable. The measure-
ment results of the UTP cable (as shown by the solid line in 
Fig. 6) indicated a significant increase in the received 
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Fig. 2.  Transmission and reflection characteristics evaluation system
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Fig. 3.  Evaluation results of the transmission and reflection characteristics
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power of the antenna in the frequency band of 5.7 GHz or 
higher. It was directly confirmed that electromagnetic 
waves were emitted from the UTP cable in this frequency 
band, which corresponded to the frequency band in which 
insertion loss increased sharply as described in Section 2 
(as indicated in Fig. 7 again). From the result, the increase 

in insertion loss can be attributed to the emission of elec-
tromagnetic waves.

On the other hand, the measurement results of the 
two-parallel-wire cable (indicated by the dashed line in  
Fig. 6) did not show a significant increase in the received 
power of the antenna nor a peculiar increase in transmission 
characteristics (as indicated by the dashed line in Fig. 7) 
measured in the configuration similar to that of Fig. 2. Thus, 
it was clear that no electromagnetic waves were emitted 
from the two-parallel-wire cable. Based on these results, we 
concluded that the electromagnetic radiation, which was 
observed in the band of 5.7 GHz or higher of the UTP cable, 
was attributed to the structure of the UTP cable.
3-2 Mechanism of radiation

Based on the structural similarity with leaky cables, 
the mechanism of radiation from a UTP cable is explained 
by applying the same concept(4) as that of leaky cables.(6) 
Leaky coaxial cables, which have been widely used as 
wireless communication antennas in tunnels and under-
ground shopping malls, have slots (holes) at a certain inter-
vals on their external conductor. When signals are input 
into a leaky coaxial cable, an electric field is generated in a 
slot. The electric field serves as a wave source to emit elec-
tromagnetic waves (Fig. 8). On the other hand, when 
differential signals are input into a UTP cable, an electric 
field is formed between the electric wires and this is equiv-
alent to periodically aligned wave source at twist pitch as 
in the case of a leaky coaxial cable (Fig. 9).

In a structure where wave sources are arrayed at a 
certain period, electromagnetic waves are emitted in the 
direction which mutually strengthens electromagnetic waves 
from respective wave sources due to the in-phase synthesis. 
Here, we discuss the conditions under which electromagnetic 
waves emitted from wave sources arrayed at each twist pitch 
in a UTP cable become in-phase.

In Fig. 10, the electromagnetic waves emitted from 
point A and point B become in-phase at line AC when the 
electrical length*5 of route AB + the electrical length of 
route BC matches the integer multiple of the wavelength. 
This can be expressed by Eq. (1) below.
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                                       ..........................................  (1)

Here, p is the twist pitch, εreff is the effective relative 
permittivity*6 for differential excitation, θ is the angle ABC 
(radiation angle), λ0 is the free space wavelength, n is a 
natural number, the first term of the left side is the elec-
trical length of route AB, and the second term is the elec-
trical length of route BC.

Based on the relationship among the frequency f, 
speed of light c, and free space wavelength λ0 (f = c/λ0),  
Eq. (1) can be transformed as follows:

                             ....................................................  (2)

Given that the possible value of the radiation angle is 
between 0° and 180°, the frequency band in which radia-
tion occurs can be expressed in the following equation:

                                          .......................................  (3)

To compare with the radiation band measured in 
Section 3-1 (Fig. 6), the parameters of the UTP cable were 
applied to the Eq. (3) for calculation. The measurement 
results showed that the lower limit frequency at which radi-
ation occurred was 5.7 GHz. Thus, calculation was focused 
on the lowest frequency band (n = 1). The twist pitch p is 
20 mm, as shown in Fig. 1. For the effective relative 
permittivity, the value calculated in the cross-section anal-
ysis (εreff = 2.7) by the two-dimensional electromagnetic 
field analysis software (2D Extractor, ANSYS Inc.) was 
used. When these values were assigned to Eq. (3), the radi-
ation band was 5.7 GHz < f < 23 GHz. We confirmed that 
the lower limit frequency of the radiation band calculated 
by Eq. (3) matched the frequency at which radiation started 
to be observed in the experiment described in Section 3-1 
(5.7 GHz).

The radiation angle can be expressed as follows by 
transforming Eq. (2):

                                    .............................................  (4)

The equation shows that the radiation angle is depen-
dent on the frequency, meaning that the higher the 
frequency, the greater the radiation angle θ. For example, 
based on the calculation results, the radiation angle of the 
UTP cable we evaluated in this paper was 31° at 6 GHz 
and 76° at 8 GHz.
3-3 Radiation electric field analysis based on simulation

To verify the frequency dependence of the radiation 
angle, we analyzed the electric field distribution when 

differential signals of different frequencies were input into 
the simulation model of Fig. 2.

Figure 11 (a) shows a top view of the simulation 
model, and Figs. 11 (b) to (d) show the simulation results 
of the electric field distribution on the x-y plane, including 
the UTP cable, at the respective frequencies. It should be 
noted that the differential signals were input from the left 
in the figure and that a common color scale was used for 
the electric field. At 3 GHz, which was outside the radia-
tion band of Eq. (3), the electric field concentrated near the 
UTP cable, and no radiation was observed (Fig. 11 (b)). It 
was also confirmed that no radiation occurred at around 4.5 
GHz, where insertion loss increased locally (not shown 
here).(5)

Meanwhile, as the frequency increased, radiation 
started to occur from 5.7 GHz, the lower limit frequency of 
the radiation band of Eq. (3) (refer to references (5) and (6) 
for the electric field distribution). At 6 GHz and 8 GHz 
within the radiation band, radiation occurred in obviously 
different directions (Figs. 11 (c) and (d)). The radiation 
angle calculated based on this electric field distribution is 
about 7° at 5.7 GHz (refer to references (5) and (6)), 31° at 
6 GHz, and 76° at 8 GHz. They well matched the values 
calculated based on Eq. (4) in Section 3-2.

Based on the comparison between the equation and 
the actual measurement/simulation results discussed in 
Chapter 3, we confirmed that the radiation band and radia-
tion angle from the UTP cable can be expressed by Eqs. (3) 
and (4), which are based on the radiation mechanism from 
leaky cables. We were able to explain the radiation from 
the UTP cable based on the same mechanism as that of 
leaky cables.

4. Measures against a Potential EMC Problem
Up to the previous chapter, we demonstrated that unin-

tentional electromagnetic radiation occurs when differential 
signals of 5.7 GHz or higher are input into the UTP cable 
shown in Fig. 1. This means that the EMC problem caused 
by unintentional radiation can be avoided by restricting 
input signal frequency to less than 5.7 GHz. However, given 
the equivalence between the radiation characteristics and 
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Fig. 11.  Simulation results of the electric field distribution around  
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receiving characteristics, this UTP cable is characterized by 
properties to easily receive electromagnetic noise of 5.7 
GHz or higher, which is the radiation band.

In 5G, which has come into full-scale use for services 
and has been increasingly applied to in-vehicle communi-
cation devices, the sub-6 bands (3.7 GHz to 6.0 GHz) are 
used for wireless communication. UTP cables, which are 
used for wiring of in-vehicle communication, may be 
exposed to radio waves of the sub-6 bands. In other words, 
UTP cables are likely to receive radio waves of the sub-6 
bands, which are emitted from 5G devices, as noise, and 
this is likely to hinder communication between devices 
connected by UTP cables. This potential EMC problem can 
be avoided by shifting the radiation band of UTP cables in 
use to frequencies higher than those of the sub-6 bands.

Based on Eq. (3), there are two possible methods to 
shift the radiation band: (i) reducing the effective relative 
permittivity for the differential excitation and (ii) reducing 
the twist pitch. Method (i) requires changes in the coating 
material and is difficult to use in actual applications. On 
the other hand, method (ii) can be achieved by changing 
the twisting conditions and is relatively feasible.

One possible measure is to change the twist pitch of 
the UTP cable shown in Fig. 1 from 20 mm to 15 mm. 
When the twist pitch is reduced to 15 mm, the radiation 
band calculated based on Eq. (3) is 7.6 GHz < f < 31 GHz, 
which does not overlap the sub-6 bands.

We conducted an electromagnetic field analysis and 
confirmed that no radiation occurred at 6 GHz. Figure 12 
shows the electric field distribution when differential 
signals of 6 GHz are input into UTP cables whose twist 
pitch is 20 mm and 15 mm. Radiation occurred at the twist 
pitch of 20 mm, as explained in Section 3-3 (Fig. 12 (a)). 
At the twist pitch of 15 mm, it was confirmed that the elec-
tric field concentrated around the cable (Fig. 12 (b)) as in 
the case where no radiation occurred in Section 3-3 (Fig. 
11 (b)). Thus, the reduction of the twist pitch to 15 mm 
makes it possible to prevent the reception of electromag-
netic noise of the sub-6 bands and avoid an EMC problem 
caused by an inflow of noise from the cable.

5. Conclusion 
We confirmed through experiments and simulation 

that structure-induced unintentional radiation of electro-
magnetic waves occurs in the UTP cable. We demonstrated 
that the mechanism of the radiation can be explained based 
on the same concept as that of leaky cables and that equa-
tions can be established for the radiation band and radiation 
angle. Notably, the equations include the effective relative 
permittivity and twist pitch as parameters, making it 
possible to control the radiation band and radiation angle.

The UTP cable evaluated in this paper is characterized 
by a structure and dimensions that are generally used for 
wiring between in-vehicle communications devices. 
However, the overlap of the radiation band with the sub-6 
bands of 5G is likely to lead to an EMC problem. This 
EMC problem can be avoided by shifting the radiation 
band of the UTP cable to frequencies higher than those of 
the sub-6 bands. We presented that reducing the twist pitch 
would be one measure.

In-vehicle 5G devices are expected to come into wide-
spread use toward the realization of automated driving. It 
will become necessary to select and use UTP cables that do 
not cause EMC problems in the sub-6 bands. We hope that 
the study in this paper will serve as guidelines for selecting 
UTP cables.

•   HFSS and 2D Extractor are registered trademarks or trademarks of ANSYS 
Inc. or its subsidiaries in the United States or other countries.

Technical Terms
＊1  EMC: Abbrevia t ion  for  “e lec t romagnet ic 

compatibility.” It refers to the performance of an 
electronic device whose electromagnetic noise does 
not affect surrounding devices and which can operate 
without being affected by electromagnetic noise from 
other devices.

＊2  Multi-gigabit: A transmission mode and standard 
whose transmission speed and rate (number of bits 
transmitted per second) is several gigabits (109) or 
more.

＊3  Differential signals: Signals that are transmitted by a 
differential transmission protocol, which is designed 
to transmit signals by the voltage between two signal 
wires, by applying mutually anti-phase currents to the 
two signal wires.

＊4  Vector network analyzer: A device for measuring the 
frequency characteristics of the passing and reflected 
power in a high-frequency network.

＊5  Electrical length: Length based on the wavelength of 
propagated electromagnetic waves. The electrical length 
in a vacuum is equal to the physical length (which is 
measured by a ruler). The wavelength in a general 
medium is shorter than that in a vacuum, and the electrical 
length in a medium is longer than the physical length.

＊6  Effective relative permittivity: Relative permittivity of 
a medium on the assumption that the space around the 
signal wires is filled with a uniform medium with the 
electrical characteristics of the actual signal wires kept 

20 mm 15 mm

(a) Twist pitch: 20 mm (b) Twist pitch: 15 mm

Fig. 12.  Difference in the electric field distribution due to the difference  
in the twist pitch at 6 GHz
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intact. In general, it is a value between the relative 
permittivity of the coating resin and the relative 
permittivity of a vacuum (εr0 = 1).
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