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Investigating the upper bound of high-frequency
electromagnetic waves on unshielded twisted
copper pairs
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This paper explores the behaviour of the ubiquitous twisted pairs at high frequencies and

wideband excitation of twisted pairs up to 12 GHz. Higher carrier frequencies on twisted pairs

can enable the data rates required by the future communication networks; hence, the existing

copper infrastructure can be utilised on the last mile complementing the fibre networks. In

this paper, we show a fundamental limit on the operating frequency of twisted pairs beyond

which twisted pairs start to radiate and behave like an antenna. To validate our theoretical

derivations through measurements, we designed a microstrip balun to excite the differential

mode on the twisted pairs. At the end, we demonstrate that the standard twisted pairs used

in the UK can be used up to 5 GHz carrier frequency without any radiation effect and this

upper-bound can be moved to higher frequencies by decreasing the twist lengths.
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Delivering high-speed broadband access necessitates
replacing old copper infrastructure with fibre optic cables.
However, full fibre broadband for everyone is still not a

feasible solution due to its high deployment cost especially in the
metropolitan and historical cities. In addition, rewiring of densely
populated multi-dwelling units and sparsely populated areas are
extremely costly and this situation is an important limitation for
the fibre deployment. For these reasons, the existing copper
infrastructure based on twisted pair (TP) wires will continue
complementing the connection between subscribers and the
closest fibre-to-the-premises as also discussed by Maes et al.1.
Thus, it is essential to improve achievable data rates over the
copper infrastructure so that the bottlenecks over the last mile can
be successfully avoided while satisfying the future data demands.

The advancements in the digital signal processing (DSP) have
enabled digital subscriber line (DSL) speeds beyond 100Mbps as
described by Ginis and Cioffi2. In addition to the improvements
in DSP, the current efforts mostly target increasing the available
bandwidth to boost the capacity over TP. The available technol-
ogy standard, G.fast3, operates in the frequency spectrum up to
212MHz and can achieve data rates up to 2 Gbps. The emerging
DSL technology, MGFAST4 aims to increase the available band-
width by further extending the frequency spectrum up to
848MHz and targets data rates up to 10 Gbps. As noticed, the
available and emerging technologies only consider sub-1 GHz
frequency spectrum. We believe that the DSL technologies can
further boost the achievable rates beyond 10Gbps by utilising
carrier frequencies higher than 1 GHz. In this way, the existing
copper infrastructure can be further used to satisfy the data rates
required for the future communication networks without any
need of replacing all of the copper infrastructure. Towards this
objective, this paper investigates electromagnetic (EM) waves on
TPs and reports results about the upper-bound on the carrier
frequency that can be exploited by the DSL technologies.

TP wires were invented by Alexander Graham Bell5 in 1881 to
reduce radiation from cables, lower crosstalk between pairs and
provide robustness against EM interference. Several research
papers have been published demonstrating these benefits offered
by TPs. Interference from radio stations (at 100–500 KHz) on TP
wires was modelled by Stolle6. Cross-talk between multiple TP
cables in the frequency range below 100MHz was investigated by
Paul and McKnight7 based on the equivalent-circuit model of TP
transmission lines. The references8–10 include experimental and
theoretical results on the magnetic fields around TP and conclude
that lower twist pitch, i.e. the length of a twist, results in lower
magnetic field around the wire. Therefore, TPs with lower twist
pitch length can be placed closer to each other. Yan et al.11

proposed a finite-difference time-domain (FDTD) algorithm to
estimate the coupling of external EM waves (1.5–6 GHz) to TP
cables. In this reference, it is observed that the interference is
maximum when the wavelength is half-integer or integer multiple
of the twist pitch length.

There is also some existing literature on providing Terabit DSL
over the copper wires at millimetre wave and THz frequency
spectrum. Wang and Mittleman12 showed experimentally the
existence of a TEM-like low dispersion and low attenuation mode
on THz frequencies over a single conductor metal wire. Since the
conventional transmission lines, where the currents flow in
opposite direction on each pair of TP wires, have very high losses
at this frequency spectrum, Cioffi et al.13 have theoretically
showed that the waveguides modes between TPs in metal shielded
multi-binder wires may be utilised to achieve Tbps up to 100 m
and 100 Gbps up to 300 m by distributing the power on different
modes with vectoring. However, the utilised modes on multi-
binder wire can be only used at high frequencies and the
authors13 investigated 100–300 GHz spectrum. In a more recent

paper14, 1 Tbps data rate was achieved in a two-wire line with
metal sheet up to 10 m distance by using a similar vectoring
technique to exploit the modal diversity of the waveguide at
200 GHz. Furthermore, Hejazi et al.15 investigated the millimetre-
wave spectrum in TP cables by using transformation optics based
numerical simulations to calculate the properties of the wave-
guide modes and their spatial harmonics. This paper also showed
that 1 Tbps can be achieved over a twisted-pair with a plastic
sheath up to 10 m. Although there are several papers on inves-
tigating millimetre wave and THz frequency spectrum over the
copper network, experimental work is still at its infancy. There is
still a room for improvement at 1–10 GHz spectrum, where the
current DSL technologies have not been used. Therefore, we
investigate the fundamental limits in terms of carrier frequency
that can be efficiently utilised under 15 GHz.

EM modelling of twisted and untwisted pairs has been exten-
sively studied in the literature. However, parallel with the existing
DSL technologies, the papers on modelling EM waves on TP
mostly focus on sub-1 GHz frequency spectrum and use relevant
approximations that makes them invalid for higher frequencies.
In the 1950s, helically wound conductors became popular for
travelling-wave tubes to amplify RF signals thanks to their wide
bandwidth levels. As a result, there is a large amount of research
on modelling helically wound structures, which has a very close
geometry with TP. The very first analytical model for a single
helical conductor was presented by Sensiper16 for a finite width
tape around a cylindrical geometry. This geometry was specifi-
cally selected such that variables can be separated in the cylind-
rical coordinate system. The exact modelling of the single tape
helix model (including dielectric rods near the helix) was pro-
posed by Chernin et al.17, where the field equations and disper-
sion relation were derived. Cross-wound double helices, the
closest geometry to TP, was investigated by Chodorow and
Chu18. However, this reference investigated symmetric mode on
the geometry where the current directions are the same on both
conductors, whereas the existing DSL technologies use asym-
metric mode, where the currents are flowing in opposite direc-
tions. In this way, the EM field is concentrated between the wires
such that this mode is less affected by the objects in the close
proximity and enables placement of multiple wires in a confined
space. More details on the symmetric and asymmetric modes on
untwisted pairs has been recently investigated by Molnar et al.19.
At the end, the modelling of TPs at higher frequency ranges
(>1 GHz) stands as a significant open research problem.

Experimental investigation of higher frequencies on TPs also
requires a review of baluns that are utilised for exciting asym-
metric mode. The asymmetric mode is also known as differential
mode, i.e. the fundamental transverse electromagnetic mode
(TEM) on untwisted pair and TP. Most of the state-of-the-art
baluns used in the DSL networks are based on classical trans-
formers and generally operate on sub-1 GHz frequencies. This
type of baluns provides impedance transformation from 50Ω
input impedance to 100Ω differential impedance. However,
especially at higher frequencies, the classical transformer type
baluns do not provide an efficient impedance matching as
investigated by Schaich et al.20. In this reference, the authors
improved the transmission loss up to 10 dB by adding a matching
network based on lumped circuit elements. A differential mode
launcher based on lumped circuit elements is not an option for us
because classical lumped circuit elements have frequency-
dependent characteristics, which will make wideband impe-
dance matching impossible. The second option is using a
monolithic microwave integrated circuit (MMIC)-type balun21.
MMIC-type circuit components can efficiently operate up to
300 GHz. These types of baluns are widely available on the
market at a higher cost than the classical baluns. MMIC-type
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baluns also provide 100Ω differential output impedance, which is
required to be matched to the wire as highlighted in ref. 20.

In this work, we show that TP wires start radiating after a
certain frequency and this radiation frequency is a theoretical
upper bound that can be used for data communication. To the
best of our knowledge, this radiation has not been reported in the
literature and the exact radiation frequency depends on wire
geometry such as twist pitch length and separation between wires.
Therefore, this paper provides in-depth investigation of this effect
by providing a theoretical derivation of the radiation frequency as
well as numerical and experimental justifications. For our
experimental set-up, the transmission curve of the balun should
not have any large oscillations across the frequency band of
interest. If there are large oscillations, it is likely to miss any
radiation effect having similar level of loss with the oscillation
magnitude. As will be discussed in the launcher design section,
MMIC-type baluns are not suitable for our experimental set-up
due to large oscillations on the transmission band. That is why,
we also design a microstrip balun that can provide wideband
excitation of TPs up to 12 GHz and achieve nearly linear trans-
mission curve. The microstrip balun is referred to as the differ-
ential mode launcher in the rest of the paper. Therefore, our
theoretical model together with the designed differential mode
launcher will enable unlocking high carrier frequencies up to
5–10 GHz, which can provide multiplicative increase in the
achievable DSL capacities.

Results
Demonstration of a stopband on TP. We have developed an
FDTD simulation in CST Studio Suite22 in order to validate the
proven benefits of TP cables and also observe the propagation of
high frequency EM waves. For this purpose, a cable with varying
twist pitch length is designed (details of the simulation environ-
ment explained in the Supplementary Information—Note 1). The
cable starts as an untwisted pair and twisting starts gradually
reaching the lowest twist pitch length of 5 mm in the middle
section. As noticed in 2D E-field results presented in Fig. 1a for
0.5 and 1.5 GHz, the fields become more confined around the
wire when the twist pitch length is lower as also discussed in
several references6,8,9. More importantly, the TP wire starts
radiating after a certain carrier frequency as seen in the E-field
results for 7 GHz in Fig. 1a and the S21 parameters in Fig. 1b. If
TP starts radiating after a certain frequency, it means that there
would be an upper-bound on the carrier frequency that can be
exploited by the DSL technologies. In the remainder of this sec-
tion, we provide a theoretical understanding of the radiation from
TP and support our claims with numerical simulations and
experimental measurements.

Derivation of EM fields and characteristic equation. For the
derivation of EM fields and the characteristic equation for
unshielded TP, we followed the methodology presented in23. This
is due to the fact that, even though the cable presented in23 is
shielded and geometrically substantially different, the modelling
technique in23 has been verified with numerical simulations and
experimental measurements. For this reason, we decided to utilise
a similar methodology for the theoretical derivations. Figure 2
presents the TP geometry used in the derivations. The separation
between Conductor 1 (C1) and Conductor 2 (C2) is 2rc. Twist
pitch length, i.e. the full 360° turn, is denoted as p and the twist
wavenumber kp= 2 × π/p. Twist angle is found as cotðψÞ ¼ kprc,
where ψ= π/2 is associated with the untwisted pair as p→∞. In
addition, the conductors are assumed as infinitesimal current
filaments without a dielectric coating in the theoretical calcula-
tions. This assumption helps with the tractability of the deriva-
tions while still producing accurate calculations, which are
justified with the numerical simulations. Note that, the deriva-
tions in this paper investigate the frequency spectrum below
15 GHz; however, the assumptions on the infinitesimal current
filaments will not be accurate if the wavelength is comparable
with rc. Since the wavelength of 15 GHz (20 mm) is an order of
magnitude higher than the investigated rc values, the derived
expressions are able to generate accurate results for this frequency
range.

The fields around TP need to satisfy the source-free Maxwell
equations

∇ ´E ¼ iωμH; ð1Þ

∇ ´H ¼ ðσ � iωϵÞE: ð2Þ

where the space between the conductors are filled with a medium
with conductivity σ, permittivity ϵ and permeability μ. ω is the
angular frequency.
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Fig. 1 Demonstration of radiation effect with a numerical simulation. Numerical results for a TP with varying twist pitch length (wire length: 90 cm). The
investigated wire starts as an untwisted pair and the twist rate is gradually increasing. Lowest twist pitch length of 5 mm is observed close to the middle
section. The wire unwinds into an untwisted pair at the end. a E-field plots for different frequencies. The fields become more confined for lower twist pitch
lengths as in 0.5 and 1.5 GHz. However, the wire radiates at higher frequencies as in the 7 GHz case. b S21 results for the wire. The effect of radiation can be
also seen in the S21 results.

Fig. 2 TP geometry. 2D representation of TP wires. Pairs in the wire are
denoted as C1 and C2. p is the twist pitch length. rc is the separation radius
between pairs. ψ and θ depends on p and rc. i1 and i2 are scalar variables
representing the current on the pairs. If current variable is positive, it is
flowing in the direction showed on the figure.
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The cylindrical coordinate system is used for modelling TP.
Therefore, the Helmholtz equation for the axial component of the
electric field (ẑ axis) can be derived as23

∇2Ez þ k2Ez ¼ 0; ð3Þ
where k ¼ ffiffiffiffiffiffiffiffi

ωϵμ
p

is the wavenumber of the surrounding medium.
According to the Floquet’s theorem, the axial component of the
periodic structure can be expressed as23

EzðrÞ ¼ ∑
1

m¼�1
ezmðrÞe�imðϕ�kpzÞeih0z; ð4Þ

where (r, ϕ, z) represent the cylindrical axis system.
The axial electric field component can be further simplified by

substituting Eq. (4) into Eq. (3)

1
r
d
dr

r
dezm
dr

� �

� γ2m þm2

r2

� �

ezm ¼ 0: ð5Þ

The lateral wavenumber is γm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðh0 þmkpÞ2 � k2
q

, where h0 is

the unknown parameter that will be calculated with the
characteristic equation. Eq. (5) obeys the Bessel equation and
solutions to the axial field components can be represented with
the modified Bessel functions24. The axial fields at the centre
(r= 0) should be finite; thus, the fields for the interior (r < rc) can
be expressed with the modified Bessel function of the first kind

ez
in
mðrÞ ¼ Ein

mImðγmrÞ; ð6Þ

hz
in
mðrÞ ¼ Hin

mImðγmrÞ: ð7Þ
The fields at the exterior region (r > rc) are vanishing at infinity,
so they can be represented as the modified Bessel function of the
second kind

ez
ex
m ðrÞ ¼ Eex

mKmðγmrÞ; ð8Þ

hz
ex
m ðrÞ ¼ Hex

mKmðγmrÞ: ð9Þ
The current density on the wires in the Floquet form is written

as23

Kðϕ; zÞ ¼ cosðψÞϕ̂þ sinðψÞẑ
2πrc

∑
1

m¼�1
ði1 þ ð�1Þmi2Þe�imðϕ�kpzÞeih0z;

ð10Þ
where i1 and i2 are the current flowing through filaments as
presented in Fig. 2.

The relationship between the coefficients of the interior and
exterior of the fields can be derived by using the following
boundary conditions

r̂ ´ ðEex � EinÞ ¼ 0; ð11Þ

r̂ ´ ðHex �HinÞ ¼ K; ð12Þ
which are valid on the TP filaments at r= rc. In addition, the
derivative of the tangential magnetic field is continuous on the
boundary.

By applying the boundary conditions, the expressions can be
simplified as

Ein
m ¼ Eex

m
KmðγmrcÞ
ImðγmrcÞ

; ð13Þ

Hin
m ¼ Hex

m
K 0

mðγmrcÞ
I0mðγmrcÞ

; ð14Þ

where (′) shows the derivative of the modified Bessel functions.
By applying the boundary conditions and using Eqs. (10), (13)

and (14), the field coefficients for the exterior region can be

derived as

Eex
m ¼ ImðγmrcÞ

mðh0 þmkpÞ cosðψÞ þ γ2mrc sinðψÞ
i2πrcðσ � ωϵÞ ði1 þ ð�1Þmi2Þ;

ð15Þ

Hex
m ¼ I0mðγmrcÞγm cosðψÞ

2π
ði1 þ ð�1Þmi2Þ: ð16Þ

The other components of the fields can be calculated by using
the Hertz vectors (ZE, ZH). The Hertz vectors satisfy the
Helmholtz equation and can be represented as

Zm
E ¼ �Em

z

γ2m
; ð17Þ

Zm
H ¼ �Hm

z

γ2m
: ð18Þ

At the end, the remaining field components can be found in
terms of the Hertz vectors as25

Er ¼
∂2ZE

∂r∂z
� 1

cr
∂2ZH

∂ϕ∂t
; ð19Þ

Eϕ ¼ 1
r
∂2ZE

∂ϕ∂z
þ 1

c
∂2ZH

∂r∂t
; ð20Þ

Hr ¼
∂2ZM

∂r∂z
þ 1

cr
∂2ZE

∂ϕ∂t
; ð21Þ

Hϕ ¼ 1
r
∂2ZM

∂ϕ∂z
� 1

c
∂2ZE

∂r∂t
: ð22Þ

The tangential component of the electric field is required to be
vanishing on the TP filaments (r= rc); thus, we can write the
following

ðcosðψÞϕ̂þ sinðψÞẑÞ:E ¼ 0: ð23Þ
By using the field equations for the exterior of the wire at r= rc,

the characteristic equation can be derived as

∑
1

m¼�1

1 ð�1Þm
ð�1Þm 1

� �

i1
i2

� �

Smðω; h0Þ ¼ 0; ð24Þ

where

Smðω; h0Þ ¼ ðmðh0 þmkpÞ þ γ2mrc tanðψÞÞ
2

þ ðkr2cωϵγmÞ
K 0

mðγmrcÞ
I0mðγmrcÞ

KmðγmrcÞImðγmrcÞ:
ð25Þ

In the differential mode, the currents on TP flow in opposite
directions such that i1=−i2. Therefore, the current density can
be nonzero for only odd multiples of m. The even multiples of m
are associated with the symmetrical mode, which is also known as
the surface wave mode.

In order to predict the radiation from the cable, we can check
the radial component of the Poynting vector. If there is a power
flow in the radial direction, it means the wire is behaving like an
antenna such that some of the power will be leaking away from
TP. For this purpose, the radial component of the Poynting vector
is calculated as

hSri ¼
1
μ
Re½ðE ´H�Þ:̂r� ¼ 1

μ
Re½EϕB

�
z � EzB

�
ϕ�: ð26Þ

where Re(x) returns the real part of x.
By substituting Eqs. (8) and (9) into Eqs. (17), (18), (20) and

(22), the radial component of the Poynting vector can be
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calculated as

hðSrÞmi ¼
1
μ
Re

�

iω
cγ2m

Bex
mB

ex
m
�K 0

mðγmrÞK�
mðγmrÞ

þ iω
cγ2m

Aex
mA

ex
m
�KmðγmrÞK 0

m
�ðγmrÞ

�

:

ð27Þ

As noticed hðSrÞmi will be zero when (γm) is real-valued as the
term inside the Re(.) function will be purely imaginary. However,
if γm is imaginary, the radial component of the Poynting vector
will be nonzero and this causes the TP to radiate. γm

(γm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðh0 þmkpÞ2 � k2
q

) can be imaginary for m=−1 beyond

a certain frequency range, which is associated with the radiation
effect. The lower indexes (m <−1) may also contribute to the
radiation, but the magnitude of hðSrÞmi reduces with the square of
γm. For this reason, the most significant contributor of the
radiation is the m=−1 index. To show this relationship, we
solved Eq. (24) by using a simplifying assumption as in25 such
that the fundamental component m= 1 of the differential mode
is assumed as the only contributing index. We can solve the

characteristic equation (24) for m= 1 numerically in MATLAB
(fzero function) by assuming γ1 is real. This is a valid assumption
as the losses are not included in the theoretical calculations. Then
γ−1 term can be derived as γ−1= γ1− 2 × kp. Note that, the
currents are in the opposite direction (i1=−i2) and the
differential modes are represented by the odd multiples of m;
hence, the root of S1(ω, h0)= 0 is calculated based on Eq. (25).

The radiation effect can be interpreted with the leaky wave
antenna theory26 as well. Even though the fundamental mode
(m= 1) is a slow wave, the m=−1 space harmonics is a fast
wave with h−1= h0− kp < k, and this causes the system to behave
like an antenna. This situation can be better interpreted from the
Brillouin diagram presented in Fig. 3. The Brillouin diagram is
plotted for the spectrum between 0.1–15 GHz as our assumptions
will not be valid for higher frequency spectrum. m=−1 spatial
harmonic moves into the radiation zone and the intersection
point is associated with ≈6GHz. As this is a periodic structure
with open boundary conditions, the radiation starts as a backfire
radiation and the direction of the main lobe of the radiation
moves toward to broadside as the frequency increases. The
measurement results proving the direction of radiation can be
seen in Supplementary Information—Note 5, which also includes
additional simulation results demonstrating dominance of the
radiation in the observed attenuation. In the investigated
spectrum (0.1–15 GHz), m=−1 is the only mode contributing
to the radiation, and this is a sufficient condition for a leaky wave
antenna to radiate27–29. Thus, the EM wave guided on TP radiates
along the wire.

Analytical and numerical results: upper bound on frequency.
Figure 4a presents the real and imaginary part of γ−1 for twist
pitch length of 15 mm and rc= 0.5 mm. As noticed, the ima-
ginary part of the wavenumber becomes nonzero at frequencies
higher than 9.1 GHz for this wire geometry and this frequency is
associated with the radiation effect. The radiation frequency can
be also estimated by the periodicity of the geometry as c/(2 × p).
This simple estimation predicts 10 GHz for the twist pitch length
of 15 mm; however, this estimation is significantly higher than the
value calculated with our technique. Therefore, we show that the
periodicity of the structure is not enough to estimate the fre-
quency of radiation.

The effects of twist pitch length (p) and wire separation radius
(rc) are presented in Fig. 4b. The radiation frequency decreases as
the twist pitch length increases and the twist pitch length is the
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dominant factor, which determines the radiation frequency.
Figure 4b also suggests that the radiation frequency is higher for
wires that are closely spaced. These radiation frequencies are also
upper bounds on the carrier frequency for the differential mode.
Communication systems are required to utilise the spectrum
below the radiation frequency as the transmitted power beyond
this upper bound is radiated to the medium rather than guided
along the transmission line.

Table 1 includes the results for different twist pitch lengths and
wire separation radius rc. The numerical results are calculated
with the FDTD simulations on CST. The radiation frequencies
are determined from the S21 plots and these frequencies are
associated with the start of significant drop on S21 levels. As
noticed, the developed model is able to predict very close
radiation frequency for each geometry. The gap between theory
and numerical results are getting larger for lower pitch lengths.
The main reason for this is the infinitesimal filament approxima-
tion in the theoretical modelling while the wires of TP in the
numerical simulations are 3D objects with 0.25 mm radius. Note
that, the results presented in this section are for a TP without a
dielectric coating, but the dielectric coating only creates a shift in
the radiation frequency due to the change in the propagation
constants. However, the qualitative behaviour of the cable and
radiation effect are similar for both cases as discussed in the

Supplementary Information—Note 3. The details of the simula-
tion environment and excitation of TPs are discussed in the
Methods and the next section. In conclusion, the theoretical
derivations have shown the fundamental mechanism behind this
effect and the radiation frequency can be estimated with the
derived characteristic equation.

Design guidelines for differential mode launcher and simula-
tion environment. Validating the radiation effect observed in the
numerical simulations and our theoretical calculations in the
previous section requires a differential mode launcher, which is
working up to ≈12 GHz. In this way, we can investigate the
radiation effect at twist pitch lengths of 10 mm and higher. The
most common telephone wires that are deployed in the UK30

have twist length of 25 mm complying the BT’s Specification of
CW1423, but shorter twist lengths of 10–15 mm are commonly
used in Category 5–8 cables. That is why, twist lengths of
10–25 mm are investigated in this paper.

We designed a microwave balun as a differential mode
launcher as seen in Fig. 5a. The main purpose of this design is
to provide a nearly linear transmission response over wideband of
frequencies such that the existence of radiation can be proven in
an experimental setup. This design may be used in the future DSL
networks to extend the frequency spectrum of the existing
standards because the proposed launcher design alleviates
parasitic losses of the baluns based on the lumped circuit
elements and provide flatter response than the existing MMIC-
type baluns. The DM launcher starts as a microstrip line matched
to 50Ω. Both top and bottom traces are tapered down to provide
a smooth impedance transformation from 50Ω to the impedance
of the connected wire. The narrow end (right side of the DM
launcher in Fig. 5a) can be interpreted as double lines with a
dielectric layer between them; hence, the supported mode at the
end of the DM launcher and double wire are very similar. That is
why, it is possible to achieve high launching efficiencies with the
proposed microwave balun. Individual wires of TP are separated
from each other in order to solder them to the top and bottom
traces of the DM launcher as in the bottom sketch of Fig. 5a.
Thus, the part of the TP, which is close to the launcher, is
modelled as a double line in the launcher design.

Table 1 Theoretical and numerical results for the radiation
frequency.

Separation
radius
(rc) (mm)

Twist
length
(p) (mm)

Radiation
frequency
(theory) (GHz)

Radiation frequency
(simulation) (GHz)

0.5 10 12.4 13.62
0.5 15 9.2 9.3
0.5 20 7.3 7.1
0.5 25 5.95 5.85
1 10 11.2 12
1 15 8.8 8.77
1 20 7.1 6.7
1 25 5.85 5.66
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The fundamental mode on the end of the DM launcher and the
double wire are both quasi-TEM and the port impedances are
nearly constant across the frequency spectrum. Therefore,
matching the impedance of these two ports will give the highest
performance. Figure 5e includes the port impedance values for
the end of the DM launcher and double wire. The port
impedances are calculated with the frequency-domain solver of
CST22. The following parameters are used for the double line:
conductor radius 0.25 mm, dielectric thickness 0.25 mm, ϵr= 2.7
and centre-to-centre separation 2.18 mm (This value is higher
than the TP’s centre-to-centre separation distance of 1mm due to
additional space for soldering as seen in Fig. 5a). The DM
launcher is designed on an FR-4 substrate (thickness 1.6 mm,
ϵr= 4.3 and tan δ ¼ 0:021). As noticed from the figure, the best
match is achieved when the end trace width of the launcher is
0.2 mm. However, this trace width is not practical as it was not
possible to solder wires with conductor radius of 0.25 mm
without extending the trace width. For this reason, we fabricate
DM launchers with 1.25 mm in our experiments. The fabricated
launchers have an impedance mismatch, but they are still good
enough to observe the radiation effect on TPs and validate our
theory. The width and length of the substrate along with the type
of the taper is optimised by using the time-domain solver of CST
(The details of these parameters are included in the Supplemen-
tary Information—Note 2). Substrate width and length are
selected as 50mm and 100mm, respectively. The taper is designed
as a raised-cosine taper with (β= 0.08). The substrate length is
especially important for the return loss of lower frequencies as the
smoothness of the taper depends on the wavelength. The
designed launcher is targeted to operate between 1 and 12 GHz
to observe the radiation from the TPs having 10–25 mm twist
pitch lengths. Figure 6a includes the photos of the fabricated
devices.

In Fig. 5c, d, the block diagram and photo of an end-to-end
system without a TP is given. In order to accurately determine the
radiation frequency, the back-to-back connected baluns are
required to have a nearly linear transmission curve without large
oscillations. Otherwise, it is not possible to observe the radiation
effect when the radiation loss is on a similar level with the
oscillations. This is especially expected for larger twist pitch
lengths as will be shown in the next section. For instance, we
show a comparison of our launcher with a high-end balun in
Fig. 5b. Even though the balun (BALH-0012SSG from Marki
Microwave31) has a better transmission response at higher
frequencies, the sinusoid-like nature of its transmission makes
it not practical to use to measure radiation due to aforementioned
reasons. Figure 5b also presents the back-to-back S21 for the
designed DM launcher on FR-4. Note that the transmission loss
of this system is equivalent to −S21 in dB. Both the numerical

simulation and measurement results suggest that the designed
DM launcher on FR-4 has a nearly linear response across
2–12 GHz without any large oscillations. The loss of the proposed
DM launcher is higher than the off-the-shelf device, but this is
primarily caused by the high dielectric losses introduced by FR-4
substrate, which is preferred due to its easy fabrication,
availability and low price. However, an optimised launcher for
communication applications can be designed by following the
guidelines provided in this section.

Experimental and numerical results. The measurement set-up
can be seen in Fig. 6b. A custom designed jig is used to stabilise
the DM launchers 8–10 cm above the bench such that any
proximity effect due to the surrounding objects can be avoided.
Twist lengths are not perfectly uniform along the cables and show
1–3 mm variations. The photo of the different twist lengths used
in the measurements are included in Fig. 7 and the twist lengths
are indicated in the subtitles of each measurement. All mea-
surements are performed for 0.5 m cables. The cables have
properties of 0.5 mm diameter copper conductor covered with a
0.25 mm thick cylindrical dielectric. The dielectric properties of
the wire are assumed as ϵr= 2.7 and tan δ ¼ 0:01. In order to
prove that the received signal is caused solely by the guided
waves, we have performed additional measurements by placing
one of the launchers in an anechoic laboratory environment and
observe very similar measurement results (Supplementary Infor-
mation—Note 4).

Figure 7 includes the S-parameters for the numerical simula-
tions and the experimental measurements, which are performed
with the designed DM launcher. Both S11 and S21 for different
wire pairs are highly consistent with the measurements. S11
results show that the EM power is successfully enters the system.
This transmitted power cannot reach to the second port beyond
the radiation frequency as noticed in the S21 results. The same
radiation frequency calculated in the numerical simulations are
observed in the experimental measurements. There is a small
mismatch in the radiation frequency of Wire 2 in Fig. 7b. This is
probably caused by the uneven twist length along the wire. In
addition, accurate measurement of exact twist lengths becomes
harder as the dimensions are small.

The power loss due to radiation effect depends on the twist
length as well. Wire 4 (p= 10mm) experiences >30 dB decrease in
the transmitted power after 11 GHz. The additional loss in S21 is
lower for lower twist rates, but even Wire 1 (p= 25 mm) has
additional 3 dB loss over 0.5 m. Since the TP behaves like a leaky-
wave antenna at these frequencies, the transmission loss in dB
(−S21 dB) linearly scales with the length of the wire. This
radiation effect is also present in more practical scenarios such as

a) b)

Fig. 6 Fabricated DM launcher. a Photos of fabricated DM launcher and b measurement set-up.
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bended wire and multiple TP binders as presented in Supple-
mentary Information—Notes 6 and 7, respectively. Therefore, we
can conclude that any future DSL technology, which will operate
at high-carrier frequencies, needs to operate below the calculated
radiation frequency. Above this frequency, the transmitted power
will be radiated away from the line and cause interference in the
communication systems nearby.

Discussion
This paper presents two major contributions towards enabling
the exploitation of higher carrier frequencies in the DSL tech-
nologies. First, EM fields and characteristic equations of TPs are
derived for a helically wound double infinitesimal current fila-
ments. This approach generated an analytically tractable char-
acteristic equation. The individual components of the electric and
magnetic fields are calculated. By using these derivations, we

calculated the radial component of the Poynting vector. It is
found that m=−1 space harmonics of TP has a nonzero radial
power flow away from the transmission line after a certain fre-
quency depending on the wire geometry. This means that TP
behaves like an antenna above a certain carrier frequency and any
communication system that will be designed with these cables
needs to operate below this. These results are also validated with
numerical simulations and experimental measurements. All of the
measurements show excellent consistency with each other. To the
best of our knowledge, high frequency modelling of unshielded
TPs and radiation effects have not been reported in the literature
before. Hence, the findings of this paper will be design guidelines
for engineers in designing next generation DSL systems operating
at higher carrier frequencies.

The second contribution of this paper is the design of a
wideband differential mode launcher that can excite TP in the

a) Wire 1: p=25-28mm (Simulated p=25mm)

c) Wire 3: p=15-17mm (Simulated p=15mm)

b) Wire 2: p=20-22mm (Simulated p=20mm)

d) Wire 4: p=9-12mm (Simulated p=10mm)
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frequency spectrum of 1–12 GHz. Unlike off-the-shelf devices,
the proposed design has a nearly linear transmission curve across
the frequency spectrum, which makes the detection of any
radiation loss possible. The differential mode launcher used in
our experimental setup is designed for validating our theory.
Therefore, it was not perfectly optimised for operations requiring
low-losses. The complete design guideline of the differential mode
launcher is provided in the paper. In conclusion, we believe that
our results and design guidelines will help scientists and engineers
to better understand the wave propagation on TPs and enable
them to design wideband communication systems operating at
higher carrier frequencies.

Methods
Launcher prototyping and measurements. DM launchers were fabricated with
2D milling on FR-4 substrate (substrate thickness 1.6 mm and copper thickness
35 μm on both sides). The TP used in the measurements is mostly known as jumper
wire complying the BT’s Specification of CW142330. The wire has a single-strand
copper conductor of 0.5 mm diameter and dielectric thickness of 0.25 mm. Twist
pitch length of the wire is in the range of 25–28mm (Wire 4 in Fig. 7). The wires
with different twist pitch lengths (Wires 1–3) are produced by increasing the
number of twists of the cable. We measured the length of all twists along the wire in
order to determine the twist pitch length ranges that are stated in Fig. 7. All wires
used in the measurements are 0.5 m. S-parameter measurements were performed
with a Vector Network Analyser (VNA—8722D from Agilent Technologies). The
VNA was calibrated in the range of 50MHz–20 GHz with the calibration kit of
85052D.

Numerical simulations. For the design and characterisation of DM launchers, CST
Studio Suite22 is utilised. CST Studio Suite has both time-domain and frequency-
domain solvers exploiting FDTD and Finite Element Method (FEM), respectively.
CST’s time-domain solver is especially powerful in analysing broadband response
of the end-to-end system and we utilise the time domain solver to calculate the
numerical S-parameters. In the simulations, TP is excited by using the designed
DM launchers. The frequency-domain solver of CST is much faster in calculating
the modes on 2D cross section; thus, we mostly used the frequency domain
simulations to determine the width of the traces on the DM launcher design. In the
simulations, the following material parameters are used: Copper for all conductors
(5.8 × 107 S/m), FR-4 substrate for DM launcher (ϵr= 4.3, tan δ ¼ 0:02132, and
dielectric around the wire (ϵr= 2.7, tan δ ¼ 0:01).

Data availability
The data generated in this study have been deposited in the figshare database. The data
sets33 include the numerical simulation and measurement results presented in this paper
and its Supplementary Information.
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