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Although previous research has explored the underlying theory of high-frequency behavior of car-

bon nanotubes (CNTs) and CNT bundles for antennas, there is a gap in the literature for direct

experimental measurements of radiation efficiency. These measurements are crucial for any practi-

cal application of CNT materials in wireless communication. In this letter, we report a measure-

ment technique to accurately characterize the radiation efficiency of k/4 monopole antennas made

from the CNT thread. We measure the highest absolute values of radiation efficiency for CNT

antennas of any type, matching that of copper wire. To capture the weight savings, we propose a

specific radiation efficiency metric and show that these CNT antennas exceed copper’s perfor-

mance by over an order of magnitude at 1 GHz and 2.4 GHz. We also report direct experimental

observation that, contrary to metals, the radiation efficiency of the CNT thread improves signifi-

cantly at higher frequencies. These results pave the way for practical applications of CNT thread

antennas, particularly in the aerospace and wearable electronics industries where weight saving is a

priority. Published by AIP Publishing. https://doi.org/10.1063/1.4991822

Since their discovery in 1991,1 it has been a challenge to

obtain the unique mechanical,2 thermal,3 and electrical4 sin-

gle molecule properties of carbon nanotubes (CNTs) at the

macro-scale. Due to this unique combination of properties,

CNT materials have long been considered for their potential

as mechanically durable, lightweight RF antennas. Despite a

fascinating study in which an individual CNT was used

simultaneously as an antenna, a tunable band-pass filter, an

amplifier, and a demodulator in a functional radio,5 physical

measurements on individual CNTs have shown poor perfor-

mance as microwave antennas due to their high quantum

capacitance and input impedance.6 Nevertheless, experimen-

tal studies on the high-frequency electrical properties of

CNT bundles have shown that their inductance scales

inversely with the number of individual CNTs within the

bundle.7 Because of these results, efforts are underway to

use macro-scale CNT materials such as CNT films and com-

posites for RF patch antennas;8–12 however, device-level per-

formance, particularly in the form of a sufficiently high

radiation efficiency, is still inadequate or unreported in all

published works.

Published studies of CNT thread antennas are sparse and

primarily consist of modeling.13–15 Keller et al. 16 deducted

from gain measurements that dipole antennas manufactured

from dry-spun CNT fibers have low radiation efficiency

(�26% of equivalent copper antennas), predicting that even

a CNT rope five times thicker than an equivalent copper wire

would still only be �65% as efficient at 2.45 GHz. However,

theory predicts that the CNT thread antenna performance

should scale with the density and conductivity of the CNT

thread;13 therefore, highly dense and conductive CNT fibers

may be key to obtaining high radiation efficiencies in CNT

thread antennas.

Here, we show that viable CNT thread antennas can be

manufactured using densely packed and moderately conduct-

ing (�0.3 MS/m) CNT thread. By using a “plug-and-play”

test fixture that facilitates reproducible measurements of

radiation efficiencies of soft conductors in a reverberation

chamber,17 we show that, compared to equivalent copper

controls, these antennas perform well at communication fre-

quencies (1 GHz and 2.4 GHz) used in wireless medical devi-

ces and local area networks (WLAN). At 2.4 GHz, CNT

thread matches the absolute performance of copper wire of

the same thickness. We also find that the frequency-

dependent effective resistance of the CNT thread scales

inversely with the square root of frequency, suggesting a

relationship with the skin depth, typically observed in bulk

metallic conductors.

We fabricated CNT fibers by wet spinning from chloro-

sulfonic acid,18 using CNTs from Meijo, Japan, grade EC

2.0, purified with H2O2 and HCl (see supplementary mate-

rial).19 These CNTs have highly graphitic character and high

aspect ratio, which is important for attaining high fiber con-

ductivity.20 After stabilization, individual fibers were twisted

together to form a thread using a simple Boy Scout rope-

making technique.21 We selected the quarter-wavelength

monopole configuration for this study because it is the sim-

plest wire antenna to manufacture and is also equivalent to a

dipole. For our experiments, we studied how the number of

CNT fibers (N¼ 8, 16, 24, 32, 64, and 128) affected the

CNT thread antenna performance. The twist of the thread

(�1 turn/mm and �2 turns/mm for low and high twist,

respectively) was also tested and found to have no significant

impact on DC resistance or radiation efficiency; hence, wea)Author to whom correspondence should be addressed: mp@rice.edu
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averaged over this variable [(a very small but systematic

impact was observed on the depth of the S11 resonance, see

Fig. 2(c)]. After fabrication, we cut (by razor blade) the mul-

tifilament thread to 75 6 0.5 mm and 31 6 0.5 mm long seg-

ments to achieve the desired antenna resonant frequencies at

1 GHz and 2.4 GHz, respectively. We also made copper con-

trol antennas from 30 American Wire Gauge (AWG) copper

wire (254 lm diameter) with identical lengths (the minimum

gauge typically used in copper because of mechanical

robustness considerations). Table I reports the dimensions

and material parameters of each antenna. As expected, the

DC resistance (R) of the CNT thread depends inversely on

the cross-sectional area (A), measured via SEM (Figs. S1 and

S2, supplementary material). Note that the DC conductivity

of the single filament fiber is about an order of magnitude

lower than high-conductivity CNT fibers18 due to different

sources of CNT starting material and un-optimized

purification.

Although the CNT thread properties were uniform, we

observed that antenna-to-antenna reproducibility depended

on the handling of the antenna, due to variability in both the

electrical connection between the CNT thread and the Sub-

Miniature version A (SMA) panel connector as well as the

flexible nature of the antenna. To overcome these issues, we

developed a “plug-n-play” test fixture (Fig. 1), which used

the same 30� 30 cm aluminum ground plane and SMA panel

connector for all experiments. The test fixture had a female

SMA connector attached to the ground plane with silver

epoxy. The CNT thread (or copper wire) was attached to a

male pin with silver epoxy and then “sandwiched” between

two pieces of low loss, low permittivity foam block

(Rohacell 31 HF) with a relative dielectric constant of

approximately 1.002. The foam blocks kept the thread (or

copper wire) taut during measurement. This reduced the

sample-to-sample variability to below 1%.

We verified the reproducibility of the test fixture with 2-

port Vector Network Analyzer (VNA) measurements of the

CNT thread antennas (and copper antenna) inside an

anechoic chamber with a reference cone antenna (Fig. 2).

The resulting difference in the reflection coefficients (S11)

between three successive connections of each CNT thread

antenna was less than 3 dB, which is small compared to the

magnitude of the reflection coefficient (>12 dB). Contrary to

a previous report,16 we did not observe a systematic fre-

quency downshift, although we did notice small shifts (�10

to 100 MHz) around the target frequency, consistent with the

limitations in our cutting precision (�0.5 mm). In all but one

case, the high twist CNT thread displayed a deeper

FIG. 2. Validation of the reproducibility of the CNT thread monopole antenna configuration (a) experimental set-up inside the anechoic chamber, (b) represen-

tative S11 plot of 16 filament low twist CNT thread and 30 AWG Cu wire, and (c) S11 values at resonance for all four thinnest CNT thread antennas for three

consecutive plugging and un-plugging into the test ground plane.

TABLE I. Experimental properties of the CNT thread antennas and nomi-

nally identical copper antennas. The table contains the type of material used

(Sample), the number of filaments (Filaments), the DC resistance of the

antenna (R), the cross-sectional area (A), the DC conductivity (r), and the

density (q).

Sample Filaments R (X) A (lm2) r (105 S m�1) q (g cm�3)

Copper 30 AWG Cu 0.03 49087 568 8.9

CNT 8 46.7 6 0.5 4930 6 60 3.00 6 0.05 0.81 6 0.08

CNT 16 27.4 6 0.4 9860 6 120 2.56 6 0.05 0.69 6 0.01

CNT 24 21.4 6 1.1 14 780 6 170 2.18 6 0.11 0.82 6 0.01

CNT 32 13.4 6 0.1 19 710 6 220 2.61 6 0.04 0.74 6 0.02

CNT 64 6.4 6 0.2 39 420 6 450 2.73 6 0.03 0.81 6 0.01

CNT 128 3.2 6 0.1 78 850 6 900 2.73 6 0.03 0.74 6 0.02

FIG. 1. Experimental configuration for testing CNT thread monopole anten-

nas. (a) SEM micrograph of the 8 filament high-twist CNT thread, (b) sche-

matic representation of the monopole antenna, (c) Rohacell HF/CNT

antenna plugged into the Al ground plane, (d) CNT thread attached to brass

pin connector, and (e) Rohacell HF/CNT thread final assembly.
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resonance than the low twist CNT thread, which could be

attributed to better impedance-matching due to reduced

capacitance from void spaces. However, this systematic dif-

ference [Fig. 2(c)] is minimal since below �20 dB less than

1% of the power fed to the antenna is reflected.

Upon verifying that this set-up gave reproducible

results, we performed a series of 2-port VNA measurements

inside a reverberation chamber to measure the radiation effi-

ciency of the thread antennas using the two-antenna

method.17 The CNT thread antenna and a reference horn

antenna were placed in a reverberation chamber, which is a

high-Q resonant cavity. In this method, a metal paddle

rotates to different positions inside the chamber to randomize

the electromagnetic standing waves, sampling all possible

directional couplings between the two antennas. To accu-

rately measure the radiation efficiency, we averaged the S-

parameters over 100 paddle positions. The averaged S11

parameters were fitted to a Gaussian curve to obtain a more

precise estimate of the resonant frequency (Fig. S3, supple-

mentary material). We verified that the radiation efficiency

was independent of the antenna position, which is essential

for this technique, and also found that the total efficiency dis-

plays the expected maximum at the resonant frequency (Fig.

S4, supplementary material). The measurement uncertainties

of this type of measurement are discussed in Refs. 17 and 22.

Our measurements show that radiation efficiency

increases with the increasing cross-sectional area (Fig. 3), as

expected. For an equivalent cross-sectional area of our CNT

thread, the radiation efficiency at 2.4 GHz (Wi-Fi) is the

same as that of 30 AWG copper wire (within experimental

error). This is a rather surprising result, because the DC con-

ductivity of this CNT thread is approximately two orders of

magnitude lower than that of copper. At the higher fre-

quency, the gap between the radiation efficiency of copper

and that of our CNT thread is narrower. Of course, only a

small cross-sectional area of the copper conductor is carrying

current, as the skin depth of copper is 2 and 1.3 lm at 1 GHz

and 2.4 GHz, respectively. Unfortunately, little is known

about the skin effect in macro-scale CNT materials or if such

a mechanism is even significant. CNT fibers may behave like

a Litz wire at higher frequencies due to their highly aniso-

tropic conductivity and fibrillar substructure.23

Another important observation is that the CNT thread’s

radiation efficiency improves at the higher frequency of

2.4 GHz compared to its performance at 1 GHz. Given that

the radiation efficiency does not depend on impedance

matching between the antenna and the VNA,17 this must be

an intrinsic RF property of the antenna. In the absence of a

first-principles physical description, we attempt to under-

stand this behavior through a simple model of these k/4

monopole CNT antennas’ radiation efficiency, shown in Eq.

(1), a modified version of the standard definition of radiation

efficiency.24

gr ¼
Rr

Rr þ kRl þ Rx
: (1)

Here, Rr is the antenna’s radiation resistance, assumed to

be 36.5 X as theoretically predicted for a k/4 monopole,24 Rl

is the DC resistance of the CNT thread (listed in Table I), Rx

is a parameter that encompasses all other resistive losses in

the antenna that are not occurring in the CNT thread (i.e.,

resistive losses in all of the metallic components including the

connector, ground plane, and silver epoxy), and k is a dimen-

sionless pre-factor describing the frequency-dependence of

the CNT thread resistance. Figure 3 shows that a least-squares

fit yields a good RMSE value for the 1 GHz dataset (2.4%)

and an acceptable RMSE value for the 2.4 GHz dataset

(5.2%). The value of Rx decreases by approximately 7 X from

8.2 X at 1 GHz to 1.3 X at 2.4 GHz, which is not expected for

the resistances of the metallic components. It is possible that

this is simply capturing the decrease in losses due to our finite

ground plane, since the ground plane size is approximately

equal to the wavelength of EM radiation at 1 GHz but is over

twice as large as the wavelength at 2.4 GHz. Thus, it is possi-

ble that at least one component of the measured increase in

radiation efficiency of the antennas is not due to an intrinsic

property of the CNT material itself. The inverse square root of

the ratio between the two fitted k factors is (0.51/0.93)0.5

¼ 0.74, consistent with the inverse square root dependence on

frequency (1/2.4)0.5¼ 0.65, indicating that the skin depth may

indeed be responsible for the effect, which would warrant fur-

ther testing at higher frequencies. Beyond the fundamental

interest, if such a trend extends to higher frequencies

(35–50 GHz range), then CNT macro-structures could serve

as the material of choice for the telecommunication industry’s

next generation (5G) antennas.

In summary, CNT thread antennas fabricated from mod-

erately conductive CNT fibers match the radiation efficiency

of copper control antennas while saving about an order of

magnitude in antenna weight. To capture the tradeoff

between weight savings and radiation efficiency, we normal-

ize the radiation efficiency by the weight of the radiating ele-

ment (copper wire or CNT thread), which we call the

specific radiation efficiency (Fig. 4). By this metric, CNT

thread antennas are �20 times more efficient than copper

FIG. 3. (a) Measurement set-up in the

reverberation chamber. (b) Summary

of radiation efficiency measurements

on CNT thread (squares) and Cu con-

trol antennas (stars). The error bars

were obtained by averaging the high

twist and low twist thread efficiencies.
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wire. This demonstrates that at wireless communication fre-

quencies, copper wire antennas can be replaced with CNT

thread antennas without impacting performance, while

decreasing weight. Although copper wire thinner than 30

AWG could provide identical performance at lower weight

at these frequencies, such an antenna would be extremely

susceptible to mechanical damage due to copper’s high duc-

tility and low tensile strength. While not problematic for sta-

tionary antennas, e.g., in ground stations, mechanical

robustness is important for antennas in weight-sensitive

mobile assemblies, such as aircrafts or satellites. Mechanical

robustness and flexibility are even more critical in wearable

electronics, where copper’s and other metals’ poor fatigue

behavior poses significant challenges for researchers vying

to integrate antennas into clothing.

See supplementary material for details on CNT material

purification and fiber-spinning, reverberation chamber and

VNA measurements, CNT material characterization, and

supplementary figures cited in the manuscript.
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