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Abstract—Increasing system requirements for 5G and beyond wireless systems translate into an increasing importance
of antenna efficiency. In this paper we show that frequencyreconfigurable antennas are a very promising solution to increase
the efficiency, exhibiting an upper bound on the radiation
efficiency that is significantly increased compared to traditional
designs. We then compare several efficiency measurement techniques, from which we can conclude that reverberation chamber
measurements are an ideal solution for 5G and beyond.

I. I NTRODUCTION
As 5G and beyond wireless standards require ever larger
bandwidths, the Chu-Harrington limit [1], [2] becomes more
challinging to deal with for handsets, in particular in the
sub-6 GHz bands of 5G [3]. Since size is constrained and
directivity is already small in the sub-6 GHz bands, this results
in a decreased efficiency. Add to this the ever increasing
number of wireless standards that handsets need to support,
and the efficiency becomes more crucial than ever.
An antenna has two types of efficiency: the total efficiency ηtot = Pradiated /Pavailable , with is the ratio of the
available and radiated powers, and the radiation efficiency
ηrad = Pradiated /Paccepted , which is the ratio of the accepted
and radiated powers. In other words, the radiation efficiency is
excluding mismatch losses, while the total efficiency includes
mismatch losses. In this paper, we study some recent advances
in handset antennas from an efficiency point of view, focussing
on the sub-6 GHz bands, and provide an outlook for 5G
and beyond applications. We start out by a new emperical
study of the limitations on radiation efficiency of a highly
flexible frequency-reconfigurable antenna in Section II. We
then discuss measurement methods of antenna efficiencies in
Section III, concluding the paper in Section IV.
II. R ECENT A DVANCES IN H ANDSET A NTENNAS
Traditionally, antennas in mobile handsets were completely
un-reconfigurable devices. More recently, adaptive matching
networks became common in commercial designs [4], [5],
with research pushing towards aperture-tuned devices [6]–[8].
The adaptive matching network introduces the potential to
adapt the matching in an optimal fashion, thereby offering the
possibility to increase the total efficiency. However, the radiation efficiency cannot be affected using an adaptive matching
network - this is the domain of aperture-tuned antennas.

Aperture-tuned, frequency-reconfigurable antennas are extremely promising to cope with the ever increasing requirements of 5G and beyond. In Fig. 1 several antennas are
compared: five commercial smartphone antennas [5] (dashed
lines) and several settings of an aperture-tuned frequencyreconfigurable antenna [9] (solid lines). Though similar in
size, the frequency-reconfigurable antenna achieves a higher
radiation efficiency. It uses three tuning components in the
aperture, creating more freedom to find optimal settings for
the efficiency. It also exhibits a reject-band, which may help
to achieve a fully frequency-reconfigurable front-end as its
filtering requirements are relieved. Also shown, with a broad
curve in black, is the highest achieved radiation efficiency over
all measured settings (not all shown). This curve is frequencyaveraged over a 50 MHz band to reduce the influence of noise
on individual settings on the upper-bound, resulting in some
noise responces to peak above it.
It is very interesting to observe that there is a smoothly
developing upper limit to the radiation efficiency for this
antenna. While the Chu-Harrington limit would predict a much
higher upper limit for the efficiency in this frequency range,
its concept still holds for frequency-reconfigurable antennas,
provided optimal bias settings are found. A deeper study of
tunable antennas and these effects is extremely interesting for
future research.
III. E FFICIENCY M EASUREMENTS FOR 5G AND B EYOND
In general, antenna efficiency can be measured using the
Wheeler cap method, anechoic chamber (AC) techniques, or
reverberation chamber (RC) techniques. The Wheeler cap
method makes use of a change in the input resistance when
λ
(Rcap )
covering the antenna with a conducting cap placed at 2π
compared to it radiating into free space (Rfree ). The radiation
R −R
efficiency can then be estimated as ηrad = freeRfree cap [10].
This means assuming the antenna is small, and working in an
extremely small bandwidth. It is therefore rather unpractical
for 5G’s wideband designs.
The anechoic chamber is the tradiational environment of
choice for antenna measurements, since it can provide a good
approximation of free-space, making it ideal for radiation
pattern measurements. However, measuring the radiation efficiency is usually performed by measuring the gain G and
G
directivity D, resulting in a radiation efficiency ηrad = D
[10]. The directivity measurement requires a full 3D pattern
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Fig. 1. Comparison of the radiation efficiencies of a commercial smartphone’s
antennas (dashed) [5] and a recent frequency-reconfigurable antenna (solid)
[9]. Using the frequency-reconfigurability, a setting can be chosen to maximize
the antenna’s efficiency. All settings are bounded by a maximum-efficiency
curve, shown using a thick solid line in black. As can be seen, this particular
frequency-reconfigurable antenna has a reconfigurable reject band.

measurement with a sufficiently fine angular grain for the
antenna under test (AUT), making it time-consuming. It is also
difficult for low-gain antennas since the antenna holder may
influence the results. In addition, the gain requires a reference
antenna or usage of the three-antenna method.
For these reasons, efficiency measurements in RCs [11]–
[13] are gaining popularity. These chambers, with a typical
example and configuration shown in Fig. 2, are the opposite of ACs: they maximize reflections from all walls. The
electromagnetic modes in the chamber are then changed by
moving one or more (two are shown) paddles. In addition,
one or both of the antennas in the room can be placed on a
turntable to provide another stirring mechanism. The average
over a set of positions can then be used to obtain the antenna’s
total and radiation efficiencies using a reference antenna [11]
or without one [13]. Usually, 100 paddle positions (in the
chamber shown 10 positions for each of the paddles) are
sufficient to obtain a satisfactory uncertainty, resulting in a
significant time reduction compared to to AC approaches. The
setup of the measurement is also simplified compared to the
AC - low-gain antennas such as a frequency-reconfigurable
antenna can easily be placed on a block of foam.
IV. C ONCLUSION
In this paper we showed a new upper-bound on the radiation efficiency of a frequency-reconfigurable antenna. This
bound, which can be reached due to its emperical nature,
lies significantly higher than the radiation efficiencies of
traditional commercial designs. This shows the importance
of reconfigurability in handset antennas for the efficiency,
which becomes ever more important due to increasing system
requirements. We then compared several methods to measure
antenna efficiencies. From this comparison we can conclude
that reverberation chambers are a very promising measurement
solution for 5G and beyond.

Turntable
Fig. 2. Typical example of a two-antenna efficiency measurement method
configuration in a reverberation chamber. Shown are two paddles (vertical and
horizontal) for stirring, a rotating platform, a reference antenna (measurement
antenna) and a frequency-reconfigurable antenna under test (AUT).
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