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We show experimentally that a continuous, linear, dielectric antenna in which a superluminal
polarization-current distribution accelerates can be used to transmit a broadband signal that is reproduced
in a comprehensible form at a chosen target distance and angle. The requirement for this exact corre-
spondence between broadcast and received signals is that each moving point in the polarization-current
distribution approaches the target at the speed of light at all times during its transit along the antenna. This
results in a one-to-one correspondence between the time at which each point on the moving polarization
current enters the antenna and the time at which all of the radiation emitted by this particular point during
its transit through the antenna arrives simultaneously at the target. This has the effect of reproducing the
desired time dependence of the original broadcast signal. For other observer-detector positions, the time
dependence of the signal is scrambled, due to the nontrivial relationship between emission (retarded) time
and reception time. This technique represents a contrast to conventional radio transmission methods; in
most examples of the latter, signals are broadcast with little or no directivity, selectivity of reception being
achieved through the use of narrow frequency bands. In place of this, the current paper uses a spread
of frequencies to transmit information to a particular location; the signal is weaker and has a scrambled
time dependence elsewhere. We point out the possible relevance of this mechanism to 5G neighborhood
networks and pulsar astronomy.
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I. INTRODUCTION

Though the subject has been studied for over a
century [1–3], in the past 20 years there has been renewed
interest in the emission of radiation by polarization cur-
rents that travel faster than the speed of light in vacuo
[4–10]. Such polarization currents may be produced by
photoemission from a surface excited by an obliquely
incident, high-power laser pulse [4–8]. Alternatively, in
polarization-current antennas, they are excited by the
application of carefully timed voltages to multiple elec-
trodes on either side of a slab of a dielectric such as
alumina [9–15]. To illustrate these emission mechanisims,
we write the third and fourth Maxwell equations [16–19]
in the following form:

∇ × E + ∂B
∂t

= 0, (1)

∇ × H − ε0
∂E
∂t

= Jfree + ∂P
∂t

. (2)
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Here E is the electric field, H is the magnetic field, B
[= μ0(H + M)] is the magnetic flux density, M is the mag-
netization, P is the polarization (i.e., the dipole moment
per unit volume), and Jfree is a current density of mobile
charges. The terms on the left-hand side of both expres-
sions are coupled equations that describe the propagation
of electromagnetic waves [16,18], whereas the terms on
the right-hand side of Eq. (2) may be regarded as source
terms [17,19]. The current density Jfree of free charges
(usually electrons) is used to generate electromagnetic
radiation in almost all conventional applications such as
phased arrays and other antennas [17], synchrotrons [20],
light bulbs [18] etc. By contrast, the emission mechanisms
mentioned above employ the polarization current density,
∂P/∂t, as their source term [9–15].

In this paper, we use an experiment to study the informa-
tion conveyed in the signals broadcast by such polarization
currents when they are accelerated. We find that a time-
dependent amplitude modulation is reproduced exactly in
the received signal only when the detecting antenna is
close to a particular set of points, the position of which
is related to details of the acceleration. At other points,
the signal is scrambled. The result has implications for
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communication applications and for astronomical observa-
tions of objects such as pulsars.

The paper is organized as follows. Section II gives
a brief introduction to the type of polarization-current
antenna used in this work, and how the polarization cur-
rent within it is animated and accelerated; as the antennas
may not be familiar to the general reader, additional detail
is given in the Supplemental Material [21]. Section III
gives an account of the acceleration scheme for transmit-
ting information to particular locations. Sections IV and V
describe an experimental proof of concept of the effect
carried out within a 6.5-m rf anechoic chamber. Finally,
Sec. VI discusses the implications of this observation for
communications and astronomy.

II. POLARIZATION-CURRENT ANTENNAS

In both dielectric resonator antennas (DRAs) [22] and
polarization-current antennas (PCAs) dielectrics play a
major role in the emission mechanisms. However, the two
antenna types function in completely different ways; DRAs
essentially use the dielectric to boost the effective size (and
hence the efficiency) of a small antenna [22], whereas in
PCAs, the dielectric hosts a moving, volume-distributed
polarization current [9–15]. Consequently, PCAs usually
consist of a continuous strip of a dielectric such as alumina
with electrodes on either side [Fig. 1(a)]. Each electrode
pair and the dielectric in between is referred to as an
element; the elements are supplied independently with a
voltage difference, V = VU − VL, where U and L refer
to upper and lower electrodes. This produces polariza-
tion P in the dielectric. By changing VU − VL on a series
of elements, the polarized region is moved [Figs. 1(a)
and 1(b)]; owing to the time dependence imparted by
movement, a polarization current, ∂P/∂t is produced, and
will, under the correct conditions, emit electromagnetic
radiation [2,3,9–15].

PCAs are usually run by moving a continuous polariza-
tion current along the dielectric [12–15]. This is accom-
plished by applying phase-shifted time-dependent signals
to the elements [21]. A simple example is given in
Fig. 1(c), where the upper (green) trace shows [VU −
VL]j = sin[ω(t − j �t)] versus j , where j labels the
antenna element, ω is an angular frequency, t is time and
�t is a time increment, at t = 0. The lower (red) trace
shows [VU − VL]j at a later time; the effect of the time
increments is to move the “voltage wave” and hence the
induced polarization at a speed v = a/�t, where a is the
distance between element centers. Acceleration is intro-
duced by varying �t along the antenna’s length. Further
details and typical emission properties are given in the
Supplemental Material [21].

The practical antenna used in the experiments below
is shown in Fig. 2(a); it has 32 elements spanning a
total length of 0.64 m, and the dielectric is alumina

(a)

(b)

(c)

FIG. 1. (a) Polarization-current antennas (PCAs) consist of a
continuous series of elements made of a dielectric (white) sand-
wiched between pairs of electrodes (orange). The dielectric is
polarized by applying a voltage difference VU − VL between
upper (U) and lower (L) electrodes; this is shown schematically
for seven elements, the shading density representing the polar-
ization strength. (b) The VU − VL shown in (a) are applied to
elements two further to the right, moving the polarized region.
(c) The upper (green) trace shows [VU − VL]j = sin[ω(t − j �t)]
versus j , where j labels the antenna element, ω is an angular
frequency, t is time, and �t is a time increment, at t = 0. The
lower (red) trace (offset vertically for clarity) shows [VU − VL]j

at t = 103
180 (2π/ω); the effect of the timing differences is to move

the “voltage wave” (and the induced polarization) along. In prac-
tice, fringing effects round off the stepped voltages, leading to a
smoother waveform (fine liines).

(εr ≈ 10). The elements are fed via a 32-way splitter and
32 mechanical delay lines [Fig. 2(b)] which are adjusted
to produce time differences �t [14]. Note that in these
antennas, the polarization current fills the entire dielec-
tric; it is a continuously moving source of radiation that
emits from an extended volume, rather than at a series
of points or lines (as in a phased array). Despite the
discrete nature of the electrodes, simulations of our anten-
nas performed with off-the-shelf electromagnetic software
packages such as Microwave Studio show that fring-
ing fields of adjacent electrode pairs lead to a voltage
phase that varies slightly under the electrode [23]; i.e., the
phase is more smoothly varying along the length of the
antenna than the discrete arrangement of electrodes sug-
gests [21,24]. This is represented by the smoother curves
in Fig. 1(c).
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(a)

(b)

FIG. 2. (a) Front view of the passive antenna used in the
demonstration experiment mounted on its turntable in the ane-
choic chamber. It has 32 elements spanning a total length of
0.64 m. The label indicates the cream-colored dielectric (alu-
mina) that hosts the volume-distributed moving polarization
current responsible for the emission of radio waves from the
antenna. (b) Rear view of the antenna showing the 32-way
splitter feeding 32 independent ATM P1214 mechanical phase
shifters. The dials for adjusting the phase are visible on the lower
left of the picture. The signal input on the top of the 32-way
splitter is labeled.

III. CONCEPT: ACCELERATION AND FOCUSING

We now consider an antenna containing a “wavepacket”
of polarization current that has finite extent in both space
and time; it moves on a linear trajectory and accelerates.
Figure 3(a) shows a plan view of the antenna’s dielectric
of length 2y0 with its center at (0, 0, 0) lying along the
Cartesian y axis. As in the experimental antennas [13–15]
[Fig. 2(a)] the dielectric has rectangular cross section; its
depth 2x0 (extent in the x direction) and height 2z0 (extent
in the z direction) are symmetrical about the y axis; both
x0 and z0 are � y0.

A target is chosen in the (x, y) plane at a distance R0; the
angle �0 “off boresight” describes the target’s azimuthal
position. As everything of interest lies in the (x, y) (z = 0)
plane, for convenience we drop the Cartesian z coordinate
for the time being. Thus, the target is at (X0, −Y0), where

X0 = R0 cos �0 and |Y0| = R0 sin �0. (3)

Consider a point in the polarization current that is moving
through the dielectic along the y axis; the instantaneous
distance r between the point at (0, y) and the target at
(X0, Y0) is given by

r2 = X 2
0 + (Y0 + y)2. (4)

The point is made to move in such a way that the com-
ponent of its velocity towards the target is always c, the
speed of light in the surrounding medium (assumed to be
vacuum), that is (dr/dt) = −c, where t is the time. Differ-
entiating Eq. (4) with respect to t, inserting the above value
for (dr/dt) and rearranging, we obtain the point’s velocity
along y:

dy
dt

= −c

[
X 2

0 + (Y0 + y)2
]1/2

Y0 + y
. (5)

Integrating Eq. (5), and assuming that the point com-
mences its journey along the antenna at y = y0 and time
t = 0, we obtain a relationship between the point’s position
y and time t:

t = 1
c

{
[X 2

0 + (Y0 + y0)
2]1/2 − [X 2

0 + (Y0 + y)2]1/2
}

.

(6)

We now consider a detector placed at a general point P
with coordinates (X , −Y) in the (x, y) plane. The radiation
emitted by the point as it travels along the antenna will
reach P at a time tP given by

tp = t + 1
c

[X 2 + (Y + y)2]1/2

= 1
c

{
[X 2

0 + (Y0 + y0)
2]1/2 − [X 2

0 + (Y0 + y)2]1/2

+ [X 2 + (Y + y)2]1/2
}

. (7)

It should be obvious that if, and only if, X = X0 and Y =
Y0, then tP = a constant. For all other choices of detector
position, tP is a function of y and therefore of t.

This situation is illustrated in the first two columns of
Fig. 4. The intended target (X0, −Y0) is at R0 = 5 m from
the antenna center and at �0 = 15◦ [Fig. 4, row (a), left
column]; if the detector P is placed exactly at this posi-
tion, then tP = constant [row (a), center column]. The
constant here is the transit time of light from y = y0, the
place at which the point source enters the antenna at t = 0,
to the target; subsequently the accelerated motion of the
point source along the antenna exactly compensates for the
changing point-to-target distance. If, on the other hand, the
detector position P is not at (X0, −Y0) [Fig. 4, rows (b) and
(c)], then tP is a function of t.
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(a) (b) (c)

FIG. 3. (a) Experimental concept. An element of polarization current (red) moves along the dielectric antenna (dark yellow shading)
such that the component of its velocity in the direction of the target [green cross at (X0, −Y0)] is always c, the speed of light. The center
of the antenna is at (0, 0). (b) Notional time dependence of the polarization current dP/dt sent along the antenna. (c) Derivative of the
curve shown in (b) with respect to time t. The “arbitrary units” in (c) are equivalent to those in (b), the large scaling occurring because
of the fast time dependences.

Next, rather than a single point, we consider the move-
ment of the whole time-dependent polarization-current
waveform along the antenna [25]. The imposed motion is
such that each point within the waveform is accelerated
as described above; i.e., as it traverses the antenna, such a
point always has a velocity component c in the direction
of the target. Referring to the discussion of Eq. (7) above,

(a)

(b)

(c)

FIG. 4. Each row shows the effect of moving the detector to
positions P 5 m from the antenna center (light green). In each
row, the left panel gives position P, the center shows the arrival
time tP of radiation emitted at time t by a point accelerating along
the antenna, and the right is the signal detected due to the polar-
ization current of Fig. 3(b) being accelerated along the antenna.
In all cases, the target (green cross) is 5 m from the antenna cen-
ter at an angle of 15◦ to the x axis. Row (a): detector at target
position. Row (b): detector placed on a line making an angle of
30◦ with the x axis. Row (c): detector placed 10◦ to the other side
of the x axis.

all radiation emitted by this point as it moves along the
antenna will arrive at the target at a time given by tP =
(time that point enters the antenna at y = y0) + (transit
time of light from y = y0 to the target). Therefore, there
is a one-to-one correspondence between the time at which
each point on the moving waveform enters the antenna and
the arrival time at the target of the radiation emitted by this
particular point as it traverses the antenna.

To show how this affects the received radiation, we
send the waveform shown in Fig. 3(b) along the antenna
with the constraint that each point on the waveform obeys
the acceleration scheme described by Eqs. (3) and (6);
as before �0 = 15◦ and R0 = 5.0 m. The resulting sig-
nals (proportional to the E field) for the detector positions
given in the first column of Fig. 4 are shown in the third
column of the same figure; the Supplemental Material
describes how such calculations are carried out [21,24]. At
the target angle and distance [Fig. 4, row (a)], the detected
signal reproduces the shape of the time derivative of the
polarization-current waveform [Fig. 3(c)] exactly. Away
from the target position [Fig. 4, rows (b) and (c)], the
detected signal is much smaller and has altered frequency
content and shape.

First, why is the time derivative of the polarization cur-
rent reproduced? The calculations in the Supplemental
Material show that [21,24] the magnetic vector potential
A resulting from each volume element of the antenna is
proportional to the polarization current within that element
[Supplemental Material, Eq. (8) [21] ]. The corresponding
E field is proportional to the derivative of A with respect to
time [18]. Therefore, it is the electric field launched from
the antenna that is reproduced at, and only at, the target
point.
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The idea is illustrated in more detail in Fig. 5; (a) shows
the launched E field [∝ (d2P/dt2)] at three different times
indicated by different colors during its transit through the
antenna. Figure 5(b) shows the corresponding detected E
field at the target point. The colored lines linking the curves
in Figs. 5(a) and 5(b) illustrate the principle that radiation
from a particular point on the traveling waveform always
arrives at the same time at the target. Thus, features in the
launched E field are reinforced at the target in the correct
time sequence. In other words, the time dependence of the
emission of the whole waveform is reproduced at the tar-
get [compare Figs. 3(c) and 4(a)] whereas elsewhere, it is
scrambled [Figs. 4(b) and 4(c)].

Figure 5(c) illustrates the same principle using
Huyghens wavelets. The colored dots represent the posi-
tions of a particular point on the polarization-current wave-
form at different times during its transit of the antenna;
semicircles of the same color represent the correspond-
ing emitted Huyghens wavelets, arriving at the target
(orange diamond) simultaneously. At other locations, the
Huyghens wavelets arrive at different times, so that the
signal becomes scrambled.

For the experimental demonstration below, we need to
describe a polarization-current waveform the possesses the

(a)

(c)

(b)

FIG. 5. (a) Launched E field [∝ (d2P/dt2)], corresponding to
a polarization current similar to that in Fig. 3(b), at three dif-
ferent times (denoted by red, green, and blue curves) during its
transit along the antenna; note that the waveform “stretches out”
due to the acceleration parameterized by Eqs. (3) and (6). (b)
The corresponding detected E field at the target point; colored
lines linking (a),(b) show schematically the principle that radi-
ation from a particular point on the traveling waveform arrives
at the same time at the target. This is because the acceleration
compensates exactly for the different distances between source
point and detection locations [see Eq. (7) et seq.]. Hence, fea-
tures in the launched E field are reinforced in the correct time
sequence in the detected signal. (c) The same principle is illus-
trated using Huyghens wavelets; colored dots in the antenna
(dielectric outlined by black lines) represent the positions of a
particular point on waveform (a) at different times during its
transit of the antenna; semicircles of the same color show corre-
sponding emittted Huyghens wavelets arriving at the focus point
(orange diamond) simultaneously.

required motion for the above focusing effects. To do this,
we write [25]

∂P
∂t

= f(y, t) = f[t − p(y)], (8)

where f is a vector function of time t and the function
p(y). Constant phase points are represented by t − p(y) =
constant; differentiating this with respect to t results in

1 = dp
dt

= dp
dy

dy
dt

. (9)

Substituting from Eq. (5) and integrating, we obtain

p(y) = −
[
X 2

0 + (Y0 + y)2
]1/2

c
. (10)

Equations (8) and (10) describe the required extended
polarization-current waveform, all of the points within
which approach the target at a speed of c.

Finally, note that we have only treated a time-domain
focus in the (x, y) plane. In fact the criterion for focus-
ing—that points in the polarization-current distribution
approach the observer-detector at the speed of light along
their entire path though the antenna—is fulfilled on a
semicircle of points around the antenna (our antennas are
designed not to emit from their rear surfaces [14]) that
extends in the y and z directions, with a radius (y2 +
z2)1/2 = Y0. However, in a proof-of-concept demonstra-
tion experiment, moving the observer-detector away from
z = 0 complicates matters, as the radiation’s E field is no
longer vertically polarized; there is an additional compo-
nent polarized parallel to y (this may be deduced from the
calculations in the Supplemental Material [21]; for more
details see Chapter 7 of Ref. [24]). In the next implemen-
tation of this concept, the single antenna discussed in the
present paper is replaced by an array of linear antennas
configured to allow full three-dimensional (x, y, z) control
of the information focus point, along with minimization of
the parasitic y polarization of the E field [26].

IV. EXPERIMENTAL DEMONSTRATION

The antenna shown in Fig. 2 is used for the experimen-
tal demonstration. It is mounted on a powered turntable
(vertical rotation axis) with an azimuthal angular pre-
cision of ±0.1◦. A Schwarzbeck-Mess calibrated dipole
at the same vertical height is used to receive the ver-
tically polarized transmitted radiation; this is mounted
on a TDK plastic tripod on rails that allows it to be
moved to different distances without changing the height
or angular alignment of the equipment. The entire sys-
tem is in a 5.8 × 3.6 × 3.6 m3 metal anechoic chamber
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completely lined with ETS-Lindgren EHP-12PCL pyrami-
dal absorber tiles.

Signals received by the dipole are sent either to a
Hewlett-Packard HP8595E spectrum analyzer to moni-
tor power at a chosen frequency, or to a Mini-Circuits
TVA-82-213A broadband amplifier that allows the time-
dependent voltage to be viewed and/or digitized using a
Tektronix TDS7404 digital oscilloscope. Care is taken to
ensure that the cables used are shielded from the radia-
tion within the anechoic chamber and that secondary-path
signals are approximately 60 dB less than direct radiation
from antenna to dipole.

The description in Sec. III is framed in terms of a
traveling wavepacket. However, detecting a single pulse,
especially if it contains a spread of frequencies, presents
technical difficulties in a facility where only low power
levels are permitted. Instead, we choose to transmit and
detect what is in effect a train of wavepackets. This forms
a continuous broadband signal with a distinctive shape,
based on a mixture of harmonics of 0.90 GHz and synthe-
sized by mixing outputs from phase-locked TTi TGR6000
and Agilent N9318 function generators. The synthesized
signal is sent to a Mini-Circuits TVA-82-213A ampli-
fier, the output of which drives a 32-way splitter feeding
32 independent ATM P1214 mechanical phase shifters
[Fig. 2(b)]. The latter are used to set the time delays
of the signals sent to each antenna element, reproducing
the above acceleration scheme. To keep the “information
focus” well within the anechoic chamber, X0 = 3.03 m
and Y0 = 0.64 m are chosen, yielding target distance R0 =
3.09 m and azimuthal angle �0 = 11.9◦.

The time dependence of the broadcast waveform is
recorded by placing the receiver dipole 10 mm in front of
the 16th element of the antenna and observing the signal
on the oscilloscope. As long as the shortest emitted wave-
length is much larger than the distance from the dielectric
to the detector, the calculations described in the Supple-
mental Material [21] can be used to show that the E field
thus detected by the dipole is, to a good approximation,
∝ ∂2P/∂t2, where P is the polarization passing the point
in the dielectric closest to the detector antenna. Hence, an
analog of Fig. 3(c) for the experimental wavetrain is cap-
tured; moreover, any frequency-dependent artefacts are the
same in the measurements of the broadcast and received
signals, making a comparison analogous to that between
Fig. 3(b) and the third column of Fig. 4 simpler.

The waveform used for the experiments is selected by
adjusting the outputs of the two signal generators and
is shown in Fig. 6(a). It is chosen because (i) it has a
distinctive time-dependent shape (e.g., the double peak
followed by two differing minima, one relatively broad)
and (ii) an easily recognized “triangular” Fourier spectrum
[Fig. 6(b)]. These traits aid in the rapid location of ranges
of distance and azimuthal angle over which the broadcast
signal is reproduced.

(a)

(b)

FIG. 6. (a) Voltage measured by placing the dipole receiver
10 mm in front of the 16th antenna element as a function of time;
in effect, this is the desired transmitted signal. (b) Fourier trans-
form of the waveform in (a). Note the distinctive “triangular”
pattern of harmonics of 0.9 GHz.

V. RESULTS

Preliminary surveys are carried out by sweeping the
transmitter azimuthal angle at closely spaced distances
around the expected R0 whilst carefully observing the
received signal on the oscilloscope or spectrum analyzer.
Slight phase-setting errors result in actual target coordi-
nates R0 ≈ 3.00 m and �0 ≈ 11.6◦ (cf. planned values of
3.09 m and 11.9◦).

Once this “focus” is established, the transmitter-to-
receiver distance is fixed at 3.0 m and the oscilloscope
trace of the received signal recorded for several fixed
azimuthal angles spaced by approximately 1◦. The results
of this procedure are shown in Fig. 7. On comparing with
Fig. 6(a), it is clear that the broadcast signal (double peak,
narrower then wider minimum) is only reproduced faith-
fully at an azimuthal angle of 11.6◦ (orange, thicker curve).
The time-dependent signals for angles 12.8◦ and 10.5◦
show distinct differences from the broadcast waveform;
one only has to move a few more degrees away from �0
and any resemblance to the broadcast signal is lost.

This picture is confirmed by Fourier transforms of the
oscilloscope data [Fig. 8(a)]. At an angle of 11.6◦ (red
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FIG. 7. Time dependence of the signal received by the detec-
tor dipole for an antenna-to-detector distance of 3.0 m and for
the azimuthal angles shown in the key. The shape of the trans-
mitted waveform [Fig. 6(a)] is only reproduced close to the
“target” angle of 11.6◦ (orange trace). Experimental traces are
offset vertically for clarity.

trace), the expected “triangular” Fourier spectrum [cf.
Fig. 6(b)] is produced. On moving approximately ±2◦
away, the relative amplitudes of the harmonics of 0.9
GHz change quite dramatically, showing that the fre-
quency content present in the broadcast signal is being
scrambled.

Measurements are then repeated at fixed transmitter-
to-receiver distances either side of the target distance of
R0 = 3.0 m [Figs. 8(b)–8(d)]. Even azimuthal angles close
to the target value (red traces) fail to yield the broadcast
“triangular” Fourier spectrum [compare with Figs. 8(a),
6(b)], showing that the frequency content of the original
broadcast signal is only reproduced when the distance and
the azimuthal angle are close to the target values. Fourier
transforms taken over wider angular ranges are given in
the contour plots of Fig. 9, showing that the “triangular”
Fourier spectrum is not recovered as one moves farther
from the target angle. Figure 10 shows the effect on the
time dependence of the received signal caused by keeping
the azimuthal angle close to �0 = 11.6◦ and varying the

(a) (b)

(c) (d)

FIG. 8. Fourier transforms of the detector signal for azimuthal
angles (shown in key) on either side of (green and black) and
close to or at the target angle of 11.6◦ (red) and at different
antenna-to-detector distances: (a) 3.0 m, (b) 3.5 m, (c) 2.5 m,
and (d) 2.0 m.

transmitter-to-receiver distance. Comparing Fig. 10 with
Fig. 6(a), it is clear that the broadcast signal’s time depen-
dence (double peak, narrower and then wider minimum) is
only reproduced faithfully at distances close to the target
value of 3.0 m (orange, thicker curve).

VI. DISCUSSION

The data displayed in Figs. 6 to 10 show that a con-
tinuous, linear, dielectric antenna in which a superluminal
polarization-current distribution accelerates can be used to
transmit a broadband signal that is reproduced in a com-
prehensible form at a chosen target distance and angle;
as noted in the final paragraph of Sec. III, effectively this
signal is distributed onto a half circle [24] in the cur-
rent implementation of the experiment [26]. The require-
ment for this exact correspondence between broadcast and
received signals is that each point in the polarization-
current distribution approaches the observer-detector at
the speed of light at all times during its transit along
the antenna. This results in all of the radiation emitted

064046-7



JOHN SINGLETON et al. PHYS. REV. APPLIED 14, 064046 (2020)

(a) (b)

(c) (d)

FIG. 9. Fourier transforms of
the detector signal plotted as
contour plots versus frequency
and azimuthal angle for different
antenna-to-detector distances: (a)
3.0 m, (b) 2.5 m, (c) 3.5 m, and
(d) 2.0 m.

from this point as it traverses the antenna reaching the
observer-detector at the same time [Fig. 4(a)]. For other
observer-detector positions, the time dependence of the
signal is scrambled, due to the nontrivial relationship
between emission time and reception time [Figs. 4(b) and
4(c)].

The primary role of the current paper is to introduce
the above effect and to demonstrate it experimentally.
However, it is interesting to suggest how a PCA might
be employed to transmit signals that contain information.
Figure 11 depicts a simulation of a simple version of
such a concept. The inset shows the time dependence of a
wavepacket of launched E field that could function as a sin-
gle “bit.” Like the waveforms employed in Figs. 3 and 4, it
consists of the convolution of a Gaussian and a cosine. The
main part of the figure shows a calculation (using the tech-
niques detailed in the Supplemental Material [21]) of the
received signal due to the broadcast of two of these “bits,”
spaced in time by three periods of the cosine function. For
ease of comparison, the antenna acceleration scheme [i.e.,
target angle (15◦) and distance (5.0 m)] is the same as
that employed in Fig. 4. At the target angle of 15◦, the
two “bits” can be distinguished clearly (labeled 1 and 2
in Fig. 11); as one moves the receiver away from the target
angle by as little as 5◦, the received signal falls off in ampli-
tude and the individual “bits” become almost impossible to
distinguish. This example shows only two “bits”; however,
a longer string of similar “ones” and “zeros” would also
suffer an analogous smearing as one moved away from the
target position.

In this context, note that the depth of focus (i.e., the
range of distance and angle over which the signal is com-
prehensible) depends strongly on the form and frequency
content of the broadcast signal. For example, the waveform
used in the experiment, which encompasses frequencies
from 0.9 to 4.5 GHz (see Fig. 6), results in a received sig-
nal that distorts relatively quickly as the detector moves out
beyond the target distance of R0 = 3.0 m at the target angle
(Fig. 10). By contrast, a relatively narrow-band broad-
cast signal (e.g., Fig. 3) will be recognizable at the target
angle over a wider range of detector distances [24]. A full
discussion of the criteria for the tightness of “informa-
tion focusing” demands detailed analysis of many different
broadband signal types and goes beyond the scope of the
current work; instead, it forms the basis of a subsequent
paper [27].

This technique represents a contrast to conventional
radio transmission methods. In many instances of the latter,
signals are broadcast with little or no directivity, selec-
tivity of reception being achieved through the use of one
or more narrow frequency bands [17,28–30]. In place of
this, the current paper uses a spread of frequencies to
transmit information to a particular location; the signal is
weaker and has a scrambled time dependence elsewhere
(Fig. 4). A possible application may be in proposed 5G
neighborhood networks, where a single active antenna will
sequentially spray bursts of information into a selection
of target buildings around it [31,32]; ensuring that neigh-
bors cannot easily understand what you are transmitting
and receiving will be a useful component.
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FIG. 10. Time dependence of the signal received by the detec-
tor dipole for azimuthal angle close to �0 = 11.6◦ and for
different antenna-to-detector distances shown in the key. The
shape of the transmitted waveform [Fig. 6(a)] is only reproduced
close to the “target” R0 = 3.0 m (orange trace).

The work in this paper may also be relevant to pulsars,
rotating neutron stars that possess very large, off-axis mag-
netic fields and plasma atmospheres [33,34]. Pulsar periods
of rotation 2π/η range from 1.5 ms to 8.5 s; a back-of-
the-envelope calculation shows that at surprisingly small
distances (85 km for the 1.5 ms pulsar; 40 000 km for the
8.5 s one) from the rotation axis, the pulsar’s magnetic field
will be traveling through its plasma atmosphere faster than
the speed of light. Hydrodynamical models of pulsars [35–
37] show the following: (i) electromagnetic disturbances
(identifiable as polarization currents) exist outside the light
cylinder, the orthogonal distance from the rotation axis rL
at which ηrL = c; (ii) these disturbances rotate at the same
angular velocity as the neutron star’s magnetic field (a
requirement of Maxwell’s equations), and so travel super-
luminally at radii outside the light cylinder; and (iii) the
most intense disturbances are compact, in that they occupy
a small fraction of the pulsar’s atmosphere.

For such a compact source, traveling on a circu-
lar path at faster-than-light speeds, a derivation given
in the Supplemental Material [21] shows that a plot
of observation-detection time tP versus emission time t

FIG. 11. Simulation of a notional method for transmitting
information only to a target point. The inset shows a “bit” (con-
sisting of a Gaussian convoluted with a cosine) as it would appear
in the time dependence of the broadcast E field [compare with
Fig. 3(c)]. The main figure shows a calculation of the detected
signal at a range of 5 m. This results from time spacing two
of these “bits” by three periods of the cosine function and then
subjecting them to the same acceleration scheme that is used to
produce Fig. 4. At the target angle of 15◦ (dark blue), the “bits”
(labeled 1 and 2) may be easily resolved. However, as soon as
the detector is moved to other angles (labeled by the colors in the
key), the received signal is much weaker and the “bits” become
virtually impossible to distinguish.

exhibits “plateaux” (see Fig. 7 of the Supplemental Mate-
rial) at, and only at, a special polar angle determined by
the source’s tangential speed. Apart from a single point at
their center where dtP/dt = 0, these “plateaux” are not, in
fact, flat [24]. However, there is a reasonable region of t
over which dtP/dt � 1, so that a situation similar to that
in Fig. 4(a) may be possible.

Pulsars can potentially emit electromagnetic radiation
via many mechanisms [33,34], including thermal emis-
sion and other processes in their hot, plasma atmospheres,
and dipole radiation from the rotating magnetic field of
the neutron-star core; why then, might the pulsed radia-
tion detected on Earth be dominated by the small volume
of superluminal polarization current? The similarity of
the “plateaux” in Fig. 7 of the Supplemental Material to
Fig. 4(a) provides a useful clue. At the focus polar angle
and over a short window of tP, the frequency content of
all of the emission processes occurring within the rotating
polarization-current element will reproduce exactly, and
result in a detected signal with greatly enhanced amplitude;
the result is similar to coherent emission [38], but via a
completely different mechanism. At all other observation
angles and observation times, radiation from the emis-
sion processes will superpose incoherently [cf. Figs. 4(b)
and 4(c)], leading to a greatly reduced amplitude, and
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scrambled frequency content. The sharp focusing in the
time domain at the focus polar angle is likely to allow
the radiation produced by the superluminal (outside the
light cylinder) mechanisms to dominate the pulses. Note
that this explanation of the brightness of pulsar pulses does
not depend on the incorrect proposal [39] of nonspherical
decay advocated by Ardavan [40–42].

VII. SUMMARY

The experiments in this paper show that a continu-
ous, linear, dielectric antenna in which a superluminal
polarization-current distribution accelerates can be used to
transmit a broadband signal that is reproduced in a compre-
hensible form at a chosen target distance and angle. This
is due to all of the radiation emitted from this point as it
traverses the antenna reaching the observer-detector at the
same time. For other observer-detector positions, the time
dependence of the signal is scrambled, due to the nontrivial
relationship between emission (retarded) time and recep-
tion time. The results may be relevant to 5G neighborhood
networks and pulsar astronomy.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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