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Abstract. The existence of an inverse Doppler effect in free space is again scrutinized,
following some papers predicting the existence of such phenomena in the near zone of a
moving oscillating three-dimensional dipole. In the present paper the wave scattered from
a perfectly conducting thin cylinder moving in the presence of a plane electromagnetic
wave is analyzed. The response of such a cylinder may be considered as due to either a
two-dimensional monopole or a two-dimensional dipole in accordance with the polarization
of the incident wave. An intensive numerical spectral estimation based on the fundamental

”

definitions of the terms “frequency,

spectrum,” and “uncertainty” is performed on the

scattered wave at various ranges. An inverse Doppler effect was not found for the two-
dimensional case. The same analysis was applied to the case of a moving three-dimensional
radiating dipole, reconfirming previous results which showed the presence of an inverse
Doppler effect in the near zone of the three-dimensional dipole.

1. Introduction

When an observer in free space is in motion rela-
tive to a monochromatic source, the frequency mea-
sured by him/her will be higher than the source-
frequency (blue shift) when approaching the source
and lower (red shift) when receding. This effect is
known as the Doppler effect [Doppler, 1842] and
has served as a major subject for researchers dealing
with various applications of this phenomenon (see
Gill [1965) for a good introduction to the Doppler
effect). The term “inverse Doppler effect” is asso-
ciated with the possibility that an approaching ob-
server will recognize a red shift, and a receding one,
a blue shift. Even if at a first glance such a phe-
nomenon may sound unrealistic, some publications
mention the possibility of an inverse Doppler effect
in moving dispersive media (for example, unmagne-
tized cold plasma) [Frank, 1943; Papas, 1965; Ryd-
beck, 1960] where the inverse effect may occur under
special circumstances. There are also other discus-
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sions on inverse Doppler effect in free space [Engheta
et al., 1980; Engheta, 1990], which analyze the elec-
tromagnetic field of an oscillating three-dimensional
(3-D) dipole in free space in the presence of a moving
observer. However, these two cases are different, re-
casting their different spectral contents. In the case
of dispersive media (e.g., unmagnetized cold plasma),
the discussion may be restricted to a plane wave of
certain frequency, and the Doppler effect is there-
fore evident. On the other hand, the components of
the fields which are radiated from the oscillating 3-D
dipole, as measured by a moving observer, may be
represented in the form of time-varying amplitude
A(t) multiplied by an exponent of a time-varying
phase ¢(t), i.e.,

s(t) = A(t)ei*®) 1)

In general, s(t) cannot be represented by a single-
frequency component, and one must consider the ef-
fect of the motion on both A(t) and ¢(¢). Therefore
the simple (and intuitive) definition for the Doppler
effect as usually given for plane waves is no longer
appropriate, and new definitions must be specified.
The spectral analysis of signals which are repre-
sented by (1) may be called “time-frequency analy-
sis” and already constitutes a fundamental research
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subject for many decades (see Cohen [1995] for a
summary and references on this subject). The basic
objective of such time-frequency analysis is to devise
a function that will describe the energy density of
a given signal in time and frequency. Analysis of
the properties of such densities is based on analytic
signals, which are in the form of (1), and their imag-
inary part is constructed from the Hilbert transform
of the real part [Papoulis, 1977; Vakman, 1968]. The
complex representation of signals and waves which
is common in electromagnetic theory is constructed
differently (i.e., quadrature representation) but may
serve as a good approximation to the analytic repre-
sentation for band-limited signals or, more generally,
for signals when most of the spectrum resides in the
positive side of the frequency axis.

The purpose of the present work is to study the
phenomenon of the near-zone Doppler effect in free
space on the basis of time-frequency analysis. The
case of a radiating infinitesimal 3-D dipole has been
investigated previously by Engheta et al. [1980] and
Engheta [1990], who represented the analyzed wave
in the form of (1) and defined the Doppler shift as
the difference between the instantaneous frequency
as measured by the moving observer and the intrinsic
frequency of 3-D dipole oscillations. According to
this definition, an inverse Doppler shift was found
in the near zone of the 3-D dipole for some cases of
observer motion.

Usually, the instantaneous frequency

dg(t)

w(t) = —— (2)

is used as a generalization of the term “frequency”
in cases where the amplitude is constant or varies
slowly, i.e., cases which match the common intuition.
Analysis of more complicated cases must rely on en-
ergy distributions, and for most of them the envelope
is concentrated in the vicinity of the instantaneous
frequency. The instantaneous frequency is not a local
parameter as one may deduce from (2); it is actually
the average of all frequencies in a given time. Since
the spread of the frequencies is determined by the
behavior of the signal’s amplitude, a measurement
of this spread may be defined as

A'(t)

and 20 is sometimes called the instantaneous band-
width of the signal. The larger the instantaneous
bandwidth gets, the wider the spread of the frequen-
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cies is, and the mean frequency (i.e., instantaneous
frequency) no longer serves as a good measure for the
signal’s frequency.

Common to all situations of “head-on” observer
motion is a “collision” between the observer and the
dipole, i.e., overlapping of position, thus generating
infinite field values. Furthermore, the analysis given
by Engheta et al. [1980] and Engheta [1990] did not
consider the properties of the amplitude which vary
rapidly in the near zone of the dipole. The effects
of such amplitude changes on the spectrum (or en-
ergy density) do not appear in the instantaneous fre-
quency, which is computed from the phase alone.

In order to enhance the analysis, the effect of am-
plitude changes must be considered too; thus param-
eters such as the instantaneous frequency must be
examined carefully with regard to the signal’s band-
width 20, as done in the present work.

In addition to the “instantaneous methods” it was
decided in the present work to examine the Doppler
effect in the far and near zone of the radiating dipole
on the basis of short-time Fourier spectral analysis.
The spectrogram method (which is based on short-
time Fourier analysis) uses both amplitude and phase
in the calculation, thus preventing potentially erro-
neous interpretations which are based on the phase
only.

The phenomenon of inverse Doppler effect in the
near zone of the 3-D elementary dipole is somewhat
unrealistic, because the effects of the system exciting
the dipole and the associated circuitry are ignored.
This motivates the investigation of the near-zone
Doppler effect of scattering by two-dimensional (2-
D) monopole and dipole where the excitation is ex-
ternal, for example, an incident plane wave. Accord-
ingly, the oscillating 3-D dipole discussed by Engheta
et al. [1980] was replaced by a perfectly conducting,
thin cylinder moving in free space in the presence of
an exciting plane wave. The response of the cylin-
der may be taken to be due to a 2-D monopole or
a 2-D dipole (in addition to a 2-D monopole term)
for electric or magnetic polarization of the incident
plane wave, respectively. Van Bladel [1985] give a
good summary of the spectral properties of the re-
flected wave in the far zone. Michielsen et al. [1981]
and de Zutter [1982, 1987] provide general analyti-
cal calculation of the Fourier spectra of the scattered
wave (for 3-D cases also).

A fixed observer positioned at the origin of the
laboratory frame of reference measures the scattered
wave which contains information on the motion of the
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scatterer. The observer’s position was slightly dis-
placed, to prevent a collision with the moving cylin-
der, and thus the amplitudes of the electromagnetic
fields remain finite. However, the smaller the offset a
gets (see Figure 6), the higher the value of the fields
are in the near zone.

While performing a spectral analysis, the principle
of uncertainty should be borne in mind; that is, when
dealing with real situations, signals of infinite time
duration are not available, and the spectral analy-
sis turns to spectral estimation. We use the term
“uncertainty” in the context of signal analysis, which
should not confused with the principle of uncertainty
of quantum mechanics. The Fourier transform S(w)
of the deterministic time signal s(t) is given by

S(w) = / " s(t)e-tdt 4)

-0

and the power spectrum P;(w) is defined by
Py(w) = |SW)[* (5)

and involves values of s(t) of all times. If s(t) repre-
sents the measured signal, its exact spectral content
is given by (5) without us being able to associate each
spectral component with its range in space (i.e., we
have here a complete uncertainty of range), so the
spectral contents of the near and far zones from both
approaching and receding scatterers would be insep-
arable. In order to increase range accuracy, the mea-
sured signal is sliced to overlapping segments, and
a spectral analysis is performed separately on each
segment, using the short-time Fourier transform

St(w) = /t°+T s(t)e~(t—to) gy (6)

to

The finite duration of the segmented signal, T, broad-
ens the spectrum, and this broadening is increased
as the duration of the segment diminishes. The im-
plication of such broadening is an increase in the
uncertainty of the spectral components [Papoulis,
1977; Vakman, 1968]. It is interesting to note that
the uncertainty principle applies also to the mea-
surement of the instantaneous frequency [Papoulis,
1977; Vakman, 1968]. In the present case, there is
no unique way of defining the optimal time segment
width, and hence a variety of width values was tested
during the simulation in order to detect an inverse
Doppler effect in the near zone of the moving scat-
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terer. An inverse Doppler effect has not been de-
tected in the near zone of the moving cylinder.

2. The Three-Dimensional Dipole

In this section we will describe succinctly the anal-
ysis reported by Engheta et al. [1980] and Engheta
[1990]. Only the parts which are most essential to
the discussion of this paper are included. Figure 1
describes the analyzed configuration, in which an in-
finitesimal, oscillating electric dipole is positioned at
the origin of the laboratory frame of reference and
lying along the z axis. An observer is moving with
constant velocity in free space and measures the elec-
tromagnetic fields which are radiated by the dipole
for few cases of motion direction. Let us denote the
laboratory frame of reference by I' and the frame
of reference comoving with the observer by I''. The
electromagnetic fields of the oscillating electric dipole
in T are given by equations (1) and (2) of Engheta et
al.[1980]. (Note that there are some typographical
errors in Engheta[1990].)

In the first case, which Engheta et al. [1980] and
Engheta [1990] analyzed, the observer moves on the
equatorial plane of the dipole, along the y axis from
y = —oo to y = oo with constant velocity v = v¥. It
is evident that the observer approaches the dipole for
t' < 0 and recedes from the dipole for ¢’ > 0. Using
the transformations of special relativity, we get

X

Figure 1. An infinitesimal oscillating electric dipole
positioned at the origin of the laboratory frame of
reference.
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- [7" — fobyr + K2 + kB (ik — #)]
£ - exp[i (kv —w)t] ¢ >0
9 — 1 1 1
a2 [ + by — K2+ kB (ik + &0)]
exp[—i(kv+w)t] ¢ <0
M
and
2o (= ) +v (% - gy + 1)
, expli (kv —w)t] ¢ >0
H¢I =

27 [Fiw Gk + ) v (% + e -]
exp[—i(kv+w)t] t'<0
(8)

where p is the electric dipole moment, ¢ is the per-
mittivity of free space, k = w/c, and c is the speed
of light in free space.

In order to represent the electromagnetic fields in
I in the form of (1) (which is actually a quadrature
representation), one may write

E, = |E;,|exp(i¢;,,,,) exp(—iwt!) o
H;y = IH;)I | exp('“,b;nl¢l) eXp(—iwt')
The motion affects the amplitudes |E;, ) |H;,,| and

the phases ¥4, ¥;,¢ Which may be measured by
the observer in I'V. Neglecting the effect of the motion
on the amplitudes (and the spectrum) Engheta et al.
[1980] used the time derivative of the phases ¥,
and ¢y, for the electric and magnetic fields of the
3-D dipole, respectively.

The instantaneous frequency in I'' frame for low
velocities (i.e., ¥ 22 1) is given by
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Figure 2. Normalized Doppler shift 5o for Ej, in
the equatorial plane of the dipole. Positive and nega-
tive values correspond to red and blue Doppler shifts,
respectively. (Recomputed after Engheta [1990]).
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Figure 3. Normalized Doppler shift 7, for Hy, in
the equatorial plane of the dipole. Positive and nega-
tive values correspond to red and blue Doppler shifts,
respectively. (Recomputed after Engheta [1990]).

w' =w(1 - B (10)
where 1 dy
M= %o dr (11)

and the notations v, ¥, are used for the electric
and magnetic fields, respectively. Similar notation is
used later for . From (10) it is understood that 5
represents the normalized difference in the instanta-
neous frequencies between I' and IV frames and is
given by

[(kvt')2(1-B)—1]>-(1-B)

!
Nergr = [(kvt’)2(1—B) - 1]*+[kot’ (1—B)]° t>0
‘ _ [set2a4m) -1 - +p) )
[(kvt ) 2(1+B8) 1] +[kvt' (14+8)] <0
(12)
for the electric field and
[(kvt')2(1-B)+B]" -8(1-B) 450
Mgy = 4 (VOB +AT+Evw (1P >
__[kvt")2(1+8)-8]*-B(1+8) Y <0
(ko 2(1+B)— B +FvE (L BT <
(13)

Plots of 177¢:¢+ and 7,1y are given in Figures 2 and 3,
respectively, showing an inverse Doppler effect in the
near zone of the dipole, according to the definitions
given in (11) and (10).

The above difficulties, which arise from the defi-
nition of the instantaneous frequency, may lead us
to erroneous physical interpretations of the analyzed
phenomenon (i.e., the Doppler shift in the present
case). If a phenomenon such as illustrated by the ex-
ample, which is described in the appendix, does exist
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in the present case, the determination of the inverse
Doppler effect may be incorrect.

In spite of the mentioned difficulties, in many cases
the instantaneous frequency is considered as an in-
stantaneous parameter, i.e., the frequency of the sig-
nal at a given time t is determined locally with no
concern to the signal’s properties in the past or the
future. However, the definition of the instantaneous
frequency is associated with analytic signals, which,
in turn, are calculated by using the signal values for
all times. Actually, the instantaneous frequency is
the average frequency at a given time [Cohen, 1995],
and the spread of signal’s energy around this average
frequency (i.e., instantaneous bandwidth) will deter-
mine whether the use of the average is appropriate
in the case at hand. In other words, one must con-
sider the effect of the motion on the amplitude. The
ratio between the instantaneous frequency and the
instantaneous bandwidth may be called an “instan-
taneous quality factor” (similar to the definition of
the quality factor in filter theory) @, i.e.,

wl

20’

Q= (14)
Using (7) and (8), the normalized instantaneous band-
width (20) is given by

1 |a]E]
kv | dtf
= — =
T TRl
1 [kot)2(148) 1) +2[(kvt')2B(1+8)+1]
Tl) (R A+B) -1 +H{(Ret ) 1+ B)T
fort' <0
1 [tevt)2(1=B) 1] +2[(kvt')?8(1-B)+1]
o) [(kot')2(1=B)— 1P +[(kot)(1-DB)]°
fort' >0

(15)
for the electric field and

1 |a |5
kv| dt

3~

12 |
_ 1 (1+8)(kvt')2 =) +28[(1-B) (kvt')*+]
(kvt') (kvt')[((1+8) (kvt')2 - B)+[(kvt')(1+8)]?]
fort' <0
1 [(kot')2(1-8)-B]% +28[(kvt')?(1-B)+6]
(ko) " [(1-B) (kot' )2 =B +[(kvt" ) (1-B)]°
fort' >0
(16)
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Figure 4. Instantaneous quality factor Q for the
electric field of the three-dimensional (3-D) dipole.
The inverse effect resides between each pair of bold
points and is accepted only for large @ values.

for the magnetic field. Large @ factors (i.e., @ >> 1)
indicate narrow bandwidth, and the use of instan-
taneous frequency as the dominant frequency in I’
frame is valid. In contrast, small @ values (i.e.,
@ << 1) indicate that the bandwidth is wide and the
instantaneous frequency cannot represent the mea-
sured signal as a dominant frequency. Figures 4 and
5 show the behavior of Q versus kvt’ for different val-
ues of the observer’s velocity. It seems that for the
electric field, the use of the instantaneous frequency
is valid for most of the range, showing that an in-
verse effect does exist. As for the magnetic field, the
inverse effect which was reported by Engheta et al.
[1980] and Engheta [1990], happens very near to the
dipole’s location where @ values are relatively small,
or, in other words, the inverse effect is acceptable
only for very small 3 values (i.e., 8 < 0.01).

In many cases (i.e., for signals of relatively large Q
factors) the instantaneous frequency coincides with
the location of the maximum of the distribution ver-
sus time, and therefore if one determines the fre-
quency of the signal as the frequency where the max-
imal power spectrum (or distribution) occurs, the re-
sults will likely be identical. Another fact which must
be remembered is that in reality the observer may
only measure real signals which do not come in the
form A(t) cos¢(t). Therefore, in order to calculate
the dominant frequency, one must calculate an ana-
lytic complex signal (by using the Hilbert transform
of the real part as the imaginary part of the complex
signal) from which the phase may be determined or,
alternatively, use spectral techniques.
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Figure 5. Instantaneous quality factor Q for the
magnetic field of the 3-D dipole. The inverse effect

resides between the bold point and the vertical axis
and is accepted only for large @ values.

3. The Two-Dimensional Case: The
Moving Cylinder

The inverse Doppler effect which takes place in
the near zone of the 3-D radiating dipole raises the
question whether such a phenomenon also occurs for
other type of radiators or scatterers in free space.
The following description and analysis covers the
two-dimensional case.

Figure 6 describes the configuration of the follow-
ing theoretical experiment: A circular cylinder with
constitutive parameters p;, €;, moves with constant
velocity v in the presence of a plane electromagnetic
wave in free space (g, to). Here we denote the frame
of reference comoving with the cylinder by I'; in or-
der to avoid confusion between “primed” physical
quantities (that is, measured in the comoving frame
of reference) and the derivatives of other physical
quantities which appear later in the laboratory frame
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of reference. The incident plane wave may be elec-
trically polarized or magnetically polarized parallel
to the cylinder’s axis. A fixed observer, positioned
at the origin of the laboratory frame of reference Iy,
measures the wave scattered by the cylinder. This
scattered wave is analyzed in order to determine the
Doppler effect as a function of time (i.e., as a function
of the instantaneous cylinder’s position in I'p).

The calculation of the scattered wave is based on
the transformations of special relativity. In Figure 6
the y axes of I'y and I'; coincide at ¢; = ¢ = 0; and
a is the minimal distance between the observer and
the cylinder axis. The incident wave Ujpco is plane
and may be written in I'y as

tko-ro—iwoto

Uinco = foe a7
where fy defines the polarization of the incident wave
and has a magnitude of one, ko defines the direction
of propagation, and wyp is the angular frequency.

The resulting scattered wave measured by an ob-
server in I'p when expressed in terms of I'y is a com-
plicated expression involving Iy time and space co-
ordinates rg, fg, in mixed form. The representation
is simpler in form when the scattered wave in I’y is
expressed in terms of time and space coordinates rj,
t1, of 'y [Censor, 1967, 1969, 1972)

Uél)(l'l, t) = "/f1e_"“’1“ Z i"bn(al , ﬂ)Hn(k1T1)ei"9‘
(18)
where the scattering coefficients in Ty are

bna1,0) = an(an) + 5 [an-1(e1) + amsa(en)} (19)

and a,(a@;) may be approximated by

Figure 6. A moving cylinder in the presence of an incident plane wave.
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Scattered signal for E polarization
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Scattered signal for H polarization
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Figure 7. The wave scattered from a thin cylinder as measured by an observer in the
laboratory frame of reference. The imaginary part is represented by a dashed line.

@ ™ _W%kld) ; §=1781...
an(ay) = —e"‘"“linﬂ% =1,2,3,...
for electrical polarization and 20
a0 =~  —in(kid/2)?
an(ay) = e‘i"“‘iw% n=1,23,..
(21)

for magnetic polarization. For electrical polarization
the monopole term ag is dominant, as seen in (20).
For magnetic polarization, ag and a; are of the same
order, and thus the monopole and dipole terms are
dominant, as can be seen from (21). Here ag, o
are the angles subtended by the propagation vectors
ko, ki, respectively, and the velocity v in [y, Ty,
respectively, as described in Figure 6.

In the present paper, a symmetrical Doppler effect
in the far zones was chosen, prescribing that the in-
cident wave propagates in a direction perpendicular
to the velocity (i.e., k - v = 0). Therefore ag = 7/2.
Hence, for the incident wave, a transverse Doppler ef-
fect is discussed. For ap = 7/2, the scattered wave,
for both electric and magnetic polarization, is illus-
trated in Figure 7.

4. Spectral Analysis of the Doppler
Effect

The relativistic Doppler effect, as stated in the be-
ginning of this paper, is derived from the Lorentz
transformations when the electromagnetic fields are
plane waves. In this case the effect of the motion on

the frequency may be separated from the effect on
the amplitude, since the transformed waves remain
plane. For nonplanar waves, the given definition of
Doppler effect is still useful if the given nonplanar
wave is recast as a superposition (integral) of plane
waves [Censor, 1991; Stratton, 1941]. The trans-
formation of such nonplanar waves from one inertial
frame to another may be derived by direct transfor-
mation of each component plane wave included in the
given nonplanar wave spectral representation. In the
present case the scattered wave in I'y and in I’y are
not planar, as may be seen from (18), and the ef-
fect of the motion on the phase cannot be separated
from the effect of the motion on the time-dependent
amplitude.

The presence of a frequency component (i.e., a sine
wave of a given frequency) in a given time signal
is identified by a high peak in its power spectrum
(equation (5)) at that frequency. This property will
serve to identify the dominant frequency component
of the scattered wave. Since an analytic expression
of the short-time Fourier transform (6) of the scat-
tered wave (18) is not available, the power spectral
density must be estimated with a numerical spectral
estimator. Spectral estimators may be divided into
two main categories: (1) nonparametric (or classical)
spectral estimators which are based on the discrete
Fourier transform algorithm (DFT) and (2) paramet-
ric (or modern) spectral estimators which are based
on some models describing the behavior of the ana-
lyzed signal or its spectrum.

In the present simulation it was decided to use
a DFT based algorithm and its efficient implemen-
tation, the fast Fourier transform (FFT) algorithm
{Cooley and Tukey, 1965; Ifeachor and Jarvis, 1993;
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Kay, 1988; Marple, 1987]. An extensive discussion
of spectral analysis and estimation is given by Kay
[1988] and Marple [1987].

The use of a numerical computation forces us to set
specific values for each parameter which takes part in
the analyzed configuration. The cylinder motion has
been simulated so that the cylinder traverses a trajec-
tory parallel to the z axis from large negative z val-
ues to large positive = values moving with constant
velocity. The cylinder is located below the = axis of
the laboratory frame of reference Iy (see Figure 6) so
it does not coincide (i.e., collide) with the observer,
and infinite field values are thus avoided. The inci-
dent plane wave is chosen at 1 GHz frequency, and
the velocity of the cylinder is much lower than the
speed of light, although the relativistic formalism is
retained for all cases (various cases were tested by
us, but only a few results are presented in the figures
given here). Consequently, the Doppler frequency
shift in the far zone is much lower than the carrier
frequency, and thus the resolution capability of the
spectral estimator must be considered in order to get
results with sufficient accuracy. For the chosen veloc-
ity, say 3 x 106 m/s (i.e., 8 = 0.01), the Doppler shift
in the far zone is of the order of megahertz, and may
be even less in the near zone. For carrier frequency in
the RF range (1 GHZ in the present example), a vast
number of samples (2 x 10® samples for a resolution
of 10 Hz with a sampling frequency of 2 GHz) has
to be included in each analysis in order to detect the
frequency change with sufficient accuracy, thus ren-
dering such computations impractical. Fewer sam-

0.8 {\ /\ =
I
i
. AR
0 —\/\/\/\f‘/\/\/ \[\f\’\/\/\/\,\

[GHz]

Figure 8. Normalized power spectral density (PSD)
of the wave scattered from a moving monopole (E
polarization). The time signal covers the near and
far zones.
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Figure 9. Normalized PSD of the wave scattered
from a moving dipole (H polarization). The time
signal covers the near and far zones.

ples cause poorer frequency resolution. The FFT al-
gorithm is designed for optimal DFT computation,
i.e., for N discrete frequency values. In order to
make such computations practical, the location of
the peak of the power spectrum is obtained in two
steps. An initial estimation of the peak location is
computed with a short FFT algorithm (i.e., low num-
ber of discrete frequency values). This initial esti-
mation is used later to define the limits where this
peak occurs solely (i.e., without sidelobes). Later,
an optimization algorithm searches for the location
of the peak using the DTFT (discrete time Fourier
transform) algorithm (i.e., the frequency values are
continuous). The use of the initial FFT estimation
prevents the detection of sidelobes and reduces the
number of DFT computations which are needed for
the required frequency resolution (1 Hz in the present
paper).

As mentioned earlier, there has to be some bal-
ance between the requirements of an exact frequency
determination (i.e., analysis of long signal duration)
and the determination of the exact time when this
frequency occurs (i.e., analysis of short signal dura-
tion). In the extreme case where the signal from all
ranges is used to calculate the spectrum, the power
spectral density (PSD) contains two large peaks at
frequencies belonging to the far zones (and which
are predicted by the relativistic transformations for
plane waves), but there is no way to determine when
these frequencies appear in the original signal (see
Figures 8 and 9 for electric and magnetic polariza-
tion, respectively). Furthermore, the analyzed sig-
nal contains information from the far and near zones
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which cannot be resolved from the power spectrum.
In order to decrease time uncertainty and enable a
spectral analysis at “specific locations” of the cylin-
der, a sliding rectangular time window was intro-
duced, i.e., the scattered wave was divided into over-
lapping segments. For each such segment the PSD
is calculated using samples from that segment, and
the frequency in which the maximal power value ap-
peared was taken to be the Doppler shift belonging to
the center of the current segment. The window size
(i-e., the time extent of each segment) has been var-
ied from small values covering about one cycle of the
measured signal in the far zone to the extreme case
where a single window covered almost the full signal,
in order to get the optimal window which yields the
best frequency-location information.

Summarizing the description above, the numerical
simulation and analysis is composed of the following
steps:

1. The scattered wave, as measured by the ob-
server at the origin of Iy, is simulated using equation
(18) and the scattering coefficients given in equations
(20), (21) (for electric and magnetic polarization, re-
spectively), and (19). The time range covers the near
and far zones of the observer. Examples of such sig-
nals are shown in Figure 7 for both electric and mag-
netic polarization.

2. The scattered wave is divided into overlapping
segments, and each is zero padded and processed by
an FFT algorithm. From the FFT transform a power
spectrum is calculated. The initial estimation of the
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Figure 10. Normalized Doppler shift for the mov-
ing 2-D monopole. The discrete Fourier transform
(DFT) based algorithm is used for the computations.
In general, narrow windows follow better rapid am-
plitude changes in the near zone.
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Figure 11. Normalized Doppler shift for the moving
2-D dipole. The incident wave is magnetically polar-
ized, and the DFT-based algorithm is used for the
computations. Each line represents a different differ-
ent window width which is measured in numbers of
cycles of the measured signal in the far zone (solid
line, two cycles; dashed line, 20 cycles; dash-dotted
line, 40 cycles). In general, narrow windows follow
better rapid amplitude changes in the near zone.

Doppler shift is defined as the frequency in which the
maximal value of the power spectrum occurs.

3. A more accurate computation of the Doppler
frequency (using the above definition) is obtained by
an optimization algorithm. The algorithm is based
on a minimum finding algorithm around the Doppler
frequency which is determined by the previous step.

4. The frequency of the peak is assigned to the
center of the time segment

5. Discussion

Some results of the computed Doppler shift are
presented in Figures 10 and 11 for a moving 2-D
monopole and a moving 2-D dipole, respectively. In
the far zone, the computed Doppler shift fits the the-
oretical value which may be obtained analytically
by substituting the asymptotic expression of Han-
kel function for large arguments in (18). In the near
zone, the transition from the ¢y < 0 range (cylinder
approaching) to the ¢p > 0 range (cylinder receding)
is not abrupt; that is, the Doppler frequency shift
changes gradually, but the change is not monotonic.
The fast change of the amplitudes of the scattered
waves in the near zone of the cylinder is shown in
Figure 7 and appears as a high frequency-component
in the PSD. This may explain the difference between
Figure 10 (monopole) and Figure 11 (dipole). The
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Figure 12. Normalized Doppler shift (relative to

wp) versus kvt for the moving 2-D monopole. The in-
stantaneous frequency is computed numerically. The
increase in frequency in the near zone follows the fast
amplitude change.

relative amplitude change for the dipole case is faster
than in the monopole case which is supported by the
results shown in Figures 10 and 11, i.e., the increase
of the Doppler shift in the near zone of the cylinder.
Close examination of Figures 10 and 11 shows that
near the origin, for 0 < kvt << 1, the Doppler shift
is still positive. This should not be interpreted as an
inverse Doppler effect since it is caused by the finite
width of the slicing window. As the width of the
slicing window increases, more information from the
past (relative to the window’s midpoint) is involved
with the computation, thus slowing the response to
the change in the Doppler shift at positive times.
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Figure 13. Normalized Doppler shift (relative to
wpf) versus kvt for the moving 2-D dipole. The in-
stantaneous frequency is computed numerically. The
increase in frequency in the near zone follows the fast
amplitude change.
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The effect is more pronounced for the 2-D dipole case
(i.e., magnetic polarization). In addition, a numer-
ical computation of the instantaneous frequency for
the 2-D case is presented in Figures 12 and 13. The
results agree with Figures 10 and 11. The numerical
computation of the instantaneous frequency is much
faster and more efficient than the DFT-based algo-
rithm but is more sensitive to the presence of noise,
which usually occurs in real situations. Moreover,
the computations of differences as an approximation
to the analytical derivatives may be inaccurate for
fast changes (which appear in the near zone), and
one has to sample the signal with a very high sam-
pling frequency, which may lead to other numerical
problems such as accuracy and round-off errors.

Various sets of simulation parameters such as cylin-
der velocity, segment width, sampling frequency, etc.,
were used in order to discover an inverse Doppler
shift in the near zone of the 2-D cylinder. Such an
effect was not found.

The DFT-based algorithm was applied to the mea-
sured fields of the 3-D moving dipole. Since a singu-
larity occurs in (7) and (8) for ¢’ = 0, the trajectory
of the moving observer was slightly displaced above
the y axis and parallel to it, so collision was avoided.
The results are given in Figures 14 and 15 and are
in agreement with the results given by Engheta et al.
[1980] and Engheta [1990], except for a very narrow
region near the origin, where the rapid change of sig-
nal values is characterized by very high frequencies
where the peaks of the PSDs occur and are selected
as the dominant frequencies.
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Figure 14. Normalized Doppler shift (relative to
wf) computed with the DFT-based algorithm. The
inverse Doppler shift appears in the near zone. Close
to the origin, the effect of the fast amplitude change
is dominant. The extent of the high frequency lags
in proportion to the width of the slicing window.
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Figure 15. Normalized Doppler shift (relative to
wf) for the magnetic field of the 3-D dipole as com-
puted with the DFT-based algorithm. The inverse
Doppler shift which appears in the near zone is very
close to the origin, and thus may be invalid. Close
to the origin, the effect of the fast amplitude change
is dominant. The extent of the high frequency lags
in proportion to the width of the slicing window.

6. Summary

The existence of the inverse Doppler effect in free
space has been scrutinized, in view of some papers
reporting the effect in the vicinity of a moving radi-
ating 3-D dipole. The difference between the terms
“frequency” and “instantaneous frequency” and their
relation to the physical meaning of the Doppler ef-
fect were carefully considered. A theoretical exper-
iment consisting of a moving perfectly conducting
thin cylinder in the presence of an exciting plane
wave was discussed. The response of the cylinder
may be taken to be due to a 2-D monopole or a
2-D dipole for electric or magnetic polarization of
the incident plane wave, respectively, therefore en-
abling us to compare our results with those of the 3-
D case which were reported by Engheta et al. [1980].
The spectral analysis is based on the discrete time
Fourier transform (DTFT) and its fast implementa-
tion (FFT). The measured signal was divided into
overlapping segments in order to reduce the time un-
certainty of the Doppler shift. A classical spectral
estimator was applied to each such segment, and the
Doppler shift was defined as the difference between
the location of the highest peak of the PSD and the
frequency of the exciting plane wave. The time in-
stance of this Doppler shift was set at the center
of the time segment. Intensive numerical analysis
involving various sets of simulation parameters was
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applied, and none of them show the existence of an
inverse Doppler effect for the 2-D case.

For the three dimensional case, the analysis and
results which were given by Engheta et al. [1980]
and Engheta [1990] are rechecked with respect to the
instantaneous bandwidth in the near zone. This ex-
amination supports the phenomenon of the inverse
Doppler effect for the three-dimensional dipole in free
space, excluding a very narrow zone where the fast
change in the amplitude is not reflected in the in-
stantaneous frequency. Analyzing the fields of the
three-dimensional dipole with the DFT-based algo-
rithm supports the existence of the inverse Doppler
effect phenomenon and shows that in a very narrow
region the fast change of the amplitude is dominant.

Appendix: A Simple Example

The behavior of “instantaneous frequency” (i.e.,
the time derivative of the phase) does not always
serve as a generalization of the term “frequency,”
as illustrated by the following example [after Cohen,
1995]: Take a time signal

ft) 81(8) + s2(2)
Aleiwlt + Azeiwzt
A(t)ede®)

(A1)

where the amplitudes A;, As are taken to be real
constants and w;, ws are positive angular frequen-
cies. Since w;, wy are taken to be positive, s(t) is
analytic. The power spectrum of s(t) consists of two
delta functions at (angular) frequencies w; and ws,
ie.,

w
20
STTTN, TN ST TN T ~, ~ 7
w Ve A
i i i Y 1 I 14
4 ! i ]
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-20 '-: o, = 10rad /sec
o, = 20rad/ sec
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~40t !

Figure 16. The instantaneous frequency of
Ajett 4 Arest. The dashed lines shows the pos-
sibility of negative frequency values for an analytic
signal.
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Sw) = A10(w — w1) + A20(w — wo) (A2)

The amplitude A(t) and the phase y(t) are given by

A(t) = \/A';’ + A} + 24, A5 cos(wy —wa)t  (A3)
and

Ay sinwit + As sinwat
Aj coswyt + As coswat

o(t) = arctan ( ) (A4)

respectively. The instantaneous frequency is calcu-
lated as the time derivative of the phase, i.e.,

2 _ g2
wlt) = dﬁ—gt %(“’1+“2)+%(‘*’1“"2)142A2—(§1
(A5)

Figure 16 illustrate the instantaneous frequency of
the signal s(t) for two cases. The following simple
example illustrates some difficulties arising from the
definition of the instantaneous frequency:

1. The instantaneous frequency is not necessarily
one of the distinct frequencies in the spectrum (put
A; = Az in (A5), for example).

2. The instantaneous frequency may be continu-
ous, ranging over an infinite number of values even
for a signal having a spectrum consisting of few dis-
tinct frequencies.

3. The instantaneous frequency may be negative
for analytic signals (i.e. signals with zero spectrum
for negative frequencies).

4. For band-limited signals the instantaneous fre-
quency may extend outside the band.
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