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On the Generation of Broad-Band Beams for a
Nondispersive Time-Signal Transmission

Itsik Dvir and Pinchas D. Einziger

Abstract—A novel aperture synthesis method is proposed for approach have been proposed [7] to find the corresponding
a broad-band beam (BB) generation, which supports a nondis- driving functions of a given array of radiating elements when
persive time-signal transmission to a single observation plane. a scalar representation of a desired propagating field is given
This plane, regarded here as the image plane (IP), is per- o . - .
pendicular to the axis of propagation and its location can be at a finite number of remqte spatlal locations. An optimum set
varied continuously from the near-field zone to the far-field Of the unknown array driving functions has been calculated by
zone. The spatial field of the BB at the IP can be shaped solving a system of linear equations in the frequency domain
by modifying the classical spatial filtering synthesis techniques for each frequency component.
to construct a predetermined localized space—time (ST) field. This paper addresses a different inverse propagating prob-
The method characteristics, effectiveness, and simplicity, are .
demonstrated through two opposing analytic examples: Gaussian lem [8]-{10], namely how to s_yntheslze the brpaq-band bgam
and rectangular source-field-distributions (SFD’s). (BB) aperture field for a nondispersive transmission of a time

Index Terms— Beams, broad-band beams, electromagnetic signal to all observation points located at the image plane (IP).

pulse, electromagnetic transient propagation, Gaussian beams, . We .solve this pro*?'e_m apalyncally thrqugh a qlosed-form
nondispersive time signa| transmission‘ pu|se generation_ inversion Of the rad|a.t|0n |ntegra| a.SSOC|ated W|th paraXIal

(beam-type) fields. An explicit expression for the BB SFD is
formulated in terms of a time-harmonic SFD specified at some
typical frequency. Each type of BB corresponds to a unique
ULSED beams characterized by highly localized elet¢ime-harmonic SFD and can be synthesized by modifying the
tromagnetic energy in space-time (ST), have receivethssical spatial filtering techniques [11].
due attention recently [1]-[4]. The localization property is In contrast to the above previously published numerical
most promising in applications such as ultrawide bandwidtiptimization schemes, the proposed method has three distinct
pulse-driven arrays, covert broad-band communication, afehtures: 1) ainique closed-fornsolution; 2) the solution is
high-resolution detection and reconstruction of objects. kalid in thenear-field zonas well; and 3) the solution depends
some of these applications, the time envelope of the pulseghtinuouslyon the ST variables, thus it may be implemented
beam has to be maintained undistorted. Unfortunately, strolpg array elements through an appropriate discretization.
distortion is unavoidable due to the ST dispersion associatedrhe paper is organized as follows. In Section Il, the BB
with the propagation mechanism of the broad-band time signiategral representation is formulated for nondispersive trans-
even in homogenous nondispersive media. The objective rofssion of signals. In Section Ill, we present the main re-
this work is to overcome the distortion problem by properlgult, an explicit expression for the synthesized BB SFD.
synthesizing the ST source-field distribution (SFD) to obtaiections IV and V introduce closed-form expressions and
an undistorted time envelope at all prescribed observationmerical results, respectively, derived for the Gaussian and
points. rectangular BB SFD’s. A summary and general conclusions of
Synthesis of source functions of array elements for puligis work are given in Section VI.
radiation in the far-field zone have been considered by using
numerical approaches to achieve optimum performance under II. THE BB INTEGRAL REPRESENTATION

specific criteria [5]-[7]. Specifically, optimization problems Let an aperture, located at the = 0 plane in a Carte-
have been studied to maximize; at a far-field point, the eIectgFan coordinate sy’stem be driven everywhere with a broad-
field amplitude of the transient radiated field at a specific ti and signal s(t) which, is known by its spectral content

[5] or the radiated energy in a specified time interval [6], A oo } )
where constraints have been imposed on the total energy &) = J_oo @ 5(t) exp(iwt). Then, using the well-known

the frequency bandwidth of the input signals at the termindiperture theory formulations, the transient fields can be repre-
of a linear dipole array. A least-square inverse propagatiﬁsnted as follows [12]:

I. INTRODUCTION

s(wer(r’, w) (1)
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z > 0 is assumed to be linear, homogenous, dispersionledgse rays to the aperture plane= 0. Unfortunately, beam
lossless, and isotropic medium. waves associated with the parabolic approximation cannot be
Next, referring toE¢(r,w) in (2) as the system transferrepresented, in general, by geometrical optics fields in the
function, we impose the following well-known necessary anentire = > 0 half-space. Therefore, to successfully inverting
sufficient constraint: (5), the set,, should be significantly reduced. In the following
discussion, we select this set to be a 2-D subspace, namely,
E¢(ro, w) = Eg(ro, wo) expli(w — wo)7(ro)] 3) the P atz = z,. A further reduction into a 1-D subspace has

which guarantees a nondispersive signal transmission to figen recently addressed [22].

prescribed observation point set, 2 (Zo, Yo, 26). Namely,

Ei(ro, w) is represented as a product of a frequency- lll. SYNTHESIS

independent attenuation and a linear phase-shift term. The

parameterr(r,) in (3) is a time-delay constant related to thé. Inversion of (5)—The Synthesis Scheme

traveling time tor, and wy is a typical frequency, which At g single frequency = wo, e(r’, wy) May be found by
can be arbitrarily selected. The left-hand side (LHS) of ()patial inversion of the propagation operator LHS of (5) using
E(r,,w) can be written explicitly using spatial convolutioncjassical time-harmonic aperture synthesis methods [11]. Thus,
formulation [13], [14], known as the Rayleigh-Sommerfelgt js assumed throughout the paper teatr’, wo) is known.

integral [15] Next, we obtaine(r’, w) for w # wy andz = z, through
19 d’ oyt )exp (iwR,/c) an analytic inversion of (5). Rewriting (5) far = wq
27 Oz K, wo wo ™ re-r
= Ey(Fo, wo) expli(w — wo)7(ro)] @ Zrics, / dr’ eu(r’, wo) exp [L—<27o L )}
which constitutes an integral relation between the unknown = E(ro, wo) exp[—iwo7(ro)] (8)
field e¢(r', w) and Eq(ro, wo). In (4), Ry = [(zo — ')+ then, introducing a change of variables (scalirigy: '’ w/wo,

(o — )% + 72]1/2 is the distance from’ to r,, ¢ is the anddr” 2 do .

= (wo/w)?dr’, we obtain
velocity, anddr’ = 2 gy dy’ represents two-dimensional (2-D)

integration variables. w? fwo /dr”et <r~i w0> exp { w <7’N2 Y _To- rﬂ)}
Since propagation of a beam wave is localized arouriiricz, wo' 275 wo Zo
the beam axis, the parabolic approximation [15]-[20] can be = E(r,, wo) exp[—iwo7,(ro)]- 9)

applied to reduce (4) into a simpler form ) )
Finally, noting that both LHS’s of (5) and (9) must be equal

w /dr el (', w) exp Lg "2 ro-r and utilizing the uniqueness of the Fourier transform, the result
2micz, 2z, Zo is
= E¢(ro, wo) exp[—ionp(I‘o)] () , w ;W e 2w
) o o oe(r,w)=—e[r—,wy | exp ——11].
i.e., a Fresnel convolution integral. Here, the undetermined wo wo ‘e 22, \ wo

(10)

time-dela o) In (3) assumes an explicit form .. . . N
yr(ro) in (3) P The closed form and explicit expression given in (10)

(1) AT 6) establishes the main result of this paper. The SEQ”, w)
¢ is expressed in terms of the time-harmonic SEQr’, wy),
where indicating an appropriate ST coupling between spatial vari-
o o ables and temporal frequency. Equation (10), which can be
Fl4Y ;y (7) considered as an ST filter at the source plane, consists of three
z

frequency-dependent operations: gain, scaling, and focusing.
is the parabolic approximation of the observation distance. ItThe first two terms agree with the Fourier scaling rule, assuring
well recognized that the accuracy of the Fresnel approximatieame field energy for each frequency component, i.e., for
is extremely good throughout the far-field and near-field zones > wy, e(r’, wy) is compressed while its amplitude is
for observation points in the beam [15], [20]. increased by the same ratio. The focusing term, which has

In general, a complete inversion of (4), which must ba ST quadratic phase term, is inversely proportional to the IP
carried out for all frequencies [one-dimensional (1-D) spackjcation z,.
and for all r, points [three-dimensional (3-D) space], may Consequently, the BB field may be obtained by substituting
become quite cumbersome task. Furthermore, uniqueness @ into (5), withr, — r
existence of the solution are open problems, which seems to 9
be strongly dependent on the selection of b#i(r,, wo) E(r, w) = = o exp[iwfp(r)]/dr’ e <r’wi, wo)

0

and the observation point set. However, recogniipgr,, «) 2micz

in (3) as the geometrical optics field [21], we may conclude exp [ <7/2 C r’)}

that nondispersive signals indeed propagate along the set of 2z, Wo z

the geometrical optics rays and thei(r’, w), the solution 7 E @(_ _ 1) (11)
of (4) or (5), may be obtained by backpropagation along w \ 2z
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where 7,(r) is given in (6). The time-domain BB field canlens index of refraction varies linearly over a broad-band of
be determined via inverse Fourier transformation of (11). THeequencies.
integral representation (11) has a form of Fresnel integral, an®) Array Elements Driven by Frequency-Dependent Array
is valid in the paraxial region, which extends from the neaFilters: Through spatial sampling of the continuous ST SFD
field zone to the far-field zone [15]-[20]. It can be readilf10), the frequency characteristics of the filter adjoined to each
shown that (11) is reduced into (3) at the IP by substitutirglement are determined. Each filter is characterized as a low-
z = z, and following a reverse of the sequence given in (§)ass filter prototype with a ST quadratic phase. The frequency
and (9). Thus, the time envelope of the BB at the IP is simildwand of each filter is inversely proportional to its distance
to s(t) except for a propagation delay factoj(r,) and a from the array center.
constant attenuation fact®;(r,, wo)-

The spatial localizationaround the propagation axis can IV. BB GENERATION VIA ELEMENTARY SED's
be determined by an appropriate selection of the spatial
distribution E¢(r,, wo) at z = z, via the well-known time-
harmonic spatial filtering techniques [11]. Consequently,

We focus here on two opposing simple examples: Gaussian
d rectangular BB SFD’s. Without loss of generality, it is

obtain an extensive class of BB solutions since each form Of’:lasumed through the next two sections that the aperture SFD

typical SFD in (10) (e.g., rectangular, circular, etc.) generatgsseparable’ thus reducing and simplifying the 3-D analysis

a distinct type of BB in terms of the widely tabulated Fresm%rllt0 a 2-D scalar case, i.e., (%O) and (11), are readily reduced
integrals in (11). or y-independent apertures into

The IPlocationcan be adjusted continuously from the near- /2
field zone to the far-field zone by properly settingin the ¢,(2/, w) = /iet <x’i, wo) exp lz‘f i <i - 1)]
wo

focusing term in (10). As it approaches the far zape— oo, wo ¢ 22, \wo
the focusing term becomes negligible and (10) is reduced into (16)
. w w g , ;W
a0~ La(v e ) e @2 B9 =g [ enln)] [ 4t (2 )
Wo Wo
12 /
The remaining two operations—scaling and amplitude vari- cexp [0 Y, (17)
ation—are sufficient to obtain the frequency-independent far- ¢\ 2%, wo z

zone field. Equation (12) represents a necessary and sufficient

constraint that guaranteegaa-field BB. This expression could resp_ectively. We derive closed-form expressions for t he syn-
be obtained directly via a direct inversion of the far-fiel(ﬁheSlzecj aperture SFD (16), and the generated BB field (17).

version of (5), where the Fresnel integral is reduced into t merical results, highlighting the effectiveness and simplicity
Fraunhofer diffraction integral (spatial Fourier transformatiof}’ OU’ method and comparisons to other ST beams, are

of the SFD) [21]. Similarly, the BB field representation in (11Presented in the next section.

is reduced in the far-field limit into )
A. The Gaussian SFD

w2 W . W
Ei(r, w) ~ 2746; expliwT(r)] /dr, e <P'w—07 wo) The Gaussian SFD given at = wy
wr-r 2
. s > 1 . A _wa
exp [ = — }, z— 00 (13) er(T, wo) = Gay (T, wo) = exp < 20a0> (18)
where 7;(r) 2 z/c. generates via (16) and (17) the frequency-dependent SFD, and

the broad-band Gaussian beam (BGB) field, respectively
B. Implementation
W
Implementation of (10) is essential for the realization of BB. e, w) =,/ N (z, w) 19

Here, we briefly discuss two alternatives: a dispersive thin lens
and array-elements discretization.

1) Dispersive Thin LensComparing the focusing term in —id w w w %/
(10) and the expression for a focal lengftiof a thin lens [21] ~ £¢(r, w) =4/ —— w P <'L;Z T ia’) (20)
1 1 1
—=|l—=—+—=)n-1 14) where
= (g oy (14 | )
with curvature radiii, R-, and refraction index, we obtain o 2 ao% {1 — Ljo (1 — %)} . (22)

the following relations:
1 1 1 w The BGB has the well-known form of the time-harmonic
— = <}T+}T>’ n=— (15) Gaussian beam [23] with an explicit expression for the
%o L 2 wo frequency-dependent complex-source-paihtgiven in (21).

which are essential for focusing. Here, the IP location i6 can be readily observed that the complex shift has

shifted by adjusting the curvature radti, R2, while the thin frequency-dependent real and imaginary parts, which represent
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Fig. 2. The amplitude of the PSF (32) is depicted in the temporal and spectral
domains atz,/ag = 10. The time envelope of the PSF is shown in (a),
(c), (e) and (g), while the signal spectrum is depicted in (b), (d), (f) and
(h) at x/ag = 0, 0.5, 1.0, and 1.5, respectively. The distortions in the
time envelope, associated with additional pulses and oversmoothing of the
transmitted signal, is due to periodicity and low-pass filtering in the spectral
domain.

Magnitude

2
E,(r, w) =[2igz/z,]"*/? exp |f£7~ — i <a:/a0> ]
c

[Fva) + F(vn)] (24)

where

a2 aowo/w, g 2 woag/Zczo (25)

Fig. 1. Amplitude versus transverse distanguo of the (a) PGF (31) and 7 and ¢ are defined as in (7) and (11), respectively. The

(b) the PSF (32) at three frequencies;;, (solid line),wy (dashed line), and ; ; ;
e (QOtted 1N€)wmas /wmin = 10, Low-pass filtering can be perceived function F'(v) in (24) represents the Fresnel integral [24]

for off-axis observation points, which yields smoothing of the time signal. v
Fo) 2 /o) / do’ explia’®) 26)
. . . . . . 0

real (beam-waist width) and imaginary (waist location)

displacements along theaxis. The constant, represents the with the following parameters:
complex-source-point location of the classical time-harmonic

; - , 1 z/a A 1 z/a
Gaussian beam at = wy. a o 0 a z_ 0
VL = /o q<2 + qz/zo>’ vy ,/a0q<2 )7 )
27
B. The Rectangular SFD @
Here, the finite support SFD of widtty C. Reference SFD’s
1, for |z| < ag/2 For comparison purpose, we derive here reference Gaussian

(22) and rectangular SFD’s, with frequency-independent width

parametersa’ and a, respectively. We note that the gener-
generates via (16) and (17) the frequency-dependent SFD, Qﬁ%d reference beam f|elds dq not SL’JppOI’t nondispersive tlme
the broad-band sinc-beam (BSB), respectively envelope at the IP, since their SFD’s are not constructed in
’ accordance with the proposed synthesis scheme, given in (10),

2 or its 2-D version (16). Fixing the width parameters for all
W . W W x .
ew, w) =4 /w—OPa(a:) exp lzao— <— - 1) <—) ] frequencies

Wo \wo ag

A
= _Pa0 =
e, wo) (@) {0, for |z| > ao/2

(23) a =a=ap (28)
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Fig. 3. Amplitude of the BGB (20) versus transverse distante, at (a)z/z, = 0.1, (b) z/z, =
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(d)

0.95, (c) z = z,, and (d)z/z, = 5, at three frequencies:

.5 1

wmin (solid line),wo (dashed line), andmax (dotted line). At the IP- = z, the amplitude is frequency-independent and nondispersive signal transmission
can be implemented. Note the ST localization property at the proximity of this plane in/é) = 0.95.

the reference SFD’s

Gt(-’E, w) :gao(xv w)
and
ez, w) =Py, (x)

generate the following well-known beam fields [15], [23]: the

pulsed-Gaussian-field (PGF)

: 2
[ —ia w w x°/2
Et(r, UJ) = 7_7130 exXp <'Lz7$ +'sz>

and the pulsed-sinc-field (PSF)

Ey(r, w) = [2i]7Y? exp(iwz/c) [F(vy) + F(vp)]
A J@ (% A X (%
vL= 20z(2+x)’ Ve 20z(2

respectively.

(29)

(30)

(31)

")

(32)

V. SIMULATION RESULTS

A. The Signal

The signal spectruny(w) given in (1), is selected to be
constant over the frequency band

“=1o

to avoid any impact of the signal spectrum upon the BB or
the reference pulsed fields. Thereby, focusing only on the
dispersive characteristics of the propagation mechanism. To
maintain the paraxial approximation in the space coordinates
the effective aperture length(w) contains at least ten wave-
lengths in the entire frequency band

L(w)w > 10,

2mce

The frequencywy is taken to bevy = (Wiin + Wmax)/2 and
chosen as the carrier frequency of the base-band signal, which

for |w | 6[Wmim wmax]
. (33)
otherwise

w > 0. (34)
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Fig. 4. Same as Fig. 3 but for the BSB (24).

has an information bandwidti 2 (Wimax — Wmin) /27 With ~ the stronger low-pass filter decaying in the Gaussian case, in

T e JW. yvhich the effective aperture width decreases as the frequency
increases.
An interesting property of the PGF (31) is the nondispersive
B. The Reference Pulsed Field: PGF and PSF transmission of signal to each on-axis paint 0 but not to

off-axis points, i.e., along a real ray, also known as the central

In the_ narrow-band_l|m|t LQ“?aX/w‘“i“ ~ 1) all the time- ray [17], which is in agreement with the discussion at the end
harmonic beam constituents in the frequency band have ap?

. . L Section Il and in [22]. Yet, for the rectangular SFD where
proximately the same amplitude distribution. Consequentlxb real ray exists, distortions occur along thaxis as well, as
the spectral content of the pulsed field at a given plane i . ’ . . ) S

o . : N shown in Fig. 2(a). The signal distortions shown in Fig. 2(a),
nearly constant and no significant signal dispersion is expect?c. (€), and (q), associated with additional pulses and over
However, in the broad-band limit,, ... /wmin > 1 we expect ’ ’ '

. L oothing of the transmitted pulse are due to periodicity and
that the proposed synthesis scheme reduces significantly %Hé_ L . -
signal dispersion and, thus, select throughout this sectiIOW pass filtering, as depicted in Fig. 2(b), (d), (7), and (h) for

on " - . -
Wnan /@i = 10. For this bandwidth ratio, as shown inx?ao =0, 0.5, 1.0, and 1.5, respectively. Also note that the

Fig. 1(a) and (b), for the PGF and PSF, respectively, tﬁ'me interval between the pqlses is related to Fhe transverse
. s I istance from the off-axis point to the beam axis.
amplitude distributions have strong deviations and low-pass

filtering at off-axis points can be observed. Notice that the )

two SFD's (29) and (30) are inherently different. The PG~ The BB Field: BGB and BSB

SFD width depends on the frequency, while the PSF SFDThe characteristics and effectiveness of the proposed syn-
is constant over the entire bandwidth. This property explaitisesis method are demonstrated for the BGB and the BSB.
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08 03 synthesis is performed within the framework of the parabolic

oe J 01 ’»‘RV approximation (Fresnel integral) in the spatial variables, appli-

2001 o 03 ' cable for radiation fields localized around the propagation axis.
40 20 0 20 40 40 20 0 20 40 The ST SFD solution for the aperture synthesis problem is

(@ (b) unique and presented in a closed-form explicit expression in

08 . . (10). The solution, the main result of this paper, is formulated

0.6 in terms of a time-harmonic SFD at= wg, which undergoes

05 A -0.1 V frequency-dependent focusing, scaling, and amplitude varia-
220095 O e e O tions that are not dependent on the signal spectrum, but rather
© @ on its frequency band. Thus, each time-harmonic SFD defines

via (10) a distinct BB field solution, which supports a predeter-

o8 0 mined time envelope at the IP. The location of this plane can
oe A 0.1 v be varied continuously from the near-field zone to the far-field
ot 02 0.2 zone by changing the, parameter in the focusing term.
40 20 0 20 40 40 20 0 20 40 Although the nondispersive time signal is obtained at a
(e) ® single plane it is localized in ST at the proximity of this
08 plane as well. Thus, in that region the BB is reduced into
02 0.02 a pulsed beam, which maintains its analytical ST structure
s o 0 along the propagation axis. However, since this location can
-0.1 -0.02 be arbitrarily determined it is possible to convey localized
-40  -20 0 20 40 -40  -20 0 20 40 . . . . .
tTo tTo field with predetermined ST structure to any region in the
(@) (h) near-field or far-field zones.

Fig. 5. The amplitude of the BSB (24) is shown for on-axis= 0 and Sensmv_lty a”a'YS'S for th_e proposed synthesis ?Cheme has
off-axis #/ag = 0.8z/z, observation points, at the same plane location d@een carried out in [8]. It is demonstrated that, in general,
in Fig. 4. At the IP the time envelope is identical with the predetermineghe BB field solutions for the BGB as well as for the BSB
broad-bandvmax /wmin = 10 transmitted time signal. . - . . .
are stable, i.e., small variations in the SFD parameters: gain,
scaling, and focusing, cause small variations in the BB field

) _ ~at the IP, even in the near-field zone.
The amplitude of the BGB (20) and the BSB (24) is depicted

in Figs. 3 and 4, respectively, for several planes perpendicular
to the beam-axis: 1}/z, = 0.1; 2) z/z, = 0.95; 3) z = z,; REFERENCES
and 4)z/z, = 5 at three frequencieSi iy, wo, and wpax.
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