LETTER IEICE Electronics Express, Vol.13, No.3, 1-9
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Abstract: A time-domain (TD) asymptotic-numerical solution (TD-ANS)
for a transient scattered field, which is a useful new reference solution on
engineering applications, is developed for a two-dimensional transient scat-
tered field from a cylindrically curved conducting open sheet excited by
an ultra-wideband (UWB) pulse wave. The TD-ANS is represented by a
combination of pulse wave eclements; each element is obtained from a
numerical integration. The TD-ANS is highly accurate and is useful in
understanding transient scattering phenomena. The computation rate of the
TD-ANS is very fast compared with that of a reference solution. The validity
and usefulness of the proposed TD-ANS are confirmed by comparing with a
reference solution and experimental-numerical results.
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1 Introduction

Analytical and numerical studies on the frequency-domain (FD) and time-domain
(TD) scattered fields by smooth curved structures with edges or wedges have been
conducted on the application area such as the radar cross section, high resolution
radar, and target identification [1, 2, 3, 4].

We have derived a TD asymptotic solution [5] for a two-dimensional (2-D)
transient scattered field excited by the edges of a cylindrically curved conducting
open sheet by applying the Fourier transform method. However, The TD asymp-
totic solution in [5] has a limitation on engineering applications, because it becomes
increasingly inaccurate as the fractional bandwidth (FB) of an incident pulse wave
increases gradually [6].

In this paper, in order to overcome the limitation of the TD asymptotic solution
[5], we develop a TD asymptotic-numerical solution (TD-ANS) for a 2-D transient
scattered field when an ultra-wideband (UWB) pulse wave [7] is incident on a
cylindrically curved conducting open sheet [8, 9]. The TD-ANS is represented by
a combination of pulse wave elements; each element is obtained numerically by
applying the fast Fourier transform (FFT) numerical code [10] to a pulse wave
element integral. The TD-ANS is highly accurate and can extract and observe each
pulse wave element from a response waveform. Furthermore, the computation rate
of the TD-ANS is very fast compared with that of a reference solution.

The validity and usefulness of the TD-ANS presented here are confirmed by
comparing with the reference solution and experimental-numerical results. The time
convention exp(—iwt) is adopted and suppressed in this paper.

2 Time-domain asymptotic-numerical solution (TD-ANS)

2.1 Formulation and frequency-domain uniform asymptotic solution
(FD-UAS)

Fig. 1(a) shows a 2-D cylindrically curved conducting open sheet with two straight

edges A and B (to be called a curved open sheet) defined by p = a, 0 < ¢ < @as,
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—o < z < 400, and coordinate systems (x, y, z), (p, ¢), and (r, ). We assume that
the radius of curvature p = a is sufficiently large compared with the wavelength
(i.e., wa/c > 1, w: angular frequency, c: speed of light) and that a high-frequency
(HF) plane wave which has only a magnetic field component in the z-axis
propagates along the positive x-direction.

The z-component of the FD scattered field u(r,w) (= u(w), hereafter the
position vector r = (r, ) is dropped in the notations) from a curved open sheet
is represented approximately by a FD uniform asymptotic solution (FD-UAS) as
follows

u(®w) ~ upp-uas(®) = ua rp-uas(®) + up Fp-uas(®) + Urp-rGo(W). (D
Here, ua rp-uas(®), uprp-uas(®), and urp.rgo(®), which are components of the
urp.uas(w), denote the FD-UAS for the scattered field excited by the edge A, the
FD-UAS for the scattered field excited by the edge B, and the analytical solution of
a reflected geometric optical ray (RGO) reflected on the convex surface of a curved
open sheet, respectively. Readers may find explicit representations and propagation
paths of ua rp-uas(w) and upp.rco(w) in [3, 5, 11, 12, 13].

The up rp-uas(w) in (1) is given by

Ry
ug rp-uas(®) = exp(iwlq,B/c) Z |:Z Us,;(P)ug, j(w)]
J r

modal caustic p,, (@)

> modal caustic
/’,\ a Pu(@)
P

A

¢§/O, x
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Fig. 1. Scattering phenomena of scattered field excited by the edge B
of a curved open sheet. (a) Curved open sheet (a,pap) and
coordinate systems (x, y,z), (p,¢), and (r, y). (b) Propagation
paths of scattered field elements excited by the edge B and
the propagation path of RGO reflected on a convex surface.
@ Qp—-B—->Q 4 Q- Ryg—>P, @ Qpp—B-
Q At Q—-A-P, @ Qp—>BxA =P @ Qp—
B~A—P;,, ® Qp— B—P;, ® Qp— B— R — Ps,
@: Qg—>B—>A->P, ® Qp—->B->0->A->P, @
Qoc & R — P4. Here, notation Q; 4 Q,(Q3) denotes the
propagation path along the modal caustic p,,(w) from the point
Q; to the point Q,(Q3). While, notation B 7~ Aj(A) is the
propagation path along the convex surface (p = a) from the
edge B to the point A; (the edge A).
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where (/,7,Rg) = (WGy,,m = 1,Mg), (SD,,n = 1,Np 1), (2)
(CW,ED,n = 1,Np2), (RGO, k = 0,Kp 1),
(REDk:k = 0, KB,Z)-

The scattering phenomena of up rp.uas(w) are depicted in Fig. 1(b). In (2), Lg,,B
is the distance of an incident plane wave along the straight-line path Qo — B
which propagates from the reference point Qyz on the y-axis to the edge B.
Notations upwa,, (®), ussp,(®), up.cw,ep(®), urco,(®), and uprep, (w) are the
FD scattered filed elements of the up rp.uas(®) and denote respective the mth-order
whispering-gallery mode radiation field (WG,,) (® and @: m = Mg = 1, see [3, 6]),
the nth-order surface diffracted ray (SD,) (®: n = Ng = 1), the nth-order creeping
wave incidence and edge diffracted ray (CW,ED) (®: n = Ng, = 1), the k times
RGO (RGOy) (®: k=0 and ®: k = Kg; = 1), and the & times reflected and edge
diffracted ray (REDy) (@: k=0 and ®: k = Kg, = 1). The notation Ug ;(P) is a
unit step function and is defined as Ug ;(P) = 1 (or U ;j(P) = 0) when the FD
scattered field element up j(w) can (or cannot) reach the observation point P.

2.2 Transient scattered field integral

The transient scattered field y(r,¢)(= y(¢)) from a curved open sheet can be
expressed by the inverse Fourier transform of the product of the FD scattered field
u(w) and the frequency spectrum S(w) of a pulse source function s(7) [14].

y(t) = % f " u(w)S(w) exp(—iwt)dw. 3)

We assume a truncated Gaussian-type modulated pulse source s(¢):

—g _ _(f_ +)2 2
s(t)={e"p[ ioo(t — o) = (¢ — 10*/2d)’] for 0 <1< 2t “

0 for t<0,t> 2t

where wy denotes a central angular frequency, and ¢y and d are constant parameters.
The frequency spectrum S(w) of the s(¢) in (4) is given by

S(w) = 2d~/7 Re[erf f(w)] explicowty — d*(w — wp)*] 5
flo) = 3L~ id( - o) ©

where erf z is the error function [15] defined by

erf z = % /0 ) exp(—£2)dt. @)

Figs. 2(a) and 2(b) illustrate the real part of the s(¢) in (4) and the absolute value
of the S(w) in (5), respectively. Numerical parameters used in the calculations are
given in the caption of Fig. 2. The main portion of the S(w) is distributed within the
HF region (wp, £ @ < wy). For these numerical parameters, the s(¢) in (4) becomes
a Gaussian-type modulated UWB pulse source, because the FB of S(w) is 0.277 and
satisfies the condition of UWB (FB > 0.25) in [7].

After substituting the numerical solution for the FD scattered field u(w)
computed from the method of moment (MoM) [16] and the S(w) in (5) into the
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(a) Real part of s(7). (b) Absolute value of S(w).

Fig. 2. Gaussian-type modulated UWB pulse source s(¢) defined by
(4). Numerical parameters: mp = 2.105 x 10! rad/s, tp = 3.0 x
1079s, d =5.20%x10"""'s. Where wp = 1.696 X 10" rad/s,
oy = 2.513 x 10" rad/s, and FB = 0.277.

integral y(¢) in (3), by applying the FFT numerical code [10] to the integral y(),
one obtains the reference solution Vieference(t) numerically. Moreover, replacing the
integrand u(w)S(w) in (3) with the experimental data for the FD scattered field u(w)
measured using a bistatic experiment device in an anechoic chamber and the S(w)
in (5) and then applying the FFT numerical code [10] to the y(¢) in (3) yield the
experimental-numerical results Vexp-num(?).

The response waveform of y(¢) in (3) is obtained from the real part of y(z),
namely, Re[y(#)]. In section 3, the response waveforms Re[Vieference(t)] and
Re[yexpnum(?)] are used to confirm the validity and usefulness of the TD-ANS
derived in Section 2.3.

2.3 TD-ANS for the transient scattered field
By substituting the upp_yas(w) in (1) into (3), we obtain the following representa-
tion:

(@) ~ ya(®) + ys(0) + yroo(?) (®)
where ya(?), yg(f), and yrgo(?), which are components of the y(7), denote the
transient scattered field excited by the edge A, the transient scattered field excited
by the edge B, and the transient RGO, respectively.

The transient scattered field component yg(¢) in (8) is represented by

Rp
yB(0) = Z[Z UB,,-(P)yB,,-(t)}. ©)

J

In 9), yB (D), j = WG, SD,, CW,ED, RGOy, and REDy, denotes a pulse wave
element and is given by the following inverse Fourier transform of the product of
the FD scattered field element exp(iwLq,,/c)up,j(w) in (2) and the frequency
spectrum S(w) in (5).

1 o0
ym,j() = o / exp(imLq,,s/c)up, j(0)S(w) exp(—iwt)dw. (10)

The pulse wave element ygp ;(f) represented by the integral form in (10) is
calculable numerically by applying the FFT numerical code [10]. By substituting
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the numerical solution yg ;(#) in (10) into the yg(#) in (9), we derive the TD-ANS
for the yg(#) as follows

Rp
YB1D-ANS (1) = Z[Z UB,,(P)yB,j(t)}. (11)

J

The TD-ANSs for ya(t) and yrgo(?) in (8), namely, the ya tp-ans(?) and the
yrp-rRGO(?) can be analogized easily from the above-mentioned analytical-numerical
method and are represented by

Ra
YaTD-ANS(1) = Z[Z UA,,-(P>yA,,-(t)]

j
where (/,7,Ra) = (WG,,,m = 1,My),(SD,,n = 1,Na 1), (12)
(CW,ED,n = 1,Na2), RGOy, k = 0,K4 1),
(REDy, k= 0,K ).

1 o0
ya,j(0) = %‘/ exp(icwLq,,a/C)ua, j(0)S(w) exp(—iwt)dw (13)
1 CO
YTDRGO(?) = o / Urco(P) exp(iwLq,.r /¢)urp-rGo(0)S(®) exp(—iwt)dw (14)

where Lo, A (Lq,r) is the distance of an incident plane pulse wave along the
straight-line path Qppn = A (Qpc — R) which propagates from the reference point
Qoa (Qgc) on the y-axis to the edge A (the reflection point R (see Fig. 1(b))). The
unit step function Uy ;(P)(Urco(P)) stands for 1 when the y4 ;(#) (the RGO) can
reach the observation point P, and for 0 when the y, ;(#) (the RGO) cannot reach
the point P.

By substituting ya tp-ans(?) in (12), ygp-ans(?) in (11), and ytp.rGo(?) in (14)
into ya(?), yp(t), and yrgo(?) in (8), we develop the TD-ANS for the transient
scattered field y(¢) as follows

Y1D0-ANs(8) = ya 1D-ANS(?) + ¥B.1D-ANS(?) + YTD-RGO(?)

Ra Rp
=> [Z Un,j(P)ya, ,(t)} +> [Z Usj(P)ys, ,~(t)} + y1D-RGO(1).
J r J r

The TD-ANS in (15) is represented by a combination of pulse wave elements

15)

Va,;j(0), yB,j(1), and yrp.rGo. Therefore, the response waveform Re[yrp.ans(#)] can
extract and observe each pulse wave element from the Re[y(¢)].

3 Numerical results and discussions

In this section, we perform numerical calculations and measurement experimenta-
tions required to assess the validity and usefulness of the TD-ANS derived in
Section 2.3 when a UWB pulse wave is incident on a curved open sheet.

First, we investigate the accuracy and computation rate of the TD-ANS.
Figs. 3(a) and 3(b) show the response waveform vs. time curves observed at the
observation point P(7, ) (see Fig. 1(a)). Numerical parameters used in the calcu-
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lations are given in the caption of Fig. 3 and the time ¢ is set £ = 0 when the
Gaussian-type modulated UWB plane pulse wave traverses the y-axis (see
Fig. 1(b)). The response waveform Re[yrp.ans(?)] (—: solid curve) given by

Re[yrpans(9)] = Re[yap-ans(®)] + Re[yp p-ans(D)] + Re[yrprco(®)]  (16)
where
Re[ya,mo-ans()] = Re[ya wa, (D] + Re[ya,cw,ep(0)] + Re[ya rco, (D]
+ Re[yarep, (1)] + Re[ya rep, (1)]
Re[ypp-ans(0)] = Rel[ye wa, ()] + Re[yp,sp, ()] + Re[ys,cw,ep(1)]
+ Relyg rao, (0] + Relys rep, (0] + Re[yp rep, ()]

agrees excellently with the response waveform Re[Vreference(?)] (---: red dashed
curve) calculated from the reference solution (see Section 2.2 and Fig. 3(a)) and the

A7)

(18)

) (ii) (iii)
gg OI;I)-_ ' . | A s * N A N
a9 [ Vi yw AW
2% -0.1_.....WWH...............
=3 2.5 3 . 35 4
time [ns]
3E
58
a2
CI.)(U L 1
== 25 35 4
time [ns]
0.2 (b)
.0- 0"»;",, ﬁnv
L UV
-8,%_
0 : 9"A\IA w 9 VW
-0.1+
[2]
2 0.003 ou\ 6
9] 0 W
E -0003f
T 0.003 0 . @
0>-> 0 v"vVWrVW\/\M—'wv\NWw—
g -0.003
q, 0.002 F (3) J\WW\N
& of |\
3 -0.002F
© Lo
-0.00002 F N
0.003
Of @ v“v"NWWVV\»—igMMNw—f
0003 v vy s
25 3 time 3.5 4 [ns]
(©)

Fig. 3. Response waveform (Figs. 3(a) and 3(b)) and pulse wave
elements (Fig. 3(c)) from a curved open sheet excited by
UWB plane pulse wave. Numerical parameters: curved open
sheet (@, pap) = (1.01 x 107" m, 99.6°) and observation point
P(r, ) = (0.8 m, 280°). UWB pulse source s(¢) in Fig. 2 is used
in calculations. —: Re[yrp.ans(®)] in (16), ---: reference
solution, e e e: experimental-numerical results.
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response waveform Re[Vexp-num(?)] (o @ o: closed circles) obtained from the exper-
imental-numerical results (see Section 2.2 and Fig. 3(b)), respectively. Please note
that we modified the standard of the Re[yexp-num(#)] to that of the Re[yreference(?)] at
the time ¢ = 2.81 ns. As to a computational time, it takes 6 minutes 40 seconds for
the Re[ Vieference(?)] and approximately 1 second for the Re[yrp.ans(?)]. Therefore,
the computation rate ratio of the TD-ANS to the reference solution is about 400.
We can confirm the validity and practicality of the TD-ANS by comparing with the
reference solution and the experimental-numerical results.

Next, we consider in detail an interpretation method of the response waveform
Re[Vreference(#)] in Fig. 3(a) using the Re[yrp.ans(#)] in (16) associated with (17)
and (18). Figs. 4(a) and 4(b) show propagation paths of pulse wave elements
(@~®). From the arrival time differences of the pulse wave elements, the
Re[Vreference(#)] in Fig. 3(a) can be divided into 3 wave packets (i), (ii), and (iii).
However, it is difficult to understand that the 3 wave packets are composed of these
12 pulse wave elements. In order to interpret the Re[Vreference(t)], we show in
Fig. 3(c) the waveforms (—: solid curve) of pulse wave elements (@~®). Please
note that the pulse wave elements are indicated by the different scales. By
comparing Fig. 3(a) with Fig. 3(c), we can observe that the wave packet (i) is
attributed to the interference of the Re[yrp.rgo(?)] in @ reflected on the convex
surface (see Fig. 4(b)) and the Re[ya rGo, ()] in @ excited by the edge A (see

Y modal caustic Y modal caustic
B B
(5] o
(9]
incident incident
plane plane

pulse
wave

pulse
wave

Fig. 4. Propagation phenomena of transient scattered field observed at
the observation point P(r,y) = (0.8 m,280°) (see Fig. 1(a)).
(a) Propagation paths of transient scattered field elements
excited by the edge A. @: Qpu > A > P, @: Qypn > A —
B->P,®@:Qpy—>A—->0->B->P ®:Qp,—>A~xB->P,
® Qs> A—>Q 4£Q;—>B—P. (b) Propagation path
of the transient RGO reflected on the convex surface and
propagation paths of transient scattered field elements excited
by the edge B. ®: Qyc > R—->P, ®: Qp - B—-P, O:
Qp—>B—-A->P,0:Qyg—>B—>0->A->P, 0:Qp—
B~A -P,®Qpp—-B~A—->P ®Qp—B—-0Q 4
Q3> A—>P.
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Fig. 4(a)). While we can see that the bundle of pulse (ii) is made up of 6 pulse
wave elements, namely, the Re[ypRrgo,(!)] in ©, the Re[yprep,(f)] in @, the
Re[ygrep, (H)] in ®, the Re[ypsp, ()] in O, the Re[ygcw,ep(?)] in O, and the
Re[yswa, ()] in @ (see Fig. 4(b)). Similarly, the bundle of pulse (iii) is composed
of 4 pulse wave elements i.e., the Re[ya rep,(#)] in @, the Re[ya rep, ()] in @, the
Re[ya,cw,ep(9)] in @, and the Re[ya wg, (H)] in @ (see Fig. 4(a)). We confirm that
the Re[yrp.ans(?)] can extract and observe each pulse wave element from the
Re[Vreference(£)] €ven when pulse wave elements overlap mutually at the observation
point P.

From the above-mentioned discussions, we can conclude that the TD-ANS in
(15) for the transient scattered field from a curved open sheet excited by a UWB
pulse wave is a useful new reference solution on engineering applications.

4 Conclusion

We have developed the time-domain (TD) asymptotic-numerical solution (TD-
ANYS) for a two-dimensional transient scattered field from a cylindrically curved
conducting open sheet excited by an ultra-wideband (UWB) pulse wave. By
comparing with the reference solution and experimental-numerical results, we
confirmed the validity of the TD-ANS. We showed that the proposed TD-ANS is
a useful new reference solution on engineering applications, because it is highly
accurate and is useful in understanding transient scattering phenomena, and its
computation rate is very fast compared with that of the reference solution.
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