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Communication
Pulsed EM Scattering by Dipoles With Time-Varying Loads

Martin étumpf, Senior Member, IEEEGiulio Antonini, Senior Member, IEEEJonas EkmanMember, |IEEE
and Ondej Franek,Member, IEEE

Abstract—Pulsed electromagnetic (EM) scattering by short-
wire and small-loop antennas loaded by time-varying (TV) loads
is analyzed with the aid of time-domain (TD) compensation
theorems. TD analytical expressions describing the change of
back-scattered EM fields from dipole antennas due to their TV
load are given. lllustrative numerical examples are presented.
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Fig. 1. Problem configuration with a short dipole. (a) Retgj\antenna with

|. INTRODUCTION a TV load; (b) Transmitting antenna excited by a voltage saurc

The back-scattered electromagnetic (EM) field from short

dipoles and small loops can be controlled by lumped elemenfsalyzed receiving situation (denoted by R) with a loaded
connected to their ports [1]. To quantify the impact of suchort-wire antenna is shown in Fig. 1a. The actual receiving
loads on EM scattering by a scatterer, the compensatigiate will be analyzed with the aid of the correspondingsran
theorem can be used [2, Sec. I1.14]. Its vector EM form hasitting situation (denoted by T) (see Fig. 1b). The antenna
been presented in [3] and its generalized versions apdicay |ocated in free space that is described by permittivity
to EM scattering and radiation of multiport antennas can kgd permeability.,. The corresponding EM wave speed and
found in [4]. wave admittance iy = (eopo) /2 > 0 and Yy = cpeo,
Early applications of compensation theorems have begspectively.
limited to linear time-invariant EM problems under the as- Position in the prob|em Conﬁguration is Speciﬁed by co-
sumption oftime-harmonicEM fields [5]{7]. More recently, ordinates{x,y,z} with respect to an orthogonal Cartesian
to evaluate the effect ofionlinear loads, an EM scattering reference frame that is defined by its origih and the base
compensation theorem of the time-convolution type has begéctors{i,, i,,4.}. The corresponding position vector is then
introduced in [8]. With the still increasing interest in n&ditg — 55, + yi, + zi.. The time coordinate is denoted by
of time-varying (TV) EM systems and devices (e.g., recon: The differentiation with respect to is 9;. The Heaviside
figurable intelligent surfaces [9]) in mind (e.g., [10], L1 unit-step function is denoted bii(t). The time convolution

this paper provides time-domain (TD) compensations thesrejs represented by and the time-integration operator is then
qguantifying the impact of TV loads opulsedEM scattering defined a); L f(t) = f(t)«H(t).

by short-wire and small-loop antennas.

Il. PROBLEM DESCRIPTION

We shall describe the impact of a TV load on the transient,

The receiving antenna is supposed to be irradiated by a
uniform impulsive EM plane wave

E'(r,t)=ae'(t— B - 7/co), 1)

plane-wave EM scattering by a small receiving antenna. Tiahere o denotes the polarization vectgs, is a unit vector
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incident EM fields, i.e.,

{E°, H}(r,t) = {ER’HR}(Tﬂt) - {EivHi}(T’t)~ (2)

The outgoing scattered EM fields admit the far-field expan-

sions [12, Sec. 29.1]

{E™>, H>™}(&,t — |r|/co)
47|r|

x [1+O(r|™")] as|r| — oo,

{E°, H?}(r,t) =

®)

where E5*° and H¥*® = Y& x E** are the TD electric-
and magnetic-type far-field scattering amplitudes, rethgsyg,
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and ¢ = r/|r| denotes the unit vector in the direction of The TD response of a linear TV system can be expressed
observation. A similar far-field expansion applies to the fathrough asuperposition integralthe kernel of which, gener-
field radiation amplitudes,E">°, H"*°}(¢,t), pertaining to ally, is not time shift invariant [16]-[18]. A specific example
the transmitting situation (see Fig. 1b). The evaluatioiftioé from this category is the TD electric-field response of a
change of) the far-field scattering amplitudes at the baottwanondispersive, TV high-dielectric thin layer as descrililsd
direction¢ = —3 (see Fig. 1a) due to (the change of) the TY10, Eq. (18)]. Notably, (the change of) the back-scattérbd

load is the main objective of this paper. field response of a short wire antenna loaded by a TV capacitor
as given by (8)—(10) readily follows upon differentiatinget
Ill. PROBLEM SOLUTION productof the (input) plane-wave pulse with a simple rational

The point of departure for our analysis is (the TD countefunction of C*(t).
part of) the compensation theorem derived in [4, Sec. 9.2.2]

AES>® (&)« VT(t) = EV>=(&,t)«xAVR(t), (4) B. Small Loop Loaded by a Time-Varying Inductor

where AES>™ denotes the desired change of the far-field A dual analysis can be carried out for a loop antenna.
scattering amplitudeA VR (¢) is the corresponding change ofNdeed, assuming arelatively small loop of a thin wire cagy
the voltage across the TV loads™"> denotes the radiation 2 unlform current dlstrlb_utlon [12, Sec. 26.10] and using
amplitude in the transmitting state and, final§? (t) denotes the pertaining compensation theorem [4, Sec. 9.2.1] wih th
the excitation voltage pulse. The latter can be related ¢o tRduivalent Norton circuit representation [19], we may @rit
excitation current/ ™ (¢), through the TD input impedance adcf- (8)-(10))
VT(t) = ZT(t)*IT(t) ) o - AooEs;oo
We shall distinguish between the changes with respect to the
(referential) receiving situations with the open-cir¢hort-

(=B,t) = =y OF{' ()™ () + 1]} (12)
a - A°E¥®(=B,t) = =y 9 {e'(t)[T™(t) — 1]} (13)
t)

circuit and matched loads, i.e., a - AES®(=8,t) = =" 07 [e! ()™ (t)] (14)
AXE¥® = E¥°| 1) — E¥°| 710 (5) wherey™ = (uo/L.)[(B x ) + AJ?/2¢3. Here, L, denotes
ACES® = B 41y — E¥®| 51_q (6) Fhe induc_tance of a.small loop [13, Sec._lO.ll] aAdis _
A*ES® = E5| BN ) its vectorial area. Finally, the corresponding TD reflettio
Zh(®) Zh=27 coefficient reads
respectively. La— LM(1)

™ (1) (15)

T L TL(4)
A. Short Wire Loaded by a Time-Varying Capacitor Lo+ LE(1)

We assume that the wire antenna is relatively short. Coghere L'(t) denotes the TV load inductance.
sequently, its TD input impedance can be approximated by
ZT(t) = C;H(t), whereC, is the wire’s capacitance [13, V. NUMERICAL RESULTS
Sec. 10.3]. Its radiation allmp.htud@T*O", can be expressed | this section we shall provide illustrative numerical ex-
using the current distribution in stat@) (see [12, Sec. 26.9], ymples that validate the closed-form, TD analytical forsul
for example), while the change of the load voltage in stajfyrived in the paper. To that end, we shall analyze the pulsed
(R), AVE(t), can be determined using &enin’s equivalent £\ field scattered by a short wire antenna loaded by a TV

circuit. The latter is specified by its internal impedancd Hre capacitor. The antenna is irradiated by a uniform plane wave
voltage source strengti;“ (¢), that is related to the radiation e signature of which is described by

amplitude at¢ = —g3 through the antenna self-reciprocity
relation VE(£)«IT(t) = pglei(t)xa - 8 "ET(=B,t)  €(t) =2em | (t/tw)? H(t) — 2 (t/tw — 1/2)* H(t/ty — 1/2)
(s_ee [4, Eq. (5_.6)] and [14, Eq. (23)], [15]). Accordinglfthe +2(t/ty — 3/2)2 H(t/ty — 3/2)
wire antenna is loaded by a TV capacit6-(¢), the change 9
of the co-polarized, back-scattered far-field amplitude ba = (t/tw = 2)"H(t/tw —2) ]7 (16)
described by where we take the unit amplitude,, = 1.0 V/m and the pulse

a - ACE®(—8,t) = 02{e (t)[[°(t) — 1]} (8) time width, ¢, > 0, is chosen such that the wire antenna is

Bt (
o 1800 6 A2 i o relatively small, i.e.,coty, = 50¢, with ¢ = |£| = 100 mm.
o ATETT(=f,1) =9"0; {e_ O + 1]} (9) To reveal TD EM scattering effects, the ‘p|lane-wave pulse
a - A*E¥(—8,t) = 1 7 [ ()T°(t)] (10) shape (16) is chosen to be continuously differentiable Jewhi
where we used® = k2oCy(c - £)2/2 (in m - s2). Here, £ its second derivative (cf., (8)—(10)) shows jump digcanitias
denotes the vectorial length of the wire and fadtodepends at t/tw = {0,1/2,3/2,2}. The pulse shape and its (scaled)
on the actual current distribution (it takes the values= second time derivative are shown in Fig. 2. In the examples
{1,1/2,2/x} for the uniform, triangular and cosine spatiafhat follow, we shall calculate (the change of) tipelar
current distribution, respectively). Furthermore, we dvased COMponent of the far-field amplitude with respect to dpen-
L circuit reference, i.e. A E,*(—3,t) (cf. (8)) for § =« /2,
_G-C(@®) (11) noting the rotational symmetry of the wire about theaxis

re(t) = .
Ca+CL(t) (see Fig. 1). For the sake of validation, we shall first evalua
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Fig. 2. Plane-wave pulse shape and its scaled second timeatieri Fig. 4. Time-varying load capacitance.
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Fig. 5. The change of the EM field (with respect to the opeanuiireference)
as back-scattered by the wire antenna loaded by the TV dapaei(17). The
pulse shapes were calculated analytically via (8) and nwalériusing FD-
TD and PEEC.

Fig. 3. The change of the EM field (with respect to the opeauiireference)
as back-scattered by the wire antenna loaded bgtiiic capacitanceC!” =

1.0 pF. The pulse shapes were calculated analytically via (8) amdemically
using FD-TD and CST-FIT.

capacitor, the capacitance of which is time dependent. For
the pulsed EM scattering by thf antenn:il loaded by a timegcample, we take a harmonically modulated load, i.e.,
invariant load capacitance, i.e~(t) = Cy = 1.0pF, for
whichT'¢ is time independent (see( ()11)). C(t)onsequently, in line CH(t) = C(];[l + cos(4mt/tw)]H(?), (17)
with (8), (the change of) the back-scattered TD field has théth C} = 1.0pF (see Fig. 4). In this casel*® is a
shape of the (scaled) second time derivative of the incidefahction of time (see (11)), which leads to a time-modulated
pulse, i.e., A®E;*(—0,t) « 02€l(t). Figure 3 shows the back-scattered pulse, the shape of which corresponds to
back-scattered signals (scaled By = k*(C./eo)(cx - £)%)  92{el(t)[T°(t)—1]} (see (8)). As CST Microwave Suftedoes
as predicted via the approximate analytical expressiorio8) not allow to incorporate a TV lumped load, this result hasbee
the triangular current distributionk(= 1/2) and using the verified using FD-TD and the partial element equivalentuitrc
Aalborg University's in-house finite-difference time-dam (PEEC) method [21]. As can be seen from Fig. 5, the pulse
(FD-TD) code (e.g., [20]). The FD-TD model of the dipoleshapes correlate very well, thereby successfully validathe
has been modeled as two wires with the capacitor load approximate analytical model.
between, with a cell siz& mm and a time ste.621 ps.
For the sake of validation, the pulsed response has also been V. CONCLUSION
computed with the aid of the finite integration techniquel{FI  Novel TD, approximate analytical expressions describing
as implemented in CST Microwave Suite Apart from the the effect of TV lumped loads on the pulsed EM field as back-
oscillations that can be associated with the dipole’s halfe scattered by small wire and loop antennas have been presente
resonance, the analytical model provides a reasonabieasti Since reconfigurable intelligent surfaces are typicallythg-
It is further observed that the assumption of the trianglessu  sized in the form of ordered array structures consistingrals
distribution underestimates the strength of the scatiesffect. receiving antennas loaded by TV loads, it is anticipated tha
It has been verified that a better result can be achieved witie presented results will help to understand the pertgifiD
a higherk of value betweerl /2 (= triangle distribution) and EM scattering effects, thus enabling their efficient desigme
2/7 (= cosine distribution). validity of the results has been demonstrated numericaily o

Next, the antenna under consideration is loaded by a lump#dstrative examples.
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