Electromagnetic Wave Propagation in a
Time-Variant Medium: A State-Space Approach Via
the Spatial Fourier Domain
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Abstract — In this paper we consider a three-
dimensional electromagnetic field in a homogeneous
and time-variant medium. After a spatial Fourier
transformation we solve Maxwell’s equations for the
electric and magnetic flux densities and write the
solution in terms of the so-called transition matrix.
This matrix can be given in terms of the well known
Peano-Baker series and we show that in the constant
impedance case this series simplifies to the matrix
exponential operator. This operator can explicitly
be transformed back to the spatial domain result-
ing in explicit space-time domain expression for the
electromagnetic field.

1 INTRODUCTION

Interactions of the electromagnetic field with a
time-varying medium are exploited in many dif-
ferent application areas such as imaging, radar,
telecommunications, and optical communication
technology ([1] — [4]). In this paper we study this
interaction for a three-dimensional electromagnetic
field that is present in a homogeneous and time-
variant medium. The field is generated by external
electric- and magnetic-current sources that occupy
a bounded domain D¢ in R3. These sources are
switched on at the time instant t = ¢y and it is
our objective to find the electric and magnetic field
strengths in all of space for ¢t > t;.

Our approach is to solve Maxwell’s equations
for the flux densities instead of the field strengths.
Specifically, we first use the constitutive relations
to rewrite Maxwell’s equations in terms of the
electric and magnetic fluxes. We then apply a
three-dimensional spatial Fourier transform to ar-
rive at the Fourier domain state-space representa-
tion of Maxwell’s equations. From this representa-
tion we obtain the transformed electric and mag-
netic flux densities in terms of the so-called Peano-
Baker series. The problem with this series is that
it is far from trivial to analytically evaluate its in-
verse spatial Fourier transform. If, however, the
transformed Maxwell operator commutes with its
time-integrated form, then the Peano-Baker series
simplifies to the exponent of the time-integrated
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Maxwell operator and we will show that under this
condition it is possible to analytically carry out the
inverse Fourier transform. Furthermore, we will
also show that the commutation relation holds if
and only if the time variations of our medium are
such that its impedance is constant. Having found
the electric and magnetic flux densities in space-
time, it is now an easy matter to obtain the field
strengths by simply using the constitutive relations
one more time.

2 GENERAL k-SPACE SOLUTION

We consider an electromagnetic field in a homoge-
neous and time-variant medium characterized by
the time-dependent permittivity e(¢) and perme-
ability wp(t). The electromagnetic field is gen-
erated by external electric- and magnetic-current
sources J*' and K$*' that occupy the bounded
domain D¢ in R3. The sources start to act at
the time instant ¢ = ¢y and we are interested in the
electromagnetic field in all of space and for t > t,.
This field satisfies Maxwell’s equations
—€k7m,pame + 0Dy, = —ng (1)

and

ej,m,r(“)mEr + 815Bj —K;Xt (2)
and the constitutive relations relating the fluxes to
the fields are given by
Dy =¢(t)Er and B; = pu(t)H;. (3)
Our approach is to first solve Maxwell’s equations
for the fluxes D) and B; and then to use the above
constitutive relations to obtain the corresponding
electric and magnetic field strength components.
Explicitly, we write Maxwell’s equations as

_ gext
k

_,u(t)ilek,m,pame + 8tDk (4)

and

e(t) " €jmaOm Dy + 0:B; = =K, (5)
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and try to solve these equations for Dy, and B; using
the prescribed initial fluxes

Dy =D) and B;=B] (6)

which hold for all x € R® and at ¢ = t,.

To this end, we first apply a Fourier transforma-
tion to Maxwell’s equations with respect to the spa-
tial coordinates. The Fourier transformation pair of
a function f(x,t) is given by

fkt) = F{f(x,1)}

= [ el staa ™

and
fx,t) = FH{f(k, 1)}
! / exp(—jk - x) f(k, t)dV ®)
= Xpl—JK- s ,
(27m)3 Jxers
and using the rule that 5,” = —jk,, we arrive at

8t[)k = M(t)_lfhm,p(_jkm)ép - jliXt 9)

and
0, Bj = —e(t) " €jmur(—ikm) Dy — K. (10)

We now write these two equations in state-space
form. Introducing the k-space flux and source vec-

tors as
~ a B Text
f= <B) and q= <i]~{ext> , (11)
respectively, where
(DY (B
d= .?2 5 b= -@2 ) (12>
D3 Bs
i szXt I?f)(t
= J ] and kU= [ K9], (13)
J?e):xt K§Xt
we can write
of = A)f —q, (14)

where A(t) is the k-space system matrix given by

; 0 p(t) 'K
A(t) = - 1
0= "% (15)
and
(0 ks ik
K=[-jks 0 jk (16)
jke =ikt 0

is the Fourier transformed curl operator. From lin-
ear system theory we know that the general k-space
solution of Eq. (14) is given by (see, for example,

[5])

t
®(t,7)q(r)dr for t > tg,

(17)
where f contains the Fourier-transformed initial
fluxes and ® is the transition matrix given by the
Peano-Baker series

B(t) = ®(t, to)fo — /

T=to

t

b(t,7) =1+ A(oy)doy

O1=T
o1

t
+/ A [ Afos)doados + ...
) ) (1)

Obtaining an explicit (space-time) expression for
the transition matrix is difficult and perhaps even
impossible in general. In the next section, however,
we show that the above expression for the transition
matrix simplifies significantly if the impedance is
constant in time.

3 EXPLICIT SPACE-TIME SOLUTION
FOR MEDIA WITH A CONSTANT
IMPEDANCE

Suppose that the time variation of the permittiv-
ity and permeability is such that the system matrix
commutes with its time-integrated form. More pre-
cisely, suppose that for every value of 7 and t we
have

A(t)/: A(a)da:/: A(o)do A(t). (19)

It is well known that if this commutation relation
holds the expression for the transition matrix re-
duces to (see [5])

B(1,7) = exp { /J t_T A(o) da} @0

This form allows us to obtain explicit expressions
for the electromagnetic field quantities in space-
time. Before doing so, however, we first want to
determine under what condition(s) on € and p the
commutation relation of Eq. (19) holds. Writing
out the left- and right-hand side of this equation
and comparing entries, we find that the commuta-
tion relation is satisfied if and only if

t t

Z(t)?/ Ldaz/ Z(o)—
o=T M(U) o=T

(o) 7

(21)

264



for every value of 7 and ¢, where Z = [u(t)/e(t)]*/?
is the wave impedance. Since this equation is sat-
isfied for a constant impedance only, we conclude
that the simplified form for the transition matrix
as given by Eq. (20) holds if and only if the time
variations of the permittivity and permeability are
such that the impedance is constant.

From this moment on, we restrict ourselves to
this constant impedance case and write the system
matrix as

A = ¢(t)B, (22)
where ¢ = [e(t)u(t)]"'/? is the electromagnetic
wave speed and

. 0 Z'K
B= ~ 2
(—ZK 0 ) (23)

is time independent. In terms of this matrix, the
transition matrix is given by

&(t,7) = exp [g(t,T)B} : (24)

where .
C(t,7) = / c(o)do.

We now rewrite the expression for the transition
matrix in a form that allows for a direct transfor-
mation back to the space-time domain. First, we
use the power series expansion of the exponential
function and split the summation into even and odd
powers of matrix B. This gives

(25)

C?n > <2n+1

_ 2n S P2n+l
B(t,7) = anl B ZO(%H)!B :
(26)
Now since
- G 0
2n _ (__1\"|1]|2n b _
B“" = (—1)"|k] (0 G> forn=1,2,..,
(27)
where G = I — |[k|~2kk”, and
B> = (-1)"[k|*"B forn=0,1,..., (28)
we can write Eq. (26) as
- G o
L kD™ (G0
+ZO o o &) @
n=
2 (KD s
+Z G 11 k|~'B.

In the above expressions we recognize the power
series expansions of cos((|k|) and sin(¢|k[) and the
above expression for ® becomes

®(t,7)=1- (g’ g>+005(§|k|) (S g)

sin(¢|k]) -
——B.
K|

(30)

Finally, since

1—(§ &) + costei (ﬁ' &)
-Gl (47 o)

= cos(Clk) T+ e 0 kKT

we arrive at
®(t,7) = cos(C|k|)I
[1 — cos(C|k|)] <kkT 0 >
k|2 0 kkT (32)
N sin(¢|k|) ( i —Z‘1f{>
k| ZK 0 ’

where we have used the definition of matrix B as
well.

Having found an explicit k-space expression for
the transition matrix, we now substitute this ex-
pression in Eq. (17) to obtain the k-space flux den-
sities. Taking £, = 0 for simplicity, we obtain

d(k,t) =

/t
T:to

[1 — cos(¢[k])]

Tsext
k]2 kk"j

[cos<<|k>jext ;

(CIk]) & pext
7Kkex dr
k|

(33)
an d

1) =
[cos Clk|)k™* + Mkkﬁ;m‘t

/

k|2
Clk[) ~
4 ZSID( | ‘)Kjext dT,
k|
(34)
for t > tg. To obtain the space-time representa-

tions for the fluxes, we need to evaluate the inverse
Fourier transform of the above k-space equations.
To this end, we make use of the results

FH {cos(C[k)} =

@ sl — s 4 Ix
T 197€ = ) = 0D+ D)

(35)
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=)

I (36)
T € = bel) =8¢+ )
and
—1 [ [1 —cos(¢[k])]
ar { B =
(t) (37)
T 1€ = bel) =8¢+ ).

In the above expressions the second delta function
between the square brackets vanishes, since { > 0
for t > tg.

Carrying out the inverse Fourier transform, we
arrive at the space-time flux densities

1
@ata(x, t, to)
+VV.

o=tg

— 77V x m(x,t,to)

d(x,t) = —

t c(o)a(x,o,tg) do (38)

and

1
3tm(x, t, to)

o
+VV.

b(x,t) = —

" domxotg)de 39

O':t[)

+ ZV x a(x,t,tg),

for t > ty and x € R3 and where the electric and
magnetic vector potentials are given by

X t t()
/ / |X_X/|]jcxt(xl 7_) drdv
X/ €Dsre 47T|X —x/| ’
(40)
and
X t t()
— X =X ey
Kk drdV
/xemm/ 47r|x x'| (', r)drdV,

(41)

respectively. Finally, the electric and magnetic field
strengths are obtained by using the constitutive re-
lations one more time.
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