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A Novel Synthesis Technique for Conducting
Scatterers Using TLM Time Reversal

Michel Forest and Wolfgang J. R. Hoefer, Fellow, IEEE

Abstract—This paper presents a novel numerical synthesis
technique based on the reversal of the TLM process in time. It
allows the designer to generate the geometry of a passive structure
from its desired frequency response using alternate forward and
backward time domain simulations. The essential steps of the
procedure are explained and validated using, as an example,
the synthesis of an inductive obstacle in a waveguide. If fully
developed, it promises to become an advantageous alternative
to the traditional techniques using frequency domain numerical
methods.

1. INTRODUCTION

ESIGN of microwave structures through repeated analy-

ses combined with an optimization strategy has been
performed extensively for many years and is growing with the
increasing capability of computers. Depending on the nature of
the problem, a large number of analysis cycles are necessary
to achieve satisfactory convergence of the design process.
Although these methods demonstrate very good performance
in the frequency domain, those successive analyses would be
very wasteful in the time domain since each analysis requires
the transient build-up of the field from an impulsive excitation.
Thus, when using a time domain method, a completely differ-
ent approach should be taken that makes appropriate use of the
time dimension. The principles of a new technique based on
time reversal have been recently introduced by Sorrentino et al.
[1]. This new procedure amounts to a time domain synthesis
of microwave structures with the Transmission-Line Matrix
method (TLM).

The main advantage of a time domain method resides
in the ability to work with a large bandwidth signal and
the possibility to include transient phenomena which are
both important in the time domain synthesis of a microwave
structure. In this paper, the new synthesis procedure will be
described in detail and applied to a simple example so as to
not obscure the essence of the method by the complexity of
the structure. Finally, results will be discussed and compared
with existing design methods.

II. REVERSIBILITY OF TIME IN THE TLM METHOD

The Transmission-Line Matrix (TLLM) method was first
introduced by Johns and Beurle [2]. It is a discrete time and
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Fig. 1. 2D-TLM shunt node. (a) Schematic. (b) Three-dimensional view.

space sampling method for modeling the propagation of elec-
tromagnetic waves. The propagation space is represented by
a mesh of interconnected transmission lines. The well-known
two-dimensional TLM shunt node is represented schematically
in Fig. 1.

For two-dimensional homogeneous regions, the voltage
impulses V! incident on each line are scattered according to
the node scattering matrix

Vi1’ -1 1 1 17y
Vs 11 -1 1 1| W )
12 T2l 11 1 1|V
Vil 1 1 1 —1livad,

Furthermore, each scattered impulse V. at a given node
becomes an incident impulse V! at the adjacent node. The
total node voltage V,, at the instant of scattering is

4
1 .
V=53 Vi @
n=1

It has been shown in [1] that the TLM process is reversible
due to the fact that the scattering matrix is equal to its inverse

s l=35 3)
where
-1 1 1 1
1 -1 1 1
§=3 1 1 -1 1 “)
1 1 1 -1
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Fig. 2. Paralle]l plate waveguide. (a) Waveguide with an obstacle yielding
the total field solution. (b) Empty waveguide yielding the homogeneous field
solution.

This property of the TLM scattering matrix implies that by
reversing the process without changing the algorithm, one can
reconstruct a source distribution from a known field solution
by reversing the TLM process in time. This is also true for the
three-dimensional distributed and condensed node algorithms.
An extensive list of references on these algorithms is given in
[3]. Other workers such as Bennet [4] have also worked on
time domain inverse problems. However, their work is rather
based on a space-time integral equation approach.

IIT. RECONSTRUCTION TECHNIQUE USING TIME REVERSAL

The essence of the time reversal synthesis will be explained
and demonstrated for the reconstruction of a simple discontinu-
ity—a thin conducting obstacle—in a parallel plate waveguide.
This guide can propagate a TEM wave, and it possesses a
complete spectrum of well-defined modes.

Fig. 2 shows the parallel plate waveguide without (a)
and with (b) the obstacle. Both structures are terminated
at both ends by an absorbing boundary (generated by zero
reflection coefficients on the output lines) and excited in the
linear excitation zone by a Gaussian impulse, a signal with
a limited bandwidth such that the traveling waveform is not
noticeably distorted due to velocity dispersion. The obstacle
is a conducting septum consisting of an electric wall inserted
into the center of the parallel plate waveguide. The following
procedure consists of three stages.

1) Forward analysis of the empty waveguide to obtain the
homogeneous field solution in the empty waveguide.

2) Forward analysis of the loaded waveguide to obtain the
total field solution which is the sum of the homogeneous
solution and the scattered field (particular solution).

3) Backward synthesis to reconstruct the topology of the
scattering obstacle.

In the first stage, a time-sampled Gaussian impulse is
injected into the empty waveguide section, and the resultant
impulses incident upon both absorbing boundaries are picked
up and stored. We refer to these impulses at each boundary
node as ¢izg, (4, k) and ¢ff,, (i, k). The index “” indicates the
position in the transversal direction, “k” represents the discrete
time step, and “H” refers to the homogeneous solution.
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Fig. 3. Results for the synthesis of a metallic septum. (a) Distribution of the
maximum value of the magnitude of the Poynting vector inside the structure
after the inversion of the TLM process. (b) Shape of the reconstructed obstacle
extracted from the Poynting vector distribution.

In the second stage, the same function is stored with
the discontinuity in place, yielding the impulse responses
$Le (i, k) and ¢Zp, (i, k), the total field solution. Note that
the number “k£” of time steps must be the same in both
cases. Finally, in the third stage, both impulse responses are
subtracted from each other as follows, yielding the particular
solutions

Blore (1, k) = Piene (i, k) — bz (4, k) )
and
¢§ght(i’ k) = z;ght(i’ k) - ¢§ght(i’ k)' ©

These functions are then injected in the reverse time se-
quence at both ends of the empty waveguide. The same number
of computation (or time) steps is performed as in the forward
simulations. Note that for the analysis, the number of time
steps must be large enough to let the field vanish completely
in the waveguide because it is assumed that there is no field
in it when the inverse simulation is started.

At each computational step of the synthesis, the absolute
value of a field component, for example, £,, is displayed at
each node inside the structure according to a color map, and
updated if the new value is larger than the maximum value
at any previous time step. Therefore, the final picture of the
distribution of the fields represents the maximum value that
occurred at each node during the entire reverse process. In
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Fig. 4. Results for the synthesis of a metallic scatterer. (a) TLM simulation: Part 1, (b) TLM simulation: Part 2. (¢) TLM simulation: Part 3. (d) Distribution
of the maximum electric field. These figures show the absolute value of the electric field normal to the plates (Ey ). (a), (b), and (¢) show parts of the forward
simulation to obtain the total field solution. (d) shows the results of the reverse simulation with the distribution of the maximum value of the electric field
into the structure. The highest points indicate the location of the induced sources on the contour of the obstacle.

this manner, the shape of the obstacle can be reconstructed. should be taken to do the imaging, remember that there
To explain why only the maximum field value over time is no obstacle in the guide when the particular solutions
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are launched, and therefore the field components will have
vanished completely at the end of the reverse process. The
different field components will show different aspects of the
contour of the obstacle. For instance, the highest values of the
normal electric field occur at the surface of the obstacle, and
so do the lowest values of the normal magnetic field. Also, the
longitudinal magnetic field component can be used to indicate
the positions of the sharp edges of the scatterer. Furthermore, it
is possible to define the obstacle contour with better precision
using a combination of these field components. For example,
the magnitude of the Poynting vector can be used, which is
computed as follows:

\P (s, )| = 1By (i V[ Hali, 5P + [H: )P

[

where the indexes “¢” and “j” specify the position in the
waveguide. As an example, Fig. 3(a) shows the final image
from which the conducting septum is reconstructed. The valley
formed in the distribution of the maximum magnitude of the
Poynting vector describes the location and the shape of the
septum. A simple algorithm is used to extract the position
of this valley in order to determine the shape of the obstacle.
Fig. 3(b) shows the image of the reconstructed obstacle, which
can be obtained with a resolution corresponding to the mesh
parameter Al.

Fig. 4 shows a sequence of images including both the for-
ward and backward analyses of a diamond-shaped conducting
obstacle. In Fig. 4(a), (b), and (c), three different time steps
of the forward analysis are displayed. The Gaussian-shaped
traveling wave is excited at the left port and is propagating
to the right side of the guide. Throughout the simulation, all
impulses emerging at both ends of the waveguide are stored
in memory. The distribution of the maximum value of the
magnitude of the electric field in the structure is presented
in Fig. 4(d). The left side of the obstacle is indicated by the
locations of the larger electric field values. It corresponds to the
location of the induced sources on the contour of the metallic
obstacle.

These examples demonstrate the simplicity of the recon-
struction of metallic scatterers by inversion of the TLM
process in time. Obviously, the resolution depends on the
relative density of the mesh and the resulting resolution of
the Gaussian excitation waveform.

(7

IV. COMPLETE SYNTHESIS PROCEDURE

A realistic synthesis does not start with an analysis of the
desired structure as in the previous demonstration, but rather
from a desired time or frequency response, the latter being the
more frequently encountered case. However, such a frequency
response usually does not contain information for frequencies
considerably higher than the upper band limit of interest. For
example, the specifications for an inductive iris are given only
for the dominant mode, and there is no information about the
distribution of energy among the different higher order modes.
In other words, there is no information about the transversal
distribution of the fields in the reference planes. Nevertheless,
this information is essential for the reconstruction of the
obstacle in the time domain.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES. VOL. 43, NO 6, JUNE 1995

Hence, this missing information must be obtained some-
how. As in the traditional synthesis techniques which involve
optimization procedures, a first guess is used as a start-
ing point. This is, in fact, a simple way to generate the
missing information approximately. A first forward TLM
analysis is performed of an obstacle having approximately
the desired dimensions. These can be found in many cases
from closed-form expressions, given in the literature, which
link the dimensions of discontinuities to their equivalent
lumped element circuits. However, if such expressions are not
available, an educated guess is sufficient. The dominant mode
content of this first response ¢ (¢, k) and (bg:ght(i, k) is
extracted and replaced by the desired dominant mode content
in the frequency domain. The modified total response is then
converted back into the time domain and, after subtraction of
the homogeneous response of the empty waveguide, reinjected
into the computational domain in the inverse time sequence.
This procedure will now be described in more detail.

A. Modification of the Dominant Mode Response of a Structure

An important part of the TLM synthesis of microwave struc-
tures is the modification of the dominant mode information
provided by an approximated analysis. In this manner, the
reinjected signal will yield a structure which has the desired
frequency response within the single mode bandwidth.

Let the time domain responses for the electric field of
the approximated structure be ¢l (i, k) and ¢, (i, k).
From these signals, the dominant mode frequency response
is extracted by performing a spatial Fourier expansion in the
transverse (x) direction of the waveguide at every iteration,
and then taking the Fourier transform of the resulting time
sequence. In the case of the parallel plate waveguide (see
Fig. 2), the TEM mode has a constant transversal distribution.
Thus, the extraction of the dominant mode for each iteration
is performed by taking the first term of the transverse Fourier
spatial expansion of the electric field along z

| NBX
$ioee (k) = NBX Z Plege (i, F) (8)
T o=l
and
| NBX
Drgnlk) = gz D Pranilis k) ©)
=1

for k =0, 1, 2--- Nbit— 1 where NBX and NbIt are,
respectively, the number of nodes in the transverse direction
and the number of time steps during the analysis.

Then 7 (w) and ®% ., (w) are obtained using a discrete
Fourier transform (DFT) on ¢2 (k) and ¢Q, (k). Tt is
important to note that ¢Z, contains the incident and the
reflected TEM wave, while (,/)rl‘)ght contains only the transmitted
TEM wave.

Let the desired frequency responses be @)% (w) and
1 pi(w) which are defined in a limited frequency band
where only the dominant mode can propagate.—Note that
only the magnitude of the S parameter is used here. The

effect of the phase has not been evaluated.—The difference
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Fig. 5. Representation of a TEM wave traveling (a) to the right and (b) to
the left. The magnitude of the electric field of the wave is unity in both cases.

between these and the previous signals is performed in the
frequency domain, yielding

P (w) = o (w) — BT (w) (10)
and
YR (w) = B 4 (w) — DL (w). (11)

Since ®P(w) and ®"¥ (w) have the same incident field content,
the above difference signals [in (10) and (11)] contain a re-
flected and a transmitted TEM wave, respectively, which have
a constant transversal distribution in the waveguide. Uniform
TEM waves are represented in Fig. 5 where the impulses V,
incident on a transversal row of nodes are indicated for a
given time step. For the wave traveling to the left, the field
components are calculated as follows:

1
By=5) Vi
11 1
——5[5“1’0-1-'2—4—1]
=1, (12)
H, ——I-—(V—V)
z—ZO 4 2
1
=—(1-0
Zo( )
1
— 13
7 (13)
H ——I-(V—V)
z—ZO 1 3
_ i1
Zo\2 2
= 0. (14)

These expressions verify that the Poynting vector is ef-
fectively directed in the negative z direction, which is the
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direction of propagation. For a TEM wave traveling to the
right, we have

E, = —;—ZV

171 1
=41+ 2+0
2[2+++]

Il

2
=1, (15)
H, = (Vi - W)
x — ZO 4 2
- Lo-y
0
1
S 16
o (16)
1
HZZ'Z—O(Vl—Vs)
1 i_l
Z() 2
— 0. (17)

Obviously, the Poynting vector is in the positive z direction.
Therefore, the difference signal is represented, for each time
step k, by a line of impulses weighted by the value of the
inverse Fourier transform of & (w) or ®¢H (w).

Finally, the modified total solution is defined by the follow-

ing expressions:

$on(is k) = Glp 0 k) — FRLE W) (18)
Prgni (i k) = Ol (i k) = FHOEE ()] (19)

and using (10) and (11)
Bloge (i k) = dloge (3, k) = FH[Bg(w) — Dlp(w)]  (20)
Shigne (s k) = Sligna (s k) = F @R (w) — @Kgm@»)(]z-l)

Fig. 6 shows how the two right-hand terms of (20) and (21)
are represented in the TLM network. The first term, ¢Lg, (i, k)
or ¢£ght(i7 k), is the total voltage of the node i at time k£, and
corresponds to the voltage impulses incident on that node [Fig.
6(a)]. This signal is the total solution obtained by a regular
TLM analysis. It contains the dominant and all the higher
order modes. But the second term, which is the inverse Fourier
transform of the difference signal, contains only a TEM wave
(either propagating toward the right or the left). Therefore, the
values of the incident impulses describing this signal are equal
along the transversal dimension, as shown in Fig 6(b) for the
left input.

Fmally, the difference between the new total response
¢ (i, k) and the homogeneous response ¢ (i, k) is rein-
jected into the empty structure, yielding an image of the
synthesized obstacle as described in the previous section. This
result represents an improvement over the initial guess, and in
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Fig. 7. Flowchart of the proposed synthesis technique.

many cases, is already acceptable as a final result. However,
if a new analysis still yields an unsatisfactory answer, the
same sequence is repeated until it converges. Fig. 7 shows
a flowchart of this synthesis technique.

B. Numerical Example: Synthesis of an Inductive Obstacle

In this section, a complete design example is presented
to demonstrate this novel synthesis technique. The design
problem is to synthesize an inductive obstacle in a parallel
plate waveguide. Its shunt inductance (see Fig. 8) should be
L = 0.9 pH within the dominant single mode bandwidth. This
design goal leads directly to the desired scattering parameters
S11 and S; of the obstacle which are shown in Fig. 9, and
which we shall call the design specifications.

At this point, the designer has a choice among different
configurations which can satisfy these specifications. Among
others, a metallic iris, a post, or a septum can be selected.
For the present example, a metallic septum is chosen (see
Fig. 10). An approximate formula could be used to predict
the width for this obstacle, and thus the final result of the
synthesis should be close to that value. However, to illustrate
the fast convergence of the synthesis procedure, a much larger
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Fig. 8. Representation of an inductor as a two-port network.
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Fig. 9. Specifications for the scattering parameter S11 and S»; versus the
normalized frequency Al/A in the reference plane T'. Above 0.005 (Al/X),
no specifications are given.

Fig. 10. Configuration of the approximated structure.

obstacle of width 41A! is chosen as a first guess. The TLM
analysis of this structure provides the full bandwidth response
in the time domain. A transverse spatial Fourier expansion of
this response is used to obtain the impulse response of the
structure for the dominant mode which is displayed in Fig.
11. The corresponding frequency domain response is obtained
using a discrete Fourier transform (DFT) (see Fig. 12). This
frequency response is then modified by substituting, in the low-
frequency band, the desired S-parameter values given in Fig.
9, but retaining the higher frequency part. Using an inverse
discrete Fourier transform, the modified time domain signal is
created. It is used in the reconstruction technique in order to
obtain the shape of a new obstacle which corresponds to the
design specifications. This new shape is displayed in Fig. 13. It
represents an improvement over the original metallic septum.
A new analysis shows that this new configuration provides
results which agree with the wanted frequency response at
low frequencies. The new scattering parameters are displayed
in Fig. 14.

V. DISCUSSION

The proposed new technique has shown promising results.
But some additional details must be explained. First, if the
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Fig. 11. Impulse responses for the dominant mode (for the electric field Ey)
on the left (a) and the right (b) sides of the approximated structure.
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Fig. 12. Scattering parameters of the approximated structure. These are
obtained using a discrete Fourier transform (DFT) performed on the approx-
imated time domain signals.

process is followed as described above, only the left part
of the obstacle will appear. This is due to the fact that
induced sources appear mainly on the left side where the
incident wavefront hits. However, a simulation with illumi-
nation from the right side can also be performed to get
the image of the other part of the obstacle, or both can be
combined in a single process involving even excitation from
both sides.

Also, current design techniques are based on optimization
procedures [5]. Fig. 15 shows a simplified algorithm for such
techniques. Usually, the number of variables in optimization
procedures must be small to ensure fast convergence of the
process. However, the proposed technique is independent of
the shape of the obstacle. Thus, for a more complex structure
which would require an important number of variables, the
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Fig. 13. New configuration of the structure.
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Fig. 15. Flowchart of the traditional synthesis techniques using optimization
procedures.

synthesis procedure using time reversal would be more ef-
ficient than an optimization procedure. The performance of
the new method depends mainly on the mesh density and
the quality of the initial guess for the dimensions of the
obstacle. Some of the results presented in this paper have been
obtained by computation on the Connection Machine, which
is a massively parallel computer. Since the TLM scattering
computation is identical for each node, it is easy to associate
to each available processor one node of the TLM mesh. This
makes the TLM method a powerful tool for time domain
analysis and synthesis of electromagnetic structures. Finally,
the main drawback of this new technique resides in the
difficulty of synthesizing resonant structures. In this case,
the resonant effect is producing output at both ports for a
long time, resulting in a poorly reconstructed image. To be
resolved, this interesting problem should be addressed in a
future study.

VI. CONCLUSION

A new technique for the time domain synthesis of mi-
crowave structures has been presented. Based on the principles
introduced by Sorrentino et al. [1], this new efficient algorithm
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employing the Transmission-Line Matrix method has yielded
good results for simple scatterers inside a waveguide. It has
been shown that the required information on higher order
modes (which is not provided by the design specifications)
can be generated by a forward analysis of an approximated
structure. It is at this point that the designer can make
a choice among several acceptable solutions. For example,
an inductive obstacle could be realized in many possible
forms, such as rectangular or circular posts, longitudinal or
transverse septa, irises, etc. This distinguishes design from
inverse scattering where a specific unknown scatterer must
be reconstructed. Future research will be aimed at the de-
velopment of more general procedures for the synthesis of
more complex geometries such as filters, couplers, and hybrid
junctions.
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