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ABSTRACT

This thesis contributes to the development of a novel electromagnetic (EM)
time-domain computational approach, the self-adjoint variable method, for the
scattering parameter (S-parameter) sensitivity analysis of high frequency
problems.

The design sensitivity analysis provides sensitivity information in the form
of the response gradient (response Jacobian). For that, various techniques are
used, ranging from finite-difference approximations to quadratic and spline
interpolations. However, when the number of design parameters becomes large,
the simulation time would become unaffordable, which is especially the case with
EM simulations. The proposed self-adjoint sensitivity analysis (SASA) approach
aims at providing sensitivity information efficiently without sacrificing the
accuracy. Its efficiency lies in the fact that regardless of the number of design
parameters, only one simulation of the original structure is required — the one
used to compute the S-parameters. Thus, the sensitivity computation has

negligible overhead. At the same time, it has second-order accuracy.
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Currently, commercial EM simulators provide only specific engineering
responses, such as Z- or S-parameters. No sensitivity information is actually
made available. With the SASA approach, the only requirement for the EM
solver is the ability to access the field solution at the perturbation grid points. This
feature is generally available with all time-domain EM simulators. The
manipulation of the field solutions in this approach is simple and it adds
practically negligible overhead to the simulation time.

We confirm the validity of this approach for both the shape and
constitutive parameters of the design structures. 2-D examples including metallic
and dielectric details are presented, using the field solutions from an in-house
time-domain solver. We also explore the feasibility of implementing this
approach with one of the commercial solvers, XFDTD v. 6.3.

Suggestions for future research are provided.
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Chapter 1

INTRODUCTION

The first methods of design sensitivity analysis (DSA) can be traced back
to the 1970’s, when they were applied to structural engineering [1]. We also find
their applications in control theory [2] and circuit theory [3], as well as the
gradient-based optimization for the solution of inverse problems. The DSA
studies the derivatives of a response function with respect to the design variables.
The response sensitivity is represented by the gradient in the design variable space,
while the design variables can be shape or constitutive parameters of the structure.
There are two major techniques to evaluate the design sensitivity: the finite-
difference method and the adjoint variable method (AVM). The drawback of the
first method is that for each design variable, it requires at least one additional
system analysis, while the second one requires at most two system analyses
regardless of the number of the design variables.

The first developments in the adjoint-based DSA of microwave structures

have been formulated in terms of circuit concepts and referred to as adjoint
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network methods [3], {4], based on Tellegen’s theory [5], [6]. Recently, a set of
feasible AVM approaches for field-based electromagnetic analyses have been
proposed, both in the time-domain [7]-[10] and the frequency-domain [11]-[13].
The AVM yields the sensitivity information through two system analyses: of the
original and adjoint systems. In general, two system analyses are sufficient
regardless of the number of design parameters. The overhead of the AVM
sensitivity computation is associated with: (i) the adjoint system analysis, and (ii)
the computation of the system matrix derivatives.

Some characteristics of the adjoint analysis confine the AVM approach to
implementations with in-house solvers only. This is mainly due to the. virtual
adjoint system excitation, which is dependent on the local response function and
the backward propagating wave equation. Thus, the adjoint system analysis
cannot be performed with the existing commercial EM solvers unless significant
modifications of the software are made. This holds back the implementation of
the AVM into a versatile CAD environment.

In this thesis, we propose and implement the self-adjoint sensitivity
analysis (SASA) approach with the finite-difference time-domain (FDTD) method
for S-parameter sensitivity computation. In the AVM, the computational load of
the adjoint system analysis is equivalent to that of the original system. It
constitutes the major computational overhead. With the SASA approach, we
reduce the overall computational overhead by avoiding the adjoint system

analysis. The only requirements to the solver are to perform the original analysis
2
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and to export the field at the designated perturbation points. These capabilities
exist in most of the commercial solvers. Therefore, the SASA approach is
independent of the solvers and its implementation with most of the time-domain
EM simulators is feasible.

The author’s contributions include:

1) The implementation of the SASA approach with the FDTD method
for the S-parameter sensitivity analysis. Both metallic and dielectric
details and components have been considered.

2) The implementation of the SASA approach with one of the
commercial time-domain EM simulators, XFDTD v. 6.3 [14].

Chapter 2 briefly reviews the FDTD method and the specifics of the
computation of the S-parameters, which are used in the development of the SASA
approach.

Chapter 3 begins with the review of the theory of the DSA with the AVM
in the time domain. The theory of the SASA approach and its implementation in
the case of metallic and dielectric objects are presented afterwards. The features
and the difficulties in the implementation are addressed.

Chapter 4 focuses on the implementation of the SASA approach with one
of the commercial FDTD solvers, XFDTD 6.3. S-parameter computations, details
of the settings and the field exporting with this solver are discussed.

The thesis concludes in Chapter 5 with suggestions for further research.
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Chapter 2

THE FINITE DIFFERENCE TIME
DOMAIN (FDTD) METHOD

2.1 Introduction

The finite-difference time-domain (FDTD) method is one of the most
popular numerical methods in computational electromagnetics. It converts
Maxwell’s curl equations to central difference equations in the time domain [1]-
[5]. The field solutions are updated with Yee’s algorithm, which was presented
by K. S. Yee in 1966 [1]. In this chapter, the basics of the FDTD method are
reviewed. First, Maxwell’s equations and their discretized forms are presented.
Second, excitation schemes for FDTD simulations are introduced. Finally, the

computation of the S-parameters and the de-embedding technique are discussed.
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2.2 FDTD Basics

The FDTD method is a numerical method to the solution of Maxwell’s
equations directly in the time domain over a properly discretized problem (FDTD
space) [3]. It can be applied to problems containing complex high frequency (HF)
structures that may be difficult to solve using analytical methods. The transient
responses are obtained from the field solutions in space and in time. The
frequency domain data can be obtained through the Fourier transform over a wide
spectrum. The FDTD method can be applied to any inhomogeneous, lossy,
anisotropic, time varying and dispersive medium. That is why the FDTD method
has been widely used for solving electromagnetic problems. In this section, a
brief summary of the FDTD algorithm is presented including: Yee’s grid, the 3-D

discretized FDTD equations, the stability criterion and the excitation schemes.

2.2.1 Maxwell equations

In a source-free, linear, isotropic and nondispersive medium, the

differential form of the Maxwell’s equations is [4]

V.-D=0 (2.1
V-B=0 (2.2)
- oH
VXE =1 — 2.3
X U ey (2.3)
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~

Vi =a%‘;i+aé 2.4)

where:

E is the electric field intensity (V/m),

H is the magnetic field intensity (A/m),

D is the electric flux density (C/m?),

B is the electric flux density (C/m?),

€ is the electric permittivity (F/m),

o is the electric conductivity (S/m), and

M is the magnetic permeability (H/m).
The FDTD algorithm is based on the two Maxwell’s curl equations (2.3) and (2.4).
In a rectangular coordinate system, the two equations are expanded into the

system of partial differential equations:

oH 1(0E, OE
fo_ 22 2.5
ot ,u( dy az) @3)
\ .
oH, ____l(aE, _OE, 2.6)
ot Y/ dz ox )
\
oH, 1(0E, JE, @7
ot M ox ay y,
0E, 1{0H, OH,
fo_| —t-—2_0E 2.8
% a[ay %z ) 28)
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O0E, 1(0H_, oH
== ==-""2-0E 2.9
ot 6‘( Jdz Ox g ’) @9)
0E, 1(0H, oH
L= -—=_-gE, |. 2.10
o e( x oy "E‘) @19

Using central finite differences, the above system is discretized as [9] :

H;no.s (i, j,k) = H:—o.s (i, j’k)__i_f..

E? (i j.k)—Ez (irj=1k) _E} (i, jk)= B} (i, j,k 1)
Ay AZ

] (2.11)

H™ (i, j,k)= H' (i, j,k)—f;t.

E; (i, j,k)~E; (i, j.k=1) _E; (i, j.k)=E; (i-1, j,k)
AZ AX

] (2.12)

H:+0.5 (i,j,k)=H:—05 (i,j,k)—';_t‘

E; (i, j.k)=E, (i-1j.k) E;(i, j,k)=E; (i, j~Lk)
ax ay

:| (2.13)

E;" (i, juk)=Kg - E; (i, juk) + K -
[Hfm(i,j+l,k)'H:+°5(i,j,k)_H;HM(i’f,k"'l)‘H;m(i'j’k)] (2.14)
Ay az

E;" (i, j.k)=K; -E, (i, j.k)+Kp -
|:H:+o.s (i, juk +1)= H™ (i, j k) ) H™ (141, j,k) - HI* (i, j,k)] (2.15)

AZ AX

10
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Figure 2.1 Allocations of the electric and magnetic field components on the
Yee cell.

E™ (i, j,k)=KE - E" (i, j,k) + KE -
[H;“’-S (i+1 j, k)= H3™ (i, juk)  HZ (i, j+1,k) - HI" (i, j,k)}

AX sy
(2.16)
where
ot A
KE = 3& and K =—E—. .17)
1+ 1+
2¢ 2¢

11
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The mutual location of the points at which each field component is computed is
given by Yee’s cell in Figure 2.1.

The numerical algorithm for Maxwell’s curl equations defined by the
finite difference system requires that the time step At has a specific bound
relative to the spatial steps Ax, Ay, and Az. This bound is necessary to avoid
numerical instability [4]. The Courant’s stability criterions for 1-D, 2-D and 3-D

FDTD cases are defined as follows [4],

1D A
c
-1
aparsl L L 2.18)
c V\Ax2  Ay?

-1
3-D:At$l ! + 1 + !
c\\Ax? Ay? AZ?

where c is the speed of light in the medium in which it is maximum.
In addition, the selection of Ax, Ay, and Az is also crucial for the
accuracy of the algorithm. In order to guarantee accuracy better than 1%, the

minimal spatial step Ak = min(Ax, Ay, Az) is typically set as [9]:

1-D: Ahsﬁ
18

2-D: Ah < 1’;'3"5 (2.19)

3-D: AR < Arin

183

12
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When we model the structure with lossy, dispersive, nonlinear or gain materials, it
is necessary to choose a smaller value for Az to avoid the so-called late time
divergence problem [S]. With the proper time and spatial steps, the FDTD

simulations yield accurate and reliable responses.

2.2.2 Excitation schemes for the FDTD method

To perform a successful FDTD simulation, we have to choose the
appropriate excitation. There are a number of source signals such as sinusoidal,
Gaussian and sinusoidal-modulated Gaussian, that we can choose from. Gaussian
pulse, either baseband or modulated, is one of the preferable source waveforms,
because of its well-controlled frequency band and smooth shape.

For the waveguide structures, there are certain important aspects, which
need to be considered:

1. The waveguide system usually supports a number of distinct

propagating modes, which have different spatial field distributions. In

order to excite the desired mode, we have to know the transverse field
distribution beforehand and excite with the proper waveform with the
same or similar spatial distribution as the desired mode.

2 A wideband pulsed source introduces spectral energy that travels at

widely varying group velocities due to the dispersion. This can cause

difficulty in specifying any numerical source condition that is not

completely localized in space [4].
13
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3. The distance between the excitation plane and the interaction
structure of interest further down the waveguide has to be long enough to
allow the evanescent fields to decay substantially.

4, The excitation plane should be certain distance (ten cells or more)
away from the absorbing boundaries to avoid unwanted reflections from

the imperfect absorbing boundary conditions (ABCs).

With the above considerations in mind, we usually choose sinusoidal
signal modulated with a Gaussian pulse as the source waveform for the
waveguide problems, since its band-limited frequency spectrum is well controlled
by the pulse width. It can be expressed as

g(t) = e ¢  sin(27 fot), (2.20)
where 1, is the center of the pulse and f is the carrier frequency. Figure 2.2 shows
a waveform in the time domain and its frequency spectrum for a sine modulated
by a Gaussian pulse with a center frequency at 4 GHz and half-power bandwidth

(HPBW) of 2 GHz.

14
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Figure 2.2  Waveform and frequency spectrum of a sinusoidal signal
modulated by a Gaussian pulse, with a central frequency at 4 GHz and HPBW of
2 GHz.

We usually excite the structure using a current source, corresponding to

the current density J in the following equation,

-

VxH =a%—f+7. (2.21)

Its discretized form in the x direction can be expressed as

15
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E™ (i, j,k)=E! (i,j,k)—%tj;‘*"*’(i,j,k)

&

at {H:*""’ (i, j+ LK) = H™ (i, j,k)  H™ (i, j,k+1)~H™ (i, j, k)} (2.22)
Ay Az .

In the work to follow, we will use current-density sources.

2.3 The S-parameter Computation

2.3.1 Definition of the S-parameters

The S-parameters are frequently used for characterizing the performance
of microwave and millimeter-wave circuits. For a multi-port network with N
connecting ports as shown in Figure 2.3, the S-parameters can be expressed by an

Nx N matrix. Each element in the S-matrix can be calculated as [10]

L, (2.23)

Z

7

]

1|.= 1
T

3
©|
LY

q

if the gth port is excited. Here,

T
FP=T || RFACAVAOR  MEAAY: 2 ATl S P

0 Sp-pon

T
Fom | [] B GGy My(a )iy eovds 229

0 Sg-pon
and Z?, Z7 are the wave impedances of ports p and g. E% and E¥ are the field

16
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solutions at ports p and g; x_, y. (¢ = p, q) are local coordinates at ports p and g;
@, is the frequency at which the S-parameters are computed; M, and M, are

modal vectors representing the normalized field distributions of the respective
modes of interest across the ports p and q [6]. The modal vectors of a port form

an orthonormal basis [7]:

[(ef -5 )dxiay; =&y, s=p.q (2.26)
A

where J;; is the Kronecker delta. It is defined as

0fori#j,
i = 2.27)

1fori=j.

In particular, the modal vector of the dominant TE,;p mode in a rectangular

e(TEw0) (x', y') = yJ’Z sin (£ x’) (2.28)
ab a

where a and b denote the width and height of the port, respectively. The wave

waveguide port is

impedances Z” and Z{ in a rectangular waveguide are computed as

z =k (2.29)

"B
for the TE mode [8]. Here, & =w\/ﬁ is the wavenumber in the medium,
n=4ule is the intrinsic impedance of the medium, and £ =JIcT:7c? is the
propagation constant, where

17
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2 2
kc=‘/(-—”'”) +(ﬂ) . (2.30)
a b
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° °
L Port N o’

Figure 2.3 A multi-port network.

23.2 De-embedding

In most practical microwave circuits, there are feedlines connected to the
intrinsic part of the circuit and the phase de-embedding (reference) planes are
usually defined at the connections [3]. However, in the FDTD simulation, it is

common practice to choose the observation plane at some distance away from the

18
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de-embedding plane of each port in order to avoid possible higher-order and
evanescent mode effects at the discontinuities. Thus, it is necessary to transform
the phases of the S-parameters to the de-embedding plane as indicated in Figure
2.3. The de-embedding technique is used to account for the phase delay and,
possibly, for the attenuation in a lossy line. There are two ways to account for the
phase difference (see Figure 2.3).

Case 1: We assume that the de-embedding plane coincides with the

excitation plane. In this case, the S-parameters are transformed from the
observation plane to the excitation plane. The de-embedded S-parameter .77 is
computed as

S = §obsg o0 el0 2.31)
where S;:‘ is the S-parameter computed from the observation plane signals, ¥,

and y, are the propagation constants in the waveguides connected to the ports p

and g, D, and D, are the distances between the observation plane and excitation
plane. We assume that the observation plane is further in the port with respect to
the excitation plane.

Case 2: We assume that the de-embedding plane coincides with the
observation plane. In this case, we do not need to de-embed the S-parameters.

The S-parameter is given by

Fobs Zq
b: w
S =2 = 2.32)
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Case 3: We assume that the de-embedding plane does not coincide with
any of the excitation or observation planes. The de-embedded S-parameter Sﬂq is
computed as

88, = Smelrhr ety (2.33)
where L, and L, are the distances between the observation and de-embedding

planes. Here, we assume that the de-embedding plane is further in the port, with

respect to the observation plane as shown in Figure 2.3. The S-parameter

becomes
obs
q
d _ Fl’q Z, Yplpt¥ely
g = Zo | op € . (2.34)
o\ z

In some cases, we can avoid the above phase adjustments by setting the
observation plane no more than two cells away from the excitation plane. This is
acceptable when the port is excited with the exact modal field distribution. In this

case, we ignore the phase error brought by the one or two-cell signal path.
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Chapter 3

THE SELF-ADJOINT SENSITIVITY
ANALYSIS (SASA)

3.1 Introduction

The design sensitivity analysis (DSA) concerns the relationship between
the objective function and the design variables, in which the sensitivity of the
objective function is represented in the form of its gradient with respect to the
design variables. DSA techniques can be grouped into two categories:
approximations based on response information and adjoint variable techniques.
An example in the first category is the finite-difference approximation. This
method requires more simulations than the adjoint variable method (AVM),
because it computes the derivative of the objective function by performing at least
one additional system analysis for each design variable. The AVM requires at the

most two simulations regardless of the number of design parameters: one is for
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the original problem and the other is for the adjoint problem. The self-adjoint
AVM reduces the number of simulations to only one for certain objective
functions such as the S-parameters. Compared to the finite-difference
approximation, the self-adjoint method is much more efficient especially when the
number of design variables is large. In this chapter, the theory of the AVM in the
time-domain analysis [1], [2] is applied to the solution of Maxwell’s equations
with the FDTD method. The self-adjoint technique is developed for the S-
parameter sensitivity computation. The self-adjoint technique is implemented and

investigated through 2-D examples.

3.2 The Adjoint Variable Method (AVM) in the
Time-Domain Analysis [2]

3.2.1 Exact AVM for dynamic systems [3]

After proper discretization is applied, a second-order system can be
expressed as a set of system equations

Mi+Nx+Kx=Q (3.1)

where M, N, K are system matrices, Q is the system excitation and x is the system

solution. X and X represent the first-order and second-order derivatives of the

system solutions with respect to time, respectively. The initial conditions are

typically set as x(0) =0 and x(0)=0.
24
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The objective function F in the DSA is defined as the integral of the local

response f over time and space,

F - Tﬂ j J‘ j F(x,%,%,p)dQ dt (3.2)
=0 Q

where p is the design parameter vector and  is the computational domain.
The nth design sensitivity is defined as the derivative of the objective

function F with respect to the nth design parameter p, as

T; e
oF _ (fo-ax)dt+aF,n=l, 2..N (3.3)
dpn P opn

where N is the number of design parameters. The last term in (3.3) is the explicit
dependence of F on p;.

The first applications of the AVM technique were realized in structural
engineering and control theory, where the exact sensitivity expression was used
[1]. For electromagnetic (EM) problems, the exact sensitivity formula can be

expressed as [5]

oF 9°F ™ _ OREX %X
=—— | &T.—22" g n=1,...,N (3.4)
apn apn NI apn

where the adjoint system is defined as
MT%-NTx+KT&=[V, fTT
R (1=Te) =0 (3.5

X(1=Tpe) =0

and dR(X, X, X)/0p, is defined as
25
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RExX) Mz, Nz Kz 3 ... (3.6)

apn apn apn apn ap n
Note that the sensitivity expression includes the derivatives of the system matrices.
The vectors X, X, ¥ correspond to the solution of the original problem (3.1), its

first-order and second-order derivatives in time, respectively. V_f is the

gradient of the local response f with respect to the original system solution x.
Three quantities are involved in the sensitivity expression in (3.4): 1) the
original system solution X and its temporal derivatives, 2) the adjoint system
solution X, 3) the derivatives of the system matrices.
In the following section, we introduce our methodologies to modify this
general sensitivity expression in order to make it feasible for applications with the

FDTD method.
3.2.2 Approximate AVM for structured grids [3] [5]

When we analyze the system using the FDTD method on a structured grid,
we cannot actually compute analytically the system matrix derivatives in (3.4) to
(3.6). Instead, we replace them by finite-difference ratios. We derive the
approximate sensitivity expression as [5]

oF _ d°F _
Opx  Opn

T
T’“‘g {A,.Mi“_ AN, A,.KX_A,.QJdt’ n=l...N.
0 Apn APn Apll Apﬂ

3.7
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Here, Ap, represents the discrete perturbation of the nth design parameter, and
AM, AN, A K, A,Q are the changes of the system matrices when the nth

parameter is perturbed.

The adjoint solutions X, are defined by the perturbed adjoint systems
(M2)T %, —(NEY %, +(K2) &, =[VyfT, n=1, 2, ... N. (3.8)
Here, M? , NP and K} are the system matrices after the nth parameter

perturbation. They are defined as
M, =M+AM
N? =N+A,N (3.9)
K7 =K+A,K.
Note that this adjoint system is different from parameter to parameter, i.e., it is
parameter dependent. The reason for the difference between (3.5) and (3.8) is that
on structured grids, the adjoint system has to be defined as a perturbed system to
preserve higher accuracy. The N additional adjoint analyses lead to an efficiency

degrading of the AVM technique.
3.2.3 Vector wave equation and the original problem

An EM problem in a linear medium can be described by the vector wave

equation for the electric field E :
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°E OE 9]
Vxu 'VXE+e—+6—=—-—
A o T T
E|_,=0 (3.10)
3E
ot =0

where &, p, and o are the permittivity, permeability and conductivity of the

medium, respectively. In the analysis afterwards, we assume an isotropic medium

for simplicity, i.e., &, p, and ¢ are numbers rather than tensors. Here, J is the

excitation current density.

We discretize (3.10) by central finite differences [6] and obtain

where

The constants ¢, £ and s are defined as

S?E-q-D,E-s5-D,E=G G.11)
G=8-DJ. (.12)

Ah 2
=g | 21 3.13
a E(cAt) (3.13)
AR’ 3.14
ﬂ—#ozt— (3.14)
s=TH0£p2 (3.15)

241

where c is the speed of light in vacuum, &, is the relative permittivity, 4 is the

permeability of vacuum, Az is the discretization step in time, and Ak is the

28
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smallest cell size, Ah=min(Ax,Ay,Az). The three time-domain finite-difference

operators are defined as
DyE(ty) = E(to + At) + E(to — Af) - 2-E(t)) (3.16)
Dy, E(t) = E(tp + At) —E(tp — Ar) (.17
DJ(to) =J(to +At12)~J(to ~ A/ 2). (3.18)

The difference between the first-order time operators in (3.17) and (3.18) is due to
a half time-step shift of the discretization of the electric field and the current

density in Yee’s algorithm. In rectangular coordinates, the double curl operator

32 produces three components as follows,

(S%E); = h2D,,E, + k2D, Ey — hyh, D, E, — h,h, D E, (3.19)
(S%E), = h2Dy E, + i2D,E, — h;h, D, E, ~ hh Dy E, (3.20)
(3%E), = h2Dy.E, + h2Dy,E, ~ hh, Dy E, — hyh, D E, (3.21)

where

h, =M, hy =i‘-}1, h, =—A—h-. (3.22)
Ax Ay Az

Using central finite differences and the notations in Section 2.2.1, we write the

operators in (3.19) to (3.21) as

DyEsl,; =Ex" B 2B (323)
DuEy, =B 4B -2m (324)
D, Ezlw’k =EHk_ EbkLE i ok _ Ei+l.j,k—l (3.25)
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D,E,|, =By -E + Lk _ ik
D.E, Ii. jik =E ;.'H’j'k +E ;—l'j'k -2E ;’M
D”E’li.j,k =E;J.k+l +E;,j.k—l _2E§;j,k

ny E"i.j.k = Ei.jﬂ.k -E ;.j.k + E;—l,j.k _ E;—l' JHLk

DyE,|, ,, =Ey™ —EpM + EgP* B4

DuE,|, . =Ef " +ETW*2EL*

i,j.k
DyE], , =Ei* + ELIH 2B}
szExli,j,k =Ep gLk 4 gELIE _pILIA

— i-jnk"'l - i’jtk i,j—lgk - i,j—l,k+l
DyE,|, ,=Ey"*" -Ey* + By B

where (i, j, k) is the index of the grid point.

(3.26)

3.27)

(3.28)

(3.29)

(3.30)

3.31)

(3.32)

(3.33)

(3.34)

This is the original problem to solve. It is worth mentioning that we do

not actually solve the problem with the discretized vector-wave equation. The

system analysis is carried out with the FDTD method. The above equations are

used in the sensitivity analysis only to determine the system coefficients. More

specifically, they are used to compute the system matrix derivatives, as discussed

in Sections 3.2.5 and 3.2.6.
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3.24 Adjoint problem and its excitation

According to (3.5), the adjoint system can be expressed as

g o) ok 9j
Vx[p'] VxE+eT ——=+07 —==—=
x[” ] xEre 812+a dr 0d7
E|M=0 (3.35)
%‘E =0.
T‘r‘--O

Here, 7 is the inverse-time variable, =T, —~t. Equivalently, it can be solved

with the adjoint Maxwell system [5], [7]

(3.36)

To solve the adjoint system, we have to use a backward-update scheme, proposed

in [5]. This scheme becomes the same as the one we use to solve the original
system, provided that we rewrite (3.35) and (3.36) in terms of ( -—E) instead of E,
and use (—J ) instead of J as the adjoint excitation.

The adjoint excitation J is a quasi-current density whose distribution in

space-time depends on the local response fE, p) according to (3.8) as:

BD.j= a}; +§ aaf a£ (337)
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To overcome the parameter-dependent feature of the adjoint system
discussed in Section 3.2.2, approximation methodologies are proposed both in the
transmission line method (TLM) [4] and the FDTD method [5]. Instead of
solving N different perturbed adjoint systems, we solve only one unperturbed
adjoint system and obtain all the required field values by. a simple mapping. For
the computation of shape sensitivities, only the field points around the
perturbation region are needed. Therefore, we can approximate their values by
the fields with a shift in space in the direction of the assumed nth parameter
perturbation. Figure 3.1 illustrates how the mapping technique works in a 2-D

problem.

Figure 3.1 Field mapping technique.
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In Figure 3.1, the dark area represents the original structure. In order to
compute the adjoint field E,, for a perturbation in the parameter p,, we perturb the
structure one cell further along the p, direction, see the light-gray area. The
adjoint field points of the perturbed problem involved in the sensitivity calculation
are the square points. They are approximated by the adjoint field values at the
circle points. Following this methodology, all N perturbed adjoint field solutions
for the computation of the N parameter sensitivities can be obtained from only one
unperturbed adjoint system analysis. The total number of system analyses for the
response and its sensitivities becomes two, compared with 2N+1 system analyses

if a central finite-difference method is used.

3.2.5 Derivatives of the system coefficients for shape perturbations

When the design parameters relate to the shape, the derivatives of the
system matrices cannot be mathematically defined [5], [8]. In this case, we resort
to finding the differences of the system coefficients in two system states: the
nominal (unperturbed) state and the nth perturbed state. In the nth perturbed state,

the parameter p, changes to p,+Ap, while all other parameters are kept at their
nominal values. The change Ap, is usually chosen to be one cell, which is the

smallest possible on-grid change. As a consequence, the system coefficients in
(3.11) at the perturbation grid points change.

The perturbation grid points are the points where either the original or the
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adjoint field is needed for the sensitivity computation. For example, for the
computation of shape sensitivities of a perfect metallic object, the perturbation
grid points are those being metallized or de-metallized during the perturbation.
For the computation of constitutive-parameter sensitivities of a dielectric object,
the perturbation grid points are those in the volume of the object whose
permittivity changes.

The perturbations leading to the change of those three system coefficients
can be classified as follows:

1. Change of the double curl operator 32.

When the structure is metallic, the cells in the perturbation
region become metallized or de-metallized. If they are metallized, the
tangential electric field components become zero. Correspondingly,
the components of 32 multiplying these electric field components
become zero. Similarly, if the object is de-metallized, the tangential
electric field components change from zero to the value defined by
(3.19) to (3.21). Also, an implicit current term G becomes zero [5].

2. Change of .

When the shape parameter relates to a dielectric object
immersed in a host medium of different permittivity, the perturbation
affects the local permittivity at the perturbation grid points, which
changes from that of the object to that of the host medium or vice

versa. This results in a change of the coefficient & at these points.
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3. Change of s.
Similarly to case 2, a change in the shape of a lossy object
affects the local conductivity at the perturbation grid points. This
results in a change of the coefficient s.

Through the system coefficient differences, the system coefficient
derivatives are replaced by A,3%/Ap,, A,@/Ap,, and A,s/Ap,. Note that these
difference ratios are in general not a good approximation of the respective
coefficient derivatives. For example, the relative permittivity at a perturbation
grid point changes from 1 to 40 when the shape of a dielectric resonator of

&,=40 changes. As a result, @ at this point changes by a factor of 40. In this

case, A,/ Ap, cannot be considered as an approximation of da/dp, at all.

3.2.6 Derivatives of the system coefficients for constitutive parameter
perturbations [9]

When the design parameter is a local permittivity or conductivity, we can

obtain the analytical derivatives of the system coefficients. According to (3.13)

and (3.15), the derivatives can be computed as

2

.(3)
2

di;- = "g‘:th . (3.39)

Therefore, the system coefficient derivatives are analytical and the sensitivities

can be computed exactly with (3.4). Also, with analytical derivatives of the
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system coefficients, the adjoint solution E must correspond to the unperturbed
structure, as implied by (3.4). There is no need for the solution mapping [5],
which is necessary when dealing with shape parameters and the coefficient
difference ratios.

We notice that the sensitivity computation by the AVM with respect to the
constitutive parameters is more reliable compared to the shape parameters. This
is because it eliminates the inaccuracy in the system matrix derivatives and the
adjoint field solution approximation through the mapping. It depends only on the

accuracy of the field solution.

3.3 Self-adjoint Sensitivity Analysis for S-
Parameters

3.3.1 Self-adjoint conditions [7]

In this section, we use the S-parameter formula without de-embedding.
The phase adjdstment can be done after the computations described below.
Following the S-parameter definition and the notations in Section 2.3, the

sensitivity of the S-parameter with respect to the nth design parameter can be

OSpq _ Z—‘Z-T-a~"". (3.40)
op. \VZ) F, Op, ‘

expressed as
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Here, we assume that Z7, Z7 and F'q are not dependent on the design parameters,
and the derivative depends only on the output port response F‘p. Our objective
becomes to compute the derivative 9F,, /dp,, where F,, is defined as

T,
F,q="]’ [ Bpq-M,dxydy), -e-ivids . (3.41)

Sp-pon

Here, E,, is the E-field observed at port p when port g is excited. M, is the field

modal distribution at port p. Following the definition of the objective function in

(3.2), we find our local response as

F&y 0= E pg (%5, yP'Z)Z'MP(xP' Yp) .- (3.42)
P

where Az, is the longitudinal discretization step at port p. Note that we have Az,
in the denominator to account for the difference between the integral of the
objective function F in (3.2) and that of F,, in (341). In (3.2), we have a volume
integral, while f'pq is defined by the double integral across the port.

We rewrite the term e~/ into its complex form and split the local
response f into its real and imaginary parts as

qu(x;n y,p’t)'Mp(x’p’ y;’)
AZP

Jr(Xp, ¥p,t) = -cos(aof) (3.43)

qu(x;ny'pst)'Mp(x;u y;)
Az,

[, yp,8) = -sin(ayt) . (3.44)
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For each of the responses fz and f; , we have two different adjoint systems.

According to (3.37), their excitation waveforms are defined as

aqu 1(.0f  ~ 9 0
e L , V=R, 4
B Y [x 3E. +¥ 3E, +Z 3E, v I (3.45)

where J be (=R, I) is the adjoint current excitation for the computation of the
derivative of the real and imaginary parts of Spg. df,,/9E;, (V=R, I and {'=x, y, 7)

are defined as

dfr _M,, ', y)
aE; AZP

-cos(ant), §=X,¥,2 (3.46)

af] - Mp,{(x,, y')
aE{ AZp

'Sin(a)ot)’ ; =X)2. (3°47)

Substituting (3.46) and (3.47) into (3.45), and integrating over time, we obtain the
expressions for the excitation current density of the adjoint system for the

calculation of the real and imaginary parts of the S,,derivatives:

A 1 afR 1 M p'{ ( x" yl) ]
-JR), = dt= -sin , C=x,v9,z (3.48)

1 M, (x,y)
wofAr Az,

I,y = cos(@pt), =%y, 2. (3.49)

Here, we add a minus sign before the current density to ensure the correct sign of
the adjoint E-field solution as explained in Section 3.2.4. The two current
densities in (3.48) and (3.49) can also be expressed in the following form:

(-3, )X, Vo) =M (X, ¥,)- 822 0) (3.50)
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351 75 =M, (x,,5,)- 810 @) 3.51)
where
sy ¢y — _SIN@t) 352
R ) oM, (3.52)
Ay cos(ayt) 5
(1) woPAIA, (3.53)

are the waveforms of the adjoint excitations for the real and imaginary S-
parameter sensitivities, respectively. The modal distribution M, (x/, y,) of the
current density at port p of the adjoint problem is the same as that of port p in the
original problem. The latter can be expressed as

3o (Xps¥pt)=J p M, (x5,55)-8(0) (3.54)
where J;, is a scaling factor, and g(7) is the excitation waveform.

As discussed in Section 3.2.4, we use the same updating scheme to solve
the original and adjoint systems, which share the same boundary conditions and
initial conditions. This means that the two systems are equivalent, except for their
excitations. Therefore, the condition which can make them have the same field
solutions is that they must have identical excitations in terms of spatial
distribution and temporal waveforms.

The excitation current densities of the adjoint system in (3.50)-(3.51) have
the following two features:

1) They have the same modal distribution in space as the original

system excitation — compare with (3.54).
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2) They have time-harmonic waveforms.

The difference between the original and the adjoint system excitations lies
in their temporal waveforms. We seek certain relationship between them to
obtain the adjoint field solutions without performing the adjoint system analysis.

We can obtain the time-harmonic responses of a linear structure by
exciting it with a time-limited pulse (e.g., a Gaussian pulse) and then performing
the Fourier transform (FT) to obtain the desired spectral components. -Therefore,
it is possible to obtain the time-harmonic responses of the adjoint system by
utilizing the same excitation scheme as that of the original structure and the FT.
This adjoint system analysis is then exactly the same as the original system
analysis and need not be carried out. The detailed manipulations of obtaining the
adjoint field solution from the original one are discussed below.

Suppose the time waveform of the original excitation is g(¢). In order to
have identical field solutions from the original and the adjoint systems, we assume
the adjoint excitation to have the same waveform in reverse time ¢ as g(¢) in
forward time. Here, 7 is defined as the inverse time variable,

T =Thax —t (3.55)
where Ty is the total simulation time. Thus, we have
8()= g (Twmax —1). (3.56)

The above is equivalent to g(7)=g(r).
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| n i Original excitation in
ogl----- _:'__j___E_J forward time

I Adjoint excitation in
reverse time

R (U |
]
T
1
H
1
1
|
1
1
1

—————— - - -

U U
|
A,

indiaietis Saliadhati ol
1
1
!
1
1
1
1
1
1
]
L}
1
T
|
1
1
]
1

S |
]

i

_ 8-

600 800 1000 1200 1400 1600
Time ¢ (in terms of A¢)

Figure 3.2 Original excitation g(f) and assumed adjoint excitation
£)= 8(Trnax —1) , With Tue=1600Ar .

Figure 3.2 shows both the original excitation waveform g(#) in forward time ¢ and
the assumed adjoint excitation waveform g(t)= g(Tpmax —t) with Trax equal to

1600 time steps.

We apply the FT to both excitation waveforms. The @y spectral

component of the forward pulse g(¢) can be found as
T,
G= Yg(t)e‘f“b‘dt:Gm e/, 3.57)
0
The reversed pulse g(¢)=g(Tnax—t) has its ay spectral component given by
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T;
G| (T —t)ye W dt=G* e~ Tom =G, -e~KaTmse) | (3.58)
0

Here, G* is the conjugate of G, and G, is the magnitude of G as defined in
(3.57). Thus, the @y spectral component of g(t) is

£ (t) = G, cos(ant — @y ~ Tinax ) - (3.59)
We now compare the desired adjoint excitation waveforms in (3.48) and (3.49)
with the ay component of the adjoint pulse in (3.59). Their magnitudes and

phases are related as follows,

o o |— lgﬂh l 3 60

(g H & | ———G,,.woﬂAtAz,, (3.60)

Angle{ g} = Angle{§} + @, + W4 Tnax —7/2 (3.61)
Angle{2®} = Angle{3% } + @, + @ Tpnax - (3.62)

We now examine the relationship of the field solutions between the
original and the adjoint systems. Due to the equivalence between the forward-
running original and the backward-running adjoint problems, the so obtained

adjoint field is related to the original one as
E g (P, Tuax —0)=E,(P,1) (3.63)

at a point P. The @y spectral component of the adjoint field solution is

qu (P,t) =| Efpy | cos(ant — @eg ppy = BoTmax ), & =%, 9,2 (3.64)
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Here, ¢’ denotes the vector component; | EfSp) | and @.zp(p) are the magnitude

and the phase of the ay spectral component of the original waveform E,, at P.

The desired adjoint fields (ﬁ,,,,)R and (ﬁpq), can be obtained from the @y

component of the adjoint field (3.64) by: 1) scaling the magnitude by the factor in
(3.60), and 2) adding the difference in the angles in (3.61) and (3.62) to their
respective phases. The so obtained adjoint field for the real and the imaginary

parts of dS,, /dp, becomes:

(E® )r(P,)= LG "OS(%t-¢ P+, —5) (3.65)
CpalRT J yGuto ffALAZ, «©p(P TV,
. |EfS |

(ER)1(P,1)= £ cos (ot — Pezpcpy + @
Epa’l J ;Gmty fALAZ, ( UM (3.66)

{=xyz
Here, the scaling factor J, is added in the denominator to account for the actual
strength of the source, see (3.54). In (3.65) and (3.66), G, and @, are obtained
through the FT of the original excitation pulse g(f) as per (3.57), while | Ep) |
and @.;p(p) are obtained through the FT of the E-field recorded at a perturbation
grid point P during the original simulation, in which port p is excited. To
illustrate the manipulations of the magnitudes and the phases, a comparison of the
desired and obtained excitations and field solutions are listed in Table 3.1. In this

table, the desired quantities are from (3.52), (3.53), (3.65) and (3.66). The

obtained quantities are from (3.59) and (3.64).
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In conclusion, we do not need to perform any adjoint simulations in order

to compute the derivatives of the whole scattering matrix with respect to all

design parameters. The necessary information is already contained in the EM

field solution of the original problem. Our algorithm, which exploits the self-

adjoint nature of the linear problem, uses this information in the most efficient

manner.

Table 3.1: Comparison between the desired and obtained excitations and field

solutions.
Desired quantities Obtained quantities
nap (o SID(Wg!)
g =———,
wofArAz, g9 (t)=G,,-
Excitations
39 () = cos(@gt) cos(@o? — @ — WoTrmax )
& woAtAZ,
~ |Ecpp|
(Egpg)r(P )=
spaR J ;G PAIAZ,
” A
COS| P! ~Pecp(P) 05 ~ Eg (PO ERm |-
Field solutions o coS(Wot = Pec p(P) — Do Tmax )»
EBPy=— D
spa J G fAtAz, | S=%2:2
c0s (@bt ~ Pegpiry + s )
=X,z
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3.3.2 Summary of the self-adjoint sensitivity algorithm for S-parameters 7]

The proposed S-parameter sensitivity algorithm is summarized below.

Stage 1: System Analysis (repeat for all K ports)
A. Set excitation of g-port guide, acquire incident field.
B. Run time-domain simulation of structure.
Acquire outgoing field at all ports.
Record fields at perturbation grid points. (Note: the perturbation grid
points are those surrounding the boundaries or material interfaces affected

by a design parameter perturbation; for details, see [5].)

C.  Compute F,, (p=1L...,K), F,, and the S, parameters.

Stage 2: Sensitivity Analysis

A. Find G,, and ¢, through FT of g(z), see (3.57) .

B. Set column index of scattering matrix, g=1.

C. Set row index of scattering matrix, p=1.

D. Set design parameter, n=1.

E.  Find |Ep) | and @orpp) through FT of Eg,(P.t), { =x,y,2, PES,,
where S, is the set of perturbation grid points associated with a one-cell
perturbation of the shape parameter p,.

F.  Compute the derivatives of ReF,, and ImF,, with the discretized
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sensitivity expression of (3.7), discretized as

aReF,,,,
E%).A,RE™)-AxAyAz 3.67
- Apﬂgﬁz&[( §0-ARE)-AxbyAZ] . (B6T)

dlmFy, _
(E® ). A, REM)-AxAyAz (3.68)
op.  Ap. g é[ pact ]

Here, the three (x, y, z) components of (E%){ and (E%)™’ are given by
(3.65) and (3.66) with r=n,At, respectively. We emphasize that these

adjoint fields are entirely determined by the original-system simulation
with a p-port excitation. E(*) is the original-system field sampled at

(P,t=n,At) and produced by the simulation with a g-port excitation.

G.  Compute the Sp, derivative using
Sp _ 2, 1 (aReF JaIme) (3:69)
. \Z, F,\ Opn

Compute the derivative of the magnitude and phase of S, from the
derivatives of its real and imaginary parts if necessary.
H. Set next shape parameter: n=n+1.
If n<N then start over at step E, else continue.
L Set next row index of scattering matrix: p=p+1.
If p<K then start over at step D, else continue.
J. Set next column of scattering matrix: g=q+1.

If g<K then start over at step C, else end.
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3.4 2-D Implementations with an In-house FDTD
Solver

3.4.1 Metallic objects

The validation of the self-adjoint sensitivity analysis (SASA) approach is
carried out through several waveguide examples. We first present a single-
resonator filter example to illustrate the sensitivity computation with respect to the

shape parameters of metallic objects.

Figure 3.3 The single-resonator filter [4].

The sensitivities of this structure, shown in Figure 3.3, have been already

investigated for an energy-type response with the TLM method [4]. There, an
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adjoint simulation is performed since the energy response leads to an adjoint
excitation whose profile across the port differs from that of the original one.

Here, we analyze the filter for its S-parameters and their sensitivities. The
nominal design values of the structure are shown in Table 3.2. The simulation is
performed in our FDTD-based in-house solver. We need only one simulation of
the original structure to obtain all the necessary information. The FDTD
simulation settings are listed as follows:

1) Uniform FDTD grid with A2 =0.5 mm.

2) Time step is set as Ar=6.67x10"% s, such that the stability

criterion is satisfied with Ak/(c-Af)= 2.5>+/3 .

3) The simulation duration is set as Ty =6X10%Az .

4) The computational domain is set as 60x1x200 cells.

5) An 8-layer PML is applied as an absorbing boundary at the ports.

The excitation is a sine wave modulated by a Gaussian pulse for a band
limited spectrum of about 2 GHz (from 3 to 5 GHz). The spatial distribution
across the port is a half-sine modal distribution. The location of the excitation is
30 cells away from the PML boundary of the port.

The magnitudes of the S-parameters are plotted in Figure 3.4. They are
compared with the results from HFSS. Figures 3.5 to 3.7 show the derivatives of
the real and the imaginary parts as well as the magnitude of S1; with respect to the

width W of the septum in the frequency band from 3 GHz to 5 GHz. Figures 3.8
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to 3.10 show the derivatives of the real and the imaginary parts as well as the
magnitude of S,; with respect to W. In all plots, the derivative curves obtained
with our SASA approach are marked as SASA, while the curves obtained through
finite differencing of the S-parameters are marked as BFD, CFD, FFD for
backward, central, and forward finite differences, respectively. The SASA curves
follow closely the finite-difference estimates. They match best with the central
finite differences, which have higher accuracy than the forward and backward
finite differences.

We compute the sensitivities in the metallization case, i.e. the forward
perturbation. The perturbation points we use to compute the sensitivities with
respect to the septum width W are shown in Figure 3.11. The points where the
field is recorded are marked with a cross. The points denoted with a circle are
those for the original field while the points marked with a square are for the
adjoint field of the perturbed problem. The adjoint field is obtained through the

field mapping denoted by the arrows.
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Nominal design values of the single-resonator filter.

Table 3.2

Value (mm)
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Derivative of ImS;;, with respect to the septum width W of the
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Figure 3.11 Recorded field points in the FDTD simulation. The points at
which the field is recorded are marked with a cross. The original field and the
adjoint field are needed at the points marked with circles and squares, respectively.
The arrows denote the field mapping used to obtain the adjoint field of the
perturbed problem.

3.4.2 Dielectric objects

In this example, we simulate a normally incident TEM plane wave in a
lossy medium. The structure and its dimensions are shown in Figure 3.12. The
host medium is vacuum and a lossy dielectric object is in it. The structure is
designed to have minimal reflection at 3 GHz. Correspondingly, the length L of
the lossy object is set as half of the wavelength in the lossy medium. In the lossy

medium, the propagation constant is defined as

y = jonJuE = a+jB, (3.70)

where € is the complex permittivity,
54



Master Thesis—Yan Li McMaster—Electrical & Computer Engineering

E=geE, - jola. 3.71)
Here, €, , 4 and o are the relative permittivity, the permeability and the

conductivity, respectively. Then, we can determine L as

L=—= (3.72)

(SR
=N

L is computed to be 13 mm.

The simulation is performed in our FDTD in-house solver. The FDTD

simulation settings are listed as follows:

1) Uniform FDTD grid with Ah=1mm.

2)  Time step is set as Ar=1.9245x10"2 s, such that the stability
criterion is satisfied with Ah/(Vmax-Af)>1. The velocity vimax is
equal to ¢ here, which is the speed of light in vacuum, because the
host medium is vacuum.

3) The simulation duration is set as T, =4Xx10%Az .

4) The computational domain is set as (200x2) cells.

5) A 5-layer PML is applied as an absorbing boundary at the ports.

The excitation is a sine wave modulated by a Gaussian pulse for a band

limited spectrum from 2.5 to 3.5 GHz. It has a uniform distribution across the
port conforming to a TEM plane wave. The location of the excitation is 5 cells

away from the PML boundary of the port.
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The design parameters are p” =[¢, o], which are the constitutive

parameters of the central layer. Here, we compute the S-parameter sensitivities
with respect to both the relative permittivity and the conductivity of the lossy
object. Figure 3.13 shows the S-parameters, compared with the HFSS results.
Figures 3.14 to 3.19 show the Si; and $>; sensitivities with respect to the relative
permittivity of the middle layer. Figures 3.20 to 3.22 show the Sj; sensitivities
with respect to the conductivity of the middle layer. They show good agreement
with the finite difference curves.

The recorded field points are illustrated in Figure 3.23. To simplify the
figure, we assume the length L to be 3 cells. The points marked with X are the
points where we record the field for both the original and the adjoint problems.

We notice that the agreement in this lossy structure is not as good as what
we obtain in the metallic object example. We attribute this to the less accurate
field solutions. In FDTD, we employ the averaging scheme of the permittivity to
model the interface between two materials. This introduces error, especially for
the field at the interface. This may lead to degradation of the accuracy of the

SASA.
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Geometry of the lossy dielectric object in vacuum.
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S-parameters of the structure shown in Figure 3.12.
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Figure 3.23  The recorded points in simulation. The points with marks are the
points where we record the field for both the original and the adjoint E-field.
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3.5 Summary

In this chapter, we first review the theory of the AVM with time-domain
EM numerical methods. We focus on the adjoint system formulation and the
computation of the system coefficient derivatives. Then, we present a detailed
derivation of the SASA method and give the algorithm for the S-parameter
sensitivity computation. Metallic and dielectric object examples validate the
SASA method. In the examples, we compute the S-parameter sensitivities with
respect to shape and constitutive parameters and achieve good agreement.

Here, all the field solutions are obtained from an in-house FDTD solver.
In the next chapter, we implement the SASA algorithm with one of the existing

time-domain FDTD solvers, XFDTD v. 6.3.
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Chapter 4

THE FDTD S-PARAMETER
SENSITIVITY ANALYSIS WITH
COMMERCIAL SIMULATORS

4.1 Introduction

The commercial software packages for the simulation and design of high
frequency (HF) structures use either time-domain or frequency-domain analysis
techniques. For example, the full wave electromagnetic (EM) solver XFDTD
6.3 from Remcom Inc. [1], and the EM simulation package FIDELITY 3.0 from
Zeland Software Inc. [2] use the Finite-Difference Time-Domain (FDTD) method.
The MEFiSTo-3D Pro™ from Faustus Scientific Corporation [3] uses the
Transmission Line Method (TLM). The HF structure simulator Ansoft HFSS
from Ansoft Corporation [4], and the modeling package COMSOL Multiphysics
3.2 from COMSOL [5] Inc. use the Finite Element Method (FEM). The planar
EM field simulator Agilent Momentum from Agilent Technologies [6], Sonnet em
from Sonnet Software Inc. [7], Ansoft Ensemble from Ansoft Corporation [4], and

FEKO from EM Software & Systems-S.A. (Pty) Ltd. [8] are based on the Method
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of Moment (MOM). The 3-D and the planar EM simulators can provide a
variety of highly flexible, feature-rich, customized systems for the design of
complex 3-D geometries or 2-D planar HF structures.

Some of the software packages also include an optimization module to
facilitate the design of HF structures. The pioneering HF computer-aided design
(CAD) packages featuring optimization capabilities were OSA90/hope™ [9],
Empipe™ [10], Empipe3D™ [11] offered by the Optimization Systems
Associates Inc. Even though optimizers are now available in most of the
commercial HF CAD packages, none of these packages is equipped with analysis
tool providing sensitivity information for the response of the structure. They
approximate the objective functions using linear or quadratic interpolation over a
set of data points. From the interpolated function, the gradient of the response is
obtained. Such practice leads to significant computational time when the
number of design variables is large. For examples, n design variables need n+1
simulations to compute the derivatives of the response function with respect to
each design variable by the forward or backward finite-difference method. This
significant limitation is overcome in the adjoint variable method (AVM) and the
self-adjoint sensitivity analysis (SASA) for response sensitivity analysis
developed here.

In this chapter, we investigate the feasibility of implementing the SASA
technique with one of the commercial FDTD simulators, XFDTD v. 6.3. We

find that the only requirement for the simulator is the ability to export the
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time-dependent field solution at user-defined points. Most commercial solvers
have this ability, which makes our approach readily applicable to practical
optimization problems and to tolerance analysis. The SASA approach is verified

through 2-D examples using the commercial simulator XFDTD v. 6.3.

4.2 Settings in XFDTD

A brief review of the XFDTD settings is presented in this section.
General setting information can be found in [12], and here, we focus on the

settings for the waveguide structure simulations.
4.2.1 Simulation mode

For many waveguide structures, the field of the dominant mode is not
dependent on the vertical direction. We can simulate such structures in a 2-D
mode, which saves time without sacrificing the accuracy. In XFDTD, the
structure is simulated automatically in a 3-D mode and there is no separate option
for a 2-D simulation. In order to perform a 2-D simulation in XFDTD, we need
to set the grid size in the vertical direction as 1 cell under the Mesh tab. We use
the single-resonator filter as an example to illustrate the setting. The structure is
shown in Figure 4.1, in which z is set as the vertical direction. Figure 4.2 shows
the mesh setting for a 2-D simulation. Once we set the grid size in the z

direction as 1 cell, a warning window pops up reminding us that a 2-D simulation
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is assumed and the upper and lower boundaries are set to be perfect conducting

walls automatically.

XY View

-

Spatial location (mm): (232.43,133.38,-185.40)

3D, RedX, Green-Y, Bl

Figure 4.1 The single-resonator filter viewed in the editing window in
XFDTD.

69



Master Thesis—Yan Li McMaster—Electrical & Computer Engineering

Figure 4.2 The mesh setting for a 2-D simulation.

4.2.2 Excitation

There are three main choices for the excitation in XFDTD: discrete source,
plane wave and Gaussian beam as shown in Figure 4.3. We usually use the
discrete source as the excitation for the S-parameter computation of the
waveguide structures.

A discrete source is a cell edge on which the electric field is modified by
the addition of some type of input waveform. The cell edge can be modified to
behave like a voltage or a current source. The current source is a preferable
choice. The problem with the voltage source is that when the source pulse
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duration ends, the voltage source acts as a short circuit, which leads to substantial
reflection. After selecting the parallel current source, we set the impedance
associated with this source to be zero, as shown in Figure 4.4,

In order to excite the desired mode of the waveguide structure, we need to
use several discrete sources conforming to the cor;esponding field spatial
distribution. For example, in the single-resonator filter simulation, we use five
evenly placed discrete current sources to represent a half-sine modal distribution

as shown in Figure 4.5.

Yaveform ‘ Outer bounaary

"D

Figure 4.3 Three types of sources in XFDTD.
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Figure 4.4 Current or voltage sources in XFDTD.

Figure 4.5 The five excitation points for the simulation of the single-resonator
filter.
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4.2.3 Boundaries and simulation time

The boundary conditions have to be set properly, or undesired reflections
and unstable calculations may occur. There are four types of boundaries
available in XFDTD as shown in Figure 4.6: perfect electrical conductor (PEC),
perfect magnetic conductor (PMC), Liao absorbing boundary and perfectly
matched layer (PML). The last two types are absorbing boundaries.

Although theoretically PML works better than Liao when the number of
layers is set properly, we find in our simulations that Liao boundary works well in
the waveguide structure while PML does not, no matter how many layers we
choose.

The PMC boundary is useful when the geometry is symmetric. The
computational domain can be reduced in half by employing the PMC boundary.

The simulation time has to be set long enough to let the propagating wave
establish well and the field decay completely in the whole structure. We can

check the time-domain waveform at an arbitrary point to ensure this.
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Figure 4.6 The oer—boundary section.

Figure 4.7 The reference structure for the S-parameter computation.

424 Data export

For the sensitivity computation, we need the field values around the
perturbation area. Although there is no direct data exporting option in XFDTD,
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we can easily access the files containing the field values saved at every time step.
The files are saved in the same directory as the project files. A typical name for
the near-zone data file might be ‘filterEZT.x00011.y00020.200005.g0".
Embedded in this filename is information that specifies exactly what data is
contained within. In this example, the z component of the total E field (EZT) is
saved from cell location (11, 20, 5) in the main FDTD grid (g0) of the ‘filter’

project. Such name format facilitates importing the data into MATLAB® [13].

4.3 Implementations with XFDTD

To compute the S-parameter sensitivities, the first task is to obtain the
accurate S-parameters. Because the settings for the S-parameter computation in
XFDTD are not suitable for waveguide structures, we resort to finding the
S-parameters by two system analyses. One is for the structure which has the
same dimensions as the input port of the investigated structure, but without any
discontinuities. The other is the actual structure we are interested in. The first
simulation is used to obtain the incident field. For the single-resonator filter
example, the reference and the investigated structures simulated in XFDTD are
shown in Figure 4.7 and Figure 4.1, respectively. With the data from XFDTD,

the S-parameters are computed as

V() =Virgr ()
Virg ()

Su(f)= “4.1)
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v
Su(f) =720 2({;) @2)
Lref

where V,(f),V,(f), me (f) are the Fourier transforms of the total recorded

voltage at port 1, the voltage at port 2 and the incident voltage of the reference
structure at port 1.

Before the simulation, we have to select all perturbation grid points at
which the field is recorded and exported as required by the SASA algorithm in the
Save Near-Zone Data tab in XFDTD, as shown in Figure 4.8. With the so
obtained S-parameters and field values, we proceed to the SASA algorithm

implemented in MATLAB.

DCalion

% 685,y.14,2 1
| %86,y:15,z 1
1 %87,y15,21
| %88y 14,21
] %114,y 14, 2.1

% 115,115,211

1 %116,%:15,2 1
x 117,y 14,21

Figure 4.8 Select the perturbation field points in XFDTD.
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4.4 Examples

We present two examples, the single-resonator filter and the H-plane filter,
to validate the SASA algorithm with XFDTD. The detailed settings in XFDTD
are presented. In all plots, the derivative curves obtained with our SASA
approach are marked as SASA, while the curves obtained through parameter
perturbations and finite differencing of the S-parameters are marked as BFD, CFD

and FFD for backward, central, and forward finite differences, respectively.
4.4.1 Single-resonator filter

The single-resonator filter has been investigated with the in-house solver
in Chapter 3. Here, we compute the S-parameter sensitivities with respect to
another design parameter, d, the distance between the two septa. The
single-resonator filter shown in Figure 4.9 has the dimensions (200x60x1) mm .
The septa are placed symmetrically in the waveguide. Their thickness is one cell,
whichis Ah=1mm. The design parameters are p=[d W]" and we compute

the derivatives at the nominal values [d W] = [28 13], both in millimeters.
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Figure 4.9 The single-resonator filter.

The details of the settings in XFDTD 6.3 are:

1.

Constants: Ak =1 mm, Ar=1.926 ps and gq=Ah/(cAt) =1.7301,

which is close to V3 =1.7321.

Excitation: The structure is excited with a modulated Gaussian pulse
whose spectrum is from 3 GHz to 5 GHz and has 600 time steps in the
time domain. We use 5 probes placed uniformly along the excitation
plane to form a half-sinusoidal modal distribution. The location of
the excitation plane is 20 cells away from the absorbing boundary.
Ports: We record the field 15 spatial steps away from the excitation
plane for the input port and 35 steps away from the absorbing

boundary for the output. These field values are used to calculate the
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S-parameters.

4. Computational domain: We set one cell in the z direction to run a 2D
simulation in XFDTD and we use the Liao absorbing boundaries at
the ports. The simulation time is 40000 time steps.

The magnitudes of the S-parameters are plotted in Figure 4.10. They are
compared with the results from HFSS. The derivatives of the S-parameters with
respect to the design parameters d are estimated using the SASA method and
compared with the finite-difference method. Figures 4.10 to 4.15 show the
derivatives of the real and the imaginary parts as well as the magnitudes of S;; and
S21 with respect to d. = We also implement the de-metallization method to
compute the sensitivities of the S-parameters with respect to d for comparison.
They show little difference compared with the results in the metallization case.
The differences between them are shown in Figure 4.17 .

We find that the results from our SASA method match well with those
from the finite differences. They match best with the central finite difference,
which has higher accuracy than the forward and backward finite differences.
The comparison between metallization and de-metallization shows that both
methods yield the same results. In fact, the points we need to record are the
same in both cases; the only difference is in which points relate to the original
field and which to the adjoint field. The points where the field is recorded when
computing the sensitivities with respect to d are the points marked with a cross in

Figures 4.17 and 4.18. The points denoted with a circle are those for the original
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field while the points marked with a square are for the adjoint field of the
perturbed problem. The arrows denote the field mapping we use to obtain the
adjoint field.

In summary, when our approach is used, it does not matter what direction

of the perturbation is chosen. This holds for both metallic and dielectric

structure details.
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Figure 4.10  The S-parameters of the single-resonator filter (Ak=1 mm).
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Figure 4.17 Differences in the sensitivities with respect to d between
metallization and de-metallization cases.

Figure 4.18  Perturbation grid points in the metallization case. The points at
which the field is recorded are marked with a cross. The original field and the
adjoint field are needed at the points marked with circles and squares, respectively.
The arrows denote the field mapping we use to obtain the adjoint field of the
perturbed problem.
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Figure 4.19  Perturbation grid points needed in the de-metallization case. The
points at which the field is recorded are marked with a cross. The original field
and the adjoint field are needed at the points marked with circles and squares,
respectively. The arrows denote the field mapping we use to obtain the adjoint
field of the perturbed problem.

We refine the mesh to perform a convergence analysis. We set Ah=0.5
mm and repeat all the simulations and computations above. The results are
shown in Figures 4.19 to 4.25. In Figures 4.23 and 4.26, we compare the
S-parameter magnitude sensitivities between Ah=0.5 mm and Ah=1 mm cases.
In Figure 4.23, we find that the difference between the two SASA curves is not as
large as those between finite-difference curves around the resonating frequency
and the finite-difference curves become closer to the SASA curve after the
refinement. This indicates that the SASA curve has higher accuracy. In Figure
426, the difference between the SASA curves is larger than those of the
finite-difference curves. This is because of the inaccuracy of the obtained Sy

itself. And we find again that the finite-difference curves become closer to the
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SASA curve with Ah=0.5.

T T b g
¥ -_
t
; ]
+
U S J i o
] 1] 3 4
1
I g o
N [1pp N
1
¥
I m 4
R mmm N
i
]
_ S P <
! NP R
} -
e SINERERIEr S “
| i H
1 ] ]
rlllln.hnllnl ......wol.“lllxn....ul Ao
1 L ]
1 -, i
1 ]
1 [}
R (U S L B, (S [T [ PO [
1 ]
1 I
] 1
1 3
] [}
----q-----q--F1-----y---q----- A==
1] ]
] 1
] I
1 ,.. 3
[ Tt N
! 1 I ]
” " 5 |
L 1 i kY I on
< N — 00 o A N o
y—t — o o o o
[ ¢4 41
"4 pue|*'g|

32 34 36 38

Freq (GHz)
Comparison of magnitudes of the S-parameters among Ah=0.5,

Ah=1 mm, and HFSS results.

Figure 4.20

86



McMaster—Electrical & Computer Engineering

Master Thesis—Yan Li

I Bt B S

T

B il IR

(,w) pe/(*'s)ode

[E—

43 44 45

4.1 42

4

35 36 37 38 39

Freq (GHz)
Derivative of Re(S1;) with respect to d, with Ah

0.5 mm.

Figure 4.21

e}
T <
..................... -
4
............ N
<
l
! ()]
a <
)
l
' —
.......... K <
"
i
e S il T e -1 <
l | ) i 1
i l l i 1
1 l 1 ' 1
S AR SO S A £
' | ' t ' o
| 1 ] I 1
| | 1 3 i
S S R Ao deemo- L]
' ' t t [ o
i ) 1 1 i
i ' l ! 1
..... LMo lal____ ]t
| | | i o
1 l 1 '
[ i ' |
...... N S SR T -
| I 1 1 t o
t I I I '
1 I 1 1 t
“ ¢ _ s " L
(=] (=2 (=] [==] (=] (=) Q ™M
e ¥ < § ¥ 9
4
() pe/(sduage

Freq (GHz)
Derivative of Im(S);) with respect to d, with Ah

0.5 mm.

Figure 4.22

87



McMaster—Electrical & Computer Engineering

A B e il

—+—BFD0.5mm |
— SASA 1 mm

-—— CFD 0.5 mm

Master Thesis—Yan Li

20(| ——FFD Imm
——CFD 1 mm
Off ——BFD1 mm

40+

(.o peA''sle

e m - = —

42 43 44 45
42 43 44 45

4.1
4.1

4

Freq (GHz)
Comparison of the derivatives of |S;] with respect to d, with Ah

0.5mmand Ah

y
4
Freq (GHz)
Figure 4.24  Derivative of Re(S2;) with respect to 4, with A= 0.5 mm.
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4.4.2 H-plane filter

The geometry of this filter [15] is shown in Figure 4.27 and the nominal

design parameter values are shown in Table 4.1. We consider the derivatives of

the S-parameters with respect to Ly and S;. We sweep L4 from 6AR to 15Ah,

and S| from 21Ah to 30Ah, with the other parameters set at their nominal

values.

1.

The settings in XFDTD 6.3 are:

Constants: Ah=0.6223 mm, Ar=1.198x107"? s and g=Ah/(cAt)=
1.7315.

Excitation: The structure is excited with a modulated Gaussian pulse
with spectrum from 5 GHz to 10 GHz, which is above the cut-off
frequency 4.3 GHz, and has 600 steps in the time domain. We use 5
probes placed uniformly along the excitation plane to form a half
sinusoidal modal distribution. The location of the excitation plane is
20 cells away from the absorbing boundary.

Ports: We record the central fields 15 steps away from the excitation
plane for the input port and 35 steps away from the absorbing
boundary for the output port. Note that this is for the S-parameter
computation only.

Computational domain: The structure has the dimensions

301Ahx56AhX1Ah. The use of one cell in the z direction makes the
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simulator run a 2D simulation. We choose Liao’s absorbing
boundaries at the ports. The simulation time is 40000 time steps.

First, we plot the S-parameters in Figure 4.28, compared with the results of
HFSS. Figures 4.28 to 4.30 show the derivatives of S;; with respect to L4 at 7
GHz while Figures 4.31 to 4.34 show their derivatives with respect to S;. It is
shown that the SASA curves track the central finite difference curve best,
especially for the magnitude sensitivities. The magnitude sensitivities of S;; and
S21 must cross the zero point at the same parameter values and the SASA curves
do precisely this.

In the XFDTD analysis, we have to run a simulation once to get the Sy;
derivatives while for S;;, we have to excite port 2 to get the adjoint fields.
However, for this particular example, we do not need to excite port 2 because of
its symmetry with respect to port 1 and port 2. One simulation is sufficient to
get the derivatives of both Sy, and Sy;.

The field componenets we need to record are the ones adjacent to the
perturbed boundary. For the derivatives with respect to L4, the recorded field
locations are shown in Figure 4.36. Here, we assume the metallization case.
For the derivatives with respect to S;, the perturbation grid points are shown in
Figure 4.37. Here, we assume a shift of the structure to the left, so the grid
points on the left side are for the metallization case while the right-hand points are
used for the de-metallization case. In Figures 4.35 and 4.36, the points at which

the field is recorded are marked with a cross. The original field and the adjoint
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field are recorded at the points marked with circles and squares, respectively.
The arrows denote the field mapping we use to obtain the adjoint field of the
perturbed problem.

The CPU time estimation results are shown in Tables 4.2 and 4.3. Table
4.2 shows the simulation time in XFDTD and Table 4.3 shows the CPU time of
the derivative computation. The fast Fourier transform is replaced by the
discrete Fourier transform. All these simulations and computations are done on
Intel(R) Pentium 4 PCs with CPU clock at 2.8 GHz and RAM at 1 GHz. We use
MATLAB v. 7 under Windows XP. From the tables, we find that the derivative
computation is fast — it requires at most a couple of seconds. On the other hand,
the time-domain EM simulations take at least a couple of minutes in the
considered 2-D problems. Therefore, our SASA approach is far more

computationally efficient than the finite-difference approximates.

L L ILs L 8§ S &
7Ah 9Ah 10AR 10AR 26Ah 26Ah  27Ah

Figure 4.27  The six-resonator H-plane filter [15].
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The nominal design parameter values. (All dimensions in mm)

Table 4.1
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The derivative of Re(S21) with respect to Ly at 7 GHz for the
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Figure 4.29
H-plane filter.

L, (in terms of Ah)
The derivative of Im(S)) with respect to Ly at 7 GHz for the

Figure 4.30

H-plane filter.
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S, (interms of Ah)
The derivative of |Sy;] with respect to Sy at 7 GHz for the H-plane

Figure 4.32
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The derivative of Re(Sy;) with respect to S; at 7 GHz for the

Figure 4.33

H-plane filter.
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H-plane filter.
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315,138, (m™)

21 22 23 24 25 26
S, (interms of Ak)

Figure 4.35  The derivative of |S;1| with respect to S; at 7 GHz for the H-plane
filter.

£ _Ea
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W/ ~ J ~ v’\ L4
\ A
- 4

Figure 436  The recorded-field points for the derivatives with respect to Ls.
The points, at which the field is recorded, are marked with a cross. The original
field and the adjoint field are needed at the points marked with circles and squares,
respectively. The arrows denote the field mapping we use to obtain the adjoint
field of the perturbed problem.
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< Perturbation

direction

Figure 4.37  The recorded-field points for the derivatives with respect to Sj.
The points, at which the field is recorded, are marked with a cross. The original
field and the adjoint field are needed at the points marked with circles and squares,
respectively. The arrows denote the field mapping we use to obtain the adjoint

field of the perturbed problem.

Table 4.2 Simulation time in XFDTD.

Without any probes

1min 44s

With 2 probes to compute S-parameter

3min 51s + 2min 48s (reference
waveguide with 1 probe)

Reference waveguide input (5 probes) 6min 47s
With probes to compute the sensitivity .

with respect toL4 (4 probes) 7min 32s
With probes to compute the sensitivity 34min 13s

with respect to S; (32 probes)
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Table 4.3 Derivative computation time in MATLAB.

Sensitivities of S;; (real, imaginary,

magnitude) with respect to. Ly 0.2969s

Sensitivities of S»; (real, imaginary,

magnitude) with respect to Ly 0.2813s

Sensitivities of S;; and S, (real,
imaginary, magnitude) with respect to 0.2969s
Ly

Sensitivities of S;; (real, imaginary,

magnitude) with respect to S 1.5000s

Sensitivities of §3; (real, imaginary,

magnitude) with respect to S; 1.5469s

Sensitivities of S;; and S;; (real,
imaginary, magnitude) with respect to 1.5625s
S

4.5 Feasibility of Other Time-domain Simulators

In addition to the FDTD-based time-domain simulators, we can also
implement the SASA approach with the TLM-based simulators, i.e. MEFiSTo-3D
Pro. Since the locations of the field points on the TLM grid do not coincide with
those on the FDTD Yee grid, we perform averaging [16] to obtain the field at the
points required by the FDTD-based self-adjoint method.

In summary, no matter which time-domain simulator we use to solve the

EM problem, as long as the simulator is capable of providing the field solutions at
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the designated points, the SASA approach can be implemented.

4.6 Summary

In this chapter, the proposed self-adjoint sensitivity analysis approach is
implemented with one of the commercial time-domain FDTD-based simulators,
XFDTD v. 6.3. In order to excite the desired mode, we use 5 excitation points to
conform to a modal distribution across the port. The field solution is exported
and manipulated in MATLAB to yield the sensitivity information. Two
waveguide examples are presented to illustrate the settings in XFDTD v. 6.3 and
to verify the SASA approach.

We find several features of the SASA approach through the
implementation. Refining the mesh helps improve the accuracy of the algorithm
since more points are involved in the computation of the sensitivities as well as
the field solution becomes more accurate. The perturbation direction
(metallization and de-metallization) makes no difference in the sensitivity results,
because the same field information is used in the implementation and the only
difference is which field relates to the original field and which to the adjoint field.
We also estimate the computational overhead of the XFDTD simulation and
sensitivity computation, from which we confirm that our SASA approach yields

higher efficiency than the finite-difference method.
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Chapter 5

CONCLUSIONS

In this thesis, a self-adjoint sensitivity analysis (SASA) algorithm for
applications with the finite-difference time-domain (FDTD) method is developed.
The application of the SASA algorithm to the S-parameter sensitivity analysis is
our focus. Several 2-D waveguide examples are investigated. @ The
implementations are conducted with both an in-house FDTD solver and one of the
commercial FDTD simulators, XFDTD v. 6.3.

A brief review of the FDTD method is presented in Chapter 2. In
addition to the FDTD basics, we focus on the special considerations for the
waveguide structure simulation and the computation of the S-parameters from the
FDTD field solution at the ports. This is essential in our later developments of
the S-parameter sensitivity analysis approach.

The adjoint variable method (AVM) theory and the development of the
SASA algorithm are discussed in detail in Chapter 3. Our SASA approach is an
efficient way to compute the gradient of the response of a high frequency (HF)
structure. Compared to the original AVM, it improves the efficiency of the

sensitivity computation drastically since it eliminates the additional (adjoint)
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simulation. The S-parameter sensitivities are analyzed with the SASA method,
since the self-adjoint condition of the problem is met. The application of the
SASA algorithm to the waveguide structures is presented, with the original
problem simulated in the in-house FDTD solver. Examples illustrate the
S-parameter sensitivities computation with respect to both the shape and
constitutive parameters in metallic and lossy dielectric objects. The SASA
method features second-order accuracy and high computational efficiency.

The SASA application with commercial time-domain simulators is
presented in Chapter 4. XFDTD v. 6.3 is utilized as a typical time-domain
FDTD simulator, providing the E-field solution for the S-parameter sensitivity
computation. We describe the necessary settings of the XFDTD simulation for
the waveguide structure. The way the necessary field values at the perturbation
grid points are exported is also explained in detail. Two waveguide filter
examples are provided, with the details of the XFDTD simulation set-up. The
computational overhead is estimated for the sensitivity computation and it is
compared with the simulation time of XFDTD. The SASA shows superior
efficiency over the finite-difference approximation. Our implementation has
only one requirement for the simulator — the ability to export the time-dependent
field solution at user-defined points. Most commercial solvers have this ability,
which makes the SASA readily applicable to practical optimization and tolerance
analysis.

From the experience and knowledge gained in the above work, the
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following topics for further research are suggested:

1.

2.

At present, all the examples involving the perfect metallic objects are
2-D examples. 3-D metallic examples are needed to confirm the
SASA technique and its implementation. The differencing of the
double-curl operator in the 3-D case must be implemented in order to
compute the derivatives of the system coefficients in the case of 3-D
metallic details and infinitesimally thin strips of finite size.

The SASA method has not been applied yet to practical optimization
or to tolerance and yield analyses. This is essential for the future
development of an efficient CAD framework exploiting design

sensitivities.
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