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ABSTRACT The main purpose of this paper is to present the methodology for calculating the electromag-
netic behaviour of real integrated circuit (IC) parts using a no-mesh local Finite Differential Method (FDM).
Furthermore, the comparison of computational results and measurements is presented. All considerations are
based on typical long transmission lines (TLs) in modern ICs. The obtained results have been analysed in
detail and compared with measured values. The measurement data are de-embedded using the test board
model. This problem is illustrated in this paper based on a practical example of the Multi-Conductor
Transmission Lines test structure whose electrical responses to various excitations are presented and analysed

in detail.

INDEX TERMS
conductor-backed coplanar waveguide.

I. INTRODUCTION

Modelling and analysis of the electromagnetic phenomena
occurring in the integrated circuits (ICs) are essential takes
for a reliable design of semiconductor microelectronic sys-
tems. These tasks are required due to the ongoing trend
toward miniaturisation, increasing the operating frequency,
and finally design cost reduction of semiconductor micro-
electronic systems. Therefore, the factors motivating our
work are:

o The development of effective modelling and simulation
methods, characterised by a nearly linear time complex-
ity for effective simulations of electromagnetic (EM)
phenomena inside and around integrated circuit struc-
tures and 3D integrated systems.

o The development of a circuit extractor and a computa-
tional solver coupled with an electrical simulator, based
on the devised modelling and simulation methods, and
working with selected IC CAD/CAE software.

« Attempt to develop sets of EM-aware design rules to
be used by the software tools analogue to those used
during the layout design rule check (DRC), electrical
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Integrated circuits, no-mesh FDM, transmission line, microwave, de-embedding,

rule check (ERC) and signal integrity test (SI) phases
of the design verification.

o The EM solver and circuit extractor verification during
the design of the experimental Application Specific Inte-
grated Circuits (ASICs), and analysis of their operation
quality.

The first one and the last will be included in the paper based
on an example of a designed ASIC test structure and a PCB
test board.

Il. PREFACE TO COMPUTATIONAL ELECTRO-MAGNETICS
The computational electromagnetics (CEM) is mainly asso-
ciated with the following three methods — the finite dif-
ference time domain (FDTD) method, the method of
moments (MoM) and the finite element method (FEM). The
electromagnetic model of typical integrated circuits parts
with a wideband response has been already presented using
the finite difference time domain based on Yee grid [1] for
which additional mesh grid points at a half-space point and
half-time step are included. The advantages of the FDTD
are [2]:
« simple implementation of a full-wave solver (vs MoM
and FEM),
« simple implementation of material inhomogeneities
(vs FEM),
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« reasonably accurate geometrical modelling ability (com-
parable to FEM),

« a single simulation required for a wideband response
estimation,

« aperfectimplementation of the absorbing boundary con-
ditions (ABC) using the perfectly matched layer (PML).

The main disadvantages of the FDTD method are the fol-
lowing [2]:

« inflexible meshing,

« the problem with precise localisation of the boundary
conditions due to Yee grid,

« insufficiency of the FDTD (as MoM) in the case of
perfectly conducting radiators and scatters,

« convergence problems in some cases [3].

Additionally, a dense and irregular mesh has to be intro-
duced due to the large aspect ratio of the geometric dimen-
sions (the length and width vs thickness) of paths and layers
for integrated circuits structures. This problem can be par-
tially overcome using the following solutions:

o Application of simplified one- and two-dimensional
structures of integrated circuits using the one-
dimensional lossless transmission line [2] and the multi-
conductor, multi-layered transmission lines (MMTL)
(41, [5].

o For more complicated 3D integrated structures, an appli-
cation of the wavelet method based on Haar, Battle-
Lemarie [7] and Daubechies [6]. The latter wavelet
family turned out to be the best ones. This approach
allows three times reduction of the mesh density for
each dimension (in relation to the Finite Differential
Method), which usually corresponds to 64 x memory
reduction and 13 x speed-up of the calculation pro-
cess [8]. However, a significant difficulty is the need
to use one mesh-mod (the smallest space step) coordi-
nated with all geometrical elements (e.g. paths, VIAs
and transistors’ gate isolation) for the entire analysed
structure. Thus, it significantly hinders the simulation
of larger fragments of integrated circuits, increasing the
computation time and memory occupation.

o The coarse space mesh can be used in the case of the
Sampling Biorthogonal time-Domain method (SBTD)
[9], [10] instead of the FDTD. Unfortunately, the same
resolution (the mesh mode) should be used for the whole
domain; therefore, only small structure parts of the inte-
grated circuits can be analysed using this method.

The methods mentioned above allow the modelling of simple
structure parts of the integrated circuits. However, employing
these approaches can cause a few problems associated with
simplifying the geometric structure, problems with the irreg-
ular mesh, a large aspect ratio of the geometric dimensions,
and one mesh-mod for all dimensions. An adapted method
will be presented later in the paper to eliminate the above
difficulties. A comparison of the results with the experimental
measurements obtained for the MEMS structures will also be
presented.
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IlIl. ELECTROMAGNETIC MODEL OF THE IC

J. C. Maxwell’s curl equations describe the model of elec-
tromagnetic phenomena also occurring in the integrated
semiconductor circuits. Without loss of generality, we can
assume that the electromagnetic wave propagation is in lin-
ear, isotropic, non-dispersive, lossy materials. Furthermore,
we can also assume that the equivalent magnetic losses are
neglected. Therefore, the full-wave Maxwell’s equations can
be written in the simplified form (1-6) in the Cartesian coor-
dinate system.
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where E) = [Ex, Ey, E,] - electric vector field components
[V/m];ﬁ = [Hx, Hy, H,] — magnetizing vector field com-
ponents [A/m]; 7m- =[Jsre,x» Isre,ys Jsie,z] - €lectric current
density vector field components [A/m?]; & - permittivity of
material [F/m]; p - magnetic permeability of material [H/m];
o — electric conductivity of material [S/m].

It should be noted that the n-type substrate is used in
an integrated semiconductor circuit; therefore, the bottom
surface of the substrate is polarised with the lowest pos-
sible potential (we assume OV on the ground plane, see
Fig. 1). Thus, all metallic and polysilicon paths (and ele-
ments) are biased with positive voltages in relation to the
substrate. It results in a greater carrier concentration near
the oxide-semiconductor interface than in the bulk of the
semiconductor. This is known as the accumulation condi-
tion in the Metal-Insulator-Semiconductor capacitor [11].
The equivalent capacitor can describe the capacitance of this

F§ P5
4
P
z 4 1"%)
Y »P3
X 2412
- r

Ground Plane (0V)

FIGURE 1. The illustration of the shortest path I'p,..., I'; connecting the
closest points from the polarized mesh point Py, to the bottom ground
plate (point P;). The pointwise enforced voltage Vg, ceq condition source
implementation refer to the electric vector field components.
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element for the accumulation condition. See Sze and Ng [12]
(pp. 197-240) and Pierret [11] (pp. 29-64) for a detailed
description.

This simplification is also used by Pan [13], Hagness [14],
and [15]-[17] for simulations of the IC structures. Notwith-
standing, it should be mentioned that this approach cannot
be directly used in the case of through silicon via (TSV) ele-
ments, where the metal core cannot be polarised as outlined
above, and the accumulation condition may not happen in the
metal-insulator-semiconductor systems. The detailed model
of TSV is discussed in [18]-[21].

A. BOUNDARY AND INITIAL CONDITIONS
There are many models of the boundary conditions used in
the computational electromagnetic for radiofrequency and
microwave problems. The integrated circuit’s bottom ground
plane is polarised to zero potential; additionally, the perfect
electric conductor is assumed Ex = Ey = E, = 0 and
Hy = Hy = H, = 0. The zero-leakage current is assumed
in the proposed approach.

All side and top planes are modelled using 2nd-order
absorbing boundary conditions (ABCs) for Padé (2,0)/Mur
implementation [2], [23], [24], that is:

92U  190*U  cd*U cd*U

_Z e = =0 7
xar o 20y T292 ”
for (-)x-direction and x = xpjp,
PU  19°U U cd*U
=0 (®)

dxot +E a2 282 2 9y?
for (+)x-direction and x = xmax,
Ey=E, =0, Hy=H; = 0forx = Xmin and X = xmax (9)

where U is a scalar field component (e.g. Ex, Hx), x €
(Xmin» Xmax) and ¢ = (su)_l/ 2 is the wave-phase velocity.
The boundary conditions for the y- and z-axis are created
analogously.

The initial conditions of electric and magnetising fields
are calculated from the steady-state equations derived from
the approximated full-wave Maxwell’s equations (1-6) by

applying 0 - /ot =10

B. INDEPENDENT SOURCES
Three types of independent sources have been implemented
in the proposed model: the surface (and pointwise) enforced
voltage, the surface (and pointwise) incident wave source
condition and the forced conductor current density condition.
The pointwise P, enforced voltage Vioeed condition is
modelled using the curvilinear integral of an electric vector
field E evaluated along the shortest path I'y,..., I'1 connect-
ing the closest points from the polarised mesh point P, to the
nearest point P on the bottom ground plate, see Fig. 1.

%
Vforced = Z% _S) (10)
i= ]F
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This integral equation can be approximated using the trape-
zoidal rule. The algebraic equation (10) is used for modelling
of the voltage source Viorceq as follows

Py —P P
Vioreead = === Ex (P)+) ¥E P+
=2
Poy — Po Py, —P
e T g (py) + 22 () +
2 2

+Z t+1y Pi_ lyE (P} +
PP, P,.—P,_
n,y : n l,yE (Pn)+ nz 2)1 I,ZEZ (Pn)+

P,_
—”I’ZEZ (Pp)

+Z :—Hz zle (P)+ 5

Y

where E)(Pi) = [Ex(P}), Ey(P}), E;(P;)] — electric vector
field components [Ex, Ey, E,] at point P; with coordinates;
[Pix, Piy, Pi,.]. The surface enforced voltage source is imple-
mented by applying normalised equation (11) to the consid-
ered surface mesh points.

The surface (and pointwise) Incident Wave Source Con-
ditions are implemented only for the vertical electric field
component (E,). It can be modelled as a constant value

E, =Eo (12)
where Ey is given. The second, more complex model of this
source is defined as follows

0 for
E. =1 for
using (3) for

t<0
0<t< (Sndemy + no)t (13)
(3ndecay + nO) 1=t

where f(¢) is defined by one of the formulas:

f(t) = Egsin <2nfon ;t"°> (14)

n—ng 2
f (@) = Epexp _<nd ) (15)
ecay
— Ny < n—ngp 2
)exp — ( ) (16)
Ndecay

and n — iteration number n = 1,2,3,...; At - time integration
step At>0; t - time [s]; fo, 7o, Ndecay — arbitrary parameters
of the incident wave source. using (3) — value is calculated
using PDE.

The forced conductor current density condition has been
implemented using }src the electric current density vector
field in the set of equations (1-3) for the selected part of the
conductor. In other cases J 5. = [0,0,0].

£ (1) = Eysin <2nf0"

IV. NUMERICAL SOLUTION
The presented modelling methodology of integrated silicon
structures is a handy tool for modelling a passive component.
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The active components integration has also been demon-
strated in [14]. This part of the paper focuses on effec-
tive discretisation and numerical solution of a set of partial
differential-algebraic equations (PDAEs).

A. SPATIAL DISCRETISATION
The 3D spatial discretisation of the PDEs is achieved using
the non-mesh local Finite Differential Method (FDM) pre-
sented in detail in [26]. The main idea of the method men-
tioned above is to determine the set of differential operators
Du independently for each point using the second-order Tay-
lor expansion in the 3D space
n @
u(Py) = u(Po) + Zl' (h,-a—” TN l,-a—”> (17)
il ox Py

ay 0z

where P; = [xo + hi,yo + ki, zo + Li] fori = 1,...,n.
The central point Py with its neighbourhood Py, ... Py is the
so-called star; see Fig 2. The differential operator Du can be
approximated in the nearest neighbourhood of the point Py
by the following set of linear equations

i WK ]
h k l — = = Ik hyl kil
1 1 1 ) ) ) 1K1 141 14
2ok 2
hi ko EI 7’ é hik; hil; kil;
2ok 2
_hn ke I, ?" % % hoky  hply, k,,ln_
-Du == [u1 — ug Uy — uo uj —uo]T
(13)
where
Du — |:8u du du 9%u
dx dy 0z 0x2
9%u 9%u 0%*u  9*u 9%u ]T (19)
9y? 972 9xdy 0xdz 0ydz

This method can be applied for irregular and unbalanced
configuration stars. The stability of the differential operator

FIGURE 2. The star’s configuration: Py is the star’s centre (the redpoint).
Its neighbourhood is presented using green points Py,...,Pn.
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Du can be obtained by applying normalisation described in
equation (23) that normalises the distance between the points
as follows:

Pi = [xo+hi,yo+ki,zo+ 1] — P = [xo + hi,yo +

l@i, zZ0 + Zi] fori =1, ..., nand selected value of r.
pi = IPo — Pill (20)
1 n
5=;;m 1)
=
r=75/p (22)
ili = rh;, /2,' = rk;, Zi =rl; (23)
and finally
Du =T Du (24)
T = {r roororr o2 o2 2 p? rz}(25)
where Du - differential operator estimated for {Po,
Pl" .., Pn}; Du- differential operator estimated for
{Py, P1,...,P,}; T — normalization vector. A detailed

description of the normalisation is presented in [26].

B. MESH GENERATION
Mesh generation is used to reconstruct a continuous geom-
etry space into discrete geometrical and topological cells.
Therefore, large geometrically complex objects are approx-
imated using small discrete cells to increase the accuracy of
the numerical approximation of the derivatives and integrals
during the mesh generation process. The tetrahedron, pyra-
mid, triangular prism, hexahedron, and polyhedron geometry
element are most often used in 3D space. These elementary
object types are closely related to the numerical method
used for solving the differential or integration problems. The
proposed spatial discretisation method belongs to the class of
meshless methods. Its means that only points (vertexes) are
required (without topological information). Therefore, only
the positions of the points’ need to be imported from the 3D
FEM and FDM software. In the case of the proposed system,
a simplified method of mesh points generation is used. The
integrated silicon circuit structure geometry is defined as a
collection of connected rectangular cuboids (one cuboid for
the substrate, one for insulation, etc.). Rectangular cuboids
are used for metal and polysilicon paths present inside the IC
structure. Ten to twenty discretisation points are generated for
each side of the rectangular cuboid (Fig. 3a). The set of gen-
erated points is projected on the outer edges of the entire IC
body. Additionally, the density of mesh points is smoothed.
Moreover, the maximal distance between mesh points should
not be greater than A/10 - A/5, where A is the propagation
wavelength in the given material A = f—1 - (ex)~!/? and
fmax 18 the greatest considered frequency. Obtained x-, y-, and
z-axes are used to generate discretisation points inside the
rectangular cuboids (Fig. 3b).

The mesh-less method implies a more complex algorithm
to find balanced stars. Such a complex algorithm of finding
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FIGURE 3. Examples of mesh points: a) simplified point generation, b)
mesh with points projection on the axes.

already analysed stars was also developed in our computation
system. The star configuration cache has been used to speed
up the computations. This concept is similar to that used in
caching the random access memory. The star configuration
and predetermined differential operator Du generated for the
previously analysed configuration of the stars{ (41, k1, [1),...,
(hn, kn, In)} associated with it are stored and effectively used
to reduce the computational effort

{nv 157 (hlsklall)v v(hmkn’ ln)} g Du (26)

where redundant values n and p are used to speed up the
searching process.

C. TIME INTEGRATION

The application of the previously presented method of 3D
spatial discretisation allows determination of the approxi-
mation of the differential operators (Du for given mesh)
and a transformation of the problem (including PDEs (1-9)
with appropriate boundary conditions (7-9, 11-13)) into the
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following set of differential-algebraic equations (DAEs)

dvi
dr _All'Vl+Alb'Vb+Q (27)
B =Aib - Vi+ Apb - Vb
where V; — vector containing all dependent variables

(Ex,Ey, E;,Hy, Hy, H, for given set of mesh points) for
which derivatives are present (1-8); Vp — vector contain-
ing all dependent variables (E,, Ey, E;, H, Hy, H; for given
set of mesh points) for which no derivatives are present
(7-9, 11-13); Aji, Aip, Api, App — coefficients matrixes;

Q - activation vector, e.g. 7 sre/ € in (1-6); B — constant terms
vector containing independent sources of external stimula-
tion, e.g. (11-13); t — independent variable (time) [s].

This transformation method of a differential problem
into DAEs (and equivalent SPICE circuit and Eldo HDL
and VHDL-AMS models) has been successfully applied
for the analysis of the heat conduction, chemical reac-
tions, as-well-as mechanical applications [25]. In the case of
electromagnetic problems, the computational effort is very
high. Therefore, we decided to implement the time integra-
tion without using external computing solvers (e.g. SPICE,
ELDO, etc.). Using the implicit midpoint time integration
scheme, we obtained the following system of linear equations
to be solved for each iteration time step At

1- %Aﬁ —%Aib . [Vi @+ At)i| B
_ 1+%Aii %Aib ) |:Vi(t) ] n
N 0 0 Vi (1)
At At
. [TQ o+ 07Q (t+ At):| 08)

where [Vi 0) Vp (0) ]T is calculated from (27) for
dVi/dt =0

(29)

—Q=A;i-Vi+Ap-Vp
B=Ajp Vit+Ap-Vp

and given initial conditions (9,12,13). Finally, systems of
linear equations (29) and (28) have been solved using
SuperLU_MT library.

V. TEST STRUCTURE

The presented theory has been verified using special multi-
conductor transmission lines (MCTL, Fig. 4) structure used in
X-FAB CMOS XDM 10 silicon on insulator (SOI) ICs, where
n-type substrate is used. The considered structure comprises
three Al Sil% Cu0.5%, metal (M3 3 um x2.3 pum, M2
3 um x 0.7 pum and M1 3 pm x 0.7 um) and polysilicon
(Polyl 3 um x 0.43 um) paths, see Fig. 4. The active path
M1 or Poly1 is under test. The remaining paths (M3, M2 and
Polyl) are terminated using 50 2. The length of MCTL
structure is L = 450 pum, and the total length of M1 in the
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3um

IZSum
2.25um

N ¢ 0.7um

0.9um

SiO2
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X 0.43um
0.72um #

Si 300um

FIGURE 4. The cross-section of multi-conductor transmission lines test
structure (not to scale), see also Fig. 5c and Fig. 9a. M1, M2, M3 - metal
layers, Poly1 - polysilicon layer.

IC structure is Loag = 2282 pum. For simulation, we addi-
tionally assume for simulation model SiO;: ¢, =3.9,tan § =
0.0002; Si: & = 12.5. The simulation of the structure has
been performed with frequencies of up to 1 GHz. The entire
structure is bonded to a metal core PCB (Fig. 9a, Fig. 5b). The
silicon handle wafer has been grounded. All paths (M1, M2,
M3, Poly1) are polarised with positive voltages in relation to
the substrate. For the electrical characterisation, the biasing
current and measurement voltage signals are exchanged with
the external circuits via miniature SMA (Fig. 5a).

A. ELECTRICAL ANALYSIS

The electrical behaviour of the analysed IC structure (device
under test DUT in Fig. 4b, Fig. 9a) was investigated using
the nonlinear Vector Network Analyzer PNA-X Microwave
Agilent N5242A de-embedding approach. In the beginning,
the electrical reference planes have been moved to the test
board connectors presented in Fig. 5a or Fig. 6a using Agi-
lent N4691B Electronic Calibration Module (ECAL). The
complex scattering parameters (si1, $12, $21, $22) have to
be measured at 32000 spot frequency points (f) distributed
from 10kHz to 15GHz. For simplicity, the entire analysis
has been performed using chain matrix (ABCD parameters)
calculated from the scattering parameters. The connectors
(ABCD¢onnector), Printed Circuit Board (PCB) transmission
lines (ABCDcpcpw) and the interconnections between a PCB
and Multi-Conductor Transmission Lines (MCTL) test the IC
structure (wire bonding, ABCDyjire—bonding) are eliminated
from eq. (30)

ABCDeasurement
~ ABCDconnector - ABCDcBcpw - ABCDWire—bonding
-ABCDycTL -
-ABCDyjire-bonding - ABCDcpcpw - ABCDconnector, (30)
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in the following way, separately for each frequency (f)

ABCDycTL
~ (ABCDonnector - ABCDCBCpw - ABCDuyire-bonding)
'ABCDmeasurement
- (ABCDyire-bonding - ABCDcBCPwW - ABCDconneCtor)_l ;
(31

estimated the MCTL structure electrical behaviour;
ABCDconnector, ABCDcpcpw  and ABCDwirefbonding are
auxiliary chain-estimated in the MCTL structure electrical
behaviour; ABCD¢onnector» ABCDcpcpw and
ABCDyjirebonding are auxiliary chain-matrixes presented in
next subsections.

B. THE ELECTRICAL CHARACTERISATION OF THE
PRINTED CIRCUIT BOARD TRANSMISSION LINES

The PCBs are manufactured using the FR-4.0 laminate char-
acterised by the following material parameters: dielectric
constant 4.58@1 MHz, loss tangent 0.022@1 MHz with
copper cladding ¢ = 35um. The nominal thicknesses of
the dielectric layers are declared as 193 pum, 93 um and
193 pm for the consecutive layers, respectively. The trans-
mission lines characterisation has been performed for the
Conductor-Backed Coplanar Waveguide transmission line
(without a top metal cover, CBCPW TL). This transmission
line comprises a dielectric substrate with the conductors
forming a centre strip (w = 0.288 mm) separated by a
narrow gap (spacing s = 0. 566mm) from two semi-infinite
ground planes on either side of the top surface (see Z_A-Z_B
transmission line in Fig. 5a) and a next ground plane below
the mentioned dielectric substrate. It should also be noted that
the real effective thickness of the upper dielectric (k) between
two cladding coppers is thinner than 193um by a thick-
ness of the cladding copper and is approximately equal to
h ~169.8672 pum. It should also be emphasised that the radi-
ation losses (o) of CBCPW transmission lines are neglected
in comparison to conventional microstrip lines [31].

The quasi-static analysis for the characteristic impedance,
the effective dielectric constant and the attenuation factor of
the CBCPW transmission lines has been performed in [28]
(p- 90-97) and [29], [30]. The investigation has been carried
out for the CBCPW transmission lines with L = 55.1 mm
length (the nominal characteristic impedance is Z, = 50 for
more, see [28], [29]). This characteristic impedance has also
been monitored and tuned during the first analysis of the scat-
tering parameters. The analysis shows that the first resonance
frequency is about 1.512 GHz (see Fig. 6b, g and h). This
resonance is associated with the length of the transmission
line (L) and the dielectric constant, see [43] (pp. 102-118,
151-152, 192, 285-290) and also [34] (p. 7-23), [35]; there-
fore it will be eliminated from the electrical model. One of
the next two resonance frequencies is associated with the
microwave behaviour of the SMA connector. This is com-
pared with sample measurements presented in [36] (p.97) and
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a) PCB front side

b) PCB back-side
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FIGURE 5. The IC test structure (c) is bonded to the test boards. The simplified cross-section of the IC structure has been presented in Fig. 1.

also [37], [38], [41] (p. 204). This and other frequencies are
skipped (ABCDconnector =1 = [/, 0; 0, I]).

The total attenuation factor (o) and phase factor (8) can be
obtained from the chain (ABCD = [A, B;C, D]) or scattering
(s11, S12, 521, $22) measured matrices, using the following
equation [42], [43]

o (f)+iB (f)
arccosh (A) |:Np .rad}
= — —_ + 11—
L m m
_ (A1) - (0 = s2) + 512521 [@ N i@] 32)
2Ls71 m m

where f is the electric signal frequency in Hertz. Besides, the
characteristic impedance (Z,) can be directly calculated from
the following equation for the reference impedance of 502
[42], [43]:

B
Zo(f) = 50\/2 (€]

_ 50 (1 +s11) - (1 + s22) — 512521
(1 =s11) - (1 = 522) — 512521

[€2] (33)

The estimated values of the total attenuation factor,
the phase factor and the characteristic impedance are pre-
sented in Fig. 6¢c, d and e. The approximated formulas have
been used in the final chain model of the transmission line
based on the image parameters [42], [43]:

ABCDcpcpw (f's Lnew)
cosh ()/approx : Lnew) re (ZO,Fitted) sinh (Vapprox : Lnew)
A sinh (]/approx . Lnew

re (Zo,Fitted)

cosh ()’approx : Lnew)
(34)
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Yapprox

= Oapprox + i BFitted (35)
where Lpeyw is the length of the CBCPW transmission line
on the final board, e.g. Lyew = 28mm for Fig. 5a and
i=(D%.

The theoretical calculation of the conductor («.) and
dielectric losses (c¢g) is presented in [30], [29], [43]. Radiation
losses (o) of microstrip line [30] have been used to simplify
the calculation. The theoretically calculated attenuation fac-
tor (ag + o + o) is underestimated for higher frequencies
(see Fig. 6¢); therefore, the fitted approximation is used;

Qapprox )
) theoretical (f) for OHz < f < 345.601MHz
N UFitted (f) for 345.601MHz < f < 3.16GHz
(36)

where the theoretical transmission line model (from
[30], [29], [43]) can be written in the simplified form

Qtheoretical (f) = Q¢ + ag + o

~ 0.470076 - \/f - 1072

£0.22742822779096295 - (f : 10—9)

2
10.0005463682072136707 - (f : 10—9)
X [Np/m] . (37)

The fitted polynomial model based on measurements can
be written in the following form

aFited (f) ~ —0.188998 - /f - 102
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17492 -f - 1079 — 1.44855 - (f : 10*9)2
10.93462 - (f : 10—9)3 —0.290337

x - (f : 10—9)4

40.0345405 - (f : 10*9)5 [Np/m].  (38)

This estimation has been calculated based on the measure-
ments for the frequency range 283 MHz < f < 3.16 GHz with
the following indicators: R% = 0.999863, Error Degree Of
Freedom EDF = 2746, Error Sum of Squares SSE = 41.59,
Pearson y2-test of the hypothesis that the residual error is
distributed according to the normal distribution and cannot be
rejected at the 5% level (statistic 52.6512, P-value 0.202068,
see the dotted line in Fig. 6b).

For the frequency range 61 MHz<f<1.087 GHz, the
approximated model of the phase factor can be estimated
from:

Brited (f) &~ 49.2551 -f - 1077 + )

—8.00148 - (f : 10*9) +

3
+11.7971 - f~10_9) +

—6.75864 - (f : 10—9)4 [rad/m], (39)

with the following indicators: R> = 0.999999, EDF = 2187,
SSE = 2.01313, The Pearson x2 null hypothesis cannot be
proven, but the formula is used due to the low residual error,
see the dotted line in Fig. 6¢.

For the frequency range 61 MHz < f < 1.087 GHz, the real
part of characteristic impedance can be approximated using a
rational formula:

re Zo Fitted ()
~ {187.773859377139+
+518.6456558595 - f 1077 +

9 2
—524.1242030406 - (f 10~ ) } /
{3.9743941670064 + 11.358993679929 - £ 10—+

2
—13.0177611154 - (f 10—9) } [l (40)

with the following indicators R> = 0.999989, EDF =
2185, SSE = 81.0462, Pearson 2 null hypothesis cannot be
proven, but this formula is used due to the low residual error,
see the dotted line in Fig. 6d.

The additional transmission line discontinuities, bandings
and microstrip via holes are neglected but can be considered
in equation (30) and (31) based on the formulas presented
in [30], [43], [39] and [40].

C. THE ELECTRICAL MODEL OF WIRE BONDING

For long distances (s), the wire bond behaviour is similar to
the antenna (see [34]), and at small distances (s) its behaviour
is similar to the transmission line. The interconnections

VOLUME 9, 2021

between the PCB and the IC structure have been modelled
using the following chain matrix of the transmission line:

ABCDwire—bonding (fv LWﬁg)
N |:cosh (Ywag - Lwag)

sinh (Ywag - Lwag)
zhmwg

20, wag sinh (Vwag : Lwag)
cosh (ywag . Lwag)
(41)

where Ly, is the length of the wire bonding line (Lywaz ~
2.32 mm for Fig. 9a). The characteristic impedance (Zy, wag)
can be approximated using the single wire simplified model
of a transmission line [36] (pp. 48-51):

138
Jer
where d is bonding wire diameter d = 25um, s is the wire
distance above the ground plane s & 0.24mm, &, is the relative
dielectric constant of air (¢; = 1). Other more complex mod-
els have been presented in [30] and [31] (pp.151-154). The

complex propagation constant (}iag) of a good conductor has
been approximated using the following formula [44] (p. 19):

. 20 N rad
Voag & (14 i)+ [——t— [—p + z—] (43)
2afurpo L m | m

where p is wire electric resistivity (e.g. p = 2.24-10~8Qm for
gold [33] (p. 59)), po is the permeability of vacuum (o =
4771077 [H/m]), u; ~1 is the relative permeability of air.

4s
ZO,wag ~ 10g]O E [Q] (42)

D. THE ELECTRICAL MODEL OF THE MCTL STRUCTURE
The 3D distributed transmission line model has been gen-
erated using the approach proposed in section III and IV.
The geometric cross-section of the considered MCTL struc-
ture been presented in Fig 4. The length of this structure is
L = 450um, and the total length of each conductor (pad-
pad) is about Lioa =~ 228 2um. The following material
parameters are used for the electrical resistivities: M1 3.29 -
1078Qm, M23.11-10~8Qm, M3 3.11 - 10~® Qm, Poly 9.68 -
10~°Qm; dielectric constants: SiO; 3.8, the ground silicon
substrate 12.5; and loss tangents: SiO; 0.0002, substrate 0.02.
The M1 path is tested using PNA-X, and all other conduc-
tors are terminated (50 €2) on the test board. The estimated
equivalent electric parameters of the MCTL structure for low
frequencies are presented in Table 1.

The eddy-current losses (and skin-effect) in a conductor
and dielectric losses are strictly related to the fabrication
process of the ICs. The eddy-current losses induced by the
changing magnetic field cannot be simply analysed using skin
depth parameter comparable to the dimension of the path’s
cross-section. Therefore, the eddy-current losses should be
derived and analysed directly using the full-wave Maxwell’s
equations (1-6). The effective resistance of the path can be
estimated from the equation:

R = Rac = keRpc (44)
Rpc = pl/ (wh) = (I/w) RO (45)
87189
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FIGURE 6. (a) The CBCPW transmission line characterisation board and parameters (L = 55.1mm, w = 0.288mm, s = 0.566mm, h ~ 0.1699mm, t =
35um, e = 4.58, tan§ = 0.022@1MHz). (b) The selected measured parameters. (c) The attenuation factor - measured, theoretical and approximated
results. (d) The amplitude of estimated characteristic impedance and approximated real part of characteristic impedance. (e) The phase factor -
measured, theoretical results. (f) The measured guide wavelength vs operating frequency. (g) The measured unloaded factor. (h) The active power loss
per the unit length of the transmission line.
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TABLE 1. The equivalent resistance and inductance of MCTL conductors
for low frequencies up to 1 MHz.

L=450um
Conductor Equivalent Equivalent
resistance inductance
M3 2.025Q 5.16:10"°H
M2 6.75Q 5.67-10"°H
M1 7.05 Q 5.67-10"°H
Poly 3375 Q 5.74:10"°H
Ground 0.00111 Q 2.56:10"°H

Equivalent capacitances and mutually coupled
inductances:

L1-pory=4.85-10""H, Lyt Grouna=4.1-10" 'H,
Lpoty-round=4-1-10""H, Ly 3=3.91-10"H,
Lyiiavo=4.54-10""H, Cy;.vp=4.81-10° F,
Crom3=3.32-10" F, Cypypoiy=6.79-10™°F,
Ch1-Ground=5.35-10"°F.

where Rpc is the resistance calculated for the zero frequencys;
I, w, h — length, height and width of a conductor; R - path
sheet resistance for a given technology. The eddy-current
losses correction coefficient can be estimated from the total
resistive heating rate (oE; - E,) dissipated in the cross-section
of this conductor divided by the total current density (pEy)

[ P~ E,E}dS
N

ke =
7 [[plE,aS
S

(46)

where En is electric vector field normal to the considered
cross-section S, ifn* is the complex conjugate of the complex
number of an electric vector field E,. A typical distribution
of the normalised current density (pEp/average(pEy,)) in the
analysed M1 3 um x 0.7 um at 10 GHz is shown in Fig 8.
In this case, the resistance of the considered path Rac will
increase 1.4% at 10 GHz compared to the Rpc. A detailed
analysis of the results for a wider frequency range is shown
in Fig 7. As can be seen, the conductor resistance changes
can be neglected within an error of 0.3% in the frequency
range of up to 2 GHz. Hence, the skin effect in the path can
be neglected in this range. A detailed analytical analysis of
skin-effect in classical conductors has been presented in [47].

VI. THE FINAL MCTL MODEL COMPARISON WITH REAL
MEASUREMENTS

The low-frequency model equivalent parameters are pre-
sented in the previous section. The distributed model compar-
ison with the real measurements is presented in this section.

A. THE SELECTION OF THE COMPARED PARAMETERS

The image propagation constant (Vapprox) and the sys-
tem characteristic impedance (Z,(f)) are excellent for the
TL characterisation. They can be directly derived from
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Eddy current coefficient k,(f) (Al, 3um x 2um)

real(k,) imag(k.)
1,02 0,15
o O 0~ 0,1
1 .L oo -
‘\A o _ real(k,) 0,05
~ k ~
imag(ke) * A, . 0
0,96 A ‘A iy
4 -0,05
A AN
0.94 'S < N 0,1
’ B N\
A N
N \ -0,15
0,92 N, AN
A ~ N -0,2
real(k,)=2.903e-33 f3-4.052e-22 f2+ 'S, .
09 +2.032e-12 f+1.003 N A 0B
oss IMaglk.)=5.19e-33 3-1.823e-23 2-1.962 f+0.09739 0
0 5 10 15 [GHz] 20

FIGURE 7. The eddy current coefficient ke of an metal path 3um x 0.7um
calculated for 10MHz-20GHz using 2055028 mesh nodes.

[—

.
0.998 1

e
1.006

1.002 1.004

FIGURE 8. The distribution of normalised current density oE /average(oE)
in the cross-section of an active metal path at 10GHz, M1 3um x 0.7um,
2055028 mesh nodes.

equation (33) and (34) only for a physical line dimension (L)
is greater than one-twentieth of a wavelength (A): L > /20,
where A = ¢ - er_l/z, & ~ 3.8 is SiO; relative permit-
tivity and c is the speed of the electromagnetic wave in a
vacuum. In the case of X-FAB ASIC the diagonal and the
lower triangular part of the chained matrix are consistent with
equation (33, 34) and are satisfied for f > ¢/(20L&, 1/ 2) R
3.4GHz. Therefore, only the transimpedance element of the
de-embedded chained matrix and the scattering matrix ele-
ments (ABCD13, s11, s12) are used in the final presentation

and analysis of the results.

B. THE PRELIMINARY ANALYSIS OF THE TEST BOARDS
APPLICABILITY RANGE

The detailed analysis of the measurement circuit PNA X-PCB
TL-IC-PCB TL-PNA X (where PCB TL-IC-PCB TL is the
path on the IC test board structure in Fig. 5, and PNA X
is the network analyser) shows that the best properties of
the de-embedded procedure can[will] be acquired for the
lowest energy reflection back to the PNA X source termi-
nal at the end of the PCB TL. In this case, the rebound
effects are suppressed throughout the measurement test board
circuit. Such a situation occurs for the lowest frequencies
e.g. 0-100 MHz as well as for the wavelength on the
PCB transmission line A satisfying the following statement
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a) X-FAB, Metall AlSi1%Cu0.5%, W=3um, =0.7um, L=450um,

Lmta1=2282um,

b)
Re[ABCDq;]=Series R for small freq. [(2]
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FIGURE 9. The theoretical and measured behaviour of embedded parameters of MCTL test structure: (a) — enlarged microelectronic structure devices
manufactured MCTL test structure developed in X-FAB XDM 1um process technology. (b, c) the behaviour of transimpedance parameter, (d, e) the
behaviour of scattering matrix elements. The theoretical distributed model of MCTL is presented using grey lines. The behaviour of real IC structure is

presented using black lines.

L € {A4,3A/4,50/14,TA/4,. .. }, where A = 21 / Brited(f ), and
L = 34.7 mm is the total length of PCB TL between the PNA
X and the IC. Afterwards, the de-embedded procedure should
be applied for low frequencies and tried in the neighbourhood
of 975 MHz, 2.11 GHz, etc. for the PCB test board being
developed.

C. THE FINAL MODEL AND REAL IC COMPARISON

The behaviour of the reciprocal system can be effectively
and interchangeably described using the chain, and scattering
matrix depend on the required application. Therefore, the de-
embedding procedure is executed on the chain matrixes by
removing of PCB paths and bonding wires. The results
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are presented in Fig. 9. The transimpedance of M1 con-
ductor (ABCD13) is shown in Fig. 9bc and Table 2. The
real and imaginary part of this parameter (series R and L)
are quite good, estimated up to 200MHz. The reflection
coefficient (s11) and the power transferred coefficient (s21)
are also correctly estimated up to 200MHz. In addition,
the reflection coefficient can also be estimated at 2.11 GHz.
However, it is interesting that this frequency cannot be
simply used to estimate other parameters. The determined
line model cannot be directly used for higher frequencies
— the variation of material properties using a multiple-pole
Debye, Drude, or Lorentz medium model with polarisa-
tion current should be also introduced for this purpose
(see also [46]).
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TABLE 2. Measured and simulation results written in the estimated function form.

I1C Measurement + de-embedding MCTL (distributed) Classical Measurement
PNA-X Microwave Agilent N52424 Proposed distributed model.
X-FAB Fig. 7b (grey line) Fig. 7b (black line) Series R=38.0 Q (board#1)
XDM lum, | Re(ABCD;,)=38.337(+0.01513)- 37.6 Q (board#2)
M1 with 4.635(£0.471)- 10 [Q, Hz] for Re(ABCD,)=35.86(%0.002)-1.1149 Digital multimetr: SANWA
terminated | 10OMHz<f< 50MHz, R*= 0.999998, (£0.107)-10"%f [Q, Hz] for 10Hz<f< CD771 (0.3%, current 0.5mA or
multi- SS= 0.218, DOF=84 1.13GHz, R*= 0.(9), SS= 0.01468, DOF=63 | 1.5mA).
Fig. 7c (grey line) Fig. 7c (black line)
tcrzrr‘l(slumcitsosrion Re(ABCD ,)=3.234(+0.003984) -10°-
. 2.077(£0.0396)-10"7f [H, Hz] for Re(ABCD,)=2.945(+0.000424) -10°-3.998 -
lines Polyl- | o\ i< 160MHZ, R7= 0.9998, SS= | (+0.0975)10°"f [Q, Hz] for 10Hz<f<
MI-M2-M3 | 3 ¢1.1077 pOF=338 3.1GHz, R>= 0.(9), SS= 7.23-102, DOF=63

VIl. CONCLUSION
Achievements presented in the paper combine three areas:

o development of an effective modelling and simula-
tion method, with linear time complexity, for fast
and accurate simulations of the electromagnetic (EM)
phenomena inside and around the IC structures and 3D
integrated systems

o building unified dedicated measurement systems for
ASICs

« experimental verification of the models and numerical
simulations.

The conclusions of their accomplishment are presented in
the paper based on an example of the designed ASIC test
structure, and the PCB test board are outlined below.

We have developed a dedicated tool for the generation
of the distributed electromagnetic models using the set of
ODEs as part of our research work (section IV). This tool
builds distributed models based on the 3D local no-mesh
Finite Differential Method implemented for the first time in
the RESCUER software dedicated to a multidomain simu-
lation of the MEMS systems [25]. This method has been
applied to solve Maxwell’s equations in these studies. Its
unique capabilities are the possibility of obtaining a higher
approximation level of the PDEs in relation to the number
of nodes than the FEM method. This feature is valuable in
electromagnetic problems due to increased accuracy of the
calculations for smaller numbers of equations or reducing the
number of nodes [26].

Moreover, it introduces a more irregular mesh, which is
essential in modelling 3D structures and thick gate isolation
in modern transistors. Besides, the paper presents the time
integration scheme (28) with a relatively low time complexity
compared to those used in classic simulators e.g. ANSYS or
COMSOL, which significantly impacts problems containing
many millions of equations (or nodes). The proposed solu-
tion for modelling the through silicon via structures (TSV)
requires extending the model with additional electrical depen-
dencies (see discussion in section III).

Another element of the presented work is providing the
dedicated test boards with Vector Network Analyzer PNA-X
Microwave Agilent N5242A to measure the developed IC
for TL (and MCTL) tests using de-embedded techniques
(see subsection V.A). We have also tried using multiple
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plane wave reflections to increase the measurements range
for higher frequencies in the neighbourhood of 975 MHz,
2.11 GHz, etc. Promising results were obtained for one
parameter only, but overall, this technique does not show
promising results (see subsection V.B).

The model and simulation results presented in the paper
agreed with the measurement data up to about 200 MHz
(sometimes even 500 MHz, see subsection V.C). The mea-
surements show, in principle, an obvious conclusion that
the measuring plate must be designed for a specific mea-
suring frequency range, and it is not easy to obtain a very
large range of measurement frequencies. Designing dedi-
cated measurement systems for higher frequencies requires
better connectors and laminates with the highest isotropic
dielectric parameters of the PCB boards. Perhaps a better
solution would be to develop the measurement circuit inside
the IC, but we wanted to use one technology for different ICs
test. The conducted analysis allows empirical confirmation
of the numerical models and methods for frequencies of
up to 200 MHz (sometimes even 500 MHz). The presented
approach can be extended to higher frequencies (e.g., more
than 3 GHz) but requires a more accurate description of the
dependences of the electrical material parameters of ICs on
the applied frequency.

Furthermore, we have presented the results for the
designed ICs and PCBs, allowing the analysis of the elec-
tromagnetic field distribution in the integrated circuit and the
laminate. These studies have been completed and will be pub-
lished in the future. Our tests have confirmed that the X-FAB
technology is very stable and has low leakage currents (see
capacitances and mutual inductances parameters in Table 1).
We believe that a valuable element of this article is showing a
complete characterisation of the PCB and IC as well as the
de-embedded procedure that can be applied in practice by
engineers and researchers.
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