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Introduction

O This is investigation of current density distribution in microstrip line with Simbeor
3DTF solver (from Simbeor THz release)

o Simbeor 3DTF is frequency-domain solver with the simulation technology based
solely on the Trefftz Finite Element (TFE) method

= TFE method is the finite element method based on the wave expansion of electromagnetic fields inside
elements and either scattering or admittance matrix formulation

= Electromagnetic field computed within the element is always exact solution of the Maxwell’s equations

= The solution is an approximation of the boundary value problems (problem with all boundary conditions
imposed)

= Any type of dielectric, conductor and semi-conductor are meshed and solved in the same way

= Trefftz element size within dielectrics and conductors may be comparable or even greater than wavelength
or skin depth without the loss of accuracy in many problems

= Trefftz elements within conductive and semi-conductive materials provide asymptotically correct solution at

low and high frequencies as well as at the frequencies of transition to skin-effect
O TFE method makes possible to solve problems over 6-8 decades of frequency
bandwidth with the same mesh in one frequency sweep as demonstrated here
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Microstrip segment
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-5 Materials: T=20[°C],...

7-mil wide microstrip line segment 60 mil long in 1 mil thick layer Signal1 with two ports with the
reference conductor in Plane1 (1 mil thick); conductor is copper — no roughness;

PMC boundary conditions as external wall to prevent current flow on the simulation box walls

Currents are computed at the X=0 plane (middle of the segment) — cross section is Y=104 mil by
Z=20 mil ; plane size along Y is 84 mil;

Port 1 has 1 V voltage source in series with 50 Ohm resistor, port 2 is terminated with 50 Ohm
(current in strip and plane is 0.01 A)

Current density in A/m”2 is computed and shown on all pictures

Observation

-J "Copper", RR=1
- "FR4", Dk=4.2, LT=0.02, PLM=WD, Dk{0)=5.06, Dk(inf)=3.83
ir"

= StackUp: LU=[mil], NL=2, T=20[mil] 50 Ohm

-l 1] Medium: T=10, Ins="Air"

--mm 2| Signal: "Signal1”, T=1, Ins="Air", Cond="Copper"
-l 3| Medium: T=4, Ins="FR4"

--mm 4| Plane: "Plane1”, Cond="Copper”, T=1, Ins="Air"
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Peak conduction current 1 KHz

Uniform distribution in both strip and plane

CurrentDensity_mag
_2.221e+06

—Ze+b

—0.000e+00

Skin Depth 82 mil (conductor thickness is 0.012 of SD)
Current density on strip 2.22e6 A/m~2, on plane 1.85e5 A/m~2 -
0.01 A total current on plane and strip in opposite directions
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Peak conduction current 1 MHz

Uniform current distribution in strip, crowding in plane

CurrentDensity_mag
2.275e+06

—0.000e+00

Skin Depth 2.6 mil (conductor thickness is 0.38 of SD)
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Peak conduction current 10 MHz

Higher currents at the strip edges, further crowding in plane

CurrentDensity_mag A
—4.401e+06 [A/m~2]
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Skin Depth 0.82 mil (conductor thickness is 1.22 of SD)
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Peak conduction current 100 MHz

Further concentration at strip edges and in plane below the strip

CurrentDensity_mag

—1.731e+07
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Skin Depth 0.26 mil (conductor thickness is 3.84 of SD)
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Peak conduction current 1 GHz

Well developed skin effect in both strip and plane

CurrentDensity_mag
5721e+07

Skin Depth 0.082 mil (conductor thickness is 12.2 of SD)
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Peak conduction current 10 GHz

Higher current density in thinner layer

CurrentDensity_mag
—1.814e+08
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Skin Depth 0.026 mil (conductor thickness is 38.5 of SD)
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Peak conduction current 50 GHz

Higher current density in thinner layer

CurrentDensity_mag

_1.814e+08 [A/m~2]
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Skin Depth 0.012 mil (conductor thickness is 83.3 of SD)
Plot is on the same scale as 10 GHz
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Peak conduction current 100 GHz

Higher current density in thinner layer

CurrentDensity_mag

—1.814e+08 [A/m~2]

——1.6e+8

|
=9
Y]
S

0.000e+00

Skin Depth 0.0082 mil (conductor thickness is 122 of SD)
Plot is on the same scale as 10 GHz
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Instantaneous current 1 MHz (t=0)

Skin Depth 2.6 mil (conductor thickness is 0.38 of SD)
» Simberian © 2015 Simberian Inc.
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Instantaneous current 1 GHz (t=0)

CurrentDensity_mag
__5.721e+07

0.000e+00

Skin Depth 0.082 mil (conductor thickness is 12.2 of SD)
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Instantaneous current 1 GHz - strip

CurrentDensity_mag
_ 5.721e+07

0.00Ce+00

Skin Depth 0.082 mil (conductor thickness is 12.2 of SD)
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Peak power flow at 1 GHz [W/m”2]

Poynting vector outside the
conductors is directed along the TEM
wave propagation direction

PowerFlow_mag

— 1.942=+05

Poynting vector in the conductors is
perpendicular to the conductor surface
and points into the conductor!
Though, it is considerably smaller.
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Instantaneous current 1 GHz - strip

TEM wave pro
direction (gre CurrentDensity_mag

Delay of the wave propagating into the strip explain the current
reverse and the internal inductance
Skin Depth 0.082 mil (conductor thickness is 12.2 of SD)
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Instantaneous current 1 GHz - plane

CurrentDensity_mag A
DRIt [A/m 7 2]

0.000e+00
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Analytical solution for current density

Current Density at 1 GHz Real negative part means direction

opposite to the surface currents!

0.3

«— Magnitude o _ _
02 Similar to the current in round wire
%@‘P: \ Real Reversed Magnitude
i current Real N\,
L:Eijl Reversed %
, 17| current| ™
0 b . al
Imaginary Imaginary -
o 10 20 30 10 50 % 10 2 3 m 5

Wire
Radius

! p ! ! |
Strip f\ Strip Top wire (@
Bottom Center
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Instantaneous current 10 GHz

CurrentDensity_mag
—1.814e+08

1.6e+8

0.000e+00

Skin Depth 0.026 mil (conductor thickness is 38.5 of SD)
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Peak conduction currents at 100 GHz

Much smaller current
on strip top

Larger currents at
bottom corners

. 5.6840+08 [A/m~2]

< 0.000e+00

Skin Depth 0.0082 mil (conductor thickness is 122 of SD)
S Simberian
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Instantaneous surface current 1 MHz

. . CurrentDensity_mag
Almost uniform currents on the strip 1940601 [A/m]
Almost identical currents on top and
bottom of the plane £
=0075
X 50.05
:- . [Eooes
. 4167205
- I/' i .
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Instantaneous surface current 1 GHz

More currents on the strip edges corenibersymes [A/m ]
No currents at the bottom of the plane

Narrower return current path 12

0.8

0.4

5.103e-08
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Instantaneous electric field at 1 GHz

" Efield_mag . -

8.734e+03 [V/m ]
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1.092e-06
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Instantaneous magnetic field at 1 GHz

7 Hifield mag
- ..__ ToE '_5.65é>a+[:_]1

~[A/m]
A =
/,":’".' - F
1 /;,;f e
,»r//.— . s ] S . . )
el - . . 1.1486-07
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Instantaneous power flow at 1 GHz

PowerFlow_mag

19542405 [W/m’\Z]

. E 1.6e+d
"ﬂl —122+5
A =
T —8e+d

et §
Rk =3 .
P de+d

* \/' 1.927e-14
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Instantaneous displacement current at 1 GHz

DisplacementCurrent_mag

1 8646403 [A/m N 2]
E]éco
RN -
A -
1.780e-08
© 2015 Simberian Inc. 27
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Instantaneous surface current 100 GHz

CurrentDensity_ma
More currents on the strip edges mggefm [A/m]
The segment is about equal to wavelength

- current is reversed in the middle . 12

2.220e-08
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Instantaneous magnetic field 100 GHz, t=0

Hfield_mag
—4.660e+01
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Instantaneous electric field 100 GHz, t=0
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What if we cut the plane?

O Same strip line segment, 7.5 mil by 43.5 mil cut
In the plane

b

lgnal

2" port 2

1V, 50 Ohm

Lo

05 Jun 2015, 08:53:12, Simberian Inc. 30 Wiew Mode [press <E> to Edit].
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T T T T T T T T
=30 =20 -10 a 10 20 30 40
05 Jun 2015, 02:52:55, Simberian [nc. 30 Wiew Mode (press <E» to Edit).
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Surface current density at 1 MHz

Instantaneous values at t=0 Cu”emem%ﬂ:g] [A/m]
|S11|=-73 dB (negligible reflection)

Currents flow on top and bottom side of the plane 0.1
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Surface current density at 1 GHz

Instantaneous values at t=0 Cunemem%@fw [A/m]
|S11|=-36 dB (very small reflection) 1é
More currents flow on strip edges and o
top side of the plane. ' 12
- %o.a
TN :'_3-_‘1__
_-ﬁlﬁl@égﬁoa; |
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Electric field at 1 GHz

Instantaneous values at t=0
|S11|=-36 dB (very small reflectlon)
Almost the same as for regular strlp

Ef|eld _mag-

i, m@;cns [V/m]

:

:

r\}||||||||||||||||||1|||m

c

_-Rel-atiVer small distortion
~around the cut 3200607
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Magnetic field at 1 GHz

Hﬁeld_n?@igmm [A/m] o . . I

|
&

NN RN

T
g

' \/. {'f,;-u, ..~ Instantaneous values at t=0 -
.~ S11|=-36 dB (very small reflection)
o H ,isfgett_i-hg_ through the slot '
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Power flow at 1 GHz

Instantaneous values at t=0
|S11|=-36 dB (very small reflection) |
Energy bypasses the slot without reflection

Yt . PowerFlow_mag
Ve el 19588405 [W/mAZ]
16645

1.2e45

Be+d

da+d

1927e-14
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Displacement current at 1 GHz

DisplacementCurrent_mag [A/m VAN 2]
1.864e+03

—

200

8

||||||||I|||||||||I||||||w
8

5

1.780e-08

- Instantaneous values at t=0
\/- |S11|=-36 dB (very small reflection)
Much larger on the other side of the slot
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Surface current density at 10 GHz

Instantaneous values at t=0 .
|S11|=-16 dB (small reflection) cunentbenstmes TA/m]
More currents flow on strip edges and

almost all currents on top side of the plane
It still makes it through the gap!

ko

. :
" \"\.‘_ -
L
||||||||||||m
I

5710008

Currents at the bottom side of
planes only in the gap bypass area
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Surface current density at 100 GHz

Instantaneous values at t=0 cunenersty mes [A/m]
|S11|=-0.5 dB (almost complete reflection)
Standing wave - nothing goes through!
—10
open E

2.083e-08

_ - . 7-. Cut behaves as slot line about wavelength long with short
. I/- .- . circuit condition at the ends, that is translated into open
-~ -circuit condition at the strip location -
~ See more at H.J. Liaw, H. Merkelo, Signal integrity issues at
split ground and power planes, ECTC 1996, p. 752-755.
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Electric field at 100 GHz

Instantaneous values at t=0 I
|S11]=-0.5 dB (almost complete reflection) - - - -~ .
Standing wave - nothing gQ-Qs‘.'_th_fg_g_gh-_!_-:i.-.":i.'..:_'_'_--.-- SR

© 2015 Simberian Inc. 40
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Magnetic field at 100 GHz

Hfield_mag

63240401 [A/m]

8

St 0 Instantaneous values at t=0
ceotle, el w0 o |S11]=-0.5 dB (almost complete reflection)
S . Standing wave - riothing goes through!
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Power flow at 100 GHz

Instantaneous values at t=0
|S11|=-0.5 dB (almost complete reflection)
Standing wave - nothing goes through!

| PowerFIowEI?ﬁoc;2+m [W/m/\z]
: Ze+d

le+d

0.000e+00
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Displacement current at 100 GHz

DisplacementCurrent_mag [W/m VAN 2]

E28788+D5

[
4]
+
(%]

Instantaneous values at t=0
|S11]=-0.5dB (almost complete reflection)
Standing wave - nothing goes through!
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Observations

O Current and field distribution of microstrip line segment is
analyzed from 1 KHz to 100 GHz with TFE-elements on
the same hexahedral mesh in one frequency sweep

O Different stages of current distribution are observed
= Uniform at very low frequency
= Current crowding in the reference plane at low frequencies
= Current crowding at the surface and edges at higher frequencies

O At high frequencies:

= The largest current density is at the strip edges (theoretically
infinite value, complicates estimates of conductive losses)

= Currents observed at the bottom surface of strip are over 2 times
larger than on the top surface in the analyzed case

= Currents have reversed direction at about 2 skin depths

- Simberian © 2015 Simberian Inc. 44
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= Build accurate, easy-to-use, and cost-effective electromagnetic
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