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1D TLM

We establish a one-to-one mapping between 1D wave
equations and a network of transmission lines

i(X—AX) L i(x) L
R R
M(x) c |G V(X + AX) C G
| 17 17
X X+ AX

C isthe capacitance of a section of length Ax, C=C_Ax

L is the inductance of a section of length Ax, L=L AXx

R and G represent series resistance and shunt
conductance, respectively
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1D TLM (Cont’d)

- Applying KVL and KCL, we get
AXG_V = _Lﬂ_m and Axﬁ = _CO_V GV
OX ot 0X ot
. Differentiating the first equation w.r.t t and the second

equation w.r.t. X we get
O°i _ GR i+GL+RCOi+ LC 9°i
0x> (AxY (Axf ot (Ax) 0t

. Similarly, we can show that

2 2
0™V _ GR,,  GL+RCOV  LC 9%V

ox  (Ax) (Axf ot (Ax) ot?
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Correspondence with Maxwell’ s Equations

- For a 1D source-free problem, the fields depend only on
one coordinate (say X)

- Maxwell’ s equations are given by

0
aEy:_aBz andaHZ:JCy_l_ Dy
o0X ot c?xa2 aat .
o . E E E
. Similarly, we obtain ) = Y + e 4
y 0 x° Ho ot H 0t°

. . 0’V _ GL oV LC p*V
« Comparing with case R=0, = +

PAng 02 (OxF ot (BxF oF
We obtain the one-to-one correspondence

VoE, Ue(LIAX), & (C/AX), 0o (G/AX)

. Solving the discretized TLM network obtains a solution of

the corresponding EM problem
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Solution of the TLM Networ k

L

n=1 n=2 n=N

« Consider the following model with N sections
Node n is between sections (n-1) and n, 1<n<(N+1)
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Solution of a TLM Network (Cont’d)

. Utilizing Thevtleni n's equivalent we get

Vll_n,k ViRnk / V Lnk .
] G V n,k | r G
V Lnk VRn,k Zo

n

- Using Superposition or Milliman’s theorem, we get
2ViLn,k + 2\/iRn,k

_ Zo Zo : V ik _2V;%nk
Viok = k= ’
K 1 . 1 . 1 |::> | k ZO+ R

Zo G Z,tR

Vank = 2V||an TinkZo V|_n,k - n.k
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Solution of a TLM Network (Cont’d)

. Using all the voltages and current, we carry out the two
fundamental steps of the TLM method:

. Scattering: Evauate the reflected waves

r —_ _ [ r — _ i
VRn,k VRn,k VRn,k 1 VLn,k _VLn,k \/Ln,k

. Connection: determine the incident waves at the (k+1)
time step —) reflected waves become incident waves on
nelghboring nodes at the next time step

V ink+1) =V Rina) k

V k1) =V Ln+1) k
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Solution of a TLM Network (Cont’d)

. For the source node we have

11,k R ‘
el v _ -
i S 1,
éVsk VRl’k Ve -
) o VZLk
RS V[I‘:Zl,k Rs
1
. _Vsk~ 2V ki Covi 4
Il,k R+ & + ZO y VRl,k - VRl,k Il,k ZO
Vr — _ | . VI — r
R1,k R1,k R1,k R1,k+1 L2,k
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Solution of the TLM Network (Cont’d)

. For the load node we have

i
VN k R

r G
VN k

«~= Lo

- Notethat Z =L /(A/2) ——> synchronizationis
oreserved

. Derive the scattering and connection relationships for the
oad node
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General Steps

- Given the parameters of the electromagnetic problem
determine the parameters of the TLM network (Source,
load, time step, L, C)

Initialize incident impulses for all sections (left and
right)
Repeat for all time steps
* Evaluate intermediate quantities (voltages and currents)
* Evaluate reflected waves (scattering)
* Obtain incident waves at the next time step from the

reflected impulses at the current time step (Connection)
end
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The Nonhomogenous Case

- To maintain synchronization, stubs should be used

- Example: asection of length Ax with double the
permitivitty

N e i DA BN p . i
) 2(:"@'(; — CTLG

/L U = AX
Zo=\c JLC
A== JLc

: .
At
For the stub we have =2 /
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2D TLM using Shunt Nodes

Usi ngx KVL aong the x direction /

V, (X+AX) =V, (X)—LAXO |, /0t —> 0 —_Lalx

Vy _
X ot
Using KVL aong the z direction we have

aVy —_ aIz
Vy (2+42) =V, (2)-LAZ0 | /ot > | 5 -=-L—

Using KCL we have 1.(2) +1.(X) =1,(z+4A2) +] (X +AX) + 2CAl

@ 0] 0] oV, a1, Ol, vV,
-—2NAl-—=Al =2CAl > + =-2C
0Z 0X ot 0Z OX ot
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2D TLM using Shunt Nodes (Cont’d)

. Combining these equations we get G;V; N aanZ =21c”
X Y4 t
Maxwell’s equations for the lossless TM, case are

OB, _ 9Hx« 0H._9H._,0E, 0JE,__ OH,
07 ot oz ax ot ox "ot

. Combining these equations, weget ' ,0°E _, ~9°E
. We now establish the equivalences 2% 97 ot’
E, V,,Hyo |, ,Ho -, , oL, £€a2C

network velocity=medium velocity 1/./ue =1/~/2CL
. Thelink velocity v, is v =1/vLC =+/2//ue =+/2v,
- Thelink characteristic impedance is

2,=LIC =2 /ule =27,
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Scattering in Shunt TLM Nodes (L ossless Case)

. The computational domainisfilled with TLM cells
V303

2V;24, /;Voizu

v/

e

SV v vk 2y

Vy

Vy
Z) Z) Z Z

-  Wereplace each section by its Thevenin's equivalent

. Using Superposition we have V, = 0.5(\; +V, +V35+V)
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Scattering in Shunt TLM Nodes (Cont’d)

. It follows that we have
Vi=V, —V1=05(-V, +V, +V3+V})
V5=V, =V5 =050 =V, +V3+Vy)
V3=V, =V3=0.5( +V, —V3+V})
VL=V, —Vi=050, +V, +V5-V))

« Or In matrix form

=05

-1 1 1
1 -1 1
1 1 -1
1 1 1
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Connection in Shunt TLM Nodes

- Reflected impulses at the kth time step become incident
on neighboring nodes at the k+1 time step

(Xx-AX,2)
(X,z-A2) | | (X, 2) | (X,z+1\)
2 | (x4+Ax, Z)

(V! (% D)o = VA%, D)), Vo(X D), = (Vi(x,2-02)),

(\/i’ﬂ(x1 Z))k+1 - (\/E(X_AX’ Z))k ! (\/i4(x1 Z))k+1 = (\/rZ(X’ Z+AZ))k
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Modeling of Free Space

- To model free space, the following two conditions must
be satisfies

1 1
_ 1
hLC /Togo > J2LC = v 3.0e8 /s

- Itfollowsthat L =n /v,=pu,and C=1/(27, v,) = £,/ 2
. v, =link velocity= 1/y/LC = v,+/2 m/s
. Z = link characteristic impedance=vL/C =+/27,Q

. Unittime step At = Al/ v, = Al/ (v,+/2) Sec
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Modeling of a General L ossy Medium

- Additional losses and Capacitances are modeled by
matched shunt stubs and open ended shunt stubs,
respectively

LC

%
-y, : normalized admittance of the Al/2 shunt capacitance stub

- 0, : hormalized admittance of the Al/2 shunt capacitance stub
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Modeling of a General Lossy Medium (Cont’d)

- Normalizing admittanceisY, = +/C/L
@ Yo =Y,WC/L and G, =g,vC/L

- We choose C_ and L for the permitivitty stub to be
Cs _, -
C~=Cy,and L=Lly, —>1//L.c. =1/JLC \/; =Yo= Yo YL

- Similarly for the loss stub we have c
—g — —
Cg: CgO and Lg: L/gO ::>l/ ,Lg Cg :1/ /LC ’ Lg Go goYL

. The permitivitty stub represents a capacitance of value
@ CAIl/2=Cy_ Al/2 —) Total cell capacitance= Cy,Al/2+2C

C, = 2CAI(1+ %)
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Modeling of a General Lossy Medium (Cont’d)

- For small cell size, the cell now has the equivalent

lumped presentation \“’:io
p p LAL/2 \’Q /\*

LAI/2

_— Q\%
- fg%
. Equations governing thislossy node are
avy/ 0X=-Ld|,/0dt (KVL inthexdirection)

0V, / 0z=-L0|,/0t (KVL inthe z direction)
AE + A =-2C(1+y_ /4) OV, o cL Vy (KCL)
0z OX ot Al
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Correspondence with Maxwell’s Equations

- Maxwell’s equationsfor the lossy 2D TE, case are
0F /0X=-udH /0t
OE,/0z= udH, /ot

OH, OH:_, 9B , ¢
0z 0X ot

. |t follows that we can establish the 1-1
correspondence

E o V,, Hel, He -,

UL, €o 2C(1+%), g o gOA”T:/L
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Some Practical Points

- L and C areusually selected to model free space with
L=4, and C=¢ /2

-y, Isadjusted at each node to model the local permitivitty
=200+ ) £=(1+2) =) ¥,=40(s -]

. 0, Isadjusted at each node to model the local conductivity

_ g,VCIL

g =
Al
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