Radio Frequency Engineering
Lecture #6 Engineering Approach

Lecture #6

Engineering Approach for Analytical
Electromagnetic Modelling of THz Metal
Structures

The main objective of this lecture is to teach a useful tool for enabling a student to
derive analytical expressions for a number of electromagnetic problems relating to THz
metal structures. The traditional approach when using the classical relaxation-effect
model can be mathematically cumbersome and not insightful. This lecture briefly
introduces various interrelated electrical engineering concepts as tools for
characterizing the intrinsic frequency dispersive nature of normal metals at room
temperature. This Engineering Approach dramatically simplifies the otherwise complex
analysis and allows for a much deeper insight to be gained into the classical relaxation-
effect model. Problems with worked-though solutions will be given in class.
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OVERVIEW
s~ Drude’s frequency dispersion model
& The Engineering Approach
O Equivalent transmission line model
O Q-factor for metals
O Kinetic inductance
O Complex skin depth
O Boundary resistance coefficient
& Applications
O Metal-pipe rectangular waveguides
O Cavity resonators
O Single metal planar shield
& Conclusions
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Drude’s Model

Classical relaxation-effect frequency dispersion model:

=T Simple Relaxation — Effect Model

_ s n_ O, OR = 2
Or =0g —]Og —7(1_*_ . )3 1+ (wr7)
Jor o, Classical Skin — Effect Model
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#1 Line Modelling

Electromagnetic Characterisation of Homogenous Materials

- \/ jou  _ (st ")+ joolptors,) [

o+ jwe . W s [—o" ,
(c+we,e,")+ jo +e,6
w

y=

j:.” =iou(o+ jos) = \/ [(@peors, ")+ jw(ﬂo#r')]{(a e, ")+ Jw(% i ﬂ L

Compare vector Helmholtz equations (for an unbounded plane wave
in one-dimensional space) with those of the telegrapher's equations.
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Generic Equivalent Transmission Line Model

Free space Normal material at room temperature

I, L. Smmi )
T° T T
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Generic equations:

Zg =R + X = ETY \/’“’”"”f with <10 rad/s

o+ jwe, o
. iopopy 1 1 1 AR
=g + == = i o and o = =— and 6,=06.-jd."'=—
Vs S Jﬂs zs J:uo:ur S ER{}/S} as c] c ]c }’s
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Classical skin-effect model:

Ho Ho LSo

o= 12 = 12514 )0 » m B m
o 20_0 Oo o Oo Rso

Zy, =(Rg, + jX,) [Q/square]

Az << o
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20g > g = ’ o Jett o =Zg =Ry + Xg)
[+ o Ry,
\Ml+(a)r) ] L+(m) ]
Rs, 3z Rs,
Re =R{Zg )= (1+§Sw1) L = {wSR} =?S(1+§w7)

e =i
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. L =HZp} o
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Distributed-element parameters for the
classical relaxation-effect model

o, - 10, . —10,

Ry=0 ; Lg= v Gp=—>7""5 ; Ci= =
f R § 1+(cor)2 F 1+(a)r)2+g0 1+(a)r)2

Distributive shunt inductance
. _ -1 1+(wr)
SHUNT_R — a)ZCRAZ2 a)Zm'oAZ2

[H/m]
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Propagation Delay Per Unit Wavelength

| A 1 27 1)
tp=——>—"=" [s/4] where Ay=—"- ; Vy=—
" va VpR f § ‘s{}/R} i ‘5{7R}
= = . . 1 =
VR =4 jolg (Gg + jaCy) = | joly GR_J—Z =4/ Jouoy
Ol g AZ
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with ot = 1, depth | = Az, Az = Ag/ 400 = 1.067 [nm]

Elementary Lumped-element Circuit Values Z\ [Q]
Equivalent (Theory: [
Transmission 0.4608+j1.1124) [fs/Ag]
Line model | Rg-dz | Lgdz | Gg-dz Crdz Lspunt 42 Z:=2Zg (Theory:
[Q] [fH] | [mS] [fF] [pH] 170:494)
Extracted — 1.341 241 -0.654 — 0.4607 + j1.137 170.491
model

T o Lty
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#2 Kinetic Inductance

L = Ls +¢ L = Ly, (L+ & w7) [H/square]

Kinetic inductance is created from the inertial mass of a mobile charge
carrier distribution within an alternating electric field (i.e. classical
electrodynamics).

L, = ,u(é‘;“j «(wr)¥? and L = O_; = o (w7)™?
0™~'So
L, (L L (L
R :i(ij and X ZA(AJ
SR LSR r SR LSO r

E~a=0539 forO<wr<?2
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Radio Frequency Engineering

Lecture #6 Engineering Approach

25

T T T T T
— Classical skin-effect X
—— Simple relaxation-effect Xae
—— Classical relaxation-effect X,

2.01

157

1.07

0.57

Surface Reactance, Ohms/square
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T
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Frequency, THz
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25

— Classical skin-effect R
—— Simple relaxation-effect R,
— Classical relaxation-effect R_,

Gold at room
temperature

Intrinsic classical
skin-effect model
overestimates
ohmic losses and
Detuning. Also,

Surface Resistance, Ohms/square

0.0
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Gold at room
temperature

Intrinsic classical
skin-effect model
underestimates
perturbation
detuning
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#3 Q-factor

1 =|ER{ r effective }
" tan6 |S Er effective
Q. = R’} KPS en | —m{zsz}: {Eo for Q,,
" S{nz}_ 3{72}_ ER{o-equivalent }_ 5{252} >0 for QmR
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—
—Q, 5
35 . A
3.0 — e
Gold at room 25 qo<—| 1.7 5865 THz | 1

temperature

Q-Factors
N
o
©
o
\
\
\
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0 =S{n}=SR{y}=S{ZS}:>{El for Q,,
o win} Sfyt wizg) T |>1 for Qg

1-Q.°| and Q.=Q, + /1+Qm2

Qn = 20,

Classical relaxation-effect model:
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Radio Frequency Engineering

Lecture #6 Engineering Approach #4 COmpleX Skin Depth

js [A/m]
J. [m]
Jwpdep = wp (Q‘{&R} + iR{der})
< _ Lol g

O G TS )
2
Lsg !Am{écﬂ} and QCR = g%gﬁ% — (?;Eif:f]]:)

Qurlwon)| Internal Volume [111 ]
wRCoRr)\ o™ Frternal Sur face Area [m?]-3{8.p(wor) } [m]
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Classical relaxation-effect model:

5co)[\/Q_cR_ J%J = :;{5CR}(QCR -] )

c.f.

I = ER{ZSO)[%-’- i QcR] = SR{ZSR}(]-"' iQw )

London ARYTA B Ly Y- uy ROMSS

Imp-erial College AF Ty« R4 Stepan Lucyszyn
ut-PSC

Radio Frequency Engineering
Lecture #6 Engineering Approach

..... JSR
—-=-Im{ 4}
0 —Im{s_}
----Re{ 8} o]
c 60 —a—2/10 yo,o*[’pﬁ
Gold atroom 5 SoR o [TTA0 | oo
temperature 40%x o sa0a0e®
c - .. e
@ S
= 304\ A 958, _‘__»;._,:- —
s S
%0 .
wr =1//3 10 T ]
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Lecture #6 Engineering Approach 1D Resistance Coefficient

R

S

Surface dissipative power density per unit area:

P
P =?° Po = Power flux density per unit area in air

Forward E-field and average power tilt angle:

¢ =tan"*(k)

For a cube in any mode (with perturbation theory only):
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osin COS
L =HZx}H o

1+(wr) © 1+ (wr) B
1+((az') m 30) 70, - AZ* 1+(a)r) m 3(0 10, A2’ Rep =R{Zsp}

Az<< JRr

Elementary Lumped-element Circuit

v Ay I.+_-,i'w;wnAz9 Juwpdz
(ABCD] = [(' D]] [ apris 1

T80 ~3/2 1
A::—— 1
— o]
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When the terminating impedance is equal to the complex conjugate
of the characteristic impedance of the transmission line:

—je MO + 50,

g P | . - o~ -
- =g L1+ Q) with R{s}H =23
1+ (e1Q,)” o}

811 = Saa

e M1+ 4Qe)

—d . . 5 -
- eI+ 50Q) with R{7H = 2.3
1+ (e 71Qc)”

Sgp = 5pp =
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80
75
m 0 =
5 B
5 65 8
1]
Gold atroom % s ng
temperature g )
.§ 55 '(':?
= &
50 Q
a5
o123 4 5 6 7 8 6 001
Frequency, THz
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Comparison of modelled parameters for gold at room temperature, at 5.865 THz, determined from
theory, direct ABCD parameter matrix calculations and synthesized equivalent transmission line
models using commercial circuit simulation software

Parameters for Synthesized Transmission Line
Theory ABCD Parameter Microwave Office®
I1=2p, @0 =1,2:= 7% Matrix Calculations
No. of Sections, N 400 800 400 800
ZIQ] 0.46079043 0.46079964 0.46079043 =
+j1.11244650 +j1.11246875 +j1.11244650
YeAel Az 15.1689 15.1681 15.1685
+j6.2832 -j0.0013 -j0.0004
Sy 0 0.0006 0.0002 0.0006 0.0001
+j0.0271 +j0.0135 +j0.0270 +j0.0133
Return Loss [dB] -247.51 -31.35 -37.41 -31.37 -36.9
Sy= ez, 2.583 2579 2.582 2.564 2.567
[1+j(1+2)]-107 +)6.237 +]6.242 +j6.240 +j6.238 +j6.239
Guax [dB] -123.4126 -123.4093 -123.4099 -123.41 -123.4
Absorption Loss [dB] -131.756 -131.748 -131.752 -131.9 -131.9
VS,;= tani(1+V2)[] 67.50 67.55 67.52 67.58 67.56
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THz MPRWGs

y
2 2
A’g_ideal = 2 2 = 2 2
T e
b d A f
4 X Rs(e)
S
z 2 Qwe ‘TEm = = Gy(w) [Np/m]
1+ 29 % z
i, d aL @ 4
7s(0) = |—== [Q/square]  @" Gy (@) = ———— [m7]
o+ jwe, b l_{wc\mw
(o)
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New Waveguide Standard for Terahertz Frequencies
£, Why New Standard ?
* No extension of industry standards
above 325 GHz (WR-3)
* No compatibility among hardware
« Impractical transitions
Defined in inches, rounding errors

1.5 THz Frequency Multiplier
Chain (JPL) 5 THz horns and
coupler (C. Walker

John Ward, JPL 2006 U. Arizona)
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Proposed air-filled MPRWG and
cavity resonator definitions and specifications

IS0 197 Proposed Internal TEy, Lower Band | Nud-Band | UpperBand Usetul TEjp - node
Preferved | Frequency | Dinensions -mode Frequency | Frequency | Frequemcy Frequency Ideal Cavity
Metric Band asxh Ideal Facter Fa=151 Facter ange Resenance

Size Designation ey Catoff Fol e (THz) Ful e £ TFrequency
() Frequency (THz)
7 fml,ﬁ@’vi-—‘fu
Fe
I i rer | ow (THz) (THz)
20| ¢ 2 200100 n7s 1.20 1162 103 0.00—1.15 0019
200 4 160 / 16080 0024 1.23 1.452 192 L.15—1.80 1148
20" 2 125 / 1254625 120 121 1360 L9092 L4522 10 1470
20 0 100 L00<30 150 1.20 2.325 Lo3 L.30—2.90 1.837
40 35 78 75:32.5 2.00 1.20 3.100 Lo0 2.10—1.00 2449
200 | 14 / =0 50425 300 1.20 4.65D 190 350 55.00 3674
20" 10 / 32 32<16 468 120 7260 190 5 62—8 90 5732
20’ 8 25 25125 6.00 1.20 9.300 1.90 7.20—12.00 7348

Radio Frequency Engineering
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New Waveguide Standard for Terahertz Frequencies:
ISO 497 Preferred Metric Sizes

» Widely used global industry standard I1SO 497 Preferred Metric Sizes

* Logarithmic scale 1st Choice | 2nd Choice | 3rd Choice
+ Infinitely extendable 1 i 11
+ Repeats every decade 16 : =
 Decision tree with range 25 2 2.2
of coarse and fine spacing 3.2 =
7 .
5 4.5
63 5.6
i 8 71
10 <
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Variational Methods for Calculating
Propagation Constant for the TE,,, Mode

2
(B2 (2
k. a a

w,

(s . .
ke = wer/loflrEotr — Wer/ oo = —  in free space
c

27
Whoprb

Yo =T =3 T =k — ki

]

kog = w\/,u.g,ursoar (1—jtand) — ko = w\/totn = o in free space
(s

Imperial CO“EgE AF T« KX 4 Stepan Lucyszyn @ . ~
London AVRY TR - By Y wy FUREER UF'PS(‘ 3 ,



Radio Frequency Engineering
Lecture #6 Engineering Approach

Calculated attenuation constants for the dominant TE,; mode

o ——
—— Qassicd skin-effect o, —— Qassicd skineffect e,
£ —— Sirplerdlaxation-effect o, 7| — Cassical relation-effect o, ZSpm i
£ 05 — Classica relxction efect o, 1 E | —Cescdrdaciondats,
2 5 61 el
e} el
= 04 1 =
] g% ]
= b
2 2 @
g 034 4 5 4 pm ]
o o
s \\ 5 3 i
5 02 1=
g \-: = 50pm
= c 2 4
2 0] g ‘—_\
<04 1 K
< 20um < H E\;m \ 1
\
00 o I S T e ]
G8 10 12 14 16 18 20 22 24 26 28 30 2 3 4 5 6 7 8 9 1 n 2
Frequency, THz Frequency, THz
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Resulting errors in attenuation constant calculations

20 S Power Loss Method (for simplicity)

|—— Qlassical skin-effect
0] — St “-a ta,
2
a, =7R5 1+ Z[EJ[L]
£\ a)\ f
b 1-( =%
Mo [ f J

2
E,, = (M)loo% =~ |: M ]_:| .100%

1+ (wr)2 - T

Classical skin-effect: 108% error at 12 THz

Error in Attenuation Constant, %

5 = [L"R] -100% = [ 1+(w2) +or 71} -100%
S

Frequency, THz Simple relaxation-effect: 373% at 12 THz
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Errors in attenuation constant
Classical skin-effect: 108% error at 12 THz

E, (@)= [”‘WGLA)&OO% = [,Nu (07 } +or —1} -100 %

WGR

E, (0)= (R%R*AJ -100% with Zs = RSU[m+ j(1+§wf)}
SR

- E, (@)= (,/Qu ~1)-100% = £Q,; -100%

- E, (#)~0539Q,,-100% for 0<wr <2

e.g. Calculated error using this approximation is 110% at 12 THz
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HFSSTM electromagnetic simulations of attenuation constant
for JPL 100 pm band

060T—T—T— T —r—T—T1—— 00— T—T—T—T—T—T—T—T—
@ Cassical skin-effect o, — Cdculated classical skin-effect o,

£ 0551 ¢ 4 Simple relaxation-effect 4 £ os5 —— Calculated simple refaxation-effect o, | |
E oy m Classica refaxation-effect o, E — Cdlculated classical relaxation-effect e,
% ol s 4 Hifective relaxation-effect using o, & | % aed e Oassical skin-effect InH:S%M |
= o® o * Al relaxation-effect in HFSS
c c
o] ©
2 0457 * % 1 7 oss
& ‘e, 5
o ®e Yoy (8]

040 . L] ] 040+
5 EYORARLL LYY Y-
= LI =
3 o351 o0y S o35
= =
2 5]
< 0301 1 < o

025 T T T T T T T T T T 0.

18 19 20 21 22 23 24 25 26 27 28 29 18 1o 20 21 22 23 24 25 26 27 28 29
Frequency, THz Frequency, THz
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Radio F Engi i .

Lecture #6 Engincering approach 1 HZ Cavity Resonators
4

With Perturbation model, unloaded Q-factor in the mnl mode :

1 ml mnl
[ = = T Lo =4oWon [H
Qu UXTE,",“ R(@,) ™ where T =¥ [H]

)
) A 2b(a? +d2)"
Geometric factor : v, = Ié I[Zb(a3+gi):ad(a2+d2):| [m]

Qo o5 P o) e -

2| 20(a° +d°)+ad(a? +d?)
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. 2ad _ V2a for half —height ie. d=a=2b
O fa g2 J8/3a most common d=+2a=2y2b

Volume/Ara for d=a
a/6 for cube ie. d=a=b
a/8 for half—height ie. d=a=2b

3a/[2(/2+10)] most common ie. d=+2a=2y2b

_ abd@+dy)
Vo= oo + d°) +ad(a’ +d7)]
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lS !elermme! !y !lgean!e SO‘UlIOﬂ n !I!! I

B, =0, jo,"= o, 1—[#)2 +j—2
20,@,)) " 20,@,)
By ~ @, + j%with perturbation model
Overall frequency detuning  —Aw,'= (0, —a@,")
takes into account both perturbation -Aw, = (o, -o,)

(represented by Xs) and detuning due to Ohmic losses (represented by Rs)

|
I |DuetoRs>0 Dueto X >0
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!ver-smp‘llle! !o‘utlon

(O. Klein et al.,1993, and M. Dressel & G. Gruner, 2002)
o'

R w ) =— D~ e
(al S(wl) QU( I) Rs(w|) @, a)l"'JZQu(wl)
Simplified Solution
(J. C. Salter, 1946)

@, ~ (0, +Aw,) + 2 whereAw, is due to perturbation

2Q, (@)
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AZs = —352T - Ady,

Exact Solution

2
@) ~ C 1 .
Q@) T a=atia"=q 1—(—j +jo——
9fex) R@) R
Self-consistent Self-consistent L—V—/

analytical solution for ~ analytical solution
all dispersion models  With 4, #1 and w7 >0

Using Imid, (@,
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@, —> WD

\ a’on(\) L+ (@)’ ‘H‘%RT) _K=0

(@ -

where K= 8”“0"- B for most common ie. d=+v2a=2/2b
4 \2(/2+10

J {1+ (0,.0)?)
Wy —> Dy w"R—(w"RT)_KEO

(wl _woR')
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2 (@,) (ﬂ] 2b(a2+d2ﬁ
8u,3{6,(0,)}\ @, )] [2b(a®+d*)+ad (a®+d?)

QU (a)(J)=

: 1 (aY 3/
Q)= Sl | 42

for most commonie d=v2a=2/2b
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—e— Classical skin-effect
—A— Simple relaxation-effect

I i ion- 425
> 200 um L] Class!cal rel_axanon ?ffect ™ A o
S 600 u\ \. ¥ Cl skin-effect in HFSS' g
©
o 550 1b0}jm\;‘\ 120 &
g 500 3
'LI—J 450 125, \fi n / ‘é
Gold at room v — # lis §
=400 ————u =4
temperature 5 100 4m 5
5 350 > >
IS 75 um ~ A lio ©
4T 300 o)
S 250 ?5 e I
53 7z =
T 200 I 15
o I~ 50um \\\
= 150
=} -
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—e— Classical skin-effect
—A— Simple relaxation-effect

32 -
2 e s g
S E
= A {20 1
S = 2
Gold at room ¢ « |3
temperature & sun A o J0&
Ean S
s T Lo 2T Js 8
u‘j 2 160 m./ A — A S
200 # T — 410 5
H /A/' L_Q
1 4° a 5 =
¢

| ial College =<5 >y - no x4y Stepan Lucyszyn
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, _ 2 Dy il , _ Quo (a" = 11TE -
e o i e —— Qe <SG

0 _ 1 (0, _mnl 0 _ _ QcR(wloR)
QJR(w oR ]TE —— 03 { 5 ( o' )}[ o' Jy’mnl — Qp (a) oR XTE e QUD(wT _1]TE ™\ Qua (a,'oR)
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Classical skin-effect: 41% error at 7.3 THz

QmR (w 'oR j _ 1000/
QmR ((0 'oo )QcR (0) IoR ) l‘x ’

%100 % woREwloo

. _|Quo(wloo)_QUR(a)loR)|x _
EQO (a) R )_ QUR (a)IOR ) | 100% -

Dl 1
EQO (&) oR)= ‘QT—].
hY cR( oRj

- Ego (wloR)= L %100 % 0<@r<2
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e HFSS™ current versions (v.10 & 11) cannot accurately predict
the performance of structures operating at terahertz frequencies

* Intrinsic dispersion models: Classical skin-effect & simple
relaxation-effect inflate the attenuation. Therefore, extrinsic loss
effects (e.g. surface roughness) may be underestimated

Imperial College =x5>>> . 1oy Stepan Lucyszyn
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THz Metal Shielding

« Construction of high isolation subsystem partitioning walls

« Efficient quasi-optical components (e.g. planar mirrors and parabolic
reflectors for open resonators and antennas)

« Creating guided-wave structures that have (near-)zero field leakage
(e.g. metal-pipe rectangular waveguides and associated closed cavity
resonators)

Imperial College z77 7. . 1s x4y stepanLucyszyn
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reduce weight and cost.

& For reasons of structural integrity, thin metal shielding can be deposited onto either
a solid plastic/ceramic or even honeycomb supporting wall.

& Thin metal shielding embedded between dielectric layers (e.g. to create conformal
ground planes or partition walls) can avoid issues of poor topography when integrating
signal lines within 3D multi-layered architectures.

« Shielding effectiveness, return loss and absorptance (or absorptivity) are important
figures of merit that are quoted to quantify the ability to shield electromagnetic
radiation.

&5 An electrical engineering approach, which can include network analysis and the

Imperial College z77 7. . 1s x4y stepanLucyszyn
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AIR METAL 7 ar T , 5
—— Z.y —
e Za ¥ Mo L
‘r=‘r><-’:h a - N " |pe
Bo=E x4
- B (U zr=n,
-— N T ’
Po=E 0, T
-

Physical representation Equivalent 2-port network model
. - ) Z,-2, _Zr—-Z _
Voltage-wave reflection coefficients: p; = ——— P2 = —— P1
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Transient response solution

2i

- 2i
(e_”pz) :|'72 S11=p1+71'|:972”p2'_ (eiﬂpl) :|'7'-2

i=0

»
Sy=1,-1e7".
i=0

ie[0,1,2.00]
Steady-state solution

e’ 1-e7
Su=11" ]W ‘T, Su=p- m
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. " yi
Boundary resistance coefficient k= R—: >>Q. 21

_@-K+ijo. ., _ 20+jQ,) _20@+jQ.) 20+jQ.) 2k 2k

7

A ) . e kiR Tk CEr R kiR,
a = thickness normalized to normal skin depth

—/T >—y-ads =—a~[1+oi) and T=adx

Therefore /s 50 =5 2— =51+ —— | [(54)"]
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—ag 1+i
kg -1+ jQg)-e =) N 21+ jQu)

Sur = &

mmpmﬁM%M%h%%]Mmh@gﬂ

cR

Approximation error : < 0.4% up to ag = 10, frequency less than 12 THz

wfof

Sy = Pir "
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T 0,
a°=5_=ak[5ﬁ]
so s0

s - 42jk, - L 2\?j
S P B ) e )

Approximation error : < 0.6% up to ag = 10, frequency less than 12 THz

{ 1 1 sinh (a, y27)
Sito = P1o - =

-0 f
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SE,, = —10Iogm(%] [dB]

SE g = —20 IOglO|Sle g leeT
Cross-boundary reflections

7 2
Ry =—20log 10|T1R 'TZRl =20 |°g1o‘(45_RZ+n°)

=-20log 10|821R| =Ry + A + Mg

'70 kR
~ 20log,,|—>—
glO 4Z .

— 20log,, m
cR

srMo SR

Absorption

A =-20l0g | e*"|=20l0g (67" ) 20 log ,,(e** )= 8.686 a,

Multiple reflections
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Correction Factor for Multiple Reflections Calculations

M approximation M exa
M, = 20log i— (6 7" pie f E e = oot e 10096
dB _exact

g g
= . - —
S
g’ g
= P
S g L
§ 8
g H
£l $ - —
E ¥ : > z ) 100
= By 18 = 100 ‘?:7'5
3 0 1S T Normatized 5 5o 28 ormali
= Frequency, f THz oo Thickness, ag Frequency, t THz 25 ullE ‘i’hu;::el;:an

Classical-relaxation Model Error using Approximation
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Screening Effectiveness Calculations-Error using Approximation

SEdBo — SEdBR

® Eeegs = -100%

% dBR

w

g 100 Due to absorption, a peak value
g s 7.8% atag =10 wr=1/3
E 5.0 Beyond the peak region

'g. 25 Linearly increase,

X 11.7% at T = |, = 1.65¢5
E 10.0

ot = 2.046

50

Normalized Thickness. ax 0.0 Frequency, #THz
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Screening Effectiveness Calculations

Classical Relaxation-effect Model

SE,,. ~10l0g 8(1+Q3 /i
R * cosh(2a,) - cos(2a, / Q)

Classical Skin-effect Model

2
SE s, =101l0g,, 187k
cosh(2a,) —cos(2a,)

Less shielding as
100 frequency increases and/or
thickness decrease

Shielding Effectiveness SE, dB
=]

10.0

75 5

50 50
o

25 2
Normalized Thickness, az 00 Frequency, f THz
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Reflection Characteristics: Return Loss Calculations
Rl = —10Iogw[%J =—-10log,,(I")=—20l0g,,[S,|| [dB]
Sue|” forall a,

ke —2

2
:‘le‘ ~ K

for a, >3

Retum Loss x 107, dB

Less reflected power as
oL frequency increases and/or
thickness decrease

100
Normalized Thickness, ag

Imperial College x5y .1 s x > StepanLucyszyn 0 ~ g
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Frequency, f THz 0
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Reflection Characteristics: Return Loss Calculations
Error using Classical Skin-effect

RLdBo — RLdBR

[E— .100%
- RL dB ‘ RL on

"% - 109% at T = 1084,

s w1 =2.046

g, 501 Thickness invariant above
E 251 a =3

2

100 ;5 75 100

50 54 25 50
Normalized Thickness, a, U0 =~ Frequency, 1 THz
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Absorptance Calculations

ABy =-10 Iogw[%] =-10 Iogm[l— [%J —[%H

=-10log,,(1-SE-RL)

1-|S,ue|* ~[Sua|”  for all &

AB =
=1—|pf zkioc Ry, fora, >3

R

26 oo More absorbed power as
7 frequency increases and/or
o~ quency
= 25

thickness decrease

Frequency, f THz S oo 00 Normatized Thickness, ay
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Absorptance Calculations: Error using Classical Skin-effect

E o ‘u —
,‘;r :e.- dBR
- ,’:.h,rr,’rt_-i_
= TN 14% at T = 105
£ 100 = SR
~ ot =2.046
g ! ) ) )
e &0 Thickness invariant above
E 25 ap = 3
E_ -
3

75
50 25

] 5 ] 5
Normalized Thinhness‘. am 00 00 Frequency, f THz
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Synthesis Modelling of Metal Shielding Walls

Classical Relaxation-effect Model: Equivalent transmission line model

TR ToR
ﬂg Ho — > o H, — 4 Hy

mm m 3 L for) MDE 1+ orf %

o)
2 z
w'to,- AL 1+(erf o'1c, - AZ*

=z
|

iR Par

For example, at 5.865 THz, gold at room temperature
Ly -Az=1341[fH] G-Az=24.1[mS] Lsuunr g Az=1.126[pH]
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models using commercial circuit simulation software

Synthesized Transmission Line
Parameters (N =400 sections per wavelength)
Theory
ap=5 ot =1, Zr=n, ABCD Parameter Microwave Office®
Matrix Calculations
_ Value Error [9%] Value | Error [9%]
Zen 1Q] 04607904263 | 04607904255 | —1.7 = 10 i i
SR +i 1112446496 | +j1.112446495 | —0.9 = 107
-1 5.0000 5.0242 +0.484
Y S0k [50s] H2.0711 +2.0807 10.464 - -
Sy1010 5 5.349 5.309 -0.748 5.308 ~0.766
17 —j.725 —j0.099 (1,387 —j6.697 | —0.416
vSZIR[D] —51.499 —-51.602 +0.200 —51.6 +0.196
Scwening Effectiveness [dB] B1.317 81.363 +(.057 £1.36 +0.053
Sir ~0.9975 ~0.9975 0.000 ~0.9975 | 0.000
+i0.0059 +{0.0060 +1.695 +i0.0060 | +1.695
Return Loss [dB] 0.02124 0.02124 0.000 0.02124 0.000
Imperial College AF T 57« VR4 Stepan Lucyszyn SC
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at THz frequencies is introduced, using 5 interrelated concepts (transmission line
modelling, kinetic inductance, Q-factor, complex skin depth and boundary resistance
coefficient).

* The Engineering Approach has 5 main advantages:
— Excellent pedagogical tool
— Greatly reduces otherwise lengthy mathematical derivations
— Reduces risk of introducing mistakes
— Avoids the need for poor approximations
— Can replace the need for slow numerical computations (with simple structures)
— Gives new perspectives and deeper insight

*« While the focus has been on the characterization of normal metals (magnetic and non-
magnetic) at room temperature, it is believed that the same methodology may also be

Imperial College x5z .1+ x> StepanLucyszyn
London AVRYTN ALy Y ay KRR !_J_I;_PS(_:_

17



