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Context

More than Moore: Diversification

Tzl RFIDINFC

_ HV
Analog/RF ; Passives | poyer ./ MEMS -

Interacting with people and environment
Non-digital content
System-in-package

Information
Processing

& ¥11111} | Digital content
ystem-on-chip
2 (SoC)

More Moore: Miniaturization
Baseline CMOS: CPU, Memory, Logic
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Context

Digital chip + RF chip(s) = More process COST!

= Integrate on a single substrate:
Cost \

Performance /
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Context

O Whatis a substrate??

O For a long time considered solely as a
mechanical support.

30cm
<—if I—>

1mm
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Context

What is a substrate??

Now however this mechanical support must provide:

« Thermal evacuation  Low loss
» Low coupling « Linearity
30cm
<—1f {—>
|\ |
\
Lmm =— Modeling !
ww Heat
# Coupling
A v =
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Modeling tools

FEM Transport Very slow | Non-linear

Device physics equations capabilities

(Silvaco, (semiconductor)

Synopsys,...) Not propagation

FEM Maxwell slow Purely linear

Full-wave

(HFSS,...) Propagation

MOM (BEM) Fast PDK ready
(ADS momentum, _Substrate .

) inhomogeneity

difficult to incorporate

FDM Kirchhoff Very fast | Discrete lumped PDK ready

Not propagation

Hybrid Purely linear PDK ready
MOM+MOM
MOM+FEM
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Peff [Q—cm]

Substrate impact: CPW lines

Small-signal modeling : FEM transport equations + closed
form expressions of CPW

Measurements

© Simulations
HR (with PSC)

| TR GND W GND
e P S-S ©
| | m— PSi-M

Frequency [GHZ]

"Porous-Silicon (PSi)
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S, [dB]

Substrate impact: Crosstalk

Small-signal modeling : FEM transport equations

m— \easurements
© Simulations
Q| s Std
me HR (with PSC) ;
20| g
4ol | —PSHS
s P Si-M : ST B
o T X

80} Yy~ s o ......

-100 £ A,r‘ » ol ,,,,,, -

1 SRS S S I S A S T N
%%Ok 1M 10M 100 M 1G 106G
Frequency [Hz]
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Substrate impact: Inductor quality

Small-signal modeling : MOM modeling (inhomogeneous substr-
ate profile from FEM transport equations)

. T CP
m— [\leasurements : :
100 % [ T P S O Model -
; | M std R L
: ; : : HR (with PSC) ‘AW—(IBB'
80 % _ ................ .............. ............. N =TR ( . C -I_ \J O
AR Bl rsi-s Cox 1 Cox

60 % Lo i A ____________________ __________________ ..... -:PSi-M

Inductor Q factor

Frequency [GHZz]
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S,/ [dB]

S, [dB]

0
-10F
_20_ .........
Std
HR .,
* TR =
-30 - PSi-S
* PSi-M
+Std simu
'40 “HR simu
0 ~+-TR simu
y +PSi1-S & PSi-M simu
_SC 1 L 1 L L 1 L 1
0 5 10 15 20 25 30 35 40 45

Substrate impact:

Bandpass filter

Frequency [GHz]

-10F Sud , WX N /O Tl
HR ;
i WX (b)
= PSi-S : ¥ i A
* PSi-M : i g
-20r Std simu °d :
HR simu o4
25k TR simu o
«PSi-S & PSi-M simu :o
_30 1 1 b 1 1 1 1 Il
0 5 10 15 20 25 30 35 40 45

Frequency [GHz]

Small-signal modeling:
MOM modeling (inhomogeneous

substrate profile from FEM
transport equations)

MOM

Measurements
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FDM modeling example: Coupling in 3DICs

TSV unit cell| |Substrate unit cell

o

/ - Hlupit
I -0 o
/ t “E%q“aw““% /.1\*"
Cldep T &
oA o /20 " i
6'l0x sub1 )suhl
I
Litsv Hlunit o sub1
S 2 piii: q, %
Ritsv | o) /Pzl
v = S
. B B 3 TJ
v
< - >
Liunit

A
Rl .
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FDM modeling example: Coupling in 3DICs

Connecting
the cells: - 3 é;% | éﬂ,«% | {T}i«;_/
- i B
O L?// . o—y W2 /W VA W
Zy/ Zy Zys <

4
;A

dan

i |

P
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Coupling coefficient 82 ’ [dB]
Ly
o

FDM modeling example: Coupling in 3DICs

Three coupling test structures are considered to validate the model

(a) Two TSV to Two TSV
(b) One TSV to One TSV
(c) GRTSV to GR TSV

g |l

#  |HHOne TSV -One TSV

e R TSV - GR TSV
| © Measurements
| & HFSS (~15 mins)

- 1
O O
O O O

| ---3D circuit model (~5 sec)
IR N R R
10 M 100 M 1G 10G 67 G
Frequency [Hz]

Agreement to both HFSS
and RF measurements

Complex field
distributions are
accurately modeled
Much faster than HFSS:
Maxwell — Kirchhoff

= Opens the door to

larger, more complex
simulations
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-20

FDM modeling example: Coupling in 3DICs

-30+

-90

Measurements

T

g%

P
SE' TSV

(OFF)

DTSV

s

DTSV

I

(ON)

(ON

)
F)

Frequency [HZ]

10

10

S [dB]

-20

-30F

-70F

-80

Simulations

"55:'/5 _S:P (ON)

il —

P4 | —--8% _ (OFF)

D _TSA‘J(O N)
DTSV

DTSV

| memg?P
[

s/ (OFP)

Frequency [Hz]
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10
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Non-linear substrate modeling

ESSCIRC
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Motivation

Non-linearities distort signal
= Information quality degraded

Origins?
Active devices
Passive devices = from substrate!

Example:

SOl RF switches

Non-linearity of interconnects dominate those of switch!
= from substrate!

‘l‘l .
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ESSCIRC

17



Non-linear signal distortion

Input Output

spectrunM 1 ICP (x) Spegtrum
% H
LT_) ;

710
fi2f 3f

Ideal transfer function: y=f(x)=ax o 0 J0
Actual transfer function: v=f(x)=ax+bxT2 +cxT3 +
0— : :
c | 4
@ 40 === Standard (~10 Qcm)
= : v : == High Resistivity (~10 kQcm)
900 MHz 3 B0 == Trap Rich SOI
fundamental o | Quartz
input N
I

-100F o

1205560 10 0 10 20

H1of P_ . [dBm]

ax
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Example: RF switch

H2(dBm)

ESSDERC
ESSCIRC

=20
-/ -RF eSI80-Thru
<}-HR-Thru
-40 4
-#—RF eSI80-SPDT(on-state)
60 -l HR-SPDT(on-state)
-80 -
-100 A
-120 1
-140 4
-160 - -
=20 0 20 40
Pin (dBm)

o

DC bias
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Modeling approach

Semiconductors are non-linear by nature!
( Field effect )

How to
model

RV, t)?

cssoene QF
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Modeling approach

silicon

Resistivity profile at -4

™

100 kk
T __ 10kE
o
G g 1k |
f ; 100
2 Z 10
2 k7]
o é 1

100 m

10m
"™ ion 1000 [1p] 10§ 100p
g ylm
7/
Ox; Co
/
etyle

at -4V

L
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Modeling approach

silicon

Resistivity profile at +4 V

1™
100 k¢
10k ¢

. ‘wall--
1k -I\||||||\|||\||||||\||||||\|||\|||||I\III!IIHllulnmmlml\\“ *

Resistivity [C2cm)]

Resistivity [Q2cm]

= -4V Accumulation ‘
= -2V Flat band ]

DC
—VDC +4V Inversion
100 n 1 10p 100
y [m]

Integration of different curves at other voltages
— Construct R(V) relationship

R
R‘l‘
ESSDERC %‘
ESSCIRC
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Modeling approach

Construction of R(V) static curves:

RISt

S e s

......

................

.............

...................................

=

................................................

Resistance [£2]

..............................................

.................................

Inversion / Depletion / Accumulation
L | ; ; ; I100
4 2 0 2 4

Line-Substrate voltage [Vc]

A
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Finite inertia

Let’s run our R(V) model...

Overestimation of
Harmonic
Distortion!

Why?

At RF and mm-wave frequencies:
Carriers have some inertia, and
a certain finite response time!

(LA
W

AR
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ESSCIRC

out [dBm]

H20fP

-120

20

-1i0 (I)
H, of P_, [dBm]

20
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Carrier dynamics and finite inertia

Q
c
)

2

#£10"
. . : &
High resistivity Si s10"L 1 1 i
1 kQcm s _Iil [ l
. @ 210 114 ]t H
[} 1 1 1
. s oW Y
10 ; £10" [ NV M VIV
© : Q
& : :
S s 5
E 10 .................... n(t)
c S
9 --- t
® 40 fa .ps() s
",3 10 oo g i g‘
= 1 : c
o T z 2
B | :
8 105 ________ : __________________ S %
o 1 pmme s
@ 2 ) S
£ .0 1 ) R
o 10 Mmoo 2
O 8

1p 1.n 1.p 1lm 1 time [/T] time [t/T]

Time [s]
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Carrier dynamics and finite inertia

S —1f =900 MHz
HD A % { ==-f=2GH
Low frequency 5 High frequency = Dielectriy || f=4 GHi
8 : =
can follow can’t follow _ -Vc = 405V
Maximum P £ Yy =+1Vv
Harmonic A o ' ‘
DiStOI‘tion HDmax « Zero » —_
Harmonic 3
Distortion o
~ S -
HD =0 % 80
GHz, wifi, Fre
3G, 4G, 5G... -100
Partial following in the GHz band — model need 20 10 0 10 20
H1of P [dBm]
out
A
ESSDERC . 26
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Carrier dynamics and finite inertia

When voltage goes from V{7 to Vii+1 pe
D1p cou

Zero inertia model: [SHN

RIH+1 =RT1Stat (Vii+1) I?T

Finite inertia:
EB L 100

PISEat (I% 11 )-Rﬁ%t Vi1 )—exp(—At/t)-( (V)

Line-Substrate voltage [Vc]

Resistance [L2]

0k

Has time to

follow R(V(¢))
perfectly

RV())

'
X
EssDERC % i
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Carrier dynamics and finite inertia

Tiardiatriicieilecceecreech e eenrlaceeee ek seee 3 100 M

Introducing a time constant of Z=1.3 ns [0 ik R R
Simulations no longer overestimated ] 3 Iﬁfif{f-f{}-j 10M
T T . SR

: : : ./ ) "" ........ "' """""""':' .............. ) """

_20 ........... ,,,,,

— —
O
o =
.y

g -40
(A

i |=——Measurements
i | =@=Model: zero inertia |

-100, .................. ..... -O-Mpdelz finit_e inertia _ _A _é cl) é zll_ 1 00
| | | Line-Substrate voltie [Vc]

1204 10 0 10 20

H, of P, [dBm]

Zero carrier
inertia

L
\‘{‘ .
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Carrier dynamics and finite inertia

Tiardiatriicieilecceecreech e eenrlaceeee ek seee 3 100 M

Introducing a time constant of Z=1.3 ns [0 ik R R
Simulations no longer overestimated . X ;fififif-i 10M
0 T T T T '. '. '. '. . .. e e s eaanaee S .. .. ..

. IUERRNY | DO I

— —
O
o =
.y

g -40
(A

i |=——Measurements
i | =@=Model: zero inertia |

-100, .................. ..... -O-Mpdelz finit_e inertia _ _4 _é (l) é 4 1 00
| | | Line-Substrate voltie [Vc]

1204 10 0 10 20
H, of P_, [dBm]
out

carrier
inertia

L
ESSDERC Q'
EesciRC 29

Resistance [£]



Dips and saturations in HD components

A brief history of dips...

« Our industrial « Our research group was
collaborators working on HD modeling,
observed dips in HD and we had dips!

...but not very often... ...simulation tool from
scratch...
o Measurement error? o Bad modeling?
o Weird substrate? o Coding bug?
1 ,
No error:

The modeling continued...
* investigate dips
« provide physical
insight

H2of P_ . [dBm]
o}
o

-100¢

120500 0 10 20
H1of P, [dBm]

AR
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Dips and saturations in HD components

We see a dip when | VIDC — VIFB |=Aldip Non-

Coble 'g'
m 60}
Ak
D_O 510 | SEERERRNY /7 Jomm— .....................
S .
T
1001 MV
—22V
| ........ 3 i : .
L 2 -20  -10 0 10 20
Line-Substrate voltage [Vc] H1 of P [dBm]

out

dov

e
EsSsSDERC g
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Dips and saturations in HD components

0

20} ?”“”“é .......... E .......... ; ,,,,,,,,,, é_

-40_“€ ........... ;”“mué ,,,,,,,,, é

L | R | I [ [
o 1 J
<

60} é ‘‘‘‘‘‘‘‘‘‘ E .......... ;, llé_

H2of P, [dBm]

80} E ......... é. A é_

o o o o o o o o

100" j [,/ ; .......... é ........... ?-

<
"
+
W
o
<

o

0 0 10 20 120 6 10 20
H1of P , [dBm] H1of P__ [dBm]
ou out

Good agreement can be achieved
Physical insight into origin of dips

L)
ESSDERC "
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Measurements Calibrated simulations
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Application

Tune position of dip with a DC bias

Say you have a circuit that runs 17
dBm power.

=> You should bias DC at +1.0 V to be in
the dip !

=You gain 25 dB of linearity !

=> Possible to track the HD sweet spot
with DC biasing

= Patent submitted on this topic

Sov
AR
ESSDERC .
ESSCIiRC

S80S .................. ......................
100 . ......
1205 50 o 10 20

H1of P_~ [dBm]
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Conclusions

[0 Electrical properties of substrate are of first importance
B For small-signal crosstalk levels and RF losses
B For large-signal distortion

0 A variety of tools exist, for different purposes
B Device physics / EM propagation / Lumped modeling
B Non-linear substrate modeling is still in its early days...

O Novel modeling of substrate-induced Harmonic
Distortion

B Carrier dynamics taken into account for the first time

B Dips in harmonic distortion curves
O Insight into physical origin

“l\‘l‘
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Thanks for listening
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Backup slides



Full model

. N
o
ESSDERC
ESSaIRC

[tine input]~
GND

H1
H2 Y3

L__fo

Line output|

fo 2fo 3fo

37



-20
S 40
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5 -60
1
o
S 80
T

-120

Dips on other substrates (1/3)

HR SOI (1)

|V =-30V
C

vV =-07V
—V_ =-04V
vV =-02V

/.ll::i
A —VC =0V

—V_ =403V
—V =+1V

c
—VC =+15V
—V_=+17V
—V_=+22V

1 Dips in H3

.- 130 0 V_=+0V
H1of P [dBm] V =430V

Q"

ESSDERC
ESSCIRC

-0 0 10
H1of P [dBm]
out

-20 20

120
-40
1-60
-80

1100

120

H3of P, , [dBm]

HR SOI (2)

0

-10 !
-20 .
-30 !
-40 !
-50 !

-60

-70

Dips in H2

15 20 25 30 35
P;,[dBm]
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Dips on other substrates (2/3)

TR SOI (1) TR SOI (2)
70
-50 T T T T T T T T T
T [—-20v - -
80
60 | ——-18V . . I Dips in H2 I
N — I Dips in H2 I
——-12v %0
— 0r —ov
nE: L | ——-8V E
3'5 -80 | ::\y - g 100
o =
o 90 L 110
-100 |- 120
10, 5 10 15 20 25 20 35 A - . . . o .
Pin[dBm] Pin (dBm)
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Dips on other substrates (1/3)

Standard resistivity

—V_=20V
—V =5V
Cc
v =4V
V=1V
g —V_ =0V
D, —V_ =2V
4 _VC=-3V
3 —_V =4V
o c
- —V_ =5V
o~ —V =6V
V=TV
—V =8V
Vv, =-10V
—V,_=-30V

. h
3
ESSDERC Q‘

ESSCIRC

out LdBmM]

H3 of P



Dips are easy to miss!

= See measurements below.

= For a 25 dBm set up we only see the dips is we
bias between +0.3 Vand +5 V...

H2of P_, [dBm]

Q"

ESSODERC
ESSCIRC

—V =30V
—V_ =07V
—V_ =-04V

vV =-02V

Ui

i 4

2 —v,_=ov
i —V_=403V||

___VC=+1V

_VC =+15V
—V_ =+.7V
—V_ =422V
V. =+0V

DOk

773 TSR SO S A

B0

8L i SAE L

120 -150 0 10 20
H1of P_ [dBm]

V =430V
C

420

-20 -10 6 1I0 Zb
H1ofP_, [dBm]

H3 of P_ . [dBm]

1100

-120
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Dips and slopes, what
does the math say??

We are used to transfer functions
being “locally linear” as we zoom
in.

= Principle behind small-signal
analysis

But actually, why not be more
linear as we zoom out?

_The output waveforms y(Z) :

fx)
=]

-15 —
20 i i [ S T i i - 8
-8 6 -4 2 A 102 4 s+ ® 8

f(x) totally linear v i'ldalﬁltv_'\_lgen
between -8 and {on-linear
between -1 and +1

40

= —.—L&=U5
% [ T 2 HD
uT
s decrease
S as >
5 1 1 1 1 1 1 1
0 05 1 15 2 25 3 35 4 - -8
T Increases
10 - 101
20 P -
10 I 1 1 1 1 1 1 M85 1 15 2 25 3 35 4 15 5
0 05 1 15 2 25 3 35 4 Frequency (multiples of ;=900 MHz)
T
20 T
= 9 Going from small-
. . . . . . . signal to large signal
o 05 i 5 2 28 3 35 ! results in a decrease of
' the HD!!
(== dip!)
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Time domain resistance analysis (1/2)

We see a dip when [ VIDC —

S 6oc-’j-0.§ 3 '

>

©

=

=y

(7))

(1))

3=

-
. -5 -0.3 5
<} Line-Substrate voltage [Vc]
% A , —0
o Voc=-0.3V : :
@ : : :’4
c I ey ¥ 150
© : - :
z - - :
8 .‘;,o.—-,, e : : : -100
o L i i N i

-20 -10 0 10 20
Time [ns] H, of P_, [dBm]

Resistance R ,, [©]

H, of P_ [dBm]
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Time domain resistance analysis (2/2)

The analysis shows that when the RF voltage sweeps through the non-
monotonic point, close to the flatband voltage, then the H2 components
dips down (blue colored data in all figures).

When the resistance ceases to monotonically increase with the applied
voltage, but suddenly decreases over the last part of the negative cycle of
the large signal RF voltage wave, this resistance appears more linear
because its direction of variation suddenly changes, instead of continuing
along the same non-linear trend.
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