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Applications 4
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24GHz: Automotive radar
60GHz: IEEE 802.15.3c, WirelessHD, etc.
[ 7-79GHz: Automotive radar
94GHz: Imaging

Ultra high speed
Wireless communication
By CMOS
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2010/03/22 K. Okada, Tokyo Tech *Rec. ITU-R P.676-2, Feb. 1997



60GHz ISM band 5
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60GHz unlicensed band
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e 9GHz-BW around 60GHz
=> Several-Gbps wireless communication
e Use of CMOS process
=> Fab. cost is very important to generalize it.
RF&BB mixed chip can be realized.

2010/03/22 K. Okada, Tokyo Tech MiSar. s




60GHz channel plan 6
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IEEE802.15.3C
Ref: IEEE 802.15-09-192-003c with draft doc.

Channel Low Freq. Center Freq. High Freq. Nyquist BW Roll-Off
Number (GHz) (GHz) (GHz) (GHz) Factor
Al 57.24 58.32 59.40 1.76 0.227
A2 59.40 60.48 61.56 1.76 0.227
A3 61.56 62.64 63.72 1.76 0.227
A4 63.72 64.80 65.88 1.76 0.227
2.16 GHz
1.76 GHz
240 120
MHz MHz

"Wl\/z\/svzlm"
57 58 59 60 61 62 63 64 65 66 fon

4 channel of 2.16GHz-BW

Matsuzawa
2010/03/22 K. Okada, Tokyo Tech M & Okada Lab. i




Overview on TG3c System Design 7
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e One unified MAC

« Three PHYs optimized for respective and specific
market segments

— Single carrier (SC) PHY
* low complexity, low power consumption and low cost
 handheld mobile applications
— High speed interface (HSI) PHY - OFDM
* low latency bi-directional data communications
« PC peripherals
— AV PHY - OFDM
e optimized for high speed uncompressed video transmission
 Audio/visual consumer electronics (CE) applications
Ref. IEEE 802.15-09-192-003c

e.g., 3Gbps(QPSK), 6Gbps(16QAM), 9Gbps(64QAM)
X4ch

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab. 2]
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60GHz Direct-conversion transceiver
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LPF

DAC

Digital Base Band

60GHz 2.16GHz-full 4ch direct-conversion by CMOS Tr

QPSK 3Gbps & 16QAM 6Gbps & 64QAM 9Gbps
|IEEE 802.15.3c conformance

Dynamic power management: <300mW for RF front-end

Matsuzawa ﬁ
& Okada Lab. i

2010/03/22
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Circuit blocks of 60GHz transceiver / 10
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60GHz LN Down-Mixer

J@LJL:

~S I

60GHz PA
FUJITSU(Eshuttle) CMOS 65nm

2010/03/22 K. Okada, Tokyo Tech




mmW CMOS circuit design 11
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Layout parasitics become critical for mmW circuit design.

1. Interconnects between circuit components become
close to the wave length.

2. Dummy metal for CMP
3. Tr gain is very small, and TL is lossy.

Matching £
blocks

pHatE

Inductor@5GHz  Transmission line@60GHz

At 60GHz, every interconnects should be dealt with

as a distributed component.
=P The accurate characterization is required.

Matsuzawa
2010/03/22 K. Okada, Tokyo Tech M & Okada Lab.



Loss of passive devices 12
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CMOS . 'ine iy

300pum

| \
No backside metallization metal
Conductor loss + Substrate eddy-current loss

50Q2 T-line loss: 0.5 —1.5dB/mm @60GHz
Si CMOS GaAs

Wire width 10pum 100um
Wire thickness 1—2um 10pm

Dielectric thickness | < 5um 100pm




Multi-level interconnects(65nm CMOS)I

et —— 10.0pm
e L~
M10 (Thick metal) ——
——e—— 7.50pm

M8, M9 —
(Optional level for <« 6.50pm

Ky TIEC I-I

Power/Ground)

_— 4.50pm

M6, M7 — ‘
(Global wire) \ 3.10pm
- 2.30pm

M2~M5 — ( -

(Intermediate wire) "\ = izgﬂﬁ:
\ 1.15pm
M1 0.85pm
(Local wire) 0.55pm

http://www.tamaru.kuee.kyoto-u.ac.jp/~tsuchiya/LSI-3D-CG.html

* Every tiers have a different cross-sectional
structure with different dielectric constant.

« EM simulation becomes considerably difficult.

* Cu wire needs high-resistance barrier metal.

M Matsuzawa T
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. JfiE




Density rule for CMP 14
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CMP (Chemical Mechanical Polishing/Planarization

every metal layers are polished.

Erosion Dishing

~

Doead pgectric

 Uneven metal density causes nonuniform
metal thickness.

« Dummy metals are required to keep a constant
metal thickness.

2010/03/22 K. Okada, Tokyo Tech

(i [
F "11 & Okada Lab. s}



Dummy metal 15
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Jautomatically-generated dummy metal

Signal PAD

inhibition mask layer
for automatic dummy generation

——

4
GND PAD

-

/w Matsuzawa r
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. LifEE::
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Dummy influence on T-line 17
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Dummy influence on T-line 18
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Summary of dummy issues 19
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Dummy metals are required for CMP.

 Loss (mainly caused by eddy current)
*Too-close dummy causes loss in T-lines.

 Parasitic capacitance

 Layout complexity
*The common MS model cannot be used.
EM simulation is also difficult.

2010/03/22 K. Okada, Tokyo Tech




Tile-based layout / 20
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Each component is previously measured and modeled.

The same layout is utilized to maintain modeling accuracy.
Bond-based design: Y. Manzawa, et al., APMC 2008

5um pitch

GND-Tile
RF PAD

/m Matsuzawa ”rllm
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. & st ®




In-house PDK

oKyl
See inside of top_pdk and top_meas. I

top_pdk top_meas PursuingExcellence
To see simulation results, copy top_pdk.dds and top_meas.dds.
PDK model C
i Fast Slow
= - Capacitor (model MIM TL (model
— ] == p ( ) ( )
% ien i o MII\/' I I
1. 5’{F um* 2 Mim Cap c mim15rf
1.0fFlum* 2 Mim Cap c_mimrf
1.2v HS NFETs nche,ncherf -4 o
1.2v Std. NFETs nch,nchri "
1.2v HS PFETs Ddu.-.o:hl.-rf
1.2v Std. PFETs pch,pchrf
3.3v HS NFETs ﬂ|3l|l." Jhdnerf (N/A)
SRS i BTSN e
Diff inductars '"dmﬂ Spd inddiff :r.fpp orie (NiA) Transmission Line (model)
1.2v Mosvar .
3.3 Mosvar umm]thrf
VENP pap33 10 (N/A) B o S o TR e R e
Unsalicided resistors rnspmsp_pwmsp nw (520-555 Ohm/Sq ) - o i .
N-Salicided resistors rsn,rsn_pw,rsn_nw (15 Chm/Sq) Liyhmae b ST e
P-Balicided resistors rsprsp pw,rsp nw (20 Chm'Sq)

Transistor (FDK) Resistor (PDK}
nchrinche rf,pchd,pche rf Unsall:lrll.-d rr.l.tor. (rmsp msp _pwrnsp nw) dl
we =0 TIum, L>= 60 nm, nf>=4 0. Suam, L>=2. Owum
|52D 55I}0hm5r|'rll.‘omrlmqa.pl.-:lr:no
N S:nlu:ull.-nl resistors (rsn,rsn_pwrsn nw)
R | =0, 5um, L>=3.0um
I150hm3l‘l?

N M O S v TZ::;%:;E";“:D” {rsp,rsp_pwirsp_nw) S . pmbe {meas}
"E "E G e A R &0umx 40um RF FAD

€ €12 £ 2

PMOS|I¢ ¢l T 1 RF PAD

ww  Varactor (PDK) MIM Capacitor (PDK)

0.65um <= (wy,lg) <= 103um (Design Rule) mimef

wy=2um, Ig==0.1um, nf>=15 (Layout PDK} ! Cmm == (WL} <= 103um [Design Rule)
V= dum, L5217 v ( Layut PDK)

=S Each component is

vn_rf is recommended for VEO, i
_mim15ef cannot be used. *"

wmhh3ri, vpphh3d 4
wyg =2um, lg==0.35um, nf>=15 [Layout PDK)

- = 7 7 MM |Implemented as an in-house

©_mim is only for D4
no resistance, no shunt capacitance

J“‘d‘wﬁ PDK for Agilent ADS.

g cponw3 3 & HFlum*2
s c_mimrf 1.0 um"2 M C a p

cponw33 can be used up to 2GHe because of Matsuzawa

2010/03/22 & Okada Lab.




Remaining issues 22
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* Tile-based layout
e Layout and circuit model are strictly corresponded,
which contributes to avoid uncertainty caused by
dummy metals and interconnections between circuit
components.
e Measurement
« mmW measurement is still challenging
* Accuracy of de-embedding becomes a considerably
sensitive at mmW frequencies.
e Characterization
* No fab-provided PDK for mmW circuit design
 Measurement is not so accurate
« TEG is very important.

2010/03/22 K. Okada, Tokyo Tech
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mmW measurement 24
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 Network analyzer
eS-parameter measurement
 RF probe

2010/03/22 K. Okada, Tokyo Tech




mmW device characterization 25
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GND| | GND
Signal || IEsss==—————==—} |Signal
GND .‘ GND

Pad T-line Pad
eTransistors
Transmission line
Branch & bend line
*Spiral inductor
eBalun

eSeries capacitor
Decoupling capacitor

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab, (B

« DC pad
 RF pad
« Bonding wire




Overview of device characterization / 26
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Initial T.O. for Modeling
e Transistors (CS, CG with various layouts)
 Transmission line (various length & Zo)
 Branch & bend line
e Spiral inductor
e Balun
» Series capacitor
 Decoupling capacitor
 De-embedding patterns
« 1-stage amplifier for the model evaluation
* DC probe
Second T.O.
 Circuit building blocks
 Whole system

- .
o aas  mwianE .
- (1]
- x s
ri} - o .
i ¥ '
HENEE BN AEEE § PR
-: - e aeE e
L]

Second T.0O.

2010/03/22 K. Okada, Tokyo Tech
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On-chip Transmission Line 28
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I MT |
7.54um

0.2um 0.3um

Micro P hoto

Structure

e Guided Micro-Strip (GMS)
« M1-MT ground wall (for density)

e Totally shielding the substrate from the signal
line by using M1-M2 grounded-strips _\

2010/03/22 K. Okada, Tokyo Tech /Vl & Okada Lab. iR




Model of transmission line 29
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CPW model (ADS) —
CPWSub _ |
cpwsu L I* ol le |
. J7TTTTTIIN
M2_b_w11 CPWG » © TL_M2b_w10: 20091104
H=5.6 um cpws . M2b_TL5 - -
Er=53. e _ . Length=100
o Subst="M2_b_w11"
ConamsEs7  Li0um /
el G=15.0um - - -
T=05um | ooum configurable
TanD=0.002
Rough=0 um -

« To meet measured q, £, Q and Z,, substrate model
Is individually extracted for each structure.

« RLGC is not good, and S-parameters should also
be checked.

/w Matsuzawa r
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. S




Calculation of Z, a, S, and Q 30
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Z, a, f,and Q can be calculated from S-parameters.

1

_ , 2 1
e/ — 1—5112 +8212 » 1 < :{(811 +3S,, +1)22_(2311)2}2
235, - (2S,,)

therefore
7 2 _ 7 2 (1+ 811)2 —8212 ) ﬂ

o (1_811)2_8212 Q_ﬂ

y=a+)p

W. R. Eisenstadt and Y. Eo, IEEE T-MTT 1992.

2010/03/22 K. Okada, Tokyo Tech




Model of transmission line 31
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~ T-Line model (detail) "=

...... _;"ll'\‘_"("\ _;JW\’ _'.HI'Y_'Y'f\ i i .
______ L R ... .| .. .. ... . |cpwsw
S - L. L. N
L=10H R=(0.00225*Length) Ohm  L=1.0H - CGPWSUB- - - - - - - -
______ S R RHO0002%%ength) Ohm - SIOT o
______ T M2bTL
...... o H=5__7L_|m{t}_ S
- - e~ — - Er=5.3 {t}
N 1 P |
O S | R S e Q . Mur=1
Cop B e EPWG: s e ge e s e Cond=2757099567 ¢
e o pr1_5" - cipggeuF T Nm=2 T=1.17-/(1+0.7*(freq/60e9)"5) um -
o Sl gL e e - -~ - - . TanD=0.03*1+0.16*(freq/60e9)\7).
o W=100um
G=15_0um ...........
e e s e

« DC characteristic is separately characterized.
« tand and dielectric thickness are frequency-dependent.

/w Matsuzawa :IiIEI:Iﬂ
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. & s




Transmission line (400um) 32

0 20 40 60 80 100
Frequency [GHZz]

Characteristic impedance

20 40 60 100

Frequency [GHZz]

Quality factor

2010/03/22 K. Okada, Tokyo Tech
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A O

[Model

w

o [dB/mm]

o = N

0 20 40 60 80 100
Frequency [GHz]

Attenuation constant

250

—Modell
| —Meas.

0 20 40 60 80 100
Frequency [GHZ]

Phase constant

Matsuzawa Fil
& Okada Lab. J3iids




Verification of T-Line model 33
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1. PAD model is built by measurement results of 200um
and 400um T-lines.

2. Measurement results of 100pm, 200pm, 300pum, and
400um T-lines are de-embedded by using the PAD

model. 100 ; _ _
= = 1000m
o H H
N 80 ;
) z
(@] :
=
S 60
(D) :
Q_ H
£ 40 ;
©
g 20 ‘.,, ..............................................
IS
O :
© 0 :
s 0 20 40 60 80 100
O

Frequency [GHZz]

*different TL from the previous one
2010/03/22 K. Okada, Tokyo Tech
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Branch & bend modeling 35
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with 4 bending parts

with 200pm shunt TL

Each red-box part is characterized as a combination of
optimized transmission lines.

M Matsuzawa r
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. LifEE::




T-junction modeling 36
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SN
TL model
Straightforward modeling
o G o GRN -  C . G
dummy metal
Lower Zo TLs are utilized, and Zo is ER
adjusted for the measurement results.
Dummy metal causes unexpected response.
2010/03/22 K. Okada, Tokyo Tech Y i e




Extracted results of T-junction 3/
ToKyd Tl=CH—

. . PursuingExcellence
T-junction )
‘ No model ‘
. 0 ADS model ‘
T-line
-0.2
g 0.4 4 Our model
o
T p) -0.6 — Measurement
,-""'Tm i = | — Without T model
B 5 -0.8 | | —With T model
2 ‘B — Modeling
_1-0 | | |
= == 0 20 40 60

Frequency [GHZ]

M Matsuzawa r
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. LifEE::




Verification 38
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i N

- = | i|! mu i -

|
.
=ved B LW

200um open-stub  200um short-stub
used for modeling used for verification

300pum open-stub

used for verification

Matsuzawa

2010/03/22 K. Okada, Tokyo Tech /w & Okada Lab 58"




Verification with 200pm and 300pum open-stub / 39
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T-junction

O—I:I—F—I:I—O

T-line
200pum — 300pum

0

0.4 \\\ -
\\“\f model from 200um

meas. 300pum 7 ““\\
-1.2 .

.1.6H——Measurement \\\T‘
- - --Modeling

-2.0

-0.8

S21 [dB]

0 20 40 60
Frequency [GHZ]
2010/03/22 K. Okada, Tokyo Tech S\




Verification with short stub 40
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‘ model ‘ ‘ meas. ‘
>—|:|—|ﬁp—\|=|—-= T °
200um open-stub = 200pm short-stub
-*-Meas
—Model
S11 (1-67GHz) S22 (1-67GHz

2010/03/22 K. Okada, Tokyo Tech




L-Curve modeling 41

7 ﬂl(/ﬂ =L, H—

ing Excellen

4-L-curve 2-L-curve

2010/03/22 K. Okada, Tokyo Tech




Extracted result 42

7 ﬂl(/ﬂ =L, H—

ing Excellen

‘model ‘

L-Curve

T-line

-*-Meas.
—Model
normalized by 20Q2

S11 (1-67GHz) S21 (1-67GHz)

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab 58"




Verification with 2-bend

L-Curve ‘ model ‘

1oL

-*-Meas.
—Model

normalized by 20Q2

S11 (1-67GHz)  S21 (1-67GHz)

2010/03/22 K. Okada, Tokyo Tech /Vl & Okada Lab. K
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Transistor model 45
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o Tr.is modeled from two-port measured results

Drain ; ‘
[ ] [}
- s
O H ’ O
Tline Tline
w Transistor W
O )

L]
De-embedding referrence plane

= Cyd
Test structure  Microphoto

e Based on BSIM4 model

« Small signal

Source * With external ind., cap., res.
Transistor model

2010/03/22 K. Okada, Tokyo Tech M




Extracted results of Tr model

-D-Meés.
—Model

. q\
Re[S11]
:

%
05 P B
--------- Im [Sll]_]
-1
0 20 40 60 80 100
Frequency [GHZz]
S11
4 ‘ -0-Meas. "
—Model
|m‘[821]
&
-4
0 20 40 60 80 100
Frequency [GHZz]
21
2010/03/22

0.3
0.2
B 0.1

0.0

TOKyO TIECH

ReI[Slz]

20 40 60 80

100

Frequency [GHZ]

S12

S22
o

Im [Sz

K. Okada, Tokyo Tech

20

]
40 60 80 100
Frequency [GHZz]
S22
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MIM capacitor for de-coupling 48

Vdd

TOKyO TIECH

— | De-coupling

T Capacitor :

g )

il

M (%]
o o
o o

T ' T

—_—

-

o
|

Capacitance [pF]

Area efficiency is large, but
F | the self-resonance freq. is low.

| 5

The regular layout of MIM cap.

0

2010/03/22

20

Frequency [GHZ]

0 so cannot be used at 60GHz.

K. Okada, Tokyo Tech M & Okada Lab. J/ZHES:




TL-shape MIM capacitor 49
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parallel plate MIM cap. TL arranged MIM cap.1]
TL

™ 50Q TL
COMIM TL

-..._| i:l N

[1] T.Suzuki, et al., ISSCC 2008. =

[2] Y.Natsukari, et al., VLSI Circuits 20009.
2010/03/22 K. Okada, Tokyo Tech




Layout of MIM-TLIine 50
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Extendable for length GND

2010/03/22

C C
I— — — I
= 7L "
I— —

N
|
I— F— — i
e — i
I— — —

MIM TLIne structure

K. Okada, Tokyo Tech
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A Measurement
— Model

S11 (1-67GHz)

2010/03/22

Matsuzawa r
K. Okada, Tokyo Tech N\ itamame,, g

TLINP
TL6

z=28onm  Characterized as a
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A=70000

F=60 GHz
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Outline 52

TOKyO TI=CFH
e Motivation

e |ssues for mmW CMOS Circuits

 Device Characterization
— Transmission line
— Branch & bend line
— Transistor
— Decoupling capacitor
B — 1-stage amplifier
— DC probe
 De-embedding

e Conclusion

2010/03/22 K. Okada, Tokyo Tech




An evaluation using a 1-stage amplifier 53
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PursuingExcellence

A 1-stage amplifier is also used for a verification.

De-coupling

MIM T-Line J I IANNE

[

340 um
204 m 100fF

210 um RFout
210 um
100fF
RFi, ” -

104 m 90um|';:|Wz40Um =
1504 m

Schematic

2010/03/22 K. Okada, Tokyo Tech /w & Okada Lab 58"
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Power Gain [dB]

50 60 70 80 90
Frequency [GHZ]

2010/03/22 K. Okada, Tokyo Tech




Outline 56

TOKyO TI=CFH
e Motivation

e |ssues for mmW CMOS Circuits

 Device Characterization
— Transmission line
— Branch & bend line
— Transistor
— Decoupling capacitor
— 1-stage amplifier
® — DC probe
 De-embedding

e Conclusion

2010/03/22 K. Okada, Tokyo Tech




DC probe impedance 57

rrrr 1l v Vdd Iﬂl(‘Pﬂ .I.'-EEI;/I—
saand 4 prugan, ursuing Excellence
__— DC pad :

On-chip .. \

de-coupling cap.* o[ : DC probe’s
: T parasitics

........

BT.
100MHz 1GHz 10GHzZ 100GHz

External de-coupling | Supply impedance |On-chip de-coupling
capacitor works well. | is not stable. capapacitor works
e.g., DC probe Oscillation well.

/Vl Matsuzawa r
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. LifEE::




DC probe characterization 58
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PursuingExcellence

« DC pad/probe is characterized,
and it is taken into account in
circuit simulation.

« RF pad is also characterized.

/w Matsuzawa ﬁn
Okada, Tokyo Tech & Okada Lab [




Other modeling issues 59
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 De-embedding

e Transistor layout optimization

e Spiral inductor

e Balun

 RF Pad

 DC probe / bonding wire / bump / filler / PCB

2010/03/22 K. Okada, Tokyo Tech




Summary | 60
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A modeling approach to design a 60GHz

CMOS amplifiers

1. Design issue of TL on CMQOS chips Is different
from that of compound semiconductors.

e.g., dummy metal, lossy substrate, large conductive
loss, etc

2. Branch modeling
3. Distributed modeling of de-couple MIM cap.
4. Evaluation using a 1-stage amplifier

2010/03/22 K. Okada, Tokyo Tech




Outline 61

TOK YO TIEECFF
 Motivation
e |Issues for mmW CMOS Circuits
 Device Characterization

e De-embedding
—Open-Short, Thru-Only method
—L-2L method

e Conclusion

2010/03/22 K. Okada, Tokyo Tech




De-Embedding 62
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 On-wafer probing measurement
— Contact pads are needed.

— Measurement data includes pad parasitic
components.

— At high frequency, parasitic components are not
negligible.
« De-Embedding

— Remove parasitic components from measurement
data

_ . Contact Pads
Measurement Parasitic elements of contact pads

Matsuzawa

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab 58"




Classification of de-embedding methods/ 63
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 Lumped-constant approach
—Open-Short
—Open-Short-Thru
—Thru-only

* Distributed-constant approach
—L-2L
—Mangan’s method
—Takayama’s method

M Matsuzawa i
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. i




PAD model 64
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roi
PAD
Parasitics

Contact Pads

 Simple Series-and-Shunt model
— ZP . Shunt parasitic components of contact pad
— Zs: Series parasitic components of contact pad

e T-parameter model
— Characterized by 4 or 3 complex parameters

2010/03/22 K. Okada, Tokyo Tech




Open-Short method 65

7 ﬂl(ﬁﬂ TECH—

uingExcellence

PAD
Parasitics
___F -1
Zp ZS DUT ZS Zp
o O
_ - =

2010/03/22 K. Okada, Tokyo Tech




Non-ideality of Open-Short structures / 66

7 ﬂl(ﬁﬂ TECH—

uingExcellence

Problem at high frequency
—|deal short cannot be obtained.

2010/03/22 K. Okada, Tokyo Tech




Thru-only method 67
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e Short-Line-Structure

— The measurement result is characterized as a “mt” -
PAD model.

— Separate in two symmetric parts

e |Issue of this method at high frequency
— The line length must be short.
— The distance between probes is too short.

N
5FE 4T T

= — Pad model ~—

Thru (short line) structure *H. lto, et al., IMS 2008

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab, ,gj'f';'f"‘_g,
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 Motivation
e |Issues for mmW CMOS Circuits
 Device Characterization

 De-embedding
—Open-Short, Thru-Only method
®» —L-2L method

e Conclusion

2010/03/22 K. Okada, Tokyo Tech




L-2L method 69
’”(’)/”"”—
e A kind of multi-line de-embedding methods
— The line length are L and 2L.
 Not need “Short” or “Thru (Short-Line)”

e De-embed transmission lines from the

measurement data

— Build a pad model

— The pad model is used to de-embed the pad
components from other TEG.

4Length = L> Length = 2L

Two transmission lines
*J. Song, et al., EPEP 2001

2010/03/22 K. Okada, Tokyo Tech




T-parameters 70
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S<> T T-Parameters (Scattering transfer parameters)

0L —>(] L = ] 2L |
T, X T,

TZL

« T-parameters can be calculated from S-parameters.

e Series connection of T-parameters can be calculated as
a product of T-parameters.

« T-parameters are not reciprocal.

2010/03/22 K. Okada, Tokyo Tech




De-embedding using T-parameters |/ 71
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length = L

< >

[]— (] L | —> [ ]

Tiipap = Tipap X T, X  Tgpap

If we have T, pp?t and Trpap™,

-1 -1
TLPAD TL+PAD TRPAD

=T pap™ (TLpap T Treap) Trean™
— TL

2010/03/22 K. Okada, Tokyo Tech




L-2L de-embedding method 72

T +pap = Tipap T TreaD

length = L

T +pap Tor+pan™ Tispab
(Tepap TL Treao) (Tipap Ti2 Trpap) ™ (Tipao T Treap)

LPAD

LPAD

LPAD

2010/03/22

B -1

L TRPAD TRPAD TL
B -2

L TL TL TRPAD

RPAD

Matsuzawa
K. Okada, Tokyo Tech S\ bz, g

roKyd TizCH—

PursuingExcellence

length = 2L

< >

ToL+pap = Tipap Tor Trrap

(T, =T.2)

-1
TLPAD TLPAD TL TRPAD

*J. Song, et al., EPEP 2001




Thru-only vs L-2L methods 73
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Thru-only method L-2L method
e

Redundant ghru-line
\3 / © i E —
0p) @l(_’)
q

0 = U)Icn

ol

No redundant thru part
Redundant thru-line causes error at mmW frequencies.

o]
<
IEE Length

Matsuzawa

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab. Lz




Comparison between L-2L and Thru-only/ 74
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8 r |
Thru-only method i .
6 HTAB i
PAD model for Thru-only method — .
2
- - . Z 4 *

2 " *

Redundant thrU'Iine om—a—l—a—a—g—a—g—u—a—u

0 20 40 60 80 100
Length [pum]

Error items vs. thru-line length

@60GHz

Zo will have more than 2% error.

2010/03/22 K. Okada, Tokyo Tech




Experimental results 75
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e CMOS 65nm process

e TL structure
— Guided Micro Strip
— W =10 [um], H=8 [um], G =15 [um]
— Length of TLs : 200, 400 [um]

e Pad structure
— Signal pad : 40x60 [um?]

B . Dummy Metals

<L > w
— ? —
— —
— -%
— —
| |
Si
Photo of TLs Structure of TL

2010/03/22 K. Okada, Tokyo Tech M




Verification 76
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« Make pad models by each method
 De-embedding of different-length TLs
e Calculate Zo of TL from S-parameter
e Compare Zo
— Calculated from 200um-TL
— Calculated from 400um-TL

» o »@+S,)"-S,° Z, :Characteristic Impedance

oo (1_811)2_8212 VA

¢ -Normalized Impedance

[1] W. R. Eisenstadt, et.al., “ S-parameter-Based IC Interconnect Transmission Line Characterization”

2010/03/22 K. Okada, Tokyo Tech




Experimental results (Lumped app.) 77
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 Open-short method

— Characteristic impedances of 200um and 400um
do not agree with each other.

 Thru-only method
— The results are unstable.

60— . — 60 — — |
k, o 200 um | [ o 200 um | |
55 | — 400 um | 55| — 400 um |-
— [\ © ] — I
S 50 !w S 50 ﬁ‘!‘ ﬁ
N sl | N M ;
45 | ' 45| m
O =220 60 020 a0 0
Frequency [GHZ] Frequency [GHz]
Open-short method Thru-only method

Matsuzawa i

2010/03/22 K. Okada, Tokyo Tech M & Okada Lab. [




Experimental results (L-2L) /8
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 Characteristic impedance of TLs

— The impedances of 200um and 400um
agree with each other.

— The results are stable.
10

ol [7200um
o e é__.l_400 umﬂ

C 60 \¥ ................ ................ ................

N 40 : 5 e )

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

20
: T

0 20 40 60 80 100
Frequency [GHZz]

Characteristic impedance

2010/03/22 K. Okada, Tokyo Tech




Summary 79
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 Lumped/Distributed de-embedding
methods are reviewed.

e L-2L. method performs very high
accuracy at mmW frequency.

« The conventional Open-Short falls.

M Matsuzawa
2010/03/22 K. Okada, Tokyo Tech & Okada Lab. i




Outline 80
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 Motivation
e Issues for mmW CMOS Circuits
 Device Characterization
 De-embedding
®e« Conclusion

2010/03/22 K. Okada, Tokyo Tech




Conclusion 81
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e This tutorial reviews mmW-frequency
measurement and characterization of
CMOS passive and active devices for
designing mmW circuits.

 Tile-based design Is required due to
dummy metal and parasitic caps.

« Branch and bend are individually
characterized.

 L-2L de-embedding method is practical
at mmW frequency.

2010/03/22 K. Okada, Tokyo Tech
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