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Introduction

) T.importance:
- T physical information from S parameters
- T necessary to extract all high injection model parameters
- Tz more convenient than using F; (Effects of transit time and capacitances decoupled)
- Less computational effort for extraction / optimization

) Brief review of a few existing methods:
- Conventional method based on 1/(2.1tF;)
- Methods based on de-embedding techniques

) Objective:
- Accurate transit time extraction including the saturation at high injection
- Focus on the deep saturation region especially for advanced BiCMOS technologies
- Figures of merit to help improve extraction strategy (e.g. Tgy & Doy €Xtraction,
capacitance behavior in the forward region)
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State of art

Conventional method: tangent method
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State of art

Conventional method: tangent method

Tf extracted . L
Verilog-A Code <+ Robust at low injection, although it gives

effective extracted parameters

- Tg extraction not accurate especially at high
Injection and in the saturation region

- Bad g,, approximation
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Vbc=0.6V, 0.4V, 0.2V, 0V, -0.5V, -1V, -1.5V
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State of art

M. Malorny, M. Schroter

“Analytical method for calculating elements of an arbitrary equivalent circuit”, MIXDES 2004, Poland, pp.79-84

“A Pragmatic Yet Accurate Transit Time Extraction Method for HICUM”, Private communication

Z. Huszka
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Tf extracted

15 Verilog-A Code
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2 Methods based on de-embedding techniques

+ Good determination of g, and g,
<+ Accurate T¢ extraction

= The saturation involves a small
error for the high injection region.

- Requires a very good accuracy of

O 10 20 30 40 50

e

60 the capacitances Cgg and Cg

Vbc=0.6V, 0.4V, 0.2V, 0V, -0.5V, -1V, -1.5V

The new suggested method is an improvement of this approach
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Method
Strategy: Access to the T - dependent main circuit
S F S ) .
, 'su HICUM small signal schematics
_______________________________ cx C
. Cs o —1 :'—’
! iCj! AVL
CBCxl AT]
B B
CBEparl CD th
‘CdE

Access to the T dependent circuit by deembedding techniques requires to determine:
(*] The temperature
("] The internal nodes
(] Calculate all bias dependant components of the small signal circuit
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® Il — Improved transit time extraction method

C Approximation of the internal temperature

Approximation of the internal nodes B’, B*, E', C', E', &’

Component calculation of the equivalent small signal circui

Y

.
|

Full deembedding by matrix calculation

|

Transit time extraction
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Temperature
Extraction from S-parameters measurement => Small signal => C,;, could be neglected
ATj FLsy=0 P=IC,cas.
I:LSH=1 IDzlcmeas' (VCE-RE'(ICmeas-l- I bmeas)_RCX' ICmeas)
P CT) x Cth I:LSH=2 Plzlbmeas'(VBE_RE'(ICmeasHbmeas))

P2=Icmeas'(VCE_RE'(lcmeasHbmeas)-RCX'lCmeas)
I:)3:RE'(Icmeas-'-lbmeas)z

Tj:Tambient + P.Ry, P=P,+P,+P,

140

Temperature approximation

T [C
i [Tl 120 Verilog-A Code
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Approximation of the internal nodes

o Tex
C o—:l|—<—- C  Ve=Verex(T)1C ens
Cmeas
"X .
B OTB—:I—O B* Vg"=VgTex(T) Ibreas
meas
£’ le Ie le= 1D, ..t ICpeas (Structure RF common emitter => le is not measured)
>{ | —o — i
E VE'_VE+rE(TJ)'(Ibmeas+lcmeas)
Is ? _ _
I'sy For Vg-<0.5V the substrate current (Is is not measured) is low (Vgq =0V).

Vs is assumed equal to V¢ (involving an error on the calculation of Vg and Vgg.)

i ? INi=1Dreaslisexligep~ls~ Tunone: et
B*e>1__1+— B Ve=Veg Ll _ _
Irbi* .~ calculated for a self-consistent algorithm
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® Il — Improved transit time extraction method

4 Approximation of the internal temperature

Approximation of the internal nodes B’, B*, E', C', E', &’

\Component calculation of the equivalent small signal circuitj

]

[ Full deembedding by matrix calculation ]
[ Transit time extraction ]
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Deembbedding

Y Matrix

Y

[Y] =[Yo]+

[Yo]=[Y] -

A Matrix

A

Yy

.
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v

v

A

A |

Al =[A] [
Ad=[A]"[A

— 7 —
—

|z

(2] =[z0]+[Z]

2
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Full deembedding

i

C g; Its
1S jSC Csu o rCX c
T ? — + A Step3
C Caexo giicx Cyq i . !
BCx1 —
Ig’—'-:l* t * Internal Z Steps
C Mo | DIBEP i Ciei | transistor
BEparl — — —
CBEparZ |CJEI0 lngEt gJiEi |
B [r, A Step7 (¥)
) Y Steps
t 0

(*) r,-is deembeded as a passive resistance (r,. is bias dependent)
Different approaches available to compute r,,.: calculation, extraction, ...
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® Il — Improved transit time extraction method

4 Approximation of the internal temperature A

Approximation of the internal nodes B’, B*, E', C', E', &’

Component calculation of the equivalent small signal circuitj

g
[ Full deembedding by matrix calculation ]
[ Transit time extraction ]
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Method
Y matrix (from HICUM Verilog-A code)

|:gavl_c + Qavi b + 2t.1 req(C de+ C de bt C dc bt C )c — g arx |.2AT.T réq C et C )T

Om — Qavi_c— Qavl_b— j.2T[.freo,( Cact CdC_t)e J¢+ Jgaut JZ'.[ f reqC dc
Javi b-VeE
. @ | 0Qt =Cae.0Ve e+ Cde _bc.0VB'C
Cyc 0Qr =Cac.0Ve'c'+Cac _be.OVB E"
B'| I I L C
j2p.freq.C ¢ .- Vep
ﬁ_b o Cae = oQ Cde _be = oQ
U aVB B VB'C'=Cte aVB c VB 'E '=Cte
Cee gm'VB’E’Q> []90 00 _0Qr
Cac = Cdc _be =
aVB c VB'E'=Cte aVB E VB'C'=Cte
j2p.freq.Cye . Vg

El
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Jd,, & g, determination

Qavi ¢ + Qavi_b + 2.1 req(C de+ C de bt C dc bt C )c — g arx |.2AT.T réq C et C )d
Om — Qavi_c— Qavl_b— j.2T[.freo,( Cact CdC_k)e J¢+ Jgaut JZ'.[ f reqC dc

gm = R(YZl) + R(Yll)
go = R(Yzz) + R(le)

R(Y,,) and R(Y,,) are too noisy and sensitive to the deembedding and the
measurement accuracy. In general |g,| >> [y b + Gav_cl @nd [go>>I0ay | then gay
and g, . could be neglected:

Om = R(YZl)
Jo= R(Yzz)
N.B.: Another solution is to determine a self-consistent expression for g, and g, using:

Qavi_b = —Kavl.(gm + go)
Qavi_c = —Kavl.go + ga
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Cac e NeQligible

imag(Yw)
j.Z.T[.freq

= Cde + Cde_bc + Cac + Cdc _be

Rigorously Cdc _be = imag(Y21)/(j.2.T[freq) - Imag(Y 22)/(]2T[f re()

However imag(Y,,) is too sensitive to the substrate network, moreover Cgc ;. is low
for Vgc<0.7V, then practically Cc . is negligible.

imag (Y1)
j.2.7T.freq

= Cde +Cde _nc +Cac
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Te from Imag(Y ,,)

imag (Y 1)
_ = Cde + Cde_bc + Cuc
j.2.T[.freq
I
[ Cuw = 0QF N Oltr .6QF _ 0QFr N (gm N go).TF
ovs e'|vec  OVB'E' VBC: Oltr VBC: oV g |vec
ITF ITF
{
I T
Cat be = 00F N Oltr @ . dTro N 0QFF goTr
Ove'c'|vee  0OVe'c'|,.. Olf|,... dve'c' Ove'c|weeE
ITF ITF
0 Imag( Y dT
Qrr =- 0Qrr ) _ g( ) =gmTr+le = +Cuc
OV E'|vec OVe'c'|vs'E J.2.TLfreq Ve'c
ITF ITF
T = 1 . imag (Yll) —Co Co =l A + Cac
Om j.2.7T.freq VB'C'
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Determination of C , from Imag(Y ,,) at low injection

imag(Y T
B g( 12) :CdE_bc‘l'CdC = |tr. d ° + dQFF _go.TF+CdC
].2.T[.freq dve c dvs c'|veeE
ITF
For the low injection _region:
0Qrr =0 and go.Te =0
ove'c: ve'E’
imag(Y
Therefore: - g( 12) =Cde_bc + Coc =17, dTro + Coc = Co
j.2.T[.freq dve c
At low injection region (before the Ft peak): Co=-— Imag (le)
j.2.7T.freq
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Determination of C , from Imag(Y ,,) at high injection

At low injection and Vz:<0.4V , then:
imag(Y
—— g( 12) =l dTro + Cac = e dTro
J.2.Tfreq dvec: dvsc:
imag(Y d(Cici(Ti
= g( 12) = dTro = Dron. dc + TewL. 1 : ( j ( j))
J.2.Tfreql = dvec dve c: Cicio (Tj) dve c:

Tgy. and Dy are extracted from a linear regression:

J. 2.TL freq.l TF M

dvsc

c= Cjcio(Tj)/Cjci(Tj)

Tto = To +Dron. (C —1) + TBVL.(E —lj
C

de __ & d(cs(T))

dverc Cjcio(T)) dvec
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Method
Determination of C , from Imag(Y ,,) at high injection

For the high injection region (after the Ft peak):

dc 1 d(Cjci Ti )
Co =ltr.| Dron. + TrvL. ) ( ) +Cac*
dvs ¢ Cicio (Tj) dve ¢
calc
imag( Y1 dc 1 d(Ce(T))
Cdc* =- ( ) —| ItF.| DTon. + TavL. ) ( )
J.2.T[.freq dvec: CjciO (Tj) dve'c:
peak Ft calc /|peak Ft
500 :\ T T T T 177 T 1T 17T ' T T 177 ' T TT ' 1T 17T 120 . ;
400 f- Co extracte d 100
- Co Verilog-A
300 |- . 80
- _imag (Y1)
200 — j.2. T freq *0 /
: /(/(A 4 “
100 — i e
: s ~-if
_100*rirrlrvirliriv‘riirlrrir‘irVI 20""' )
0 10 20 30, 40 50 60 ) 40

lre
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Real improvement

~_imag (YutY 1) 1, - Imag (Yu) Co
~ ] f=- -
].2.7T.freq.gm j.z.ﬂ.frqum Om
TF 20 ﬁf T T [ T ' T 11 ' T T 1 ‘ T T T ‘ I T 1T 20 ﬁ\ T T T ‘ T T T T ' T T T T ' T T T T ' T T T T ' T T T T
- Tt extracted Te - Tf extracted
5L Verilog-A Code D Verilog-A Code
B /g_ﬁ” ~ B
. %] r‘_/"' /"_/"' o o Lo —
101~ ;S e 101
- / S -
5 |/ 5
0 mvrvrmlvmflwvﬂmIMHH 0 frrvvfrflirvvlffvilvrvflrrvr
0 10 20 30 40 50 60 0 10 20 30 40 50 60
ITF ITF

() Without C, the result is the same as the Malorny/Shroter and Huszka methods
[2J Full matrix deembedding convenient but actually not necessary
(] Real improvement: Tg,, & Doy extraction and dT, calculation (C).
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Application on measurement BICMOS9 W=0.3um, Lg=3.70um
Final transit time extraction

Te[ps]

Extracted T [ps] 0.8
I . I T T ‘ T ' T I T ,‘ T

[ I I I ‘

30

— Smoothing
— Raw extraction

0.75

sJ‘lJJJ

0.7

2 3 4

ST-BICMOS9 technology (0.134m) : F;= 160 GHz, F_, = 160 GHz
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Result
Application on measurement BICMOS9 W=0.3um, Lg=3.70um
Base-emitter capacitance correction
Tuning Vpe/ Z¢
= Cge extracted
F; deembedded Matrix Cge simulation
400 I I !\!!H' I I !\HH‘ T TTTTIT 14 I T I T I """

300

200 |

. y .............. ,,,,, ........... 7 . 13 \

!!!J“\IIJ!!IIIIIIIIII

12
100 11
0 L] k“?-s-—-" L L1101l 10 l I l | ! ! L ! ! ! 1
1E-4 1E-3 1E-2 1E-1 -1.0 -0.5 0.0 0.5
l+e Vee
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Application on measurement BICMOS9 W=0.3um, Lg=3.70um
imag (Y1)
— Co extracted T 2fes Tgy. and Dy extraction
8 \ \"\' f1-5\!\‘\!!'\!\'!!!'!\!‘!!\

Vec >0.4V = Cac #0

1.0 -

=~ —Dron
0.5

=N
"{;.:!I!!J‘!JJIJIJ

0.0
o s : MN
_2*[ Lo e by -0.5 Levo b b e b by by
0 S 10 15 20 04 06 08 1.0 12 14 16
lre c’
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Application on measurement BICMOS9 W=0.3um, Lg=3.70um

Base-Collector capacitance correction
Cgc parameters not enough accurate for V>0

Fr measurement Tuning Vpc/ Z¢ Cyc extracted
F+ simulation / Cgc simulation
250‘ !!\H’“ T T T TTTT1 T T T TTTTT T T T TTATT 14 T T 1T \ 1 \ T 1T
200 - 12
150 s
- 10
100 —
- 8
50 |
O: L JHH[ Lot ! liH Lol lrrll 6ﬁ,,[;[;;;,[;,;;[;[;; |
105 104 103 102 101 20 -15 -10 -05 0.0 0.5

It Vic
After direct T g, & Doy €Xtraction
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Application on measurement BICMOS9 W=0.3um, Lg=3.70um
Final transit time extraction

Fr measurement

F, simulation

T- measurement
250 T !\!HH' I T T TTTT T T TTTT 30 F!

200

150

100

50
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Conclusion

) Highly accurate T . extraction method including the saturation region
- Better approximation of T (better than Cyz = g,,-T¢ )
- Full matrix deembedding convenient but not necessary

B Tgy & Droy extraction fromY ,,
- Extraction using a linear regression
- Method mainly sensitive to the well known Cg: capacitance only

) Capacitance parameters optimization in forward mode
- FOM: deembeded F; after matrix deembedding
- Capacitance optimization without modifying the capacitance in reverse mode

o New approach for r ;. extraction (Not presented):
- rbi* extraction less sensitive to the avalanche phenomenon
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