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Process
Engineer
VP
Engineering
This process
change should
have improved | didn’t see any change.
Ft and Fmax ! Actually Fmax was lower!
VP Microwave
Technology Test Engineer
. J
J. Prasad

SPara

N




.

1.1THz Test System from Cascade Microtech/Keysight

International Microwave Symposium, San Francisco, May 22-27, 2016

J. Prasad SPara




What is High Frequency Characterization?

Small Signal Large Signal
Characterization Characterization
. — f; P, VS P
This talk fmax PAE
NFmin P1dB
R, OIP3
Zs opt IP3
Ga Load Pull
Re Source Pull
Rb
Rs
Rd
Linear Measurements Non-Linear Measurements
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Introduction

S-parameters

Smith Chart

Vector Network Analyzer
Calibration

De-embedding

Examples of measured data
Gain and Stability

Ft and Fmax from S-parameters
Mason’s Gain

Transistor Specmanship
Parameter extraction/wafer maps
Conclusion
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Approximate

f, =—In
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27(C,+C,)
WZ
C”=CjE+gm2—|Dn
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I
e 871, C,
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BIPOLAR FIGURES OF MERIT
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sat

thermionic emission velocity

vV, = / KT 5x10°cmisec for Si.
2rm™*

saturation velocity

v, =10"cm/sec for Si.
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Ft VARIATION WITH FREQUENCY (Bipolar)

h21(BJT) =

’B Microwave Engineers
) f find Ft by plotting
1+ Jﬂf— h,, vs frequency!
T

Poc =100

200g(1) f. =50 GHz
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.
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MOS FIGURES OF MERIT

Approximate Exact
— gm _ gm
fT_Z(C +Cyy +Cyy) = R. +R
T\ s gb gd 27{(C93+ng)(1+ Dr SJ+nggm(RD+RS)+CIO
< Gn N
T~ . parasitic cap
27C P

C &C,, are small in sat

Y f = b
™ \[87R;Cy " 294 (Rs +Rs) + 27 £ R,C,
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Ft VARIATION WITH FREQUENCY (MOS)

h21(|v|05) =

1
f
J_

Note that this T

goes to infinity! fT =50 GHz

Phase is
constant

h21 MOS h21 MOS angle
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S- PARAMETERS
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Why S-Parameters?

« At HF, difficult to measure currents and voltages

« Difficult to create open and shorts

* Everything behaves like Transmission lines with reflections

e S-parameters are very easy to understand and use

« S-parameters exist for any network

« Can easlily relate to gain, loss, reflection and power

« Can predict the performance of cascaded networks

 From S-parameters, one can convertto Z, Y or H parameters
* Needed for SPICE model parameter extraction

« Some CAD programs need S-parameters for circuit design

.
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4 )
Two Port Parameters
1 L P
O—— ——0
v, T Device A
o— B
V1 — h11|1 + hlZVZ
V1=lell+212|2 |2:h21|1+h22V2
Vz — Z21|1 + Zzzlz
I1 — 911\/1 + 912|2
V2 — 921\/1 + gzzlz
|1 — y11V1 + Y12V2
I, = YoVi + Y2V, V,=AV, -BI,
|, =CV, -DlI,
\_ )
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~\
S-Parameters Defined
1 2
O—no ——O _
bl o S11a1 + SlZaZ
II al DEVICG a2 II
b, <—m > b, b. =S ai_I_S a
PN o 2 21 2292
S11 = E Input reflection coefficient with output terminated in Zo
a1 a,=0
b, o o _ _
S,  =—= Forward transmission coefficient with output terminated in Zo
a1 a,=0
b1
312 — a_ Reverse transmission coefficient with input terminated in Zo
2 1a,=0
b, . o N
322 =—= Output reflection coefficient with input terminated in Zo
d,
=0
J
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S-Parameters in terms of impedances and voltages
Z, Z,
Zo 1 2
. —:I—O—- —
+ + Z,: Characteristic
Vs () vV, * Device < v, Zo impedance (50Q)
A
Sy = : :
L +Z,
L, -7
Sy = : °
L,+Z,
2V
S21 =—=
VS
2V,
SlZ = V_ G.Gonzalez, Microwave Transistor Amplifiers,
S Prentice Hall 1984
g J
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S-Parameters for a 6dB pad
Z, Z,
Zo 1 2
N —:l—g—% O
Vs O) v, > | 6dBPad |+ vy, ||%
Sy = 4%
L+ 7, ) N
22 . Zo 0 0.5
S22 = 7 g =
2 + ZO
5. =22 05 0
21 VS \ /
S
J
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Z-Parameters for a 6dB pad
Z, 1 166 166 22 5
L
+ +
50 Zo
Vs O v, * 66.9 |4 V, ||
6 dB pad
83.5 66.9 0 05
Z= S=
66.9 83.5 05 0
Looking at Z - parameters
one can not quickly infer
this is a 6dB Pad!
J
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SIGNAL FLOW GRAPHS
a, Sz b, a, Sa b,
-———p
Su Sy > Sz,
I‘S Su
< O -- Oe---
b, Sz & b, Sz &, | .
1_‘in
b1 - 811a1 + Slgaz 1_, . 812821FL _ + S128211_‘8
in — “11 + out 22 1_ S r
b,=S,a +35,a, 1-S,,I', 1t s
\ y,
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INTRODUCTION TO SMITH CHART
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( )
Mapping of resistances — Smith Chart-1
_ ZL B Zo
- Z,+Z,
_ ZS B Zo
> Z +1Z,
Convert all impedances to
reflection coefficient and plot it.
That is Smith Chart!
Z5,=500
£ ohms I
O -1.00
25 -1.33
50 0.00 |
100 0.33 0 25 5002 100 200 00
200 0.50 i | _—
- ure resistances map along the
inf 1.00 xX-axis between -1 and + 1
. J
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Mapping of reactances — Smith Chart-2

y
F — ZL B ZO .
© 7, +2Z
LT <0 Zo =500
. = Zs _Zo
S
Lo+ 71,
Inductive
T j10
ZL(Q) Iy o
0 ZIJ180° l 10
J10 1157.4° Capacitive
J25 11126.9°
j50 190°
j100 1/53.1° -j50
1200 1281 Note that magnitude is always 1 but angle varies.
Joo ]JQO Pure reactance maps along the circumference of a unit circle.
L J
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4 A
Mapping of impedances — Smith Chart-3
AR Unit circle: ")'150
L= 5 5 Radius=1 J X=const
Z +Z, Z,=500 S circle
_ L4,
> Z +Z, N 504
Z (Q) I, Inductive
50+)50 0.45/63.4° o 50
50— j50  0.45/-63.4° Lo
Capacitive o
, R=const
50 circle
All impedances (R+jX) with R>0 will map inside a unit circle.
If R is negative (R< 0), it will map outside the unit circle.
\. J
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How to measure S-parameters?
- The Vector Network Analyzer

.
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( )
E 8361C PNA Series NETWORK ANALYZER 10MHz — 67GHz
|
- 5
=
~- N
- |-
o=
=
—
)
You will also need a 4155 Semiconductor Parameter Analyzer for biasing.
L J
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~
VECTOR NETWORK ANALYZER BLOCK DIAGRAM
Incident Transmitted
Ty ot Jar—=)
Reflected
SOURCE
XX SIGNAL X
o] SEPARATION -
INCIDENT REFLECTED TRANSMITTED
(R) (A) (B)
RECEIVER / DETECTOR |
PROCESSOR / DISPLAY |
Y,
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What is Calibration?

.
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CALIBRATION

» SOLANPS. +0A
250 MY,

<' ©
~10A. Y.
0 .

500 MA 100 MA.

S

g it e Short the leads and adjust the ZERO OHMS pot
BET\ /C O |

250V — 4100 so that the meter reads zero. We have zeroed out
soov. —/  \—rsio000 aureur o resistance of the test leads
- N MAX AC O.C -

A\ aLLTeRMINALS InviMAX. —_
&

.
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( )
CALIBRATION
Short the leads and write down the reading R1.
Connect the resistor Rx and take the reading R2.
Unknown resistor Rx = R2 - R1
L J
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4155/4156
Measure & gen
——» Parameter
I-V curves
Analyzer
Measure . . > Output data
0.1Q resistor /—> Multimeter > Calibrate > Measure
*
1 term error
correction: short
Capacitance Capaci
pacitance > : > Measure Output data
Measurement)—>  \10io- 980 Calibrate
2 term error
correction: short and open
L J
SPara 29
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4980A CAPACITANCE METER (20Hz — 2MHZz)
1.003816 pF
0.000645
CALIBRATION
Short the leads and write down the series resistance Rs.
Open the leads and write down the stray capacitance Cp.
The instrument does the correction for the series resistance.
Then it subtracts the stray capacitance from the measured data.
g
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é )
One-Port Measurement using Network Analyzer
1-port 8361C - . . S-parameter
S-parameter Network Analyzer| SellloEie Measure data
*
3 term error correction:
short, open and load
U J
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One-Port Error Correction
_ e Error Adapter
RFII‘I: ea RE in :-————1————|
> — > | E, = Directivity
@ I _ . ,
S, : 1E E.® | 1 s, Ezr = Reflection tracking
: ! Es = Source Match
Sty St I ® S11,, = Measured
I Eer ' M
-------- ! S11, = Actual
To solve for error terms, we
measure 3 standards to generate s Eo+ E S11A
- 1MM=ED+ERT | —
3 equations and 3 unknowns 1-Es Sta
.
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One / Two-Port Measurement using Network Analyzer
1-port 8361C , S-parameter
—» —> > Measure
S-parameter Network Analyzer eV data
+
3 term error correction:
short, open and load
2-port [S] 8361C _ S-parameter
> > Measure
package Network Analyzer Sl data
A
12 term error correction:
short , open, load and thru
L
J. Prasad SPara 33
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TWO PORT CALIBRATION
R A B
Directivity Crosstalk
4 /f# EM\
Q) - = \
| | DUT ~
Frequency response
« Reflection tracking (A/R) E_}nurce _Load
« Transmission tracking (B/R) Mismatch Mismatch
Six forward and six reverse error terms
yields 12 error terms for two-port devices
y,
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( )
Two-Port Error Correction Reverse midal
Port 1 Port 2
| | Sl
Forward model e | Sa1y | — by
- Ev S . Eo
Port1 Ex @ Port 2 ‘b.l_ : S“A 2y, : Es — 3y
| . | . «
| Sa1, | Err _bi e Sé:h
@ I S11, Sz, I Q@ ay *
I I B
Ert S:z,o. Sum—Ep SEIM_ED'ES,]_EL{SIIH_EXHSJZ‘M_EX-’
B = Egr Egr' Eyr Err'
Ep = fwd directivity EL = fwd load match Ha = B - 5m-FD o o ror  im-EX Sizm—EX
Es = fwd source match Err = fwd transmission tracking g N Ty T e Ry )
Err = fwd reflection tracking Ex = fwd isolation . _ S .
Eo = rev directivity Err =revload match i “':__lh*" Wi = D:_I"” (Eg'—E})
Es = revsource match ErT = rev transmission tracking $21a = I Sn . = 5 _Fu 5. _Eo
Err = rev reflection tracking ~ Ex = rev isolation (1etm— D gy 22m D gy gy gy 2im Xy lam— X,
Epr RT Eqr Err
. _ Sy Skn
. Each actual S-parameter is a function of . e T Y
all four measured S-parameters R S ED ;o Sam D ) o SmEx Suw-Ex
« Analyzer must make forward and reverse e = = =
sweep to update any one S-parameter Som=Ep', Sim=Ep o Sim=Ex Som-Ex')
« Luckily, you don't need to know these Sy2q =K Sn:‘ﬁ‘;_ : :1” _ ;:f —
; lm=—£0 . -Ep' L e Sam—Ex Siom-Ex
equations to use a network analyzers!!! R Y 7™ I R Sl Ay e
g J
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Errors and Calibration Standards

UNCORRECTED RESPONSE 1-PORT FULL 2-PORT

¢ Convenient
e Generally not accurate
e No errors removed

e Fasy to perform

s Use when highest
accuracy is not required

e Removes frequency
reSpOnse error

e For reflection
measurements

e Need good termination
for high accuracy with
two-port devices

e Highest accuracy
¢ Removes these errors:

Directivity
¢ Removes these errors: Source. load match
Other errors: Directivity Reﬂect,ion tracking
Random Errors: Noise, Repeatability Source match Transmission tracking
Drift Reflection tracking Crosstalk

\.

J. Prasad SPara



THRU CALIBRATION FOR GROUP DELAY

Phase
(rad)

RF, |G [——1——>—D RF .t
delayed Group delay t, = —%
signal ow
1 060
S S — -
360° of
S J
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~ A
Thru-Reflect-Line (TRL) Calibration
We know about Short-Open-Load-Thru (SOLT) calibration... What is TRL?
« Atwo-port calibration technique
- Good for non-coaxial environments (waveguide, fixtures, wafer probing)
. Characterizes same 12 systematic errors as the more common SOLT cal
- Uses practical calibration standards that
are easily fabricated and characterized TRL was developed for
W Vv
« Other variations: Line-Reflect-Match (LRM), Rt coaxial mi c? owarg
Thru-Reflect-Match (TRM), plus many others
measurements
(@] (@]
JE2 JE5 B
o Q (9] 9]
EEEE:J L O |
\ J
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TRL CALIBRATION

Microstrip line

At low frequencies, the lines become long.
So, we need different TRL structures for
different frequency bands for wide band
characterization. Use SOLT for lower freq.

Launch

REFLECT

Glenn Engen, Cletus Hoer, MTT-27 (12), Dec 1979
. J
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RF MICROWAVE PROBES (CASCADE MICROTECH)

J. Prasad
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é )
CALIBRATION USING IMPEDANCE STANDARD SUBSTRATES
The purpose of Cal
is to bring the reference
plane to the probe tips
. J
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BEFORE CALIBRATION

AFTER CALIBRATION

J. Prasad
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DE- EMBEDDING
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( )
1-port 8361C , S-parameter
) > > Measure
S-parameter Network Analyzer UG data
+
3 term error correction:
short, open and load
2-port [S] 8361C ) R S-parameter
SN = > Measure
Package Network Analyzer el e data
A
12 term error correction:
short , open, load and thru
On-wafer
8361C , [S] data
—> > > » De-embed .
2-port [S] Network Analyzer Sl Measure of device
A
12 term error correction:
short , open, load and thru
L J
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1
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1-6 fF

r
LI

Pad capacitance far exceeds
Single device capacitance
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r
1-Step De-Embedding
Device OPEN
| Y3 ! Y3 !
: E—— ! : EE— — !
' G o DUT oD ' G o oD
Y, o Y, Y,
.S o oS | | S o . +oS |
K3 Measure on- wafer OPEN
_S_Open — [y]open Measure DEVICE
o Use the equations on the left
-S-device — [y]device
] . [ ] _[ ] DE- EMBEDS PAD CAPACITANCE ONLY'!
-y-DUT o y device y open
Ylour ™ [S]DUT
L J
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2- Step De - Embedding

Device

N
[i=N
N
N

DE- EMBEDS

» Pad Capacitance
» Series Impedance

.
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2- Step De - Embedding

OPEN

Device

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

| o ~ 0
! o > o
| mz !
! N !
! - !
- N m
mv.: — e
m . !
“ N m
m . - 1
! o 7 0|
| @) ~ 0
“ M > o |
| N !
! IZ "
w o |
L™ - N |
_v|: D —mmm e !
m a “
| . |
“ N m
m - &
! o 7 »;

THRU

SHORT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

— 40
Z,
Z, H]

s |
m 5 |
| ~ L
| o 7 0|
| o« 0
! M > o |
| N m
| o |
| N '
1 3 1
“V|: o —mmmm ¢ |
| L |
“ N |
| - &
| o 7 0|

48
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( )
2- Step De - Embedding Device
Y3
; G oo mmmm— DUT oD
-S - - Z, Z,
L~ lopen — [ y open Y Z3 Y2
-S-short [Z-short SO' ________________ e ! OS
| S ddevice — [ y]device . :
L DUT with Pad capacitance
y — [y] _[y] and series elements
L ldev_no_ pad device open
| y dev_no_ pad — [Z ]dev_no_ pad
s Z- DUT [Z]dev_no_ pad B [Z]short
Zlour [S ]DUT Whoa!
.
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( )
High Frequency Performance of 0.18um CMOS
S, X(1/8).\
625 o5
Ft=50GHz, Fmax=45GHz
Measurement: 0.5-50GHz
RF Characteristics of 0.18-m CMOS Transistors: Kwangseok Han, Jeong-hu Han, Minkyu
Je and Hyungcheol Shin Department of Electrical Engineering and Computer Science,
L Korea Advanced Institute of Science and Technology, Taejon 305-701 )
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IMPERFECT on-wafer SHORT

J. Prasad
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r
Layout with minimum inductance and reflections
E E
E E
Small octagonal pads
to reduce capacitance
and reflections
L J
J. Prasad
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Definitions of Gain and Stability
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( h
DEFINITIONS OF GAIN
Any three terminal device will have A.C current gain. We can then define a
transition frequency fr at which the short circuit current gain becomes unity.
This is one figure of merit.
I
By = I hy =1 at f=f
1 jy,=0
P
Any three terminal active device will have power gain G, = ;,;-L;
Since P} depends on load impedance and P,y depends on source impedance
it is meaningful to define Available Power Gain as:
G P4y Power available from the network
4" P,s Power available from the source
The frequency at which the Maximum Available Gain (MAG) becomes unity
is defined as f,,,, . This is another figure of merit.
MAG=1 at f=f_.
. J/
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Ft and Fmax of 65nm CMOS

max

50 50
Lg:ﬁﬁnm W=2.5um = 0 V=12V
1 e o V=10V ]
40 a »~ v=09v 440
| * * V=06V
E 30 Line: simulation data_ 30 E
) )
' 20 120 o
10 410
i measure@Vﬂ:tﬂV 1
0 S FPEY E T O SN
1 10 100 500
Frequency (GHz)

Limiting Factors of RF Performance Improvement as Down-scaling to 65-nm Node MOSFETSs
H. L. Kaoa*, B. S. Lina, C. C. Liaob, M. H. Chenc, C. H. Wuc, and Albert Chinb

a Dept. of Electronic Engineering, Chang Gung Univ., Tao-Yuan, Taiwan, ROC

b Nano-Sci. Tech. Ctr, EE. Dept., Nat'| Chiao-Tung Univ., UST, Hsinchu, Taiwan, ROC

¢ Dept. of MicroElectronics Engineering, Chung Hua Univ., Hsinchu, Taiwan, ROC

.
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CIRCUIT FOR MEASURING MAXIMUM AVAILABLE GAIN & Fmax

+
Vv, Device [« v Z

We vary Z; and Z, so as to provide a simultaneous conjugate match.

This maximizes the input power and delivers maximum output power to the load.
This will give us MAG.

If we do this at each frequency, we can generate a plot of MAG vs frequency.
From this plot, we can determine the frequency at which the power gain will
become unity. This is Fmax.

.
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THE EFFECT OF LOAD IMPEDANCE

I'y= 1 circle

S, =0.65/—95°
S,, = 0.042£40°
S,, =5.00/115°
S,, =0.80/—35°

unstable

S128211_‘L

Ho1-s,I,

Z; (ohms) I; T Stable 7

504§ 0 0 |065£-95°| Yes
3547100 | 0.77£49° [091£-108°  Yes
104100 | 092253 [1.07£-103°| Unstable

1
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THE EFFECT OF SOURCE IMPEDANCE

S, =0.65£-9%
S, =0.04.£40° :
oyt = 1 circle

S,, =95.0011%° N
S,, =0.80£-3%

S,S,,I
Lo =Sy + 552

1-S,.I

Zg (ohms) I LCour Stable ?

50+ 0 0 0.80£-35°| Yes
10425 | 0.73£125° 10.99£-39°|  Yes
5+/25 | 0.85£127° {1.04£-38°| Unstable

1
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( )
OUTPUT STABILITY CIRCLE & UNCONDITIONAL STABILITY
conditionally unconditionally
stable stable
0 0
K<1 MAG undefined .
Simultaneous conjugate K>1 MAG defined
-j50 match not possible 150 _ Simultaneous
conjugate match possible
2 2
1+ 8180 =SSy [ =18y =180 .
K= = Stability factor . .
2[5 18y For unconditional stability
A $1S= S K >1landa<1
J.M.Rolett, IRE Trans CT, CT-9(1), pp 29-32, Mar 1962, W.Ku, Proc IEEE 54(11), pp 1617-1618, Nov 1966
. J
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( )
GAIN EQUATIONS in S- Domain
S
Maximum Available Gain MAG = : Sn :(K ~VK?*— 1) Use only for K>1
12
Maximum Stable Gain MSG = | S | Use only for K<1
| Siz |
2
Mason’s Gain U = |S21/Sm 1 I gse fonr ?ILK nd on K
2K | S21/512 | —2Re(S21/512) 05 NOTEERERTO
""2S21
Current Gain h21 = .
(1 —=S811) (1 +.525) + 51252
L J
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Determining Ft and Fmax from
Measured S-parameter Data

.
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Determining Fmax when the device is stable
K>1 over some frequency range

[SIour over
frequency

v

[S] = [h]

A4

MSG

Plot 20 log (h,,)
vs frequency

A

Plot 10 log (MSG)
vs frequency

extrapolate
h,, = 0dB

[S]put over
frequency

Plot 10 log (MAG)
vs frequency

extrapolate
MAG - 0dB

max

J. Prasad
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N
Determining Fmax when
[Slour OVer the device is unstable K<1 [Slpur OVer
frequency throughout all frequencies frequency
Unstable Stable Unstable
No Yes No K>1&
A< 1 for
y v all £?
MSG MAG Calculate U
Plot 10 log (MSG) Plot 10 log (MAG) Plot 10 log (U) vs
vs frequency vs frequency frequency
extrapolate extrapolate
MAG - 0dB U - 0dB
A 4 A 4
fmax fmax
L J
63
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HF performance of 3ux10p HBT Ic=10mA Vce=2V
40
35 =S =
"~ ~
MSG/\ \§§§ /Y
30 \‘\\ \ Ft= 54GHz
Nel | "2 \\ Fmax= 50GHz
\< O Fu=  72GHz
” NN
% k\\ —— h21(dB)
= 20 —o— MSG/MAG
‘T —a— U(dB)
o
15
10
5
0
0.1 1.0 10.0 100.0
Frequency (GHz)
. J
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Mason’s Gain Explained

.
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i

If Fmax is a Figure of Merit, is it Unique?

MAG will be different in different configurations (CE,CB,CC).
Then, when | extropolate MAG will | get different Fmax
for different configurations ?

If the device is unstable throughout the band of frequencies,
should | extrapolate MSG to find Fmax ?

The device becomes unstable because of S12.
Is there a way to make S12=0 so that | can always
compute stable gain and find Fmax ?

Is there a way gain can be defined so that it is
independent of the configuration ?

Can the new definition of gain be consistent
with the way MAG is extrapolated ?

How can | find out whether a device is Active or Passive?

J. Prasad
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Method of unilateralizing a Two Port Network

.

J. Prasad

GIVEN TWOPORT

ia -L |’2
] X, —=o
[Zﬂ Z12 Vs
231 Z0p

222

Add a reactance jX2 at the output such that the voltage V2 is exactly out of

phase with V1 when I1=0. Choose a turns ratio such that the voltage introduced
cancels out the reverse voltage transfer through the device.
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.

POWER GAIN CALCULATIONS IN DIFFERENT CONFIGURATIONS

Parameter Q@ (CC ) @‘Bkv
. S11 0.33£-111° 0.91£-29.03° 0.71£159.32°
S12 0.09.£52° 0.27.£59.44° 0.04.£84.04°
S21 3.79.£96° 1.584£-22.71° 1.654£-25.32°
S22 0.51£-29° 0.67£143.02° 0.994£ - 15.64°
K 1.09 0.19 0.03
h,, dB 14.38 14.31 -0.11
MAGdB 14.47 Ax ok
MSG dB 16.24 7.59 16.00

_——

J. Prasad

SPara

68



.

N
MASON'’S INVARIANT or UNILATERAL GAIN U
2
_ | Y12 — Va1 |
4[Re(y)Re(yy) — Re(yp)Re(y,1)]
2
[ — | 212 — 2 |
4[Re(z;)Re(zy,) — Re(z;)Re(zy)]
2
1SSy
det[1 - SS*]
IfU>1, DEVICE IS ACTIVE
IfU<1, DEVICE IS PASSIVE
S.J.Mason, IRE Tran CT, CT-1 (2), pp 20-25, June 1954
M.S.Gupta, T-MTT, 40(5), pp 864-879, 1992
)
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Transistor Specmanship!
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HF performance of 3ux10p HBT Ic=10mA Vce=2V
40
35 =S =
"~ ~
MSG/\ \§§§ /Y
30 \‘\\ \ Ft= 54GHz
Nel | "2 \\ Fmax= 50GHz
\< O Fu=  72GHz
” NN
% k\\ —— h21(dB)
= 20 —o— MSG/MAG
‘T —a— U(dB)
o
15
10
5
0
0.1 1.0 10.0 100.0
Frequency (GHz)
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(
70GHz Fmax Silicon Bipolar Transistor
As-implanted B-doped
Poly Poly
1stAl Wire B E B C  Tungsten 7
Plug
Oxide
Nitride -
<A Oxide sic : /%
4 % S 1
o — ¥
N 1pm 1 .
:’:’ Y n+ Buried Layer ,‘,‘/ 100
::1:; 4O Emitter Area (um?) | 1.5x0.3 B%0.3
Y
W 1% B max 80 80
::::' == Polysilicon-filled Trench # :::‘/ Ry (Q) 158 230
70 Y Re (@) | 6o 120
e Re (@) 167 a3s
SIC = Selectively lon-implanted Collector EvCEO (V) 3 3
BVego (V) 10 10
BV go v 4.5 4.5
Early Voltage (V) ) ]
. L . . Coe (e 2.7 1.8
Mamoru Ugajin, Jun-ichi Kodate, Yoshiji Kobay ashi, Shinsuke Cre FF) - .
Konaka, and Tetsushi Sakai NTT LSI Laboratories 3-1, peak f, (GHz)
Morinosato Wakamiya, Atsugi-Shi, Kanagawa, 243-01 Japan @ Ve =1.0V 44 a2
IEDM95 @Veg =25V 50 47
peak f,.. {GHz)
@Vge = 1.0V 55 53
@ Vc.: =25V 70 65
L J
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450GHz Ft and Fmax InP/InGaAs HBT

41
35

an
25

20

Gain (dB)

3. SEM image of a 0.25-uym emitter InP/InGaAs DHBT.

0.1 1 10 100 1000

Frequency (GHz)

N. Kashio et al., TED 61(10), Oct 2014 p 3423

G

Stability factor, K
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High Frequency Performance of 0.12um SiGe HBT

IEEE ELECTREON DEVICE LETTEES, YOL. 35, N X FEBRUARY 2014

L@ h,, (300 K)

g0 - A HUGﬁ (300 K) o0 p—-—f“ 1300 )

h,, (4.3 K)

h,,, MUG'"” (dB)
Cak i n o =

]
=

" V_=1.0V

‘
]

MUG™ (4.3 K)

- A_=8x0.12x 0.96 ym’

BO0 =g=f_ (300 K]

gon p—0— 1, (78 K)
[-a—f_ (7B K}

10°

1“1|!| _"}11
Frequency (GHz)
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Other uses of S-parameter Measurements:

Parameter Extraction for SPICE

.
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Base resistance extraction from hy,

H11 vs Frequency

400

350
\

N

a1

o
1

(%]
€
: \ al -
3 200 C
E \ C
j; — H
@ 150 ] v
\ T gm be
100 ‘\ ® o—
E
50 \ — a
0 h11
0.1 1.0 10.0 100.0
Frequency (GHz)
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( )
Wafer Map of Base Resistance and Fmax
pesistance (O Freque
35% - (1e=10.00 m osc Frequency
\e\occ (le V 50‘5) b) ‘%?ié«oco {1e=10.00m4 "%gif}’,j ) 2
S.J. Prasad, BCTM 1992, pp 204-207
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( )
Wafer Map of Emitter resistance and Ft
mﬁ Frequency (G
\:ﬁg RGSiS‘ianC@ {OI‘? OE\ oG le= 1000m,q V - 2)
¢ focs B0 b) | )
3 2% ',
4 >§&" PRSI G
%?:9&3.25, , ’ X
S.J. Prasad, BCTM 1992, pp 204-207
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( )
Wafer Map of Collector Capacitance
acitance
i (fa
S.J. Prasad, GaAs IC Symposium 1992, pp 271- 274
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ENGINEERING

It is a great profession.

There is the fascination of watching a figment of imagination
emerge through the aid of science to a plan on paper.

Then it moves to realization in stone or metal or enerygy.

Then it brings jobs and homes to men.

Then it elevates the standards of living and adds comforts to life
That is the engineer’s high privilege.

L J
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ENGINEERING - IT

The great ability of the engineer compared to men of other professions
Is that his works are out in the open where all can see them.
His acts, step by step are in hard substances.
He cannot bury his mistakes in the grave like doctors;
He cannot argue them into thin air l[ike the lawyers;
He cannot cover his failures with trees and wines like the architects;
He cannot screen his shortcomings by blaming the opponents

like the politicians ;
The engineer simply cannot deny he did it.

If his works does not work he is damned.
- Herbert Hoover

\.
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