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SJT Micropower Overview 3

Company:

« SJT Micropower is a fabless design house based in Phoenix,
AZ

« Startup out of Arizona State University

« Multiple SBIR and STTR contracts awarded in past 4 years

(~$3M)

Technology:
« Patented high voltage MESFETs which can be fabricated on
SOl CMOS with no additional cost

Status:

 Devices taped out down to 45nm

« Technology has been demonstrated at multiple foundries on
both partially and fully depleted SOI and on both SOI and SOS

 Cutoff Frequency ~40GHz on 150nm technology, suitable for

Contact: info@sjtmicropower.com



SBIR Funding 4

Small Business Innovative Research:

Each year, Federal agencies with extramural research and development
(R&D) budgets that exceed $100 million are required to allocate 2.5 percent
of their R&D budget to these programs. Currently, eleven Federal agencies
participate in the program:

Three Phase Program:

 Phase I. The objective of Phase | is to establish the technical merit,
feasibility, and commercial potential of the proposed R/R&D efforts $150,000
total costs for 6 months.

« Phase Il. The objective of Phase Il is to continue the R/R&D efforts initiated
in Phase |. $1,000,000 total costs for 2 years.

« Phase lll. The objective of Phase Ill, where appropriate, is for the small
business to pursue commercialization objectives resulting from the Phase
I/ll RIR&D activities. The SBIR program does not fund Phase Il

http:/lwww.sbir.gov/
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The Problem with CMOS "

The Problem

Existing Scaled Transistors
are Low Voltage <1V

How do you connect
these common items
to new chips?

How do you make
these common items
work with new chips?

e 5V and 12V

~

<
e
1
AN
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Main Technology and Talk Focus °

High Voltage on Low Voltage CMOS
Device fabricated on a 45nm process where CMOS limited to ~1V drain voltage

No changes required to the CMOS Process Flow
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ASU/SJT Micropower SI-MESFET Milestones

Successful at 5 different foundries & 6 CMOS processes
(45nm — 800nm) without changing any of the process flow

IBM, Honeywell, Peregrine, SPAWAR, MIT Lincoln Labs
Highest breakdown 55 V (350nm PD-SOI CMOS)

Peak f; ~ 45 GHz (150nm PD-SOI CMOS)

Peak ., > 55 GHz (45nm PD-SOI CMOQOS)

Have developed calibrated TOM3 and VerilogA models

MESFETSs based circuits that we have designed and tested:

 LNA, LDO, Buck Regulator, PA, Polar Modulated PA,
opamp, and voltage reference

Contact: info@sjtmicropower.com



Technology Benefits i

Easy to Implement with Helps combat obsolescence
existing SOl CMOS

No additional cost to use Use existing, older technology
technology high voltage parts with modern
Existing CMOS already has low voltage digital CMOS

steps required to fabricate Use Existing 5V supply rails
device Conversion of voltages on chip

Extreme Environment Simpler RF PA
Development

High Temperature
Radiation Hardened, Larger voltage swing
Schottky interface is less allows higher power and
susceptible to radiation easier, more efficient
induced damage than matching to 50Q
MOSFET metal-oxide-

' tor interfa

Contact: info@sjtmicropower.com
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What is a MESFET

MESFET: Metal Semiconductor Field Effect Transistor

More common to have SiC or GaAs but a MESFET can be Silicon as well

CREE® FHI101 TrQuint @

o N High Dynamic Range FET SEMICONDUCTOR

CRF24010 Product Features Product Description Functional Diagram

10 w’ SiC RF Power MESFET e 50— 4000 MHz The FHI101 is a high dynamic range FET packaged in a 4

e 18 dB Gain low-cost surface-mount package. The combination of low

noise figure and high output IP3 at the same bias point

e +|8dBm P1dB makes it ideal for receiver and transmitter applications.

e +36 dBm OIP3 The device combines dependable performance with superb
Cree’s CRF24010 is an unmatched silicon carbide (SiC) RF power Metal- ¢ Low Noise Figure :1::[::()":: ;::II‘:?:I.‘I?U‘:{TIF+;;L“€\ }‘;:;:d}‘;;t”":)l\\::lr:hl.: L‘ LI ’i‘
Semiconductor Field-Effect Transistor (MESFET). SiC has superior * Single or Dual Supply Operation in the envir iy. tmendly"leadstreelgroet/ROHS:

o MTTF > 100 years compliant SOT-89 package. Function Pin No.
properties compared to silicon or gallium arsenide, including higher i - . 5 Gate 1 -

* Lead free/green/RoHS-compliant e gevice utilizes a high reliability GaAs MESFET Dre =
breakdown voltage, higher saturated electron drift velocity, and higher SOT-89 Package technology and is targeted for applications where high st.(;:Tc >

linearity is required. It is well suited for various current

" o and next generation wireless technologies such as GPRS,

Applications GSM, CDMA, and W-CDMA. In addition, the FH101 will

work for other applications within the 50 to 4000 MHz
frequency range such as fixed wireless.

thermal conductivity. SiC MESFETs offer greater efficiency, greater power

density, and wider bandwidths compared to Si and GaAs transistors. Package Types: 330758
PN’s: y and 44016 e Mobile Infrastructure
CRF24010P ang CrEsans 00 . ATV DES

e WLAN/ISM

o Defense / Homeland Security
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SI-MESFET Structure and Background

Cross-Sectional View Top View
Source Las Gate L.o Drain
0 <'|> L s Gate ' '
Coryact EEEEEEN
10 +Lg ¥ laD
* ¢ Las
EEEEENER

P-type substrate

« Majority carrier device—does not suffer from floating body effects

« Schottky gate created by a silicided contact on lightly doped n-well

« Controlled by vertically depleting the channel

« Depletion Mode—Vt is usually in the range of -0.5V to -1V

« Gate Length (Lg) is limited by the separation of the oxide spacers
— Typically contact the gate outside of LaS & LaD to shorten Lg

« Cansize LaS and LabD to give optimal RF performance and breakdown

Contact: info@sjtmicropower.com



Fabrication: n-MOSFETs vs.n-MESFETs

n-MOSFET

a)

n-MESFET

p-well

n-well

Buried Oxide

p-type substrate

b) ]

p-well

n-well

Buried Oxide

p-type substrate

c) (I:h

p-well

Buried Oxide

p-type substrate

d) N

n-l-

p-well

Buried Oxide

p-type substrate

N (=) N—

p-well

Buried Oxide

p-type substrate

a)

b)

d)

Fabrication steps are the same through
the LOCOS step

MOS gate is defined

SB used to pattern the oxide spacers of a
MOSFET is used to define the gate
length of the MESFET

Source/drain implant step is same for the
MOSFET & MESFET.

CoSi, salicide used to form the low-
resistance contacts is used to form a
Schottky contact over the lightly doped
channel

***Back-end processing steps same as

SOI/SOS CMOS



Cross-Section MESFETSs

Reqions of Operation

Ve =0V & Vps =0V

Linear Region:
Vgs =0V &small Vg

Pinch-off:

VD SAT

Saturation Region:
Ves =0V & Vpg > Vpgr

Subthreshold Region:
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Substrate
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71 > 9’1 b=
L
| _n-channel |
Buried Oxide
‘ p-type substrate
Substrate
Source L.s GaTte Lg Lap Drain
I - T
n-channel N ——
Buried Oxide
p-type substrate
TSubstrate
Gate L Drain
L aD
— [ —
; [
n-channel ——
Buried Oxide
p-type substrate
Substrate
Source . L.s R Ga{fe Lg . Lo R Drain
FECHARRE]  —

Buried Oxide

p-type substrate

Substrate

*Note: Due to the relatively
thin buried oxide layer, a
depletion region controlled
by Vg will form at the
bottom interface

los A

vDSat 1II'I’II:Z'S
IDS
Subthreshold
: Saturation
Dsatﬂ ~3v, .t'rgs

Contact: info@sjtmicropower.com



Major Differences between SOl MOSFETs and MESFETSs

14

MOSFET MESFET MESFET Advantages
Threshold Enhancement mode Depletion mode Thed a\:ja“f%bi“tyl of de_gletion
_ _ Modae aevices alongside
VOItage’ Vth (normal_ly Oﬁ) (norma_“y On) traditional enhancement mode
e.g. Vy, = +0.6V for e.g. V4, = -0.5V for devices allows for greater
N-MOSFET N-MESFET flexibility in circuit design
Conduction Minority carrier, Mayjority carrier, ?{'ES-FEE dges :fot Suffefhffomh
- . - oatlng ody e ects such as the
Type inversion channel depletion channel Kink effect, It does not require
the body-tie contacts often used
as part of SOl CMOS.
Self-aligned Yes No The extended drift region from
the gate to the drain (L,p) gives
the MESFET a high breakdown
voltage.
Gate Material | Metal-Oxide-Semi Metal Silicide The Schottky gate of the

MESFET can support
significant current flow. It is
tolerant of high voltage
excursions, radiation and wide
temperature variations

Contact: info@sjtmicropower.com



LaS=LaD=200nm
gives highest
current drive

but

LaS=LaD=1000nm
allows for higher
voltage drive (>20V)

Note that the red line
shows an approximate
breakdown voltage of a
MOSFET

Family of Curves

Id (A/mm)

Source Las
()

P-type substrate
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Turn-on Characteristics / Gummel Curves

Current (A/mm)

The threshold voltage is relatively independent of LaS and LaD

Vth close to -0.5V for both LaS=LaD=200nm and LaS=LaD=1000nm

Lg =200nm LaS =200nm LaD = 200nm

-1.5 -1 -0.5 0 0.5 1
Gate Voltage (V)

Current (A/mm)

Lg =200nm LaS = 1000nm LaD = 1000nm Lg = 200nm LasS = 1000nm LaD = 1000nm
107 ]

Current (A/mm)

-1

-0.5 0 0.5 1 -15 -1 -0.5 0 0.5 1
Gate Voltage (V) Gate Voltage (V)
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Statistical Analysis

MESFETSs structures have been fabricated on multiple foundry runs. Key
parameters such as Vt (shown here) have been measured across the
different runs on multiple die.

Mean = -0.629
a) b) c) Std. Dev = 0.035
Mean = -0.635 1 Mean=-0.623 | 7 N=31
7 Std. Dev = 0.037 64 Std. Dev = 0.034 o _
51 N=15 s N=16 .
%4_ §4— [ 24—
£ 37 g 3 /3 ;3'3_
2— 5 o
1 — .
G-0.8 o|7 - ;o.é -o|.5 -0.4 0 - ' I 0 I T
Threshold Voltage (V) -08 -07 -06 -05 -04 08 -07 -06 -05 -04
Threshold Voltage (V) Threshold Voltage (V)

The threshold voltage distributions for (a) Run 1 (b) Run 2. The
distribution across all 31 devices is shown in (c). We are currently
adding to these statistics.

Contact: info@sjtmicropower.com



Soft Breakdown Characteristics — 45nm Technology !°

 The (soft) breakdown voltage appears to be proportional
to LaD/In(LaD) which suggests avalanche breakdown

45
S 10 . ] Largest LaD fabricated was 2um
"
2 35 : icti
8  Predicting Vgp > 40V for
S 30 . LaD=5pm
o P
S 25 - R i .
I - * Longer LaD recently fabricated
_;é 20 - 2 Trend .
<5 o O Las=200nm
m 15~ % _ 1 Las=300nm N
= / < Las=500nm :
S 10 % Las=2000nm | -] Breakdown remained the same

5 © | | | | ‘ before and after stress testing
0 1000 2000 3000 4000 5000

Drain Access Length, LaD (nm)
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Ft of MESFETs at different Nodes

~N 50 : ‘ [
(ID ”””” I 150 nm SOI CMOS Process |
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Accelerated Lifetime Test

MESFET measured had Lg=200nm and LaS=LaD=2000nm
Stress Conditions: 160°C at a fixed bias of Vd=10V, Vg=0.5V for 168 hours.

Small increase in drain current and marginal shift in Vt was observed after stress
but otherwise there were few changes in the MESFET’s operation.

Off-state breakdown voltage remained at ~25V after the stress test.
10t 10

Drain Current

107 8L ]
< After Stress
= | Before Stress
) -5 ~—
< 10 2 6
= 2 —
— o
= @)
3 107 c 4
E [
Q

MAG (1)

- After Stress
Before Stress

10_115“““Hw\www””\wwz %

Oww“ —— T T T

-1.5 -1 -0.5 0 0.5 1 0 5 10 15 20
Gate Voltage (V) Drain Voltage (V)
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SPICE Model

Square-law model [I55 a(Vgs-Vyh)?] in saturation.

Exponential characteristics [l a exp (Vgs-Vin)l
In sub-threshold.

Well-defined extraction procedure.

Correlated to analytical models to ease the
development of higher level models.

Sub-circuits for leakage effects, breakdown
voltage and short-channel effects.

Charge-based capacitance model.

Contact: info@sjtmicropower.com



TOM3 Model

Availability of Model in Cadence and ADS Important

MESFET modeling consists of :
S J Iols:ﬂX(VG)Q>< fi x L+ V)
 DC Measurements
f ~tanh(aV,,)
« S-parameter measurements of GSG DRAIN
devices at different bias conditions %Rn
: C
- Pad de-embedding A b, | —
DIDs
« EXxtrinsic parameters extraction using Re g
a ColdFET method AMN——()— Ok L&os
« VDS=0 and gate is turned on GATE V(t) D, Crau
N L
very hard vy HCes
* Intrinsic parameter extraction based
on DC and S-parameters %Rs
measurements SOURCE
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Turn-on Characteristics

TOMS3 Model shows a good fit across different drain and gate bias
conditions

gm (mS/mm)

[N
<
‘ >

Drain Current (A)

-6 Gate Voltage (V
107 15 otag V)
Vg=0.5V
. 1 —
10! v
0.5
1010 | | 0 | | | |
-1 -0.5 0 0.5 0 1 2 3 4
Gate Voltage (V) Drain Voltage (V)
S.J. Wilketal., "Ch terizati d deli f enh d volt RF —
MESFETS on 45nm CMOS for RE applications-* IEEE Radio Frequency Black = Measured

Integrated Circuits Symposium (RFIC), 2012, pp.413-416, 17-19 June 2012 Red - SimU|atiOn
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RF Characteristics

35 ‘ \ 50 | | - -
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* L,s=LaD=1000nm allows for
higher drain bias
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Maximum Available Gain of MESFETs on 45nm Process 2’

« All MESFETs measured thus far have more than 15 dB gain below 2.5GHz
« Can improve fmax by optimizing LaS
* LaS can be equated to source degeneration of an amplifier

o

E 40 Source Las Gate Lo Drain
6 35%. -+=F-LaS=LaD=200nm

< BN ~® [aS=LaD=500nm ||
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= 10 10° 10" 10"

Frequency (Hz)
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S Parameter Measurements and Model

Cut-off Frequency Vd=2V and Vg=0.25V

L — —~ 15
f. = gm Z-10 S11, T 10

T — N Fl
27ZCGG (7)_207 I Seetssssesness % 5
© -30 812, T 0!

Model the Gate Charge = fr =
_, 40 N 5l
Qoe = Qg xT +Qgy x(@—T) 0 -50 3 -10

0.0 10 20 30 40 0.0 10 20 30 40

Where Frequency (GHz) Frequency (GHz)

Qy, is the low power region = * :

And S 40

Qgy IS the highpower region S%D: 20!
T describes the transition z 20

: ©
between regions o 10 =~
T 0.0 | N

T=exp (_QGGB X Ids XVds) 10° 10° 10t

Frequency (GHz)
Black = Measured

Red = Simulation
Contact: info@sjtmicropower.com




Outline

« SJT Micropower and the SBIR program
Silicon MESFET Overview

High Voltage Capability
Modeling and Measurec

MESFETS
nlications

Power Management Ap
RF Applications

Contact: info@sjtmicropower.com



Power Management

Linear Requlator

linear regulator is a
circuit used to maintain a
steady output voltage

Pros:
Steady Output Voltage
High PSRR

cons:

Inefficient as input
voltage becomes much
higher  than output
voltage because

transistor must dissipate
the difference

Buck Converter

A buck converter is a step-
down DC to DC converter

Pros:
Efficient for larger voltage
steps

cons:

High ripple and noise can
be too much for system
requirements

Buck Converter
and Low Dropout
Linear Requlator

Efficient for larger
voltage steps and
can maintain output
voltage

Want low dropout
regulator so that the
buck output can be
close to the desired
output voltage for
best efficiency
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Why Low Dropout?

The less overhead your power management needs, the longer the device
can work on a single battery charge

Sony Li-lon Battery Discharge

4.5

" @ SJT Regulator
B Existing Tl Regulator ==High Power Usage - 360 mA

Voltage (V)
L
L

2.5 I I I I I
0 0.5 1 1.5 2 2.5
Time (Hours)
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Integrating Power Management - Processors

|deally, integrate
power management
because designers are
pin constrained

How to connect the
supply to the
integrated circuit if the
on chip transistors are
low voltage?

Pin constrained if you
need a specific
capacitor at the output

Vin

ﬂﬂﬂﬂﬂﬁl

Vout

i

LDO

MICRO-
PROCESSOR
(ARM, 8-bit
Microcontroller,

etc)

Vin

ST
MICRO-

PROCESSOR
(ARM, 8-bit
Microcontroller,
etc)

Vin

MICRO-

etc)

PROCESSOR
(ARM, 8-bit
Microcontroller,

SJT
LDO

SJT Solution

Pinpoint Load Placement
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Common Linear Regulator Topologies

Error
Amplifier Vin

Av
+ S
s VRrer o—f °N\_ G
A 77w ||R2 >—{ Mp
—_ + D

Z l I
!

Zener Diode PMOS Voltage Regulator
Common Source

Vour

Error

Amplifier

Vger O—

Av

VOUT

NMOS Voltage Regulator

Source Follower
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PMOS LDO Implementation

Advantages

« Common source (CS) configuration allows
error amp to drive gate of PMOS below V,

« Can achieve very low dropout voltages

_______ — Voo = Ron* licaa = Vosar
Vin e— 3 1 ®Vout * Note: Ideal dropout—does not
éRESR include the parasitic voltage drop
§RL from metal lines

CLoad

J_ Disadvantages

« Stability concerns arise from CS
configuration

+ | — High R, at V,, node
_l — Need load cap with its associated ESR
GND *  PMOS has 2-3x lower mobility than NMOS

— Need 2-3x larger pass device to
achieve a given current drive

BGR R, §

| |
| |
| |
| | + |
| I
| |
| I
| |
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PMOS LDO Implementation (Cont)

Vin

[Error Ampiifier | [~ Buffer |

rror Ampllfler | Buffer

BGR

J— @®Vout
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>
R1 :: L REsrR
9 >

ClLoad

I

|
A
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-
_Rout o( pmos) //(R + R )// RIoad o(pmos)
80 7
O ¢ -20dB/dec
g 60 P1 = Cioaa™ (Rout+Resg)
©
= * -40 dB/dec
_% 10 Pz Cparl R01 P /
O
Q'Z
920 A -20 dB/dec
- Z,=C.*R ¥
Q 0 1 load ESR
o) 7
(@) P3= CparZ*ROZ
_20 I

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E46 1E+7
Frequency (Hz)

Common source (CS)

Cparl — C01 //CIZ

Cpar2 — Coz I CPMOS
1
fo ~
27ZCIoad (Rout + RESR)
1
e ~oC R
parl” *O1
1
f,, =
27ZCIoadRESR
1
fos =
2ﬂCparZ ROZ
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NMOS (Enhancement Mode) LDO Implementation 3¢

Vin e——— —— - o Vout Advantages
Source follower configuration

g - — R, ~ 1/gm
. « Significantly improves stability

I

I

I

I

: = «  NMOS device has higher current drive
| than PMOS
I

d

BGR Ry

« Smaller input capacitance since smaller
device is needed for given current drive

I — Improved transient response

F———————— - Disadvantages

® \out
« Without charge pump (CP), gate must be
driven to overcome V,

but increases die size and noise

| |
|
|
R1
: — 7. § I § RL — Dropout is dependent on V,
I : + * Vpo = Vi + Vpgar
: BGR Ro § |  Including CP negates dependence of V,
|
|

i}
—
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NMOS (Enhancement Mode) LDO Implementation 3’

Vin
OTA Buffer
BGR + ‘
_ J L ‘ J J } 1/gm(NmOS)
Roi1< Co1 Ci2 Ro2< Co2 Cnmos vout
R> =
80
3 7 .
: 60 Pl: Cparl*R01
(o] _
° e 20 dB/dec
‘o 40
U
o
O 20 -
o
-
2 O i
O P,= Cpar2*R02

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8

Frequency (Hz)
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MESFET LDO

Error Folded Cascode \iin Buffer Stage
Amplifier Vin T F -:
Ay |
VRep O—

> N-MESFET!
L

VOUT

Vout |

> I

| —":SFB R1 g |
L =]
MESFE T Regulator

Source Follower Configuration r—————-——' L -————— = ————
Advantages

e Combines attributes of NMOS and PMOS LDOs

« Depletion mode operation allows pass transistor to be orientated in source
follower configuration without a charge pump

» Closed loop frequency response is similar to NMOS LDO

Disadvantages
* Depletion mode means MESFET will conduct under most bias conditions
 Gate leakage of MESFET
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MESFET LDO (Cont)

Vin 1
_——— - p1 "~

|Eror_Am_pI|;r I I— Buffer 271(Coy +Cc +C1)Ry,

Vref

7

1/gm(MES) 1

fo, =
c CMES Vout P2
OZII I .y - 27(Co, + Chies R0,

« Can be treated as single pole system if:
« P1is appropriately placed
« OQutput capacitance is not large

Gain (dB)
N b
o O

o
SR

-20 | AN 27°C
40 - AN Vout = 1.5V
’ \\ Vin =2V

Phase (°)
S

-100 |
-120 :1 PP T T P P Ty
10 10 10 10 10 10 10
Frequency (Hz)
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IBM MESFET Linear Regulator

Design includes a high current drive MESFET integrated with a CMOS error
amplifier

MESFET width of 152.2 mm with gate length of 200nm and LaD=LaS=200nm
Die size of ~ 0.5mm x 1mm

Regulator area is 0.245 mm? without the bond pads

CAD Layout Die Photograph

3 .- --'.~. .. =
.- - - - - - -
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MESFET Linear Regulator

Summary of Measurements

 High current drive > 3A

* Low on resistance, R, < 10 mQ-mm?

* Low dropout voltage Vp,< 170mV for a 1A load
* Low quiescent current, I < 75 pA

oooooooooooooooooooo

Pass Device

—vout!

SR, | External feedback
l resistors R1 and R2
I chosen to give

V,, =1.5V
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MESFET Linear Regulator (cont.)

Line Requlation

LDO Vin-Vout at 1.8V output voltage

1.85 1.25 | S
< 18 1.2 1
o 1.75 <115
(@) ()]
© o
= 17 S 1.1
> ©
= 1.65 2 1.05
2 2
1.55 | | 0.95
15 i | | | i 0.9 | | | | | |
15 16 17 18 19 2 21 08 1 12 14 16 18 2 22

Vin (V)

LDO Vin-Vout at 1.2V output voltage

Vin (V)

W. Lepkowski, et al., "An integrated MESFET voltage follower LDO for high power and PSR RF
and analog applications," Custom Integrated Circuits Conference (CICC), 2012 IEEE , vol., no.,

pp.1-4, 9-12 Sept. 2012
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MESFET Linear Regulator (cont.)

Quiescent current

=
o
o

Vin =2V

Vin = 1.8V

N
(62}

Ground Current (nA)
S o

- 27°C
- Vout = 1.5V
|

1 1 1 1 ‘ 1 ‘ 1 ‘ 1
0 200 400 600 800 1000
Load Current (mA)

o

W. Lepkowski, et al., "An integrated MESFET voltage follower LDO for high power and PSR RF
and analog applications," Custom Integrated Circuits Conference (CICC), 2012 IEEE , vol., no.,
pp.1-4, 9-12 Sept. 2012
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MESFET LDO: Transient Line Regulation

t =t =100 27°C
=L = ns lout = 75mA
18 T | AN
> i —
(- -}
Q ©
@) c
& <
S16 s
= I o
oD r (@)
§15 [+ 1.4 ®
@) : TS
140 012
0 5 10 15 20

Time (us)

* Vout settles in ~2us w/ single overshoot and undershoot

» Suggests high level of phase margin

* No output cap other than 12pF parasitic cap from scope probe

W. Lepkowski, et al., "An integrated MESFET voltage follower LDO for high power and PSR RF

pp.1-4, 9-12 Sept. 2012

and analog applications," Custom Integrated Circuits Conference (CICC), 2012 IEEE , vol., no.,
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MESFET LDO: PSR

45

40 [l

35

30

25

PSR (dB)

20

27°C |

15 -lout = 80mMA R N -
Vout = 1.2V

10 i i

10° 10° 10* 10°
Frequency (Hz)

PSR measurement includes integrated BGR
« > 40dB performance at 80mA load.

« Expect PSR to be higher at increased load currents due to higher simulated

Open |00p gal n W. Lepkowski, et al., "An integrated MESFET voltage follower LDO for high power and PSR RF
and analog applications," Custom Integrated Circuits Conference (CICC), 2012 IEEE , vol., no.,
pp.1-4, 9-12 Sept. 2012
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Outline

« SJT Micropower and the SBIR program

Silicon MESFET Overview
High Voltage Capability

Modeling and Measured MESFETS

Power Applications
RF Applications
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PA Integration

Max Output
Power (Watt) 4 1000 10
L o\ Q'g. 'g
Q \\ . 5 =
100 - . \ v <
= \ e <
> \ ,lOl (@)
O \ . =
10 7 c AN Q
[} i Q
L 100 a3, 1Q
g <
| \
1 C \ 9
= N —
? LN <
0.1 5 \ o
~—
! : : - © C
0.1 1 10 100 Fre(qefzr;cy 10 ! 0.1
0.01 0.1 1

CMOS technology is drawing more
attention for handset applications:

But ...It has power limitations

Gate Length (um)
Standard CMOS scaling trend
. (Data collected from different sources)
Low cost solutions
High integration with digital circuits
Single chip transceiver solutions
Easy to redesign after technology scaling

Good modeling of silicon based components

47
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Simple Class A Amplifier Design

* P, Class A= %%, *Vy. = ¥2* 0.2A*10V= 1W, R4 = Vg4 figc = 50Q
 Note that if Vd of the transistor goes down, current must go up and R,,,4 goes down
« ForlWifVy, =1V, iy =2Aand R,,4=0.5Q

Drain Current (mA)

Drain Voltage (V)
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PA Efficiency Reduced by Large Impedance Transformations4®

~ 100
Vo Class-A amplifier 8:; 0
_é 80
=70
= 60
RF+DC,;, e g
R, =50Q = _
I_;OUT T j 2 0 =i
= 30 | & Q=15
% ~5-0Q=20
- il = 20
1 10 100
£ 35 Transformation Ratio (r)
@
« CMOS PAs may need to use = oy
large transformation ratios, g ¥ ey
o /
— ] J
® /
. E ¢ 1 Watt output
c A MES_FET PA with P, > 1W can EE - bower from a
be designed to have Ry, ~ 50 Q > single silicon die
%
g 150 500 1000 1500 2000 2500

LaS=LaD (nm)
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Overcoming Low Voltage Design Constraints

There are several techniques to overcome VBD issue in CMOS
technology:

« Cascode architecture (less than ~2 times improvement)
 Thick oxide transistors (~factor of 2 improvement)
« Parallel amplification ( lowers the PAE)

« High voltage devices such as BICMOS ( cost, not always
available on digital processes)

Proposed SOI-MESFET

« ~2-t0-10 times improvement in VBD
* No additional cost

 Available on any SOI digital process
« High enough cut-off frequency for PA design at fO<5GHz
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MESFET Breakdown Voltage and Cutoff Frequency >!

* There is a tradeoff between Vg, and f;
— Optimum device geometries found to be
L.p=L,s=500nm, L,c=200nm =>> f;=24GHz, V=15V
* Lap=L,s=2000nm, L ,=200nm =>> f;=9GHz, Vg,=28V

LaS=LaD=
LAS=LAD= 1000nm LaS=LaD=

Parameter 500NM 2000nm
Gate oxide No Gate No Gate No Gate

Oxide Oxide Oxide
Ls (hm) 200 200 200
Loy Lspacer (nm) 500 1000 2000
Wiinger (M) 15 15 15
Vgp (V) 15 21 28
fr (GHz) 24 17.5 9
fuax (GHz) 35 25 20
V1 (V) -0.5 -0.5 -0.5
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MESFET 433MHz PA Demonstration

Simplified Circuit and Board Design

DC
Drain
Packaged RF Bias
DC Gate MESFET Choke DC Block
Bias OUT
e D — H |—|:|—o
IN Microstrip
o—____I I
Bias Tee Microstrip
—
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MESFET 433MHz PA Demonstration — Cont. o9

60
- .50
(a )]
)
j= 40 M
[ —=h
O %.
/E< .30 g
0 =
= 20 X
5
o
a 110
O10 . . : 8 Black = Measured
- - . S 10 Red = Simulation
Pin (dBm)
« Gain of 16.8dB » Peak PAE 46% at Pout of 15.9dBm
 Peak Pout of 17dBm with PAE

of 42.5%
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MESFET 900MHz PA Demonstration

Microstrip (Width/Length)
Z1=(0.11", 1.50")
Z2 =(0.11", 0.20")
Z3 =(0.11", 0.42")
Z4 = (0.05", 1.68")
Z5=(0.11",1.00")

100 pF

DC
O Drain
Bias
Lambda/ 4
Bias Line 24 1uF __10 uF
Packaged - —
MESFET - 6.8pF RF
—l——||—o°‘”
I 3.9 pF ——
(R | _|
- | Match

S. J. Wilk, W. Lepkowski and T. J. Thornton, “32 dBm Power Amplifier on 45 nm SOl CMQOS,” IEEE Microwave

and Wireless Components Letters, Accepted for publication Jan 2013.
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MESFET 900MHz PA Demonstration — 1.5W  °°
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Pin (dBm) Drain Voltage (V)
e Gain of 11.1dB » Peak PAE 37.6%

« Peak Pout of 32dBm * OIP3 0t 39.30Bm

S. J. Wilk, W. Lepkowski and T. J. Thornton, “32 dBm Power Amplifier on 45 nm SOl CMQOS,” IEEE Microwave
and Wireless Components Letters, Accepted for publication Jan 2013.
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Ongoing Research and Development Efforts

Higher Frequency PA Measurements — Working on >2GHz
and 1W PA designs along with Polar Modulation

Development of integrated low dropout linear regulators for
defense applications (supported by NASA and DARPA Phase
2 SBIR projects)

Continued development of MESFETs on 45nm and 32nm
process nodes

Continued statistical analysis of MESFET devices and model
development.
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QUESTIONS?

Contact Information:

Seth Wilk
Phone: 602-703-3730
swilk@sjtmicropower.com
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