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Sl 1. Introduction i

« Portable and mobile, battery-operated devices.

 Power consumption in digital blocks is highly dependent on
the supply voltage (P © V2. This forces to decrease the

supply voltage in mixed-signals ASIC's.

?Jf Conventional CMOS Scaling =
: g g =
« Downscaling of [§es] i T 700 =
technology forces Vg, %ﬂ-g | 2 i *:ﬁg
to decrease but V. does [ £23 = (g
not scale in the same |&'S, ., - o ¢
Way_ gﬂ-g -_ — . : -r;ﬂ{i é
P2 & = & & £ 3
. :mhnDEgy De:s:lgn Rule r &

3 Power supply scaling and performance limits

Vpp < Vg + [V

 |n the near future
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 Even very simple circuits do not work under this condition
VDD < VTn + |VTp|

MJIIJ'lIWJW

« New design techniques and new circuit structures are
required for low voltage, low power design

Antonio Torralba, Texas A&M, College Station, June 2004 4



GIlE 2 TheBasic FVF

a) Conventional

ﬁ b) FI

I
N,

" pped-Voltage
] 2
Voltage Follower /o }_o v, Follower (FVF)
Vo v, o—| My
V; O—{ M-j‘
Ip
Sourcing | Sinking | A, out
a) Conventional l, HIGH | <1 gm;
b) FVF HIGH l, =1|gm,gm,ro;

[Ramirez-Angulo’92] J.Ramirez-Angulo, R.G.Carvga, A.Torraba J.Gaén, A.P.VegalLeal, and JTombs. “The
Flipped Voltage Follower: a useful cell for low-voltage low power circuit design,” Proc. ISCAS 02, val. 3, pp.

615-618, 2002.
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GlE 2. The Basic FVF L}

Open Loop Analysis Dc gain
ﬁ Aol =V I Vz=-gm;, Ry y
Roy =T [l gm,ro, ro,
M2 Rox~ (I+r,/ro)/gm, || ro,
+ X
v, s -
Dominant Pole
v < | " AtY: wo, =1/CyRgy
5 D Compepeat |
+ ® C””fefit': Non-Dominant Pole
=1 Cc . _
Vi b = b v At X: W, = 1/Cy Ry«
[
g M Gain-Bandwidth Product
” . GB =gm,/C,
C, parasitics at node X (incl. LOAD)

C, parasitics at node Y (incl. Cc if any)
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Stability Analysis

-

2. TheBasic FVF n

C, parasitics at node X (incl. LOAD)
C, parasitics at node Y (incl. Cc if any)

Antonio Torralba, TexasA&M, College Station, June 2004

Stability Criterion: w, >2 GB

 For I, asimple current mirror (r,
" ro,)

Cy . 9m
C, 4gm,

« For I, a cascode current mirror
(r,” gm,ro,ro,)

Cy . 1

C, gmro,

usually requires compensation
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2. TheBascFVF ~m

ot

:
fop

0
©

'E

V

Closed Loop Output Resistance

* &+ b 2o,
R, = Rx , 9Mé& TrGg
7 1+[A, [ gmy(r, llgmroyro,)

For I, asimple current mirror (rb ~ rol)

2
®
Roux gmgm,ro,

For I, a cascode current mirror (r, ~ gm,
ro, ro,) 1

®
Reix gmgmro,

A-. ~ 1 and R xIs only a few Ohms (20 — 100) in all cases

Antonio Torralba, TexasA&M, College Station, June 2004 8
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Low-woltage wersion

2

M
®
e

M

=l

®
Iy

High-voltage version

DC considerations

VppMIN = V MN + Vv csat™ 0.8 V for
0.6um CMOS technology. It is a low-
voltage cell.

But, for large V,,, biasing M, in
saturation is difficult for low v;. A
high-voltage version includes a
voltage shifter in the feedback loop
[Chung-Chih’95]

[Chung-Chin'95] H.Chung-Chih, H.Changku, M. Ismail, “CMOS low-voltage rail-to-rail V-I
converter,” Proc. 38th MWSCAS, vol.2, pp. 1337-1340, 1995.

Antonio Torralba, TexasA&M, College Station, June 2004 9




2. TheBasic FVF

Nt
B}
L

1=

M, in
saturation

V

Relation

3-terminal cell (strong inv.)

VX :VZ + f(Ib’iY)

Wy =gl iy V) f('b’iv):’VTp‘-l-\/kf%\IX//l_l))

i, =0
For M, in saturation

01 v Vz) =Voo M\\/ bWI/YL)IX)

For M, in ohmic

Iy -1
lp- Iy - Iy %
g(lb Ix | V Voo ’\/Tp‘ B

2 ko(W/L),,

1
Vy

The most interesting case is foriy, =0
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3.FVF Structures

Current sensor (FVF-CS)

qut

' Mg saturation

Antonio Torralba, TexasA&M, College Station, June 2004

| M, saturation

B |uut - Iin + |b

-5 : 5
b lin (UA)
I
M, ohmic
e
=3
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3.FVF Structures

Non-Symmetrical Class-AB
Differential Pair (FVF-NDP)

(me

/
| _—1
_@_ i Ty 0
v~V (mV)

Antonio Torralba, TexasA&M, College Station, June 2004
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Symmetrical Class-AB Pseudo
Differential Pair (FVF-PDP)

Vi, SM=(vyt+v,)=V,

12,5 -
|
10.0 \\ D3 ¥
‘/
7.5 \ /
| \ /
N )%
2.5 N W,
lb—> N\ pd
D __'_‘__'_,__..4-""" ——
400300 0 200
RY
V3- 4 (mY)
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C?[E 3.FVF Structures

Symmetrical Class-AB Differential
Pair (FVF-SDP)

\

| (UA)

"""" 2 S Eve
ﬁ | | 10.0\\

4{ MS: @ IM% e \
+ -

|
|
|
I
|
|
et T s A\
|
|
|
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|

|
4 |
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b : : b lp — \ /
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V1 - V3 (mV)
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GlE  3.FVF Structures. Summary

Current sensor (FVF-CS)

Non-Symmetrical
Class-AB
Differential Pair
(FVF-NDP)

=

' b

IDME IDM4

Symmetrical Class-AB Pseudo Symmetrical Class-AB
Differential Pair (FVF-PDP) Differential Pair (FVF-SDP)
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GlE  3.FVF Structures. Summary

1%

Current sensor (FVF-CS)

ZAN |
1-Symmetrical
“In | M ' \ [ Class-AB
2 I ® | Ms)ifferential Pair
(FVF-NDP)
- @
Iin Vb
M, v
\@.-{ ‘ IOLIt *_.\q
I h
Symmet _ _ _ AB
Differential Pair (FVF-PDP) Differential Pair (FVF-SDP)
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¢ 4FVF-CSApplications =

Current sensor (FVF-CS)
Low voltage current mirrors

[Rijns’ 93] J.J.F. Rijns, “54 MHz switched-
capacitor video channel equalizer” Electr.Lett.,
vol. 29, no. 25, pp. 2181-2182, Dec. 1993

{l

[Ramirez-Angulo’04] J. Ramirez-Angulo, R.G.Carvaa,
A.Torraba, “Low-supply voltage high-performance CMOS
 VinMIN = Vpggar current mirror with low input and output voltage requirements,”
* Very low input resistance |EEE TCAS-II, vol .51, no. 3, pp. 124-129, March 2004.

(a few Ohms)

Antonio Torralba, TexasA&M, College Station, June 2004
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Gl 4FVF-CSApplications =
nny
Current sensor (FVF-CS) -
Low voltage current mirrors . "m'ﬂlr,w
JES

[Torralba 02] A. Torradba, R.G.Carvgal, JRamirez-Angulo,
“Output stage for low supply voltage CMOS current mirrors”
Electr.Lett., vol. 38, no. 24, pp. 1528-1529, Nov. 2002

Technology 0,35um CMOS AMS
Minimum supply voltage 1V

Load resistor 10 KOhm
Bandwidth 120 MHz
Input impedance A few Ohms
Output impedance ~ 1 GOhm
Input referred noise 1.5 pANHz
(@10MHz)

Settling time (1%, 4 pA step) 20ns

THD (10 pA pp, @10KHz) -66dB

Antonio Torralba, TexasA&M, College Station, June 2004
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GIE  4.FVF-CS Applications i

Current sensor (FVF-CS) LINEAR V- CONVERTER
Other applications

oo TEST CURRENT SENSOR

[Karthikeyan' 01] S. Karthikeyan, A. Tamminneedi, E.K.F.Lee,
— L “Design of low-voltage front-end interfaces for switched-opamp
circuits,” IEEE TCASI, vol.48, no. 7, pp. 722-726, July 2001.

[Docudray'03] G.O.Ducodray, R.G.Carvajal MZ} i I["wm, |[Rout’00] S Rou,
JRamirez-Angulo, “A high-speed dynamic : EK.F.Lee "Desgnof 1V
current sensor scheme for |, test using a FVF” T - switched-current  cdlls in
Proc. SSVISD, pp. 50-53, 2003 oMy out | Standard CMOS process
F = HiGH] 'ui L | Proc. ISCAS, vol.2, pp.
N O T R b 421_424’ 2000
Mgy |—=F Zt{ Mg
e LSI Circuits

Antonio Torralba, Texas A&M, College Station, June 2004 19



GlE  3.FVF Structures. Summary

Current sensor (FVF-CS) ,

-

I
N,

Iin
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Symmet
Diffel
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V3»—H:IVI3 M, ’—0 1
lDm3
\ B

1 Non-Symmetrical

! Class-AB

Differential Pair
(FVF-NDP)

rical Class-AB

ial Pair (FVF-SDP)
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GlE 4FVF-NDP Applications =

Non-Symmetrical Class-AB CLASS-AB OUTPUT BUFFER
Differential Pair (FVF-NDP)
NON-LINEAR CLASS_AB : A‘{[LPZP

TRANSCONDUCTOR

)

\j—‘ Man
[Peluso’ 00] V.Peluso, P. Vancorenland, g

A.M.Marques, M.SJ.Steyaert, W.Sansen, "A 900V 1cqvgal’02] R.G.Carvajad, A. Torralba, JRamirez-Angulo,
Iow-pg)wer DS A/D converter with 77dB dynamic  j1omps F. Mufioz, “Compact low-power high Sew-rate
range,” |EEE J.Solid-Sate Circuits, vol. 35,n0. 4, pp. c\os huffer for large capacitive loads” Electron. Lett.,
632-636, April 2000. vol.38, no. 32, pp. 1348-1349, Oct. 2002.

Antonio Torralba, Texas A&M, College Station, June 2004 21
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GIE 4. FVF-NPD Applications =

2V supply, 10pF capacitor load,

| CLASS-AB OUTPUT BUFFER | 250 KHz input Signal

1op = VI|'"/netis"

&
(5]

)

u
=

.+ T{emem-)

rent (A)
g

[
3

cu
E

Output transistor Output voltage

1 ]
206u 10u

1y L L
Zau 10

time (s)
[Carrillo04] JM.Carilo R.G.Carvgal, A. Torraba, JDuque
Carrillo, “Rail-to-rail, low-power high slew-rate CMOS analog

buffer,” Electron. Lett., vol.40, no. 14, July 2004.

More than 100uA max. output current with 30uA total quiescent current !
Antonio Torralba, TexasA&M, College Station, June 2004 22
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| Biasing STAGE |

CLASS-AB OUTPUT STAGE

&b'H'T.ﬁlR & 6

° /|r Ie

:EL_H {'2 z [
10|

201 oo
Wy [+ =\
My ¥ +
0
|

@H

2-STAGE AMPLIFIER

out

Vout

Output Stage _

&;ure 13a)

a)

[Torralba 00] A. Torraba, R.G.Carvga, J. Martinez-Heredia, J Ramirez-Angulo, “Class-AB output stage for low
voltage CMOS op-amps with accurate quiescent current control,” Electron. Lett., vol.36, no. 21, pp. 1753-1754, Oct.
2000.

Antonio Torralba, TexasA&M, College Station, June 2004 23



L 4FVFApplications =

CLASS-AB OUTPUT STAGE in a 2-STAGE OP-AMP DC Gain 4B 65
P ey e : Phase Margin deg (°) 75°
| Unity Gain frequency MHz 15
. Quiescent output current (HA) 76
/ Gk e Minimum current through output (HA) 38
B 4 transistors
__ Supply current (HA) 218
..'..'."'.'“2"-_-11_|.'1!3'.’£_i B E!..{_‘.E!.'J!'. i :W_: PSRR dB 38
Unitary féedback
; ry CMRR dB 45
s : _ Wstap —t— THD (1kHz) dB 65
' Input referred noise (100kHz) nvV2/Hz 21
o AN e ———— | ieam Slew Rate * (@ 0.3 V peak) V/us 10
' = '_ i Peak output current * MA 500
/ . _ e (@ 0.3 V peak)
o :I.w: 1:““‘ i ':._lrrrfﬁ'\uw wy --.. : ."I"I-*?‘JI':“.:D.;N Fuany :i_?:vlém] VDD:1.5 V, CL::l.OpF, 0.8 l,lm CMOS (Vt - 0.85 V)
Non-inverting Gain= 5 with 2 internal Op-amp comp. C.=10pF, R.=500W
resistors

Antonio Torralba, Texas A&M, College Station, June 2004 24
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GlE  3.FVF Structures. Summary =
L
curr A
0 nmetrical
I nss-AB
ntial Pair
o© F-NDP)
J
‘«“30— l l
v) e
7! 7!
0 & 0
§ Symmetrical Class-AB Pseudo Differential Pair (FVF-PDP)
DITTerentrar Pair (FVF-PDP) DITETEIar T ol (T VI -OUT )
Antonio Torralba, Texas A&M, College Station, June 2004 25
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Symmetrical Class-AB Pesudo-Differential Pair (FVF-PDP)

CLASS-AB LINEAR MULTIPLIERS

lout™log * loe "oy "lpg (UA)

fua)

Il:ﬂ"l:ﬂ-

Ioe* oy o' oe

II:I1 + II:G- II:G_IDH-

v |p1+lp3 lp2 *1pa § L e
W= e

b)
[Ramirez-Angulo’00] J.Ramirez-Angulo, R.G.Carvga, JM.Martinez-Heredia, “1.4V supply, wide swing, high

frequency CMOS analogue multiplier with high current efficiency,” Proc. ISCAS, val. 5, pp. 533-536, 2000
[Ramirez-Angulo’ 03] J.Ramirez-Angulo, S.Thoutam, A.Lépez-Martin, R.G.Carvgal, “Low voltage CMOS anadogue
four quadrant multiplier based on Flipped-V oltage-Followers,” Electron. Lett., vol.39, no. 25, Dec. 2003.

Antonio Torralba, TexasA&M, College Station, June 2004 26
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NON-LINEAR CLASS AB TRANSCONDUCTORS |

10
1

|_‘ Vecasn
10

1

1

-
ha

NS

VCMc-—I

o [Carvgd’02] R.G.Carvga, J.Galan, JRamirez-Angulo, A. Torralba, “Low-power, low voltage differential class-AB
OTAsfor SCcircuits,” Electron. Lett., vol.38, no. 22, pp. 1304-1305, Oct. 2002.

o [Gdan'02] J.Galéan, A.P. Vegaled, F. Mufoz, R.G.Carvgja, A.Torraba, J Tombs, J. Ramirez-Angulo, “A 1.1V very
low-power SD modulator for 14-b 16 KHz A/D conversion using anove class AB transconductance amplifier,” Proc.
|SCAS val. 2, pp. 616-619, 2002.

Antonio Torralba, TexasA&M, College Station, June 2004 27



Gl 4 FVF-PDP Applications ®

1.1V, SC Integrator. 1pF capacitor load, 2MHz switching frequency

Output transistor
Current (A)

Differential Voltage
(V)

2 @Au

2.9

es |

|
N
S|
(=]

ol IT(/4MI13/D7)

¢ (VT("/net149') — VI{"'/net148'))

time (s)

10 V/usec SR with only 11 uA total quiescent current !

(0.35 um CMOS)
Antonio Torralba, TexasA&M, College Station, June 2004 28



Gl 4.FVF-PDP Applications

Nt
B}
g

Vb)) T e .
e | e S
I
\‘I\ \: T \ICZ__ \‘I\
i
Vin+ + + - + | + + - + Vot
gml gm2 gm3 gm4
Vin-e—— - - + - _ - + - Vo
c1 cz2—
I . I t
\ CMFB1 | cmFB2
+ +
gm5
/‘——/——(Va-vb)Q
Ref @ dBm Atten 1@ dB Ref —%.6 dBm Htten 5 dB
Peak N Feak *
Laog Log |
1o 1 0.7 MHz
dBs 3.9 to 39 MHz dBs .
< > /f\ AYa
YRRV I /f \ / \ V1 NPT
V3 FC U3 FC
AR /f \ AR
e
f'fw .\,/:3:?) e O s e Y
Center 28 MHz Span 48 MH=z Center 780 kH=z= Span 1 MH=
#Res BH 1 kH= YEH 1 kH= Sweep 2 s #Res BH 1 kHz VBH 1 kH= Sweesp 2 S

Antonio Torralba, TexasA&M, College Station, June 2004
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4.FVFPDP App||C6l’[IOﬂS 8]
JE' g -
Mkrl 18,765 MHz .
F%k@ dBm Atten 19 dB HdE 49.88 kH: g m _C FI |ter
e
Power supply 2V
’R Technology 0.8 pm CMOS
U2 . ™ i
v ng-ﬂv‘*‘” R = Chip area 1.44 mm?
Frequency tuning range 300 kHz- 32 MHz
Center 18.7 MHz Span 2 MHz Q range (@10.7MH2) 4-501
#Res BH 1 kHz YBH 1 kHz Sweep 2 5 L . .
V, ¢ Variation in the entire 14 mv
tuning range
Fea—Sat e e S I E§7| B = Power consumption range 1.18- 1.8 mW
T T % S == THD (@10.7MHz) - 40dB@200 MV,
45 dB SNR 45 dB
o oo IM3 (@10.7MHz) 46 dB
A e | 1IP3 8 dBm
l Lol W)’JM | I ~vz | PSRR (@ 10.7 MHz) 39dB
(AR Fl PR i,j T AT A W1**" | CMRR (@ 10.7 MHz) 42 dB
-0 u! ! ' ‘ ' | ' l‘ '
Antonio Torralba, TexasA&M, College Station, June 2004 30
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Srmi G2

(Merirgloms

(Ummjﬁm +

Amplitude (mVpp)

gm-C VCO

850

w

a1

o
1

250 A

150
250

260 270 280 290 300 310
Vtuning (Gm3) (mV)

o [GAlan'03] J.Galan, R.G.Carvgjal, F. Mufoz, A.Torralba, J. Ramirez-Angulo, “A low-power low-
voltage OTA-C sinusoidal oscillator with more than two decades of linear tuning range” Proc. ISCAS,
vol. 1, pp. 677-680, 2003.
o [Galan'04] J. Gdan, R. G. Carvgd, A. Torralba, F. Mufioz, and J. Ramirez-Angulo, A low-power, [ow-
voltage OTA-C simusoidal oscillator with a large tuning range. IEEE Trans. On CASI. (to appear)

Antonio Torralba, TexasA&M, College Station, June 2004 31



b 4.FVF Applications

Nt
B}
g

Symmetrical Class-AB Pseudo-Differential Pair (FVF-PDP)

gm-C VCO

Antonio Torralba, TexasA&M, College Station, June 2004

Power supply 2V
Chip area 0.63 mm2
Technology 0.8 Mm
Mirl 2.18 MHz
Ref ~10 dBm #fitten @ dB -41.3 dBm
Peak Viuning €ONtrol 25 mV-500 mV
Log
10 .
dB/
Frequency tuning range 1 MHz- 25 MHz
Wf 4 \
RAae e o e— IR W T Y e Py Power consumption range 1.05- 1.58 mw
Center § MHz Span 18 MHz
#Res BH 10 kH VBH 10 kH Sweep 200
T : - R THD (2 / 25 MHz) @200 mV, 1.12% / 0.66%
Harmanic Distortion Results (idle) pp
Total Harmonic P ot AL
Distortion 5 e.iRe mhz C8iics 388
> § Tatei mhz 5.2z 48 Phase Noise at 10kHz offset -67 dBc/Hz
112/» E 12.97 MH=z -56.58 dBc
Through Harmonic #18 I i WAz CEE:id gs
9 13.46 MH=z -55.59 dBc
18 21.E2 MH=z -56.94 dEc

32
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Curren '=‘-Z A

I
4‘ M M2 }7 1-Symmetrical
H_m 5 Class-AB
Differential Pair
(FVF-NDP)
AT
Y
|DM3 |DM4
b | b
‘véo—Hi ‘-«’1

Symmetrical Class-AB Differential Pair (FVF-SDP)

-

I NS %7 LA I | V4 VA
Symmetrical Class-AB Pseudo Symmetrical Class-AB
Differential Pair (FVF-PDP) Differential Pair (FVF-SDP)

Antonio Torralba, TexasA&M, College Station, June 2004 33
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L

Symmetrical Class-AB Differential Pair (FVF-SDP)
0.5 UCMOS, Vo, = 2V, C, = 80pF

I_SUPER CLASS_AB TRANSCONDUCTORS | i 2l abA TR IS il

-
LA
; A |
= ___.-""-. | .'I:'.'-l. '_J-F'J ] .-r.-""-..
f ;-,.{M K -
Y | “J H"MJ
- !
| ™ e mt—| [

Quiescent power consumption = 120 uwW
SR =78 Vlus, 1% settling time =110 ns
THD (@100 kHz) = 0.15 %

[Baswa 04] S. Baswa, A. Lopez-Martin, R.G.Carvajal, JRamirez-Angulo, “Low voltage micro-power super class-
AB CMOS OTA,” Electron. Lett., vol.40, no. 4, Feb. 2004.

Antonio Torralba, Texas A&M, College Station, June 2004 34



Gl 4.Other Applications i

Translinear loops, Geometric Mean, Square-Root Domain Filters, etc.

‘[13,13
T L | IL, LYL. - zz= J_ Ie,
’—| - |* &t —> %I'" y
IM<_ E=— g x = ]
L] | y 7 s=\w z J_
J
— 1] 1
(a)
A T Y
Im—? 5|_L.!:‘1 :-.'I \ _|'I I.I s I,' ,

— o

II I| .' I 1 .lll ..-
' \ ', o \
P, L, YR ¥ JRE V.
Im=2 5;&%‘\\\? 3 P

{a) b In=oHb -
x oy Y i e
g ;,-‘;E::ff: - - " e b ™ :
:_ f’f{ ;::;H*“’ 1 ) (c)
<6 ~ fﬂf” - * A.J. Lépez-Martin and A. Carlosena, “Current-mode multiplier/divider circuits
g8 // fﬂ“ﬂﬁ:ﬁ - based on the MOS trandinear principle’, Analog Integrated Circuits and Sgnal
W el ' Processing, vol. 28, no. 3, pp. 265-278, 2001.
2-;’: . * AJ. Ldpez-Martin and A. Carlosena, “Systematic design of companding
/ ' systems by component substitution”, Analog Integrated Circuits and Sgnal
2 & ax 19 s Processing, vol. 28, no. 1, pp. 91-106, 2001.

e A.J. Lopez-Martinand A. Carlosena, “A 3.3V CMOS RMS-DC converter based
on the MOS Trandinear principle’, VLS Design, 2002

Antonio Torralba, Texas A&M, College Station, June 2004 35
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Conclusions n

A new cell, called Flipped Voltage Follower
(FVF) has been identified.

For low-voltage, low power, class AB
operation.

Different applications have been reviewed
(current mirror, voltage buffer, mixer, OTA,
transconductance multiplier and op-amp output
stage, filters, VCO, SD modulators...).

Simulation and experimental results have been
presented that show the potential of the so-
called FVF structure.

Antonio Torralba, TexasA&M, College Station, June 2004
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The End

Antonio Torralba, TexasA&M, College Station, June 2004
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E 4. FVF-NPD Applications =

CLASS-AB OUTPUT BUFFER

_g

Voo |

r::f.f?“
ﬁ Mmen 1 f—

M1KA

A

MR

-

{B"F

I-'_;ﬂ:

?m..............
l.'l:l'-'I |

:I|.'I

o

[Carrillo04] JM.Carrilo R.G.Carvgal,, A. Torraba, JDuque
low-power high slew-rate CMOS analog
buffer,” Electron. Lett., vol.40, no. 14, July 2004.

Antonio Torralba, TexasA&M, College Station, June 2004

Carrillo,

“Rail-to-rail,

1.50 50
B =
B =}
= =
E | TTTtTeeeao . =
T e (=1
8 i =
5 x
> s

1.50 =50

=150 1.50

Vi 1300 miidie )

Fig. 3 DC transfer characteristic of analogue buffer in Fig. 2

output voltage  ——eeeee- offzet voltage

5 o WM+ VIOUT)

w1078
[}

Fig. 4 Large-signal transient response of buffer in Fig 2 for 2.4 Vo,
I MHz sguare inpad signal with 10 pF foad

a Input and output voltages b Currents through output transistors
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