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# # 4370309921 : MAJOR ELECTRICAL ENGINEERING
KEY WORD : ANALOG-TO-DIGITAL CONVERTER / OVERSAMPLING /
DELTA-SIGMA MODULATOR / MODIFIED CASCODE COMPENSATION /
POWER OPTIMAZATION

THAWEESAK THANTIPWAN : A DESIGN OF A HIGH-SPEED HIGH-
RESOLUTION DELTA-SIGMA ANALOG-TO-DIGITAL CONVERTER USING CASCADE
STRUCTURE 2-1-1. THESIS ADVISOR : ASST. PROF. NAIYAVUDHI WONGKOMET,
Ph.d.,126 pp. ISBN 974-17-1957-4.

This thesis presents a design of a 3.3-V 16-bit, 1-Ms/S delta-sigma analog-to-
digital converter in a 0.5-pum CMOS technology. The delta-sigma converter uses a 2-1-1
cascade structure with 1-bit quantizers in the first two stages and a 3-bit quantizer in the
last stage and running at an oversampling ratio of 32. Specifications of each building
block were determined by behavioral simulation and their power consumption was
optimized by proper allocation of noise in each integrator. The modulator consists
mainly of opamps, dynamic comparators, a static comparator, a voltage reference
generator, bias circuits, a non-overlapping clock generator and charge-pump circuits.
The opamps in the integrators are 2-stage opamps employing a modified cascode
compensation to the improve bandwidth without increasing the power consumption.
The 1-bit quantizers are dynamic comparators while the 3-bit quantizer is a static
comparator. The total die'area including pads is 12.1 sg.mm. The prototype modulator
achieves a maximum SNR of 75 dB for a 100kHz sinusoidal wave input while operating
at 32 MHz. When the operating frequency is reduced to 2 MHz, the SNR improves to
85 dB while the dynamic range is 93 dB which is.equivalent to 15-bit for a 5.5kHz

sinusoidal input. The total power dissipation is 188 mW.
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2.4.1 AANIRILAT LN
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SHNDR at -2.5dB input and S90dB opamp gain

Selected
JParameter: |

Normalized slewrate

—

e

10 11 12 13 14 12

5 9 16
the number of single-pole time constants
3
I o =

519 3.15 dnsdoudnyannisadelnnsLnauiazAlNHLNe Yy (SNDR) 289538 17ANIA

FausnilefaduninaadnssasuIuAIAsnaILazAI R ag et ladsing

=i Y o 9 v v a a
FI519N 3.6 IANINUAAIUNITEINNTANFAALUNLNTE

Modulator | Integrator | Dc gain (dB) | Bandwidth (Mhz) | Slew rate (V/us)
1 > 90 153 470
1 2 >90 153 430
2 3 >80 118 520
3 4 > 60 60 240
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v |

gm5.V2 l Cl
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Z,,=t+/gmgm,/C,C, (4.3)
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Tugild 4.4(1) wudneatuenildl Iwar193anA N0 AN B wilalna uaziAauige P, wils
Tna InaAdsdaufinannge B, a03lna wazgueda1ass Z, nilsguduudadiasaunu

a dl o dl A
AUANIN ANNNDERTIVENENTUNIN @, HAWTIY
a)u = gml/CC (44)
Tnarnidsdauinnudgeaedina B, \usinaesannis

52 [(Cous+ CNCe +C)C H(Cot C)CoCos +(Cos + G )CCL
£ 52,5 () + C +C ot 8nCosC + 2, Cors(Co )| (4.5)
+S[gm3gm5 (ngs +Ce )] =0

Tnaa3anAuDgaat

P =-g.,/C (4.6)
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Z,=-8,3/Cc (4.7)
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THE LBT-0AIN FREGUENCY VERSLUS FHASE MARGH BETWEEN CASCODE AND MODIFED SOMPESATION

MODIFIED COMPENSATION

/

PHASE MM GN (DEGREE

CASCODE COMPENSATION
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26
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22 7
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16 1
14
1.2 1
:wUUm al \
© 0w
2 g Falling Slew
I 400m
g 2unna :
G Total Slew
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260n 2B5n 270n 275n 280n 285 290n 295n
Time

258N 300n
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P2.closod loop
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0.6 \"“\SH B
Set A
0.4 :
0.2k SetC.  SetB.  SetA
W
i & \ H l j'lJ P1,open loop
a 0—S ?
g P1,clozed loap
E ol [at Feedback tactor (B) 0.5
Sot A : iy = 180 MHz
D4Hwarwwi =m0 R ) S“A S| E——
r SetC: ‘gu=390MH 'y /5atu
0.6 .
: : - /ﬁ Set C
-0.8 P:l.?p'en loop x.‘ i 4 H‘—lﬂ k
: ! P3,closed loop
-1 1 —k. P —— —
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a1 o

d’ ' o o o J = o
nilsssiulnanstleunaunAifalsznauilaunduaineanu

Set/,, I;,C,, C, following
the optimized value
(see section 3.4)

Increase

1, g

v
o

1) Set V= 0.15 Volt
ds,sat2 = 0.5 Volt
ds,sat4 = 0.5 Volt

to maximize real frequency
of complex poles

v

2) Select ® , that maximize
integrator bandwidth
through sizing M1

Bandwidth pass
specification ?

Slew rate pass
specification ?

At unity feedback,
is opamp stable ?
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19 9TALINAUINNATINLLLATAT (Switching common-mode detector) N9 TALIIALAN
aanivaasdnsaesastluani] udrdeliifraumsuiuusasulnnndiuniinualinesasgua
5in4 (Differential pair) nzuanilasulillurasguasingazlila¥susediunduina Boctr 1ie

inldAaupumauiamasuainszia Mo nelusnsatuentiudnsiall

vdd Vdd
Bpctrl

Out+ Out-

fin-
o TEEEE T o

Internal Branches of
Main Opamp

Switching common-mode
detector

Gnd

common-mode feedback
amplifier

51l 4.11 9astlaunaumuns

FNEATN192ANLLLANNTUADUAINATY AIANTILTALnasuaaluaniTuan
uazlungastlaunduluuasonLanalum197999 4.2 LAY 4.3 ANNAIFU NANITANADIUA
aatluanilvasfaduniinsaurardunauasillanmnem 4.4 uazinanouaussdongiazen
- Y ' A 4 . .
Aananaluniadinnuanslifegilil 4.12 713199 4.5 LanIiaN1931809L TN ATy YT

NNUAR9A281ANTA IR azduRa LAY E19BINN a5 2 Ll A 9999 UL

AN519N 4.2 IUIANIIUTALADTLAZNIZWA Iaailuanilvan

- . %umuﬁl
NTNUDALART
1 2 3 4
MO 688/ 0.7 110/0.7 25/0.7 20/0.7
M1a, M1b 1400/0.7 140/0.7 50/0.7 22.10.7
M2a, M2b 352 /0.7 557/0.7 125/0.7 | 12/0.7
M3a, M3b 768 /0.7 120/ 0.6 28/0.6 26/0.6
M4a, M4b 160 /1 25/1 6/1 5/1
Mba, M5b 1040/0.7 105/0.7 40/0.7 30/0.7
M6a, M6b 3440/0.7 | 350/0.7 135/0.7 | 100/0.7
11, 16 (LA) 1920,9600 | 300 ,1000 75,400 60,320
Cc (pF) 6.4 1 0.25 0.25
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MA19199 4.3 WUNANIUTALADT 119asTlauna U INATIN

. Tunaun
nIuTanes
1 2 3 4
Mn1 240/0.7 24 /1 6/1 52/1
M7a, M7b 150/0.7 32/0.7 8/0.7 55/1
M9a, M9b 516/0.7 66/0.7 12/0.7 20/0.7
17(pA) 1440 186 42 60

A1519N 4.4 HaN17291899N1391191%8990 1 waniT lAaduRaL

.. aatluani]
ABNTIUUA
1 B 3 4
fms1aenynss Ade (dB) 99.4 98.1 100 97.4
. 10.2 8.8 10.2 10.7
N17N (ns)
@99.997 % | @99.997% | @99.99% | @ 99.9%
AunaRsaeneiuiile @, (MHz) 358 286 324 206
LURAIAaeTa LTl (MHZ) 173 172 151 80
831497 (V/ps) 480 460 550 270
dailawma (Degree) 75.2 83.1 78.8 82.5
Arynynusun9L (dB) (0dB=1.28W) -89 -83.5 -80.8 -84.7
Aaivdszqaida (Cin) 15.6 1.75 0.56 0.84
NNFAUNIATNL (MW) 104.1 11.1 4.3 3.7

A9197 4.5 agilnanisanaesdyanaisunoudsdsiandnaesioulasisssuy

Frdufitnsad

Aoy 1duNINAN 1 2 3 4
dB % dB % dB % dB %
poufitlsyqandas | 1058 | 65.9|0-118.3 | 42.61| -123.7 | 52.7 | (-143.1 | 86.6
aauueni] -109.5 | 286 | -117.7 | 492 | 1246 | 42.3 | -1525 9.8
ANATUNUAR AT -116.6 55 -1254 | 8.2 -133.9 5.0 -156.9 3.6
EXEN -104.06 | 100 | -114.6 | 100 | -120.9 | 100 | -142.45 100

muﬁwm (dB) -103.6
% &ryoyntuTLINaY 90.12 8.00 1.87 0.01
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dJ al a o o o‘ = o Y a a & 1% v o
comparator) Tain1sAuNIANINAILAReaNEa lussauSasian lnasu ldauls 29assa
WReumeui duanslugld 4.18 Gesannann [20] 2easiuandunsdifiimsiussiuiiaGa
1@t (Threshold voltage) tiuaue aslaisiasldunasussaudadanarnuiamasin
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n1931889n13M9u9assaalilsunsa HSPICE Taelddayaceasnainun
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A

£
uazamIdaudtyoyusadynyinisunausaNALiiau (SNDR) JAn 89 dB Adnycynolad

11119U7A —4 dB AIIND 108kHZ NITAUANFNIUTBINATAIUGN | UAAIAIZLN 4.31

120 T T T T T T T T
65.1%

104.1mi

100F

&0r

GOF

40t

POWER CONSUMPTION (mW)

7%
11.AmwW

2.7% 2.3  1.T%
43mW  37mW  2.8mw

20F 6 % -

0.8% 9.6 mw

o (5

INT1  INTZ INT3 INT4  Static Voltage  Blas  Digital
comp reference circuits
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signal [ . E’C 1 Fully Diff Sigma-Delta rer+|H
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CLKOUT32 'C1_C2 _B0B1B2
Oscilator 32MHz
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e . i i ] i i
}‘U =70 <60 50 40 -30 =20 =10 L]
Input Povwess (dB) (Full seabe O dB = 1.6Vpk)

a0 T T T T T T T Y T

SMR / SNOR (dB}

-%n .80 -80 -T0 60 -50 40 -30 -20 -10 1]
Input Power (dB) ( Full scale 0dB = 1 68Vpk)

(1)
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" Noise in Reference -
Voltage :

k| 50.0mV".JCh2] [ 1.00 V

M 100ns| A Chz N 1.10 V]

[l S I E——

aL

N

" ~Noise in Reference
' Voltage :

Mo T0omy  ch2 1.00V  M[10.0ns| A Ch2 \ 1.10V
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Ch2 Freq
3.999MHz

Ch1 Pk-Pk
70.0my

Ch2 Freq
64.55MH2

Ch1 Pk-Pk
249mVv

519 5.4 AyornusuniuuuussAugeBsdutiesnnandtyy1nmning
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PIN PIN Name Function
1,2 VddA Main Analog Power Supply, +3.3V
3,4 GndA Main Analog Ground
5 G_Ring_A Analog Guard Ring
6, 18, 28, 40 Cav_contact Cavity Contact
7 |_bias External Bias Current, 240uA
8 Ref-_set Negative-Reference-Voltage set-point
9 RefCM_set Common-mode-Reference-Voltage set-point
10 Ref+_set Positive-Reference-Voltage set-point
11 Ref- Negative-Reference-Voltage, Force in
12 Vddb Reference Buffter Power Supply, +3.3V
13 Gndb Reference Buffer Ground
14 Ref+ Positive-Reference-Voltage, Force in
15 CM Common-mode-Reference-Voltage, Force in
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PIN PIN Name Function
16 Tab_Buf_A Buffered Internal Signal A (Test Mode)
17 Tab_Buf_B Buffered Internal Signal B (Test Mode)
19 Tab_sig_A Tabbed Internal Signal A (Test Mode)
20 Tab_sig_B Tabbed Internal Signal B (Test Mode)
21 D Code D, to see Internal Signal (Test Mode)
22 TC Code C, to see Internal Signal (Test Mode)
23 B Code B, to see Internal Signal (Test Mode)
24 TA Code A, to see Internal Signal (Test Mode)
25 BO Bit 0 of ADC3B of 3 Modulator
26 B1 Bit 1 of ADC3B of 3" Modulator
27 B2 Bit 2 of ADC3B of 3 Modulator
29 Clkin64 64MHz input Clock
30 Clkout32 32MHz output Clock
31 Cc2 Quantizer output of 2" Modulator
32 C1 Quantizer output of 1* Modulator
33 GndD Digital Ground
34 VddD Digital Power Supply, +3.3V
35 G_Ring_D Digital Guard Ring
36 G_Ring_SW Switch Guard Ring
37 GndSW Switch Ground
38 VddSw Switch Power Supply, +3.3V
39 Vdd-NWell +3.3V.for-bias Nwell-to- Shield-matched cap
41, 42 NC Not Connect
43 In- Negative Input
44 In+ Positive Input
WNELUR © 1116, 17, 19, 20 lunmazind Wilaesaasls

91 21, 22 23 24 lun1qzidni Wiseasnsng
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ABSTRACT

This paper presents two opamp design examples for
modern analog-to-digital converters. The first opamp,
designed for a low-voltage low-power high-speed pipeline
ADC, is a two-stage with folded-cascode as the first stage
and feature common-mode stabilized active load and
closed-loop pole placement techniques. The second
opamp, designed for a high-accuracy high-speed sigma-
delta ADC, is a two-stage opamp employing a modified
cascode compensation to improve the bandwidth without
increasing the power consumption. Both opamps. are
designed in a 0.5-um CMOS technology and achieve DC
gain over 90dB and unity-gain bandwidth over 200MHz.

1. Introduction

Many modern electronic devices are mixed-signal
systems where analog signals are quantized into digital
data for processing in the digital domain. Hence, the
performance of the system inevitably relies on the
performance of analog-to-digital converters. The demands
for high-resolution and high-speed converters have
continually increased in telecommunications, digital signal
processing, and industrial applications. Meanwhile, the
operating voltage of integrated circuits becomes lower
every year following advances in CMOS technology , thus
reducing the signal swing and increasing the power
consumption. In contrast, portable devices require that the
power consumption is minimized to maximize the battery
life. All of these requirements imply that the opamps, the
core of practically all analog-to-digital converters, need to
have high speed, high gain, large output swing, and low
noise, while can operate at low supply voltage and
consume as little power as possible.

This paper discusses two opamps which have been

designed for two analog-to-digital converters. The first is
a 2.5-V 10-bit 40MS/s pipeline ADC converter featuring
double sampling technique [1]. The second is a 3.3V 16-
bit 1-MS/s Nyquist-rate sigma-delta ADC [2]. Both
converters are designed in a 3.3-V, 0.5-um CMOS
technology.

The outline of this paper is as follows. Section 2
describes the first opamp, while Section 3 describes the
second opamp. Simulation results are summarized in
Section 4. Section 5 is the conclusion.

2. Low-voltage low-power high-gain opamp

Vd
M

M D A
I—e— Cc “
o v

M,
VidL M MY
LM M LM, —0M,

Figure 1. Low voltage opamp with common-mode
stabilized active load.

For low-voltage supply, the opamp needs wide input
voltage range and wide output voltage swing. Cascode
topology is not preferred because the output voltage swing
is limited by the cascode devices. Typically, the
conventional two-stage topology is the best candidate but
this topology does not have enough DC gain for high-
resolution applications. Moreover, for fully differential
topology, a two-stage opamp normally requires a common-



mode feedback (CMFB) amplifier to sense common-mode
output voltage, invert the phase, and feedback to the first
stage. This consumes additional power because the CMFB
amplifier must be as fast as the main amplifier.

The proposed opamp as shown in Figure 1 is suitable
for low-voltage high accuracy applications. The input
stage is a folded-cascode stage with common-mode
stabilized active load [3-4] and the second stage is a class
A common source. The cascode compensation scheme [5]
is chosen for this opamp rather than the conventional
miller compensation to achieve lower power consumption.

The common-mode stabilized active load, modified
from reference [3] and [4] by adding cascode devices,
consists of eight equal size transistors Mg-Ms, is preferred
as load of the first stage rather than normal cascode active
load . With this load, differential signals see high load
impedance since transconductance of Mj,-M;s are
cancelled by the transconductance of Mg-My;.
Meanwhile, the common-mode signal impedance is low
and thus the common-mode voltage in the first stage
output is stable without a CMFB circuit. This scheme
eliminates the need to reverse the phase of common-mode
feedback signal and allows a simple switched-capacitor
CMFB [6] to be applied to the second stage directly.
Simplified equations of common-mode output impedance,
R, cm, and differential-mode output impedance, R, 4y, are
shown below.

o,cm zgm
r,2+g,r,)
odm — 2 (2)
L, I
+
C Vod
— M

Figure 2. The differential half-circuit model of the
opamp in Figure 1

Cin
I gml i

Figure 3. Small-signal model of the circuit in Figure 2
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If mismatches exist between M;,-M;s and Mg-M;,, the
common-mode impedance would increase slightly while
the differential-mode impedance could increase, decrease,
or even become negative depending on the direction and
magnitude of the mismatch. Through derivation and simu-
lation, it was confirmed that transistor mismatches up to
two percents result in negligible effect to the opamp
transient response.

This opamp is a two-zero three-pole system and is
difficult to design with conventional design techniques. A
good approach is to use closed-loop pole placement
technique [7]. The closed-loop pole placement technique is
the method that fixes position of poles and zeros when the
system is closed loop and then find out what the value of
physical device parameters are. This technique simplifies
the design of such complex system.

From the differential half-circuit model in Figure 2 and
its small-signal model in Figure 3, the closed-loop transfer
function can be derived as shown below

En
(€08~ CiCes™) ()
H,(s)= GG
als)=
R 8,0(C,+C) - .. Ce o2 8,28mCc S+ﬁgy,11grl1zgy,13
c? c,C? c,C?

where C; = C|C.+C,Cc+CiCcq, C; is the parasitic
capacitance at the drain of M;, C, is the parasitic
capacitance at the gate of Ms.

The denominator of the closed-loop transfer function in
Eq.(5), denoted as D(s), indicates the positions of closed-

loop poles in terms of & , & and @, as shown here

D(s) = (s +aéw,)(s* +28o,s +@;) (4
These parameters are related to physical device para-

meters. The optimum value of these parameters can be
obtained by the desired step response and numerical

optimization. In this design, & =0.9 and & =0.85 are the

optimum values in term of power consumption.

Eq.(3) and Eq. (4) show that this opamp has two zeros,
one real pole, and two complex poles. The location of
poles and zeros are shown in Figure 4. Since the zeros are
at the same frequency but on different half of the plane, the
zeros do not degrade phase margin. Moreover, the zeros
are at much higher frequency, thus do not effect the
amplifier response.

TIm(s)

—0 - O— Re(s)

acw,

—
¢o,

Figure 4. Pole-zero plot diagram.



3. High-speed high-gain opamp

In  most switched-capacitor  applications, the
requirements for opamps are large bandwidth, high slew
rate, high gain (>90 dB), wide swing and low noise
because the systems operate at frequency several times
higher than the signal bandwidths. The two-stage opamp in
Figure 5 with PMOS-input telescopic configuration as the
first stage and NMOS common source as the second stage
can satisfy the high gain, low noise and wide swing
requirements. The opamp gain is in the order of (g,,)’
which is enough to realize 90-dB gain and the opamp has
the lowest number of transistors generating noise. To
realize large closed-loop bandwidth, the opamp must have
high unity-gain frequency, and all parasitic poles must be
at even higher frequency to ensure stability. Since the
locations of parasitic poles depend on the opamp
compensation, this is an important issue to explore in order
to maximize the bandwidth and minimize the power
consumption.

This paper proposes a modified cascode compensation
technique as shown in Figure 5. This compensation
technique yields a higher bandwidth than typical cascode
compensation [5] as shown in Figure 6 and Ahuja
compensation [8] as shown in Figure 7 because its nearest
parasitic poles come from NMOS rather than PMOS.
Compared to Ahuja compensation, this technique removes
M8 in Figure 7 by utilizing M3s in the active load as
shown in Figure 5; hence, the two compensation schemes
have identical small-signal models. The advantages of the
modified cascode compensation, however, are power
saving due to the elimination of one branch and the
conversion of PMOS (M8) to NMOS (M3s).

Next, the small-signal differences between the
traditional cascode compensation and the modified
cascode compensation will be investigated.  Figure 8
shows the small-signal model of an amplifier with cascode
compensation. For open-loop, the opamp has one real pole
located at low frequency, two complex poles and two real
zeros. The unity gain frequency is given by

o, =8, /Cc )

The two zeros are located at

Z,, =% gm,gms 1 C,C,

Figufe 5. with modified cascode

compensation

Amplifier
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Figure 6. Amplifier with cascode compensation.

M9
I M 6
B”_iﬁwo

Figure 7. Amplifier with Ahuja compensatlon
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Figure 8. Small-signal model of amplifier with cascode
compensation.

gm2.V1 gm3.V3
(2) (3)

Ce

C3
Cgd5s T Out
* T ng.VZ; : , _l_(jl
Figure 9. Small-signal model of amplifier with modified
cascode compensation.

and the two complex poles are approximately the roots of
5 [(ngs a Cz XCC i CL )Cl + (Cc + Cl )Cz ngs + (ngs + Cz )Cc CL ]
+S[gn12c2 (CL +Cc+ ngs )+ & CoisCr + ngngS (CC +C )]

gds
+S[gm2gm5(cg(15 +Ce )]: 0
(7

For the modified cascode compensation, the small-
signal model is shown in Figure 9. The opamp has two
real poles, two complex poles and one left-half-plane zero.
One real pole is at low frequency and another is at very
high frequency.

P =-g,/C ®)
The unity-gain frequency is approximately
o, =g, /Cc )
the left-half-plane zero is located at
Z,=-8,;/Cc (10)



and the complex poles are approximately the roots of
s? [(ngs + Cz XCC + CL )C3 + (Cc + C3 )Cz ngs + (ngs + Cz )CCCL]
+S[gm3C2 (CL +Cc+ ngs )+ gm3cgd5CL + ngngS (CC +C )]
+ S[g)n3gm5 (ngs +Ce )] =0
Q)

Equation (7) and (11) are almost identical. The two
differences are the substitution of C/ and gm?2 in Equation
(7) with C3 and gm3 in Equation (11), respectively.

To illustrate the effectiveness of the proposed
compensation technique, we designed two amplifiers with
identical bias current, device sizing, load capacitance, and
compensation capacitor, but with different compensation
techniques. According to Equation (5) and (9), both
amplifiers have the same unity-gain bandwidth. The key
difference, however, is the much higher frequency of the
complex poles (P2,P3) as shown in Table 1, and thus better
phase margin. This results from that M2 in the cascode
compensation is a PMOS, while M3 in the modified
cascode compensation is an NMOS. Another advantage of
the new compensation is that there is a left-half-plane zero
near unity-gain frequency which can slightly improve the
phase margin and the settling.

One drawback of the modified cascode compensation is
that the falling slew rate becomes slower than the rising
slew rate. This, however, can be compensated by
increasing the bias current of the second stage.

Table 1. Open-loop poles and zeros of opamps with
different compensation. Both opamps have I;=0.3mA,
Ips=1mA, C=1pF, C,= 1.8pF, @, = 280 MHz.
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Table 2. Summary of opamp specifications

Pole & Zero Cascode comp Modified comp
P1 -11 kHz -3.3kHz
P23 -119+458i MHz -313+752i MHz
P4 - -889 MHz
Z1 -1 GHz -565 MHz
72 940 MHz -

4. Implementation and simulation results

The two proposed amplifiers are designed in a 0.5-pum
CMOS process. Table 2 summarizes all the simulated
specifications. One of the amplifier is being fabricated and
the other will be fabricated shortly.

5. Conclusions

This paper describes two amplifiers for modern high
performance analog-to-digital converters. Both amplifiers
are two-stage with folded-cascode as the first stage.
Several design techniques are discussed such as common-
mode stabilized active load, closed-loop pole placement,
and modified cascode compensation.

Specifications Opamp with Opamp with
common- modified
mode cascode
stabilized compensation
active load
DC gain (dB) 91 99
Unity-gain BW 202 368
(MHz)
Phase margin 64 @ p=0.5 67 @ B=1
(Degree)
CL (pF) 2 1.5
Cc (pF) 0.8 1
Settling time (ns) 14.1 (99.9%) | 8.7 (99.99%)
Noise (nV/rt.Hz) 287@1kHz 110@1kHz
10.2@IMHz | 4.1@1MHz
Supply voltage (V) 2.5 3.3
Output swing (V) +2 +2.6
Power consumption 3 11.1
(mW)
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