Section 4

Interfacing High-Speed
Amplifiers and A/D converters
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Agenda

¢ High Speed ADC Drive Amplifier Options

¢ Combining Amplifier and ADC
Performance

¢ Amplifier and ADC Interface Options

& Amplifier to ADC Design Example:
THS4509 + ADS5413-11
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Key Assumptions

1. Only Looking at Frequency Domain
Issues - focus specs are SNR and
SFDR

2. Differential Input Signal to ADC
Required

3. Target Specifications for both the
converter and the system are
known
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ADC Drive Circuit Options

= Amplifiers
 Single Ended Output Amplifiers
 Fully Differential Amplifiers

* Topology
 DC Couplec
« AC Couplec
e Differential In
e Single Ended In
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2 Single Ended Amplifiers

Amp to An +

ADS ADS5xxx Inverting Amplifiers

Interface Apn.

IN+

IN+
Amp to AN +

ADS ADS5xxx
Interface A

Non-Inverting Amplifiers .
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Fully Differential Amplifiers

IN+

Differential Source

Amp to A +
| A?fs ADS5xxx
IN- nterface Apn.

IN+

Amp to An +

ADS IS Single-Ended Source

Interface An.
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AC Coupling

Source to Amplifier or Amplifier to ADC

Single-Ended é 535
Differential I—<\1) 35

Differential |—<\,)
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DC Coupling Examples

An -+

CM ADS5xxx
A|N -

]
-

CM

An +

ADS5xxx
AN -

Technology for Innovators” Wi TEXAS INSTRUMENTS



AC Coupling Examples

CML

Ro

Rs

Source

Rs

Source

An+

ADS5xxx
A|N -
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Combining Amplifier and ADC
Performance
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Combining Amplifier and ADC Performance

ADC

¢ ADC Specs
= SNR (dB)
» 2nd & 3rd Harmonic Distortion (dB)

System

¢ System Specs

= SN RSystem (d B)

Driver * SFDRsygtem (dB)

¢ Amplifier Specs

= Input Referred Noise (e, : nV/\VHz)
» 2nd & 3rd Harmonic Distortion (dB)
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Differential Noise: Diff Amp

el =(e,NG)? +2x (i R.)* +2x 4kTR_NG
m@ =
TR i NG =1+ F
émﬂ W vw @, R; + R | R;
. :
(5£ = W M %
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Diff. Noise: Diff. Configuration

1.
wola —— b E=p v >—o
differential " =0 : -

. . =
configuration — & = L= & s
—/W WY O
B ey % - D F
Coait = 2%[(E5 + (i5nR5)* +4KTR5)NG” NG =1+ Re
+(i,;Re )? + 4kTR. NG] Re +Rs I Ry

¢ Inverting and non-inverting amplifier in differential
configuration have the same noise formula. What
varies is the noise gain definition
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Calculating RMS Noise (egys)

€rvs = €0 '\/fNPBW

¢ Minimize egy,s by:
= Minimizing e,
* Reduce fypgy
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Calculating NPBW for RC Filter 1st Order Filter

¢ fpgw IS the noise
bandwidth for the
- . fC equivalent Noise Power
“Brickwall” Filter for an
RC filter of cut-off
frequency of f-

/ Equivalent

Noise Power
“Brickwall”

| I/ 1. Filter
RC-Filter
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Calculating NPBW for RLC Filter 2" Order Filter

¢ fpgw IS the noise
bandwidth for the
fypgy =Q-—- fo equivalent Noise Power
2 “Brickwall” Filter for an
RLC filter of cut-off
frequency of f-

Equivalent
Noise Power
“Brickwall”
Filter

RLC-Filter I/
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Calculating SNR For Amplifiers

V..
SNROPA _ 20 . |Og Signal _ RMS

€0 Rrms

¢ SNR can be calculated with the above definition given the
RMS signal amplitude and the RMS output noise.

But

¢ One difference in calculating the SNR for the converter and
the amplifier.

* The SNR is calculated at the input of the converter for the converter,

thus using the full input range of the converter as defined in the
datasheet.

= For the Amplifier, the SNR needs to be calculated at the output of

the Amplifier/Filter, thus using the full input range of the converter as
value for the RMS signal.
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Adding Noise

—SNRApc 2 —SNRop_amp :
~ 20 20
SNRg¢en = —20-10g \ 10 +|10
L 2 SNRSyStem IS the RMS SNROPA SNRSystem
g?\ldlglon of SNR - and 65 dB 63.8 dB
OPA 70 dB 67 dB
¢ As an example, for a 70dB > 088 db
SNR,p for the converter, 80 dB 69.6 dB

the combined SNR
becomes —> 90 dB 69.95 dB
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Combined SNR for a 70dB Converter SNR

Combined SNR for ADC Converter +
Amplifier with Filter

95

90
: Amplifier + Filter SNR
85 \ Y Op Amp with ]
Filter mustbe
15dB lower noise

75 | for minimum
i Converter SNR = 70dB )
degradation

70 o —JF— =

= T ———Combined SNR
. . . . | . .

80 |

SNR (dB)

65
70 75 80 85 90

Amplifier + Filter SNR (dB)
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Adding Distortion

HDX ~ 20-

System

¢ A/D Converter and
Amplifier Distortion
add linearly

¢ As an example, for a

p
log

\

70dBc HD2, for the

converter, the
combined HD2

becomes —

Technolo

HDX apc HDX pmp )
10 0 +10 %

J

HI:)ZOPA HI:)ZSystem

70 dB 64 dB
75 dB 66.2 dB
80 dB 67.6 dB

| 90 dB | 69.17 dB |
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Combined HDx for a target 75dBc HDx ADC Converter

Combined SFDR

| T
90 | HDx from Amplifier ’_///
2380 | =]
% 5 — Converter HDx = 75dBc
2 75 =1 e i o e
[ ||
70 : Combined HDx
o5 | Ll L]
75 80 85 90 95

HDx out of Amplifier (dBc)
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System SFDR

¢ The A-to-D conversion process of an ADC
may lead to spurs that set the SFDR of
the ADC that are not either HD2 or HD3

¢ In this case there iIs no comparable
amplifier term to combine and the SFDR
of the system Is best taken as that of the
ADC

¢ If SFDR of the ADC is set by HD2 or
HD3, the SFDR can be estimated as the
linear sum as shown
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Amplifier and ADC Interface Options

¢ As high performance ADCs continue to improve
their performance, the last stage interface, the
filter from the final amplifier into the converter
Input becomes increasingly critical in the
system design

Amplifier Filter

A o
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1st Order Differential
RC Low-Pass Filter

Ro l -

To
ADC

From
Amplifier
——W

Ro

VOUT: Ry v 1
Vi (R +2R, ) |1+s(R; [|2R,)C

If the effects of R; are minimized, this can be simplified to:

>

Vour 1 - 1

V., 1+s2R.C > T oA xoR,
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2nd Order Differential

LRC Low Pass Filter

W -
From l To
Amplifier 1— Ry ADC
w -
Ro L

(

Vour :(i)x 1
vV, \LC 52+5( 1 +2Roj+[ 2R, 1)
N

RC L R +2R, LC ),

If we assume, as before, the effects of R; are minimized, this
formula can be simplified

But lets explore another less rigorous approach using basic
definitions of Q and resonance
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Simple 2"d Order Equations

¢ By definition, Q Is set by the reactance and
resistance in the circuit

¢ By definition, at resonance the inductive
reactance and capacitive reactance are equal

If the effects of R; are minimized, this leads to the
equations at resonance (fy), :

0-Xi g Xe
R, 2R,

2X, = X,

Technology for Innovators” Wi TEXAS INSTRUMENTS



Rearrange to Solve for L and C

L:QXRO C_ 1
27, Q x27f, x 2R,

¢ Given the frequency of resonance and
resistance, solve for inductance and
capacitance
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SPICE Simulation 0

—38-

ExaCt Values with no Frequency Scaling

Result o | |
Exact Responses in SPICE but do not
standard filter definitions

DB(U{R15:2,R18:1})) - DB{U{R14:2,R17:1)) ~ DB{VU(R13:2,R16:1))
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Frequency Scaling and Q

¢ Q is the quality factor and is fairly commonly
understood. The most obvious impact is the
peaking near the cut-off frequency

¢ Frequency scaling factor (FSF) may be new to
you

¢ FSF Is used to scale the cut-off frequency of the
filter to meet the classic definitions:

» for example Butterworth and Bessel define the cut-off

frequency as the -3dB point and Chebyshev defines it

as the frequency where the response first falls out of
the ripple band

¢ This means value of 5 Is scaled by FSF for use
In the equations above in order to design a filter
that meet standard definitions
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Frequency Scaling and Q

¢ A good filter book will list the zeroes and
the coefficients of the particular polynomial
being used to define the filter

frequency scaling factor: FSF = \/Rez+ ‘Im‘z

} \/Re2+\lm\2

quality factor: Q
2Re

Re is the real part of the complex zero pair, and Im is the imaginary part
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FSF and Q for 3 Classic Filters

Filter Type FSF Q

1dB Chebyshev 1.0500 |0.9565
Butterworth 1.000 0.7071
Bessel 1.2736 |0.5773

Given R, = 50Q and 100MHz cut-off frequency,
L and C values as follows:

Filter Type fo x FSF (MHz) Q R (ohms)| L (nH) C (pF)
1dB Chebyshev 105 0.9565 50 72.49 15.85
Butterworth 100 0.707 50 56.26 22.51
Bessel 127 0.5773 50 36.06 21.64
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SPICE Simulation 1

ettt ittt
l . 1dE Chebyshey
i
04
i [Probe Cursor
,5%

A1 = 1080.000H, -3.0113
A2 = 100.000H, -2.1743m
dif= 0.000, -3.0092

Butterworth 7

|
10+

Exact Values with no R;

Bessel —
, Result: -
: .
Exact Responses in SPICE
5L L e L L L seb e e i
1. BHHz 3. Btz - 18HHz JotiHz 186HHz 380HHz
o iDB(VU(R15:2,R16:1)) « DB(U(R33:2,R36:1)) :v:DB(V(R31:2,R34:1)) - DB(U(R59:2,R68:1))

Frequency

Technology for Innovators®

Wi TEXAS INSTRUMENTS



SPICE Simulation 2

Nearest Standard Values (no R;)
Errors are Introduced:
~Available Values no Longer
" Satisfy the Equations

Frequency
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SPICE Simulation 3

L e T ettt e TR
i |
i
i
i
1
|
i
i
i
i
i
i
i
{ 1dE Chebyshev
: TN

a- 5 5 5 5
|
=
i
|
i
Probe Cursor

i A1 = 180.880M, -3.2766

=54 : : : : : ‘A2 = 18@.008H, -582.176m :
i dif= 0.000, -2.6944

5 e]f/ﬁ

i
i

-1+
i

Butterwvorth

.. Nearest Standard Values with R; = 1kQ
Same Shape as Before
Stray Capacitance Like at ADC Input
W|II Cause Further Errors

|
B ———-— D L S, D L ..y - A i A S A A L 4

1.8MHz 3.08HHz 18HHz 3 8HMHz 108HHz 380MHz 1.8GHz
1iDB(U(R508:2,R53:1)) - DB(VU(R51:2,R54:1}): DB(U(RII'}' 2,R52:1)) = DB{V{R6@:2,R5%:1))
Frequency
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Amplifier to ADC Design Example:
THS4509 + ADS5413-11

Data sheet specification for each part
Lab measurements of each part separately

Circuits

A e

Comparison of actual combined performance

versus predicted performance
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Vn - nV/rtHz

THS4509 Noise and Distortion

Input Referred Voltage Noise vs Frequency
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ADS5413-11 Noise and Distortion

fiy = 14 MHz 615 657
fiNy = 39 MHz 65.9
. . . fiy = 70 MHz 65.7
SNR Signal-to-noise ratio fiN = 150 MHz 543 dBF5S
fiy = 190 MHz 63.9
finy = 220 MHz 63.3
fiy =14 MHz 95
fin =39 MHz 94
. fin =70 MHz 89
HDZ2  Second order harmonic N = 150 Mz =3 dBc
fiy = 190 MHz 84 5
fiN =220 MHz 72
fiN = 14 MHz 776
fiN =39 MHz 75.4
. . finN =70 MHz 855
HD3  Third order harmonic N = 150 Mz =05 dBc
fig = 1890 MHz 68.3
fin =220 MHz 776

Information from Data Sheet
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THS4509 and ADS5413-11

SNRvs. Frequency HD2 and HD3 vs. Frequency
75 -60
SNRawvp LrRc o
m
© =70 //
I //
c
70 SNRawp R O 80 v P
L £ o
o W 90 -
' SNRapc 5
14 5 -
o5 —_— =100 |
\ °
=
=110
T
m T T T T T T ‘ : : '120 T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Frequency - MHz Frequency - MHz

ADS5413-11 measured on EVM with transformer input
THS4509 distortion measured on EVM with 1k output
load; SNR calculated
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THS4509 + ADS5413-11: Circuit 1

10dB Gain
150MHz RC

0 oh ]
Sinsgle?Errlnded S8 cM. Low Pass Filter
AC Coupled

Source

A+
ADS5413-11
An.-
0.22u :L: :L:O.ZZU w
AC Coupled AC Coupled
Source to Amp Amp to ADC
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THS4509 + ADS5413-11:

Circuit 2

150MHz LRC
10dB Gain 1dB Chebyshev
50 ohm Ve 100 248 L Low Pass Filter
Single-Ended /
AC Coupled
Source 69.8 e 499 +3.3
n 100 100n
T 0.22u + 3 | _L A
= 100 THS4509 1n 100 100n 3.3p ADS5413-11
- L 11 AIN )
50 69.8 LI L S
0.22 0.22 T CML
LLU . -
:L: :L: y 348 0.1u CML
AC Coupled AC Coupled
Source to Amp Amp to ADC
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THS4509 and ADS5413-11

Combined SNR Performance with RC Combined Distortion Performance with RC
68 100 |
Solid Line 95 - Solid Lines
67 - R
66 | / 85 7‘ ) v - HD2 \\
I —— g N
6 % \/Hm ‘ol
64 N Tt ~ 7B '\_ﬂ' T-
| TS RS \
Dash Line el TT— 70 o
63 - Predicted Srees gl Dash Lines
Predicted
62 T T T T T T T T 60 T T T T }
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Frequency - MHz Frequency - MHz

Combined Performance Circuit 1: RC
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THS4509 and ADS5413-11

Combined SNR Performance with LRC Combined Distortion Performance with LRC
68 ‘ 100
o | Solid Line 95 -
Measured 0| | ° HD, Solid Lines
66 - 7 . Measured
M
[ |
~ o .~ . ~.\
64 - Tt S X
Dash Line B . _ v .
63 Predicted Dash Lines IR .
65 - Predicted ',
62 T T T T T T T T T T T m T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140 15( 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Frequency - MHz Frequency - MHz

Combined Performance Circuit 2: LRC
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Conclusion

¢ A variety of circuit topologies are available to
convert single-ended input to differential

= AC coupling allow the greatest freedom in choice of
amplifiers and power supply voltage

= Fully differential amplifier allows DC coupling

+ System performance can be analyzed knowing
the performance of the individual components

¢ Passive differential 1st order RC and 2nd order
RLC low-pass filters can be designed with
simple equations

= 2nd order filters will provide better SNR performance
because of faster role off, but may lead to lower
SFDR

¢ The actual system needs to be built and tested
to validate system performance.
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