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ABSTRACT

Texas Instruments has introduced a family of high-speed analog-to-digital converters (ADCs) suited to
meet the demand for high-speed and high-IF sampling systems. To achieve the highest overall system
performance, an analog front-end circuit with an antialiasing filter must drive the ADC with the highest
possible dynamic range and lowest distortions. One important parameter of the front-end circuit design is
knowing the overall input impedance of the ADC. One method of accurately measuring the ADC input
impedance is to use ADC FFT readings to calculate the input impedance that corresponds to the source
resistance changes. This application report shows the steps to quickly measure the ADC input impedance
and printed circuit board (PCB) parasitics without making additional changes to the test setup and
variables such as probe impedance.
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Introduction

High-speed ADCs have a track-and-hold (T/H or T&H) stage circuit to sample the input signal in order for
the later stages of the ADC to quantize the sampled signal for a discrete time signal. Tl has recently
introduced a family of ADCs suited to meet the demand for high-speed and high-IF sampling systems. TI
also offers ADCs with an integrated buffer before the T/H circuit to provide isolation from the non-linear
impedance and the switching transients of the T/H circuit. To achieve the highest overall system
performance, the ADC must be driven correctly. The input of the ADC can generally be modeled as a
parallel combination of R and C, as shown in Figure 1.

VIN+
Crara Chaoc ADC

Vin- O

Equivalent input

impedance of ADC ~ RI|¢X)

where
R =Rapc

JXpara = Xapc * /Xpara

Note: (1): Cpppa = PCB parasitic capacitance.

Figure 1. Typical ADC Input Impedance Model

Even though TI provides ADC input impedance values, analog front-end designers often must consider
the parasitic capacitance and resistance values associated with the PCB. As a result of the reactive ADC
components, measuring the input impedance of the ADC requires both magnitude and phase information.
Such measurements may also require multiple instruments and probes that may introduce additional
parasitic capacitances and resistances. Figure 2 illustrates an example of this effect.

Crrose Vins
%7)» Crara Canc ADC

Figure 2. Probe Capacitance Introduced by Probe

Additionally, it is often necessary to modify the PCB in order to make the measurement. This modification,
in turn, may introduce yet more variables to the actual board impedance.

There is, however, another method to measure the ADC input impedance: compare the fundamental tone
power with various input source resistances and fundamental frequencies. With this approach, it is not
necessary to have additional equipment or to make board modifications, ultimately saving measurement
time and improving measurement accuracy.
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Measurement Concept

Figure 3 illustrates the measurement concept, which is based on the simple impedance divider theory. If
the source resistance of the ADC (Rg,) changes in value, then the magnitude of the ADC input (V) also
changes. Therefore, the V,y magnitude change is a function of Rg, and the ADC input impedance. If the
value of R, is known and the delta in V,, magnitude is measured, then the ADC input impedance can be
solved.

The advantage of this measurement technique is that the measurement result is independent of the
analog network response before Rg, if the change in Rg, value does not affect the analog network
response. In other words, if Rg, does not change the signal behavior at the earlier stages, then the
measurement result is a function of Rg, and the ADC input impedance only.

Analog
Network

Note: Cpara = PCB parasitic capacitance.

Figure 3. Measurement Concept

Most TI ADCs have inputs that are differential in nature. To simplify the derivation process used in our
recommended approach, the input circuit is analyzed in single-ended configuration. As shown in Figure 4,
the R, value in a single-ended analysis can be set to two times the actual Rg, value used. By doing so,
the R and C values remain differential.

RSX 2. RSX

Vour: MA Vour
w@®  eEer M@ eses
Vour- L

Differential Configuration Single-Ended Configuratién

Figure 4. Differential to Single-Ended Transformation

As Figure 5 illustrates, the experiment begins by setting the correct voltage source. To achieve the highest
dynamic range with the proper input voltage range, set the signal source amplitude such that the ADC
reading of the fundamental tone is at —1 dBFS. Typically, the voltage source may be a signal generator, a
differential amplifier, or a transformer network. Small damping resistors of 5 Q to 15 Q should be added in
series between the signal source and the ADC when setting the reference amplitude. These damping
resistors (labeled Rg,) can damp out ringing caused by the ADC input package parasitic. Additional
information about driving high-speed ADCs may be found in application note SLAA416, available for
download at www.ti.com.

Figure 5. Damping Resistors Rg, for Setting Reference Voltage
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Figure 6 shows two input circuits with different source resistances, Rg; and Rg,, respectively. With the
reference set at —1 dBFS, the source resistances for the measurements Rg;, and Rg, can now be chosen.
These values must be higher than the output impedance of the generator to minimize the amount of
errors. For example, to keep the source voltage drop to less than 1%, Rg, must be 100 times greater than
the output impedance of the generator. In the following example, Rg; = 100 Q and Ry, = 200 Q are used
for the measurements. If the generator output impedance is significant when compared to Rg,, a later
calculation step can account for it. The source frequency, f,, is set to be the center frequency of interest,
and it is the fundamental tone measured in the FFT plot.

— ADC side — ADC side

V,\ is set such that with Rg, TO = -1 dBFS

Figure 6. ADC FFT Measurements with Rg; and Ry,

Figure 7 shows several diagrams of such measurements.
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Figure 7. ADC FFT Measurement Results (f; and f, Spectrum Overlapped)

T1 is the fundamental power measured in the ADC FFT reading at f; with source resistance Rg,, and T2 is
the FFT fundamental power at f, measured with the source resistance Rg,. The value of T1 and T2 will
differ because the known source resistances (Rg; and Rg,) changed. Therefore, the ratio between T1 and
T2, defined as M(f,), is a function of f(Rg;, Rs,, R, C). Both Rg; and Rg, are known; therefore, M(f,) is only
a function of R and X. Thus, M(f,) is a function of f(R, C). Equation 1 gives the definition of M(f) with
respect to R and X.

T1 _ _ -
15 = M) =1(R./X)
T3 -
— = M(f,) =f(R, j X~
T4 ( 2) ( !j f2 )
@
4 Input Impedance Measurement Using ADC FFT Data SLAA456—-January 2011

Submit Documentation Feedback
© 2011, Texas Instruments Incorporated


http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLAA456

13 TEXAS
INSTRUMENTS

www.ti.com Derivation

The primary interest here is to solve for two variables, R and C. This process requires a system of
equations with two solutions. The system of equations requires another solution besides M(f,) in order to
solve for R and C. The fact that the reactance jX =1/(j2=f.) changes with frequency allows another
measurement to be made in order to obtain the second solution. Thus, if the reactance at f, is jX, then the
reactance at f, will be jX - f;/ f, , which is proportional to the frequency ratio f; = f,/f,. Thus, by taking
another set of measurements at f,, we can obtain M(f,) by acquiring the FFT fundamental power of T3 and
T4, where T3 is the f, power when Rg, = Rg,, and T4 is the f, power when Rg, = Rg, . With two equations
and two unknowns, we can now solve for both R and C.

The frequency f, can be chosen within the signal bandwidth of the system. It should also create enough
reactance variation for accurate impedance measurement. Typically, ADCs with buffered input before the
T&H circuit are designed for flat input impedance with respect to input frequency. The selection of f,
should have minimal impact on the impedance measurement.

Special attention is needed for ADCs without a buffered input because the input impedance does change
with respect to input frequency. There are trade-offs for the selection of f,: f, cannot be too far away from
f, because the impedance variation with frequency can create errors, and f, must be far enough away to
create enough impedance variation. The product data sheet shows a typical impedance versus frequency
performance curve, and it helps the user to make the initial f, and f, selections.

3 Derivation

The next step is to find an equation for M(f) in terms of R and X in order to solve for R and C. Again, the
Rg, value is set to be two times the actual Rg, value, so that the R and C values remain differential.

2*R
Vin 4 Vour

AC @) R%liﬁ X == lic

Figure 8. KCL at ADC Input

First, as Figure 8 shows, write the KCL equation at node Vo r;- The ADC reading T1 is proportional to
Vouri: SO T1 is also proportional to the transfer function. Equation 2 shows the derivation of the transfer

function.
i = ig He
VIN - VOUT1 _ (l l)
2RS1 - VOUT1 R +jX
2R 2R
Vin = Vours ® (1 + RS1 —1781)
VOUT1 1
T1 =
VIN 1+ 2Rs1 _j2Rs1
R X
@
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This measurement is a ratio measurement: two measurements with two different source resistances are
required to form M(f,). The transfer function is a complex function that contains both magnitude and phase
information. However, because all the measurements taken from the FFT contain only the magnitude
information, the function M(f,) must be the magnitude of the ratio between the two transfer functions.
Equation 3 shows M(f;) as a function of T1 and T2.

VOUT1 1
T1 « =
VIN 1+ 2F{81 _j2RS1
R X
VOUT2 1
T2 =
VIN 1 2Rsz _j2R52
R X
2
1, 2Ry _ 2R,
2 — Tl
T1 R X
Mt) = 72| = 2Ry, 2R
1+ S1 —j St
R X

©)

Another function, M(f,), based on frequency f, is required to solve the two variables. Based on the concept
discussed in the Measurement Concept section, Equation 4 shows M(f,) as a function of T3 and T4.
2

|14 2Re 2Ry f
M(f,) = T3] _ R X/fs where f; = -2
2= 72 2R;, 2R fi
14+ 081 20
R X/,

“

The expansion of M(f) results in a multi-order equation and is very difficult to solve by hand. We used the
computer solver MathCAD™ @ to expand M(f); this expansion is shown as Equation 5.

42 2
2Rs, + 4Rs1°2Rsz + 2Rg; + 4Rg* Rsy w1l + 2Rs; - 2Rs,
R R R X? X
M(f,) =
2 29 2
14 2Rst) [ 2R
R X
2 2
2Rs, , 4RS1'2R32 L 4Rg;* I:Zsz +1l 4 | 2Rsi—2Rg,
R R R (X/fo) ] (X/ts) .
M(f,) = where f, = -2
2 24 2 f;
. 2RS1) . [ 2Rs:
R X/fa
®)
@ See the attached MathCAD file available as a zipped file download for an example.
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Experiment

As a demonstration, the following experiment measured the input impedance of the ADS5493 on an
evaluation module (EVM) board. As shown in Figure 9, the test setup consisted of two HP8644B source
generators (one source for the clock and one source for the analog input), a TSW1200 High-Speed ADC
capture card, and power supplies to power the EVMs.

HP8644B CLK

o— s usB
O @ + T Connection

130-MHz Bandpass filter -
with 3.9-MHz Bandwidth 5V 5V |:|

10-MHz Sync

HP8644B IF

— ADS5493
O O— LC BPF

1. 100-MHz Bandpass filter =
with 2.8-MHz Bandwidth =
2. 125-MHz Bandpass filter

with 3.75-MHz Bandwidth ADS5493EVM TSW1200EVM

Power

O

00

Figure 9. Test Setup

The ADS5493 is a 16-bit, 130-MSPS input-buffered ADC. The ADS5493EVM contains a THS7700
high-speed, fully-differential op amp to drive the ADC. Figure 10 shows the analog front-end of the ADC:

5V HP8644B

5V T 130 MSPS
1nF

ADT2-1T
%E 1nF
Q

i
0.1 uF
L

Source
HP8644B

CADC

ADS5493

= 1

(1) Cpara = PCB parasitic capacitance.
Figure 10. ADS5493 EVM Setup

The LC bandpass filter (BPF in the illustration) with a center frequency f. of either f, or f, goes between
the generator and the transformer to limit the amount of noise and spurs that go into the ADC. The
ADT2-1T transformer is used to transform the single-ended signal into a differential signal for the later
stages. The 0.1-pF ac-coupling capacitors at the output of the THS7700 isolate the dc common-mode
voltage difference between the amplifier and the ADC, which are 2.5 V and 3.15 V, respectively. The
THS7700 also has a very low output resistance that is negligible for the later calculations. However, if the
generator used in the setup has a high output impedance, the output impedance value must be added to
the source resistance value Rg, during the calculation, as shown in Figure 11. The source resistances Rg,
will be changed throughout the measurement to generate a different fundamental tone power.
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Figure 11. Effect of Generator Output Impedance

|
Reen | 2° R Vour

R% C—

1

Generator

Where F{Sﬁa‘c =Rgen + 2 * Rgx

Note: Rg ¢, Will account for generator output impedance.

The source power is set such that when Rg, = 10 Q, the ADS5493 reads —1 dBFS. This power may differ
between f, and f, as a result of the different insertion loss of the LC bandpass filters.

Figure 12 shows two sets of measurements that were done on two sets of resistor values: Rg; = 100 Q
and Rg, = 200 Q. The fundamental power at f;, T1 and T2, and the fundamental power at f,, T3 and T4,
are the measurements needed to form the values of M(f;) and M(f,). M(f,) and M(f,) can be calculated
using Equation 6. The two frequencies used in this experiment are 100 MHz and 125 MHz. From the

derivations above, the values of M(f,) and M(f,) will determine the R and C value of the ADC.

Filter Information
Trilithic 4BE100/X3-3kk
Power = 2.1dBm Filter Fc = 100MHz
Frequency = 100MHz Filter BW = 2.6MHz

M(f1) Measurement Data

Generator Information
HP8644B

Trial 1(dBFS) | 2(dBFS) | 3 (dBFS) | average
T0 -0.970 -0.960 -0.950 -0.960
T1 -2.130 -2.130 -2.130 -2.130
T2 -3.550 -3.570 -3.570 -3.563

Generator Information
HP8644B

Filter Information
TTE KC4T-125M-3p-50-69a
Power = 4.6dBm Filter Fc = 125M
Frequency = 125MHz Fitler BW = 3.75MHz
M(f2) Measurement Data

Trial 1 (dBFS) [ 2 (dBFS) [ 3 (dBFS) average
TO -1.010 -1.010 -1.010 -1.010
T3 -2.340 -2.340 -2.340 -2.340
T4 -4.080 -4.080 -4.080 -4.080

M(f1) Measurement Result

(dB)

(ratio)

M(F1)

1.433

1.391

M(f2) Measurement Result

(dB)

(ratio)

M(f2)

1.740

1.493

Figure 12. FFT Data from the Measurements

M(f1) dB = T‘] _ T2
M(f,) ratio = 1M @8/1ol
M(f2) dB = T3 _ T4
M(f,) ratio = 10™®

dB/10]

©)
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There are three trials for each FFT power measurements so the measurements can be averaged in order
to minimize variations. The average values of T1, T2, T3, and T4 generated M(f,) and M(f,), and the
system of equations use M(f,) and M(f,) to solve the R and X variables. Again, using computer math
solver MathCAD to solve R and X, the result is shown in Equation 7.

-2 2
2Rg, 4Rs,* R, 2R, 4R, R, 1 2R, - 2Rg,
R R TR e X
M(f,) = -
2 2q 2
(=) (29
R X
solve: (
2 2
2Rs, 4Rs,* R, 2Ry, 4R, Rs, + M
R R® R (XA (X/f)
M(f,) =
2 2 2q 2
1 2R, N 2R,
R X/fg

x| 1

2026.1427161082670125
2026.1427161082670125
—-295.70103763163318988
-295.70103763163318988

-652.33949955217548931
652.33949955217548931
-2214.5875215554317604
2214.5875215554317604

)

Because the solution cannot be negative, only one solution is valid: R = 2026 and X = 652. Equation 8
can solve for capacitance based on the X value. This solution translates to about 2.44 pF of differential
capacitance and 2 kQ of differential resistance between A, and A_.

R =2026 Q
X =652Q

_ 1
CDIFF_ 2.7E.X'f1

Coee = 2.441 pF

Table 1. ADS5493 Data Sheet: Analog Inputs Specification

®

To verify the measurement result, refer to the ADS5493 product data sheet for the typical input impedance
values. The specified analog inputs, shown in Table 1, list the resistance R and capacitance C.

ADS5493
PARAMETER TEST CONDITIONS MIN | TYP MAX UNIT
ANALOG INPUTS
Differential input range Programmable from 1.5 Vep to 25 Vep
2.5 Vpp
VCM Analog input Self-biased to AVDD5 / 2 + diode 3.15 v
common-mode voltage
Input resistance,
differential (dc) 2 kQ
Each input to GND (excluding
. soldered package), adds typically
Input capacitance 1 pf to 2 pF once soldered; 36 PF
board-dependent
Analog input bandwidth
(3 dB) 600 MHz
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The input differential resistance is listed as 2 kQ, and the single-ended input capacitance is listed as 3.6
pF when the device is unsoldered. Once the ADS5493 is soldered to the board, the capacitance increases
typically by 1 pF to 2 pF depending on the board layout. Therefore, the onboard input capacitance may be
between 4.6 pF to 5.6 pF for a single-ended configuration; this result is equivalent to 2.3 pF to 2.8 pF of
differential capacitance. The measured differential input impedance value of 2 kQ and 2.44 pF falls within
the specified data sheet range.

Table 2 summarizes the results.

Table 2. Data Sheet Value vs. Measured Results

Data Sheet Measured
R (differential) 2kQ 2.026 kQ
C (differential) 2.3 pFto 2.8 pF 2.44 pF

The steps needed for the measurement are summarized below:
Step 1. Determine the two frequencies f; and f, to be used in the measurement.

Step 2. Place Rq, resistors. Set the generator power for f, and f, so that the fundamental power
reading at f, and f, will be —1 dBFS. The actual generator power may vary because of the
filter insertion loss.

Step 3. Place Rg, resistors. Set the generator power based on Step 2, and measure T1 and T3
accordingly.
Step 4. Place Rg, resistors. Set the generator power based on Step 2 and measure T2 and T4.

Step 5. Plugin T1, T2, T3, and T4 data to M(f;) and M(f,). Use Equation 5 to determine the values of
R and C. Refer to the attached MathCAD file available as a zipped file download for an
example.

Conclusion

The FFT data of the ADC allows the user to measure the onboard ADC input impedance by taking the
fundamental tone power at two different source resistances and two different fundamental tone
frequencies. This method eliminates variables introduced by the probe parasitic and board modifications.
Moreover, system designers can incorporate the impedance result in an analog front-end or filter design
for proper source and load impedance matching. This method may speed up design and test time for the
system.

10

Input Impedance Measurement Using ADC FFT Data SLAA456—-January 2011
Submit Documentation Feedback
© 2011, Texas Instruments Incorporated


http://www.ti.com/lit/pdf/slaa456
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLAA456

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's standard
warranty. Testing and other quality control techniques are used to the extent Tl deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from Tl to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by TI for that product or service voids all
express and any implied warranties for the associated Tl product or service and is an unfair and deceptive business practice. Tl is not
responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by TI as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Audio www.ti.com/audio Communications and Telecom www.ti.com/communications

Amplifiers amplifier.ti.com Computers and Peripherals www.ti.com/computers

Data Converters dataconverter.ti.com Consumer Electronics Wwww.ti.com/consumer-apps

DLP® Products www.dlp.com Energy and Lighting www.ti.com/energy

DSP dsp.ti.com Industrial www.ti.com/industrial

Clocks and Timers www.ti.com/clocks Medical www.ti.com/medical

Interface interface.ti.com Security www.ti.com/security

Logic logic.ti.com Space, Avionics and Defense  www.ti.com/space-avionics-defense

Power Mgmt power.ti.com Transportation and www.ti.com/automotive
Automotive

Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video

RFID www.ti-rfid.com Wireless www.ti.com/wireless-apps

RF/IF and ZigBee® Solutions  www.ti.com/Iprf
TI E2E Community Home Page e2e.ti.com

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2011, Texas Instruments Incorporated


http://www.ti.com/audio
http://www.ti.com/communications
http://amplifier.ti.com
http://www.ti.com/computers
http://dataconverter.ti.com
http://www.ti.com/consumer-apps
http://www.dlp.com
http://www.ti.com/energy
http://dsp.ti.com
http://www.ti.com/industrial
http://www.ti.com/clocks
http://www.ti.com/medical
http://interface.ti.com
http://www.ti.com/security
http://logic.ti.com
http://www.ti.com/space-avionics-defense
http://power.ti.com
http://www.ti.com/automotive
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/wireless-apps
http://www.ti.com/lprf
http://e2e.ti.com

	Input Impedance Measurement Using ADC FFT Data
	1 Introduction
	2 Measurement Concept
	3 Derivation
	4 Experiment
	5 Conclusion




