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Introduction

Inputs to ADCs are typically unipolar signals which
swing from ground to the positive full-scale. Bipolar
signals, which swing to positive and negative, require
a circuit driver that translates and compresses the
bipolar signals to the unipolar range of the ADC’s input
(refer to Figure 1).

A typical op-amp ADC driver scaling circuit needs a
reference voltage, resistors for dividers, and an op-
amp supply voltage.

This KWIK (Know-how With Integrated Knowledge)
Circuit application note offers a step by step guide to
address a specific design challenge. For a given set of
application circuit requirements, it illustrates how these

are addressed using generic formulae and makes
them easily scalable to other similar application
specifications.

This KWIK note provides a general procedure for
scaling and level shifting for a given value of biasing
voltage, Vret. Utilizing scaling resistors, a step-by-step
guide in computing the resistor and capacitor values is
provided. A sample design problem is solved in this
application note with the specifications in Table 1.

Design Specifications Example

For this example, the design requirement
specifications are shown in Table 1. Input is -5V to 5V,
as seen in Figure 1. Desired output is a unipolar signal
from 0.1V to 4.9V. For a low offset voltage op-amp, Vout

Vref

R4

Vout I ADC
c2

Figure 1. - Bipolar to Unipolar Conversion with Scaling and Level Shifting

Table 1. Design Specifications
Input (Vin)

VoutMin =VcMin

VinMin VinMax

Output (Vo)

VoutMax = VcMax

-5V 5V 0.1v

5V ov 5V
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Design Description

Scaling and level shifting is possible using 2 resistors.
However, Viet would need to be a non-standard value
(i.e. 5.48V or 3.38V). To eliminate the need of a non-
standard Vret, 3 resistors are used to scale Vin to V¢ by
setting the gain and offset.

Using superposition, ground Vin and Vet One at a time.
Grounding Vref creates a resistor voltage divider circuit
that scales the AC input, Vin. Refer to Figure 2. Using
nodal analysis gives Equation 1.

R3.
R1
: =Vcl

Vin
R2

Figure 2. - Grounded Vs
___RllRy

| =
T RHRIR)

In Figure 3, Vin is grounded and biasing voltage, V'ref,
is connected. This circuit utilizes the same resistors to

Vi)  (Ea.1)

set appropriate DC offset to level shift the scaled signal.

Using nodal analysis gives Equation 2.

Vref

L

R3_~

Vc2

Figure 3. - Grounded Vin
R IR,

cz—(vre) (Eq. 2)
PORAH(RIIR)
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Adding equations 1 and 2 gives the general equation
of the scaled and level shifted signal, V¢, in terms of Vin
and Vret.

R, IRy

_ R IR,
c Rl +(R2 ” R3) (Vin)+ (Vref)

Ry +(RIR,)
(Eq.3)

In this sample design, the circuit is expected to drive
ADCs used in machine automation and medical
equipment applications with Vet = 5V, with sample
rates of 2MSPS to 10MSPS. The AD4000 can operate
up to 2 MSPS. ADA4807, one of the recommended
drivers of AD4000, is used as the driver in the design
sample.

Design Tips / Considerations

1. Ensure the op-amp Input Voltage Range (common
mode input voltage) is observed.

2. Use the op-amp Open-Loop Voltage Gain test
conditions to establish linear output range. (i.e.
ADA4807: Vs=5V, R.=1kQ to midsupply, OV < Vicum
< +Vs-1.5V)

3. Do not use the op-amp Saturated Output Voltage
Swing for linear operation. (i.e. ADA4807: Vs=5V,
RL=1kQ , Vour=0.05V to +4.95V)

4. Use available voltage source in the circuit/system,
such as Vret, as biasing voltage while considering
its current drive capability.

5. Use low tolerance resistors for the voltage divider
to minimize gain error.

6. Use a higher supply voltage for the op-amp than
ADC’s positive full-scale to account for the
amplifier's output headroom or use a rail-to-rail
output op-amp.

Design Procedure

In the design procedure, nodal analysis is used to get
the resistor values. The same resistor values should
be obtained using superposition as validated at the
end of this section.
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1.  Variable Definition

The linear op amp circuit transfer function can be
modelled as a straight-line equation.

y=mx+Db

Where: m = slope or scaling coefficient
b = offset or level translator
y = Vour
X=ViN

From the design key specification, there is a max and
min case. Use this to mathematically define m and b.

m= VcMax _VcMin
VinMax _VinMin
b :VcMax _VinMax *m

2. Resistance Computation

1. Obtain the working equation using nodal analysis
at node V.. Refer to Figure 1. Current entering
node V¢, l1, is equal to currents leaving, 12 and Is.

L=1,+1

Vin _VC . V_C+Vc _Vref
Rl R2 R3

2. Below is the simplified equation for Rz and Rz,
using Eqg. 4 and the max and min cases. For the
complete derivation, see the Appendix.

- (s )

_ mRR,
2 R,-m(R,+R)

(Ea. 4)

3. Compute value of m and b. Use the linear output
range of ADA4807, 0.1V to 4.9V.

Note: The linear output voltage range of V¢ is within
the input common mode of the op-amp,
ADAA4807(Vsvy=5V, Vemmin=-0.2V, Vcmmax=5.2V).
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Vo Vg, ANV -0V
VinMax _VinMin V- (_5\/)
b=V, ~V. . *m=4.9V —5V(0.48) = 2.5V

4. Solve for Rz and R2. To only have two unknowns
and two equations, set value of Ri. In this example,
R1=10kQ. The higher the resistor values, the less
power needed, at the trade-off of higher noise.

~(M(Vir J(R)  (0.48)(5V)(10kQ)
- b B 2.5V

R, =9600Q — std. value 9.53kQ

R,

mRR,  (0.48)(10kQ)(9600Q)

> R,—m(R,+R,) 96000 (0.48)(960002 +10kQ2)

R, = 240kQ — std. value 243kQ

5. For noise reduction, a capacitor may be added in
the input of the op-amp. Use the cutoff frequency
equation to compute the capacitor value. Set cutoff
frequency at least 1 decade away from target
operating frequency. Lower capacitance gives
higher bandwidth. Set cutoff frequency to 10 MHz;
two decades away from the frequency used in the
simulation.

1
Fcutoff =
27[( Requivalent )(Cl)

C = L
2”( Fcutof'f )( Requivalent )

Where: Requivalent = Rl ” RZ ” R3

C, = !
27(10MH2) !
L1, 1
10kQ 96000 " 240kQ

C, =3.32pF — std. value 3.3pF
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3. Superposition Equation Validation

Equation below is the transfer function of the design
circuit. Substitute resistor values to the general
equation from the design description. From the
computations above, Ri1=10kQ, R2=240kQ, and
R3=9.6kQ

VC :V0ut = & (Vin) + & (Vref )
R+ (R IIR) ™" Ry +(RIR,)
ScalingCoefficient = R IR _ R, +R,
R+ (R, |IR,) R R,*R,
R, +R,
(240'@*9-6'(9)
240KQ +9.6kQ
= 048 =M
10k [ 240KkQ*9.6kQ
240kQ +9.6kQ
[Ri*RzJ
R
Levelshift = — RellRe oy y \R*tR)
S B
R +R,
(10k9*240k9j
10kQ + 240kQ)
(5V)=25V =b
*
9.6kQ+(1OkQZ40ij
10kQ + 240kQ

j (Vref )
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Vout = m(vin) + b
Vou =048(Y,) +25V o

VoutMax = m(VinMax) + b

V. e = 0.48(5V) + 2.5V = 4.9V
VoutMin = m(vinMin) + b
V. ann = 0.48(-5V) + 2.5V = 0.1V

Correct Vinto Vout mapping is verified from Equation 5

by substituting Vinmax=5V and Vinmin=-5V.

Design Simulations

The circuit shown in Figure 1 was simulated using the
LTSpice simulation tool to determine if the 0.1V — 4.9V
output range was met. Figure 4 shows the input signal,
Vin, versus the conditioned signal, Vc. Note: Simulation
used standard value resistors, R1=10kQ, R2=243kQ,
R3=9.53kQ and C1=3.3pF.

Use of a rail-to-rail input and output (RRIO) op-amp in
its linear output voltage swing range and with its low
input offset voltage, adds minimal error from VC to Vout.
The simulation presented in Figure 4 used the
ADA4807. There is minimal difference between Vc,
4.7824Vpp (0.1243V-4.9067V), and Vou, 4.7825Vpp
(0.1241V-4.9066V).

©2022 Analog Devices, Inc. All rights reserved.
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5V

V(n001)
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V(n001)

Horz: [
Cursor 2

2.4959807ps

V({n001)

Vert:[  4.9997965V ‘

Horz: | 7.5us
Diff (Cursor2 - Cursor1)

Vet:|  4.9999015V ‘ -------

Horz:| 5.0040193ps

Vert:|  -9.9996981V

Freq:| 199.83036KHz

Slope: | -1.99833e+006

___________ A

Cursor -
Vivc)

Horz:|  2.5200965ps

-| Cursor 2

Vett:|  4.9066664V |

Vivc)
Horz:|  7.5241158ps Vet:|  124.32673mV
Diff (Cursor2 - Cursor1)
Horz:|  5.0040193ps Vert:[  4.7823397V

Freq:| 199.83936KHz

Slope: |

-955700 | B

Cursor 1 =
V(vout)

2.5v4 Horz:|  2.4916528ys Vett:|  4.9065785V
2.0v+ Cusor2 e
V(vout)
1.5V Horz:|  7.5250417ps Vet:[ 124.10202mV  |-------
Diff (Cursor2 - Cursor1)
1.0 Horz:|  5.033389ps Vet:| 4.7824765v [T
0.5V | Freq:| 198.6733KHz  Slope:| 950150 | ______
0.0V- 7 (LI ; ; i TP RPPPIOTSy
Ops 1ps 2us 4ps 5ps 6us Tus 8us us 10ps 11ps 12us 13ps 14ps 15ps

Figure 4. - Input vs Conditioned vs Output
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Design Devices
Table 2. Op Amp

Input Voltage Range Gain Bandwidth Product Slew Rate
Part Number (V) (Hz) (V/ps)
ADA4807 -Vs-0.2 to +Vs+0.2 28M 145/160
References

Analog Devices publishes circuit notes for reference

designs that provides computation, design consideration LTspice

and bench measurements. Below are some of the mini ] . i .

tutorials and circuit notes that have been proven useful LTsplce® is a high-performance SP,ICE i §|mulator,

in writing this application note. schematic capture and waveform viewer WIFh .
enhancements and models for easing the simulation of

MT-041: Op Amp Input and Output Common-Mode and switching regulator, linear, and signal chain circuits

Differential Voltage Range

MT-064: In-Amp DC Error Sources

CN-0314 - Configurable 4-20 mA Loop Powered
Transmitter/Receiver using a Micropower
Instrumentation Amplifier
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Appendix
Step by step derivation of R3 and R2 equation.

Vin _Vc Vc Vc _Vref
-in ‘e _Tc ¢

R1 R2 R3
m = VcMax VcMin
VinMax _VinMin
b= VcM ax VlnMax
Min case:
VinMin _VcMin _ VcMin +VcMin _Vref
R1 RZ R3
Max case:
VinMax _VcMax VcMax +VCMaX _Vref
Rl R2 R3

1. EQUATION FOR R3 DERIVATION
Using the equations from min and max case, solve for R3.

Equation X:

[VinMin _VcMin — VcMin +VcMin _Vref j(v " )_) (VcMax)(VinMin _VcMin) VcMInVcMax (VcMax)(VcMin _Vref )
Rl RZ R3 o Rl RZ R3

Equation Y:

(VmMaX VcMax VcMax + cMax _Vref ]( V vi ) BN (_VcMin )(VinMax _VcMax) _ VcMInVcMax + (_VcMin)(VcMax _Vref )
Ri RZ R3 o Rl RZ RS

To eliminate the other variable, R2, add equation X and equation Y.

(VcMax )(VinMin _VcMin ) VchnVcMax (VCMaX )(VC'V”H _me )
R, R, R,

©2022 Analog Devices, Inc. All rights reserved. 7
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(_VcMin )(VinMax _VcMax) N _VCMinVcMax n (_VCMin )(VcMax _Vref )

Ry R, R
L(VcMax )(VinMin _VcMin )] n [ (_VcMin )(VinMax _VcMax )] _ VcMinVcMax n (VCMaX ) (VC’V”” _Vref ) + _VcMinVcMax + (_VC’V”” )(VcMax _me )
Rl Rl RZ R3 RZ R3
VcMax (VinMin _VcMin ) _VcMin (VinMax _VcMax) B VCMaX (VcMin _Vref )_VcMin (VCMaX _Vref )

R Ry

Isolate R3 and define it using given terms.

VcMax (VcMin _Vref )_VcMin (VcMax _Vref )
R, =
’ LVcMax (VinMin _VcMin ) _VcMin (VinMax _VcMax) (Rl)

(v Voo = Vi Voo F Vo Veer = VoV,
R, =

cMin ¥ cMax cMin ¥ cMax cMax © ref
V..V -V .V, . -V .V +VcMinVcMaJ(R1)

inMin ¥ cMax cMin ¥ cMax cMin ¥ inMax

Simplify the numerator.

_ (VcMin _VcMax (Vref)(Rl)
5V Ve =V Varse = Vautie Viewta, + VetV

inMin ¥ cMax cMin ¥ cMax inMax cMin ¥ cMax

Add zero to denominator.

_ (VcMin _VcMax )(Vref )( Rl)
VoV VNV V1V V4 (0)

inMin ¥ cMax cMin ¥ cMax cMin ¥ inMax cMin ¥ cMax
(VcMin _VcMax )(Vref )(R1)

R =
? VinMi \Y ViV, ViV +VcMinVcMax + (VcMaxVinMax _VcMaxVinMax)

nVeMax — VeMin Y cMax cMin ¥inMax

8 ©2022 Analog Devices, Inc. All rights reserved.
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Simplify the denominator

(VcMin _VcMax ) (Vref ) ( Rl)
R =
? VcMax (VinMin _VinMax ) +VinMax (VcMax _VcMin )

Multiply by 1.

R, = [ (Vo ~Vorrod) (Veer ) (R)

1
VcMax (VinMin _VinMax ) +VinMax (VcMax _VcMin )]( )

-1
R — (VcMin _VcMaX)(Vref )(Ri) Viowax — Vinwtin
: VcMax (VinMin _VinMax ) +VinMax (VcMax _VcMin) -1
VinMax _VinMin

o Yo,

R. — inMax ~— VinMin
s =
V.. =V,
vV —V cMax cMin
e e (VinMax _VinMin j
L M)(R)
s =

2. EQUATION FOR R2 DERIVATION
Subtract min case equation from max case equation.

VinMax _VcMax _ VcMax +VCMaX _VI'Ef
R1 RZ R3

VinMin _VcMin h VcMin +VcMin _Vref
R1 R2 R3

[VinMax _VcMax j_ (VinMin _VcMin ] _ (VcMax + VcMax _Vref J_(VcMin +VcMin _Vref j
Rl Rl RZ R3 R2 R3

V.

inMax

-V

cMax

-V,

inMin

+VcMin _ V -V V. Max _Vref _VcMin +Vref

cMax cMin + Cl

Rl R2 R3
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(VinMax —Viowin ) — (VcMax —Veutn ) _ Vemax ~Veutin _ Ventax —Vewtin
R1 R3 R2
Isolate R2
R. — I:\>1R3 (VcMax _VcMin)
? R3 (VinMax _VinMin ) - R3 (VcMax _VcMin ) - Rl (VcMax _VcMin )
Multiply by 1.
R. — R1RS (VcMax _VcMin) 1
)= (2)
R3 (VinMax _VinMin ) - RS (VcMax _VcMin ) - Rl (VcMax _VcMin )
-1
R :( RR (VcMax _VcMin) ] Viomtax —Viowtin
? RS (VinMax _VinMin ) - RS (VcMax — VeMin ) - Rl (VcMax _VcMin ) -1
VinMax _VinMin
Vo, =V oo
R cMax cMin
R. = Rl ? [VinMax _VinMin J
, =
R3 _ R3 ( VcMax _VcMin j_ |:\)1 ( VcMax _VcMin j
VinMax _VinMin VinMax _VinMin
V., . —V..
R cMax cMin
R. = R1 ’ (VinMax _VinMin j
, =
Vo — Vo
R —(R cMax cMin
’ ( ? ’ Rl)[vinMax _VinMin j
RRm  mMRR

? R,—(Ry+R)m R,-m(R,+R))
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