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Design Summary
The design requirements are as follows:


Supply Voltage: +/-15 V



Input: +/- 50 mV to +/- 10 V



Output: 50 mV to 10 V Full-Wave Rectified Output

The main goal of this design was to optimize the transient performance of the circuit with a 20 Vpp input
signal such that the output distortion near the transition regions was minimal. The results in Figure 1 show
minimal distortion on the output (CH3) with a 10 kHz full-scale 20 Vpp input signal. Maintaining low
distortion for large input signals is possible up to frequencies near 50 kHz. Rectification is possible for
input amplitudes down to 50 mVpp but is only possible at input frequencies less than 1 kHz.

Figure 1: Measured input (CH1) and output (CH3) transient waveform at input 1 kHz with 20 Vpp Sinewave
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Theory of Operation
The schematic for the dual-supply rectifier is shown in Figure 1. This topology was chosen over other fullwave rectifier topologies for its simplicity while achieving the desired performance. U1A and U1B control the
biasing of D1 and D2 to change the signal path based on the polarity of the input signal achieving the fullwave rectification. The input impedance of the circuit is set by the termination resistor R 4 and can be set to
match the source impedance or as high as the input impedance of the U1A amplifier.

Figure 2: Circuit schematic

2.1

Simplified Circuit for Positive Input Signals
The circuit schematic and transfer function for positive input signals are shown in Figure 3 and Equation
(1. Positive input signals reverse-bias D1 and forward-bias D2 making the components act like an open
circuit and short circuit respectively. In this configuration, the U1A amplifier drives the non-inverting input of
U1B such the voltage at the inverting input of U1A that is equal to VIN. Because current doesn’t flow into the
high-impedance inverting input of U1A, there is no current through R1 or R2 and U1B acts as a buffer. U1A
must therefore also act as a buffer and VOUT is simply equal to VIN.

Figure 3: Simplified circuit for positive input signals

VOUT  VIN
(1)
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2.2

Simplified Circuit for Negative Input Signals
The circuit and transfer function for negative inputs are shown in Figure 4 and Equation (2. Negative input
signals forward bias D1 and reverse bias D2. Therefore, U1A drives U1B like a standard inverting amplifier
while R3 biases the non-inverting node of U1B to GND. In this configuration, the output will now be positive
for negative input signals achieving the full-wave rectification.

Figure 4: Simplified circuit for negative input signals

VOUT
R
 ( 2 )
vIN
R1

(2)

VOUT
 1 V/V
vIN

2.3

Frequency Compensation
Compensation capacitor, C7, is added to provide a local high-frequency feedback path for U1A which will
help stabilize the output. The compensation capacitor should have a value that results in an equivalent
impedance less than 100 Ω within the gain-bandwidth of the amplifier. Selecting too large of a capacitor
will cause large distortion on the transition edges when the input signal changes polarity. C7 was
experimentally selected to be 47pF based on the desired transient performance.
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3.1

Component Selection
Operational Amplifier
Since integrity of transient waveforms is the primary concern in this circuit, parameters such as low noise,
low total-harmonic-distortion (THD), wide bandwidths, high slew rate, high open-loop gain (AOL) are
key specifications for choosing operational amplifiers (op amp). Rail-to-rail inputs (RRI) and rail-to-rail
outputs (RRO) are advantageous by increasing the dynamic range.
The OPA2211 is a low-noise precision bipolar input op amp making it an excellent choice for a high
performance version of this circuit. The OPA2211 features 1.1 nV/ √Hz broadband noise and 0.00015%
THD at 1 kHz, output slew rate of 27 V/μs, 45 MHz unity-gain bandwidth, and 130 dB of open-loop gain.
Other amplifier options for this application include the OPA1611, OPA1612, or OPA827 as further
discussed in Section 7.

3.2

Diode
Careful diode selection for D1 and D2 is required to meet the frequency and linearity design goals.
Important specifications of the diodes are low forward voltage (VF), fast switching speed (TT), low diode
capacitance (CD), and low leakage current (IR). Schottky diodes usually have faster transition times and
lower forward voltages but larger reverse leakage currents. In general, standard diodes have lower reverse
current but slower speed. The diode used in this design is a fast switching diode, 1N4148, based on its
performance and cost. Table 1 compares several diode candidates.
Table 1: Diode Selection Parameters

3.3

1N4148

BAT42W

BAS70

VF

720mV at IF=5mA

400mV at IF=10mA

410mV at IF=1mA

TT

4ns(max)

5ns(max)

5ns(max)

CD

4pF(max) at 1MHz, VR=0V

7pF(typ) at 1MHz, VR=1V

2pF(max) at 1MHz, VR=0V

IR

25nA at VR=20V

500nA at VR=25V

100nA at VR=50V

Passive Component
The most crucial passive components to keep output voltage being precisely equal to V IN are the resistors,
R1 and R2, which set the gain. The resistors were selected to be 0.1% tolerance to achieve good gain
accuracy. R1 and R2 were selected to be 1 kΩ to reduce thermal noise and prevent the leakage current of
the diodes from causing noticeable voltage drops across the resistors.
The compensation capacitor, C7, was selected for proper voltage rating, C0G/NP0 dielectric, and tolerance
of 5%. When C0G/NP0 capacitors are not available for the need of higher capacitance or voltage ratings,
X7R dielectrics can be selected.
The tolerance of the other passive components in this circuit can be selected for 1% or above since the
components will not directly affect the accuracy of this circuit.
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Simulation
TM

The TINA-TI schematic shown in Figure 5 includes the circuit values obtained in the design process. A
dc offset voltage of 124.36 μV and dc quiescent current of 3.797 mA per channel were reported by the
simulation.

R1 1k

V+

R2 1k

V-

+

+

Iq

R3 1k

V-

TM

4.1

C6 100n

+

V+

D2 1N4148

R4 49.9

Figure 5: TINA-TI

124.3602uV
V+

U1A OPAy211

VIN

+

C5 100p

C4 100n

C3 10u

+

U1B OPAy211
Vout

V- 15

C9 100n

C8 100p

D1 1N4148

C7 47p

V+ 15

C2 100n

C1 10u

V-

3.7972mA

simulation schematic showing dc offset and quiescent current

Transient Response
The transient response of the design with a 20 Vpp, 50 kHz sine-wave input signal is shown in Figure 76.
While there is some distortion when the input transitions from negative to positive polarities, it is limited
and the output is accurately rectified. With the input at frequencies less than roughly 50 kHz, the output
remains very accurately full-wave rectified as displayed with a 1kHz input signal in Figure 7.
T
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Figure 6: TINA-TI
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1.01m
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simulated transient waveform at +/- 10V and 50 kHz input
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Figure 7: TINA-TI

2.00m
Time (s)

2.50m

3.00m

simulated transient waveform at +/- 10V and 1 kHz input

The test results with a 20 Vpp input at frequencies of 100 kHz and 200 kHz are shown in Figure 8. The
output distortion when the input signal transitions from negative to positive is now very noticeable. The
distortion occurs during the time when the circuit transitions from forward biasing D1 to D2. The transition
time is caused by the forward voltage (VF), junction capacitance (CJ), and transition time (TT) of the
diodes along with the slew rate and output current limitations of U1A. Additional waveforms at other
frequencies can be seen in Appendix A.3.
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Figure 8: TINA-TI
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Transient simulation for +/- 10V and 100 kHz (left) and 200 kHz (right) sinusoid wave
inputs
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Figure 9 and Figure 10 show the circuit performance with a 50 mVpp low-level signal at 100 Hz and 1 kHz
respectively. Distortion is noticeable for smaller level signals even at 1 kHz.
T
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Figure 9: TINA-TI
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simulated output at 100 Hz with 50 mVpp sine-wave input
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Figure 10: TINA-TI
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4.2

Transition Time Simulations
As shown in the previous section, lower level input signals have a lower usable frequency range compared
to larger signals. This is because the time it takes to change the biasing of the diodes to switch the polarity
of the output increases as the amplitude of the input signal decreases. Figure 11 shows the output
transition time for square wave inputs of different amplitudes.
1.00

T

VIN = 1 Vpp
-598.78m
100.00m
VIN = 100 mVpp
-144.75m
10.00m
VIN = 10 mVpp
-15.50m
1.10m
VIN = 1 mVpp
-1.53m
90.00u

110.00u

130.00u

150.00u

Time (s)

Figure 11: Transition time with different input signal amplitudes
Applying a small square-wave step to the input can also be used to test the small-signal stability of the
circuit. The results shown in Figure 12 display little overshoot or ringing, indicating that the system is
stable.
T
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Figure 12: TINA-TI
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PCB Design
The PCB schematic and bill of materials can be found in the Appendix A.1 and A.2.

5.1

PCB Layout
For optimal performance in this design follow standard precision PCB layout guidelines including: using
ground planes, proper power supply decoupling, keeping the summing (inverting) node as small as
possible, and using short thick traces for sensitive nodes. The layout for the design is shown in Figure 13.

Figure 13: Altium PCB Layout
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6.1

Verification & Measured Performance
DC Measurements
DC measurements were made for the offset voltage and the quiescent current for five units. The average
values are reported in Table 2.
Table 2: Measured dc result summary
Measured Value

6.2

Output Offset Voltage (mV)

0.354

Quiescent Current (mA)

6.8863

Transient Measurements
The transient response of the design with a 20 Vpp, 1 kHz sine-wave input signal is shown in Figure 14.
The design creates a very accurately full-wave rectified output with no obvious distortion.

Figure 14: Measured output with 1 kHz, 20 Vpp sine-wave input
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The measured results with a 20 Vpp input at the maximum frequency of 100 kHz are shown in Figure 15.
The distortion seen in the simulation results can also be seen in the measured results. Additional
measured waveforms at other frequencies can be seen in Appendix Error! Reference source not found. .

Figure 15: Measured output at 100 kHz, 20 Vpp sine-wave input
Figure 16 and Figure 17 shows low-level signals generation with 50 mVpp at 1 kHz and 5 kHz input
respectively. The distortion becomes severe as input frequency increases. The output waveforms match
simulation results shown in Figure 10 and Figure 24.

Figure 16: Measured output at 1 kHz, 50 mVpp sine-wave input
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Figure 17: Measured output at 5 kHz, 50 mVpp sine-wave input

6.3

Small-Signal Stability
The small-signal stability of the circuit was tested by applying a step response to the input that caused the
output changed by approximately 50 mV. The results are shown in Figure 18. The overshoot and ringing
can be further reduced by increasing the value of C7 or adding capacitors across R2 at the expense of
bandwidth and distortion. Smaller values for R1 and R2 will also help improve the small-signal response but
the required output current will begin to cause the output voltage to decrease creating an offset between
the output and the desired rectified output.

Figure 18: Measured output to 50 mVpp step response
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6.4

Measured Result Summary
The measured results show maximum speed at approximately 100 kHz with a 20 Vpp sine-wave input
while achieving a low distortion full-wave rectified output. Low-level signals at frequencies less than or
equal to 1 kHz can also achieve with good linearity.

7

Modifications
This absolute circuit can be implemented by any op amp with sufficient bandwidth for the input signals.
This circuit can process faster signals and be more accurate by applying low noise, low THD, wide
bandwidths, high slew rate, and high AOL op amps. Other +/-15 V supply amplifiers suitable for this design
are OPA1611, OPA827, OPA1602, OPA1662, and OPA627. The performance of these op amps is
summarized in Table 3.
Table 3. Alternate +36V Supply Amplifiers

# of
GBW
SR
Aol
Amplifier
Channel (MHz) (V/us) (dB)
OPA1662
OPA1602
OPA1611
OPA827
OPA627

2
2
1
1
1

22
35
40
22
80

17
20
27
28
135

114
120
130
126
120

Noise at
1 kHz
(nV/rtHz)
3.3
2.5
1.1
4
5.2

THD+N at
1 kHz (%)
0.00006
0.00003
0.000015
0.00004
0.00003

Iq per
channel,
max(mA)
1200000
1.8
200000
2.6
250000
3.6
10
5.2
10
7.5
IB, max
(pA)

To achieve better performance for low-level signals consider a different full-wave rectifier topology.
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Appendix A.
A.1 Electrical Schematic
The Altium electrical schematic for this design can be seen in Figure 19.

Figure 19: Electrical Schematic

TIDU030-December 2013-Revised December 2013

Precision Full-Wave Rectifier, Dual-Supply

Copyright © 2013, Texas Instruments Incorporated

15

www.ti.com

A.2 Bill of Materials
The bill of materials for this circuit can be seen in Figure 20.

Figure 20: Bill of Materials
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A.3 Additional Simulated Data
T
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A. Transient simulation for +/- 10V and 10 kHz sinusoid wave input
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B. Simulated output at +/- 10V and 10 kHz sinusoid wave input
Figure 21: TINA-TI simulated transient waveform at +/- 10V and 10 kHz input
TM
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A. Transient simulation for +/- 10V and 50 kHz sinusoid wave input
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B. Simulated output at +/- 10V and 50 kHz sinusoid wave input
Figure 22: TINA-TI simulated transient waveform at +/- 10V and 50 kHz input
TM
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A. Transient simulation for +/- 10V and 200 kHz sinusoid wave input
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B. Simulated output at +/- 10V and 200 kHz sinusoid wave input
Figure 23: TINA-TI simulated transient waveform at +/- 10V and 200 kHz input
TM
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Figure 24: TINA-TI
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Figure 25: Measured output at 10 kHz with 20 Vpp sine-wave input
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Figure 26: Measured output at 50 kHz with 20 Vpp sine-wave input

Figure 27: Measured output at 200 kHz with 20 Vpp sine-wave input
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A.4 Output Fast Fourier Transform (FFT)
The output FFT shown in Figure 28 was taken from 20 Hz to 10 kHz to view the output spectrum of the
circuit with a 1 Vpp, 1 kHz input signal. Since harmonics of a full wave rectifier are double the base
frequency, the harmonic tones are even harmonics at 2, 4, 6, 8, 10 kHz.

Figure 28: Output FFT with 1 kHz, 20 Vpp sine-wave input

Figure 29: FFT of output at 1 kHz with 100 mVpp sine-wave
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Figure 30: FFT of output at input 50 kHz with 20 Vpp sine-wave
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