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APPLICATION NOTE 3390

Reduced Termination Loss by Active Synthesis of
Output Impedance
Dec 21, 2004

Abstract: In high-speed transmission-line applications, it is important to match the output impedance of a
line driver to the line. While this is achieved usually with a resistor, an active impedance synthesis has
advantages. This application note describes how to use positive feedback around an op amp to create
the desired output impedance. Equations and circuit examples are given for low-noise audio, and video
op amps driving 50Ω to 600Ω loads. 

The Need for Termination
The output impedance of a circuit is important in transmission line-driving applications. The transmission
line impedance, which is determined by the physical geometry of the conductors and insulation, must be
matched at both the send and receive ends in order to minimize degrading signal reflections. When the
characteristic impedance is not correctly matched at the drive and the receiver ends, not all of the signal
energy is delivered to the load. Some energy is reflected back and will distort (or sometimes, almost
cancel) the forward signal to the load.

RF engineers require accurate 50Ω terminations for their coaxial cables, video transmission engineers
require accurate 75Ω terminations for their cables, and broadcast engineers require accurate 600Ω
terminations for their audio circuits. Other standard termination values are 110Ω, 120Ω and 500Ω. The
termination requirements are not confined to analog signals. Digital signals depend on correct line
termination for accurate, high-speed transmission throughout a system.

Passive Resistive Termination
The usual method for achieving termination is to use a buffer amplifier with low output impedance, and
add series resistance to the required value. This approach is simple, provided that the preceding buffer
amplifier truly has a low output impedance across the band of interest.

A serious disadvantage of the simple resistor approach is, however, the 6dB loss of signal between the
buffer output and the terminated load. This results in a serious loss of signal headroom, particularly in
single supply systems.

Figure 1 shows a closed-loop buffer amplifier with a series resistance added outside the feedback loop
to set the output impedance when measured looking back into the amplifier load terminal. 
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Figure 1. Simple passive termination.

Note in Figure 1 that forward current into the load, IFORWARD, is determined by VO/RLOAD.

Synthesised output impedance, ROUT, is determined by VO/IREVERSE, when VIN is zero.

The understanding here is that the closed-loop output impedance of the op amp is low enough over a
wide enough bandwidth to be ignored. Thus the chosen resistances set the output impedance. In Figure
1, RΘ is the series resistor that sets the impedance looking back into the output of IC1. RΘ = RLOAD =
ROUT for correct back termination. The open-loop output resistance of the op amp is shown as ROOL.

Voltage Gain is given by:

Error term is given by:

Output Impedance is given by:

Error term is given by:

Errors due to finite open-loop gain (AOP-AMP) of the op amp are shown.
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Assuming infinite open-loop gain from an ideal op amp.

Assuming infinite open-loop gain from an ideal op amp.

Figure 1 Advantage:
1. Simplicity. Select RΘ to the required terminating value.
2. Modest short-circuit protection.
3. No interaction between R1-R2, and RΘ to a first order.
4. Inverting and non-inverting gain operation allowed.

Figure 1 Disadvantages:
1. 6dB minimum loss between the amplifier output pin (V'O) and the load driving point (VO) when RΘ

= RLOAD (back terminated). Maximum output pk-pk voltage swing always less than half total power-
supply voltage.

2. Doubled gain bandwidth required from the op amp.
3. Open-loop output resistance of the op amp affects results at high frequencies.

Active Synthesis of Output Impedance
Fortunately, a method exists to set output impedance and reduce the gain loss. The careful use of
positive feedback around a voltage difference amplifier boosts a low-value output current-sensing
resistor to the required final value. 

Figure 2. Single Op Amp active termination.

Note in Figure 2 that forward current into the load, IFORWARD, is determined by VO / RLOAD.

Synthesised output impedance ROUT is determined by VO/IREVERSE, when VIN is zero.

Figure 2 shows a single op amp with both negative and positive feedback loops setting gain and output
impedance. RΘ is placed in series with the load, and is used to sample the current into the load.
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Positive feedback through R3 and R4 is used to boost the effect of RΘ. For circuit stability, negative
feedback must dominate the proceedings, and this fact limits the amount of boost available. 

The open-loop output resistance of the op amp is included to allow for the situation when ROOL
becomes close in value to RΘ at high frequencies as the loop gain rolls off.

Voltage Gain for Figure 2 is given by:

Error term is given by:

Output Impedance for Figure 2 is given by:

Errors due to finite open-loop gain of the op amp are shown.

Note that the overall input-to-output signal path in Figure 2 is inverting. 

Assuming infinite open-loop gain from an ideal op amp, output impedance is:

Generally, the term [RΘ / [R3 + R4]] is << [1 + R2 / R1][1 + R4 / R3]-1, so may be ignored.

Assuming infinite open-loop gain from an ideal op amp, voltage gain is:
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Rearranging the output impedance into the gain equation:

In general, RLOAD = ROUT for reverse-termination applications. Thus:

Figure 2 Advantages:
1. Significantly reduced loss between the amplifier output pin (V'O) and the load driving point (VO). If

RΘ = 0.1RLOAD, loss is only 0.83dB. In other words, a significantly increased pk-pk output voltage
swing for a given power supply, compared to the passive termination case.

2. Modest, short-circuit protection at main output.
3. Easy to use.

Figure 2 Disadvantages:
1. Positive and negative feedback coexist. Negative feedback must dominate at all times for stability.
2. Interaction between R1-R4. Suitable for fixed-gain and termination conditions only.
3. Inverting only practical operation.
4. Positive feedback will tend to produce an increase in distortion performance over the purely

negative feedback case.

Measurement of Output Impedance
There are some simple ways to measure the impedance modulus looking back into the output terminals
of the circuit. The measurement of the output impedance of the circuit under test is shown in Figure 3.
The input to the circuit under test is grounded. 
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Figure 3. Measure output impedance.

Perhaps the obvious approach in Figure 3a is to set the value of RSET at a particular frequency, so that
|E2| is ½|E1|. The value shown on RSET is equal to ZOUT of the circuit under test. This is only true if
ZOUT is purely resistive at the test frequency. Any reactive component will introduce large errors into this
so called "6dB" method.

A more accurate approach is to adjust RSET for |E2| 20dB less than |E1|. Then:

|ROUT| = RSET / 9

Practically, RSET may be fixed at a value 10x the nominal impedance to be measured. The ratio of E1
and E2 then leads to the value of "ZOUT."

If the ratio is made 40dB:

|ROUT| is given by RSET / 99

Care needs to be exercised when using the 40dB ratio, as the source voltage could be greater than the
breakdown of the circuit under test. This is relevant when low-voltage op amps are under consideration.

A second method is to use a suitable network analyser.

A third method, specific to active impedance boosting techniques, is to measure the voltage and phase
directly across the current-sense resistor RΘ. From the voltage difference, the synthesised output
impedance is given by:

Referring to Figure 2. 

Referring to Figure 2, and taking into account the effect of R3 and R4 in parallel with the output.
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The incident or input drive voltage from the test source is VO (in Figure 2), and the reflected voltage from
the op amp output is VO' (in Figure 2). A vector voltmeter can be used to extract both amplitude and
phase difference. The ratio VO' / VO is further modified by Cos q. The big drawback of this method is the
need to identify small voltage differences across RΘ in the presence of relatively large signal levels.

Design
The circuit shown in Figure 2 is chosen when a specified output resistance is required for a very low
loss between amplifier and final output. RLOAD and ROUT are both known quantities. RΘ is chosen to be
as small as possible, commensurate with overall circuit stability. 

By how much should RΘ be "boosted"? A practical upper limit is x10 (ie RΘ = 0.1 RLOAD). This will
produce a termination loss of 0.83dB. A thorough analysis of each situation should be performed, but
some of the variables, such as open-loop output resistance, are difficult to confirm from data sheet
specifications. The higher the boost, the more positive feedback is applied, giving rise to reduced phase
margins and increased closed-loop distortion. The final choice of "boost" will be a delicate compromise
between termination loss and other closed-loop parameters. The operational amplifiers should be chosen
to have unity-gain stability.

Ensure that the time constant of the negative feedback loop dominates the overall loop control. This
means that the positive feedback loop ideally should roll off before the negative feedback loop. Referring
to Figure 2, the first-order time constant (TC) of the negative feedback loop is:

The time constant of the positive feedback loop is:

CCOM = Common mode capacitance at + and - inputs of the op-amp. Set TC(-) < TC(+).

This assumes that the capacitance at the op-amp inputs is greater than the parasitic capacitance of the
feedback loop resistors. In wideband situations it is appropriate to split each of R1-R4 into two equal
value resistors to effectively halve the parasitic capacitance. 

If the circuit does not actually oscillate, there may be in-band response peaking. This can be checked by
sweeping the circuit with a small signal (50mV to 100mV) sine wave to identify and plot the closed-loop
frequency response (with load), and by correcting any in-band peaking by adjusting the feedback time
constants.

Example 1
600Ω single ended audio cable active termination.
Power supply = +5V 
Gain = 1 (0dB)
ROUT = RLOAD = 600Ω. 
Chose termination loss = 1dB. 

The MAX4475 op-amp is chosen for its excellent distortion characteristics, bandwidth, and output drive
capability. It is also unity-gain stable.

Page 7 of 11



ROUT = RLOAD, and Gain = 1. 

RLOAD = 600R for test purposes, and RΘ = 75R as nearest preferred value. RΘ = 0.125RLOAD.

R2 = 0.25R1

Let R1 = 10k, then R2 = 2.5k. Use R2 = 2.4k + 100R. Then:

given that RΘ, and RLOAD = ROUT as shown above. 

This ratio provides the boost to RΘ.

R4 = 0.428R3.

Let R3 = 10k. Then R4 = 4.28k. Use R4 = 4.3k.

Figure 4. Example 1 (Power supply decoupling not shown for clarity).

Table 1. Gain vs. Frequency [0dB = 137.5mVRMS]
Frequency (kHz) Gain (dB) Phase (Deg)
100 -0.3 5.6
220 -0.5 14
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430 -1.0 23
580 -1.5 29
710 -2.0 33
830 -2.5 37
940 -3.0 39
1050 -3.5 47
1170 -4.0 52
1370 -5.0 62

Table 2. Voltage Difference Across RSET = 6.2kΩ (Fig3) 0dB = 486mVRMS
Frequency (kHz) dB (across 6.2kΩ) ROUT (Ω)
100 -21.5 517
220 -21.8 502
430 -22.4 468
580 -23.2 429
710 -24 392
830 -24.6 364
940 -25.2 340
1050 -26 313
1170 -26.6 287
1370 -28 249

Calculated gain = -0.18dB with values shown above.

Calculated output impedance = 572Ω. This value is determined by R3+R4 || ROUT reducing the
calculated value.

Example 2
50Ω single-ended active terminated broadband cable driver.
Power supply = +5V. 
Gain = 1 (0dB). 
ROUT = RLOAD = 50Ω.
Chose termination loss = 1dB. 

The MAX4265 op amp is chosen for its excellent distortion characteristics, bandwidth, and output drive
capability. It is also unity-gain stable.

For 1dB termination loss.

RLOAD = 50R for test purposes, and RΘ = 6.8R as nearest preferred value. RΘ = 0.136RLOAD.

R2 = 0.272R1.

Let R1=1k. Then R2=272R. Use R2=270R as nearest preferred value. Then:
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when RΘ and RLOAD = ROUT as shown above.

This ratio provides the boost to RΘ. 

R4=0.472R3.

Let R3=1k. Then R3 = 472R. Use R3=470R as nearest preferred.

Figure 5. Example 2 (Power supply decoupling omitted for clarity). 

Table 3. Gain vs. Frequency 0dB = 70mVRMS
Frequency (MHz) Gain (dB) Phase (Deg)
1.0 -0.3 0
2.0 -0.3 -3.5
4.0 -0.4 -10.25
6.0 -0.7 -16.5
8.0 -1.0 -23.5
10.0 -1.3 -30
15.0 -2.3 -44
20.0 -3.5 -58
30.0 -7.0 87

Table 4. Voltage Difference Across RSET = 510R (Fig3) 0dB = 225mVRMS
Frequency (MHz) dB Across 510Ω Phase (Deg) ROUT (Ω)
1.0 -21 -3.2 45.4
2.0 -21 -4.4 45.4
4.0 -21 -7.25 45.4
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8.0 -21.8 -14.5 41.45
10 -22.1 -15.5 40
20 -23.7 -21 33.3

Calculated Gain = -0.63dB with values shown above, and taking into account additional 50Ω source
resistance not included in R1.

Calculated Output Impedance = 45.5Ω. This value is determined by R3 + R4 || ROUT reducing the
calculated value.

Conclusion
The careful application of positive feedback around a conventional voltage difference operational
amplifier may be used to synthesise an output impedance higher than the usual value obtained from the
application of negative feedback. This is useful in single-supply amplifier applications where the driving
amplifier must drive the load from a known source impedance. A termination "gain" of some 5dB may be
achieved compared to normal passive termination.

Expressions have been developed to help gain an insight into the effects of open-loop gain and output
impedance on the final closed-loop performance. Examples of the circuits have been built and
demonstrate the ease of use of the circuits given. 

Related Parts

MAX4265 Ultra-Low-Distortion, Single-Supply, 300MHz Op Amps
with Enable

Free Samples  

MAX4475 SOT23, Low-Noise, Low-Distortion, Wide-Band, Rail-to-
Rail Op Amps

Free Samples  
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