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AN-840 Development of an Extensive SPICE Macromodel

for “Current-Feedback” Amplifiers

ABSTRACT

A current-feedback amplifier macromodel has been developed which simulates the more common small-
signal effects such as small-signal transient response and frequency response as well as temperature
effects, noise, and power supply rejection ratio. Also modeled are large-signal effects such as non-linear
input transfer characteristics and input/ output slew rate limiting.
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Introduction

With the increasing complexity and shorter design cycles of today's designs, computer modeling with
SPICE (Simulation Program with Integrated Circuit Emphasis) is becoming more popular. This is
especially true with high-speed designs utilizing the latest in current-feedback amplifiers. However, an
accurate, detailed macromodel for current-feedback amplifiers with good convergence characteristics has
not yet been available.

Macromodeling Philosophy

The philosophy used in creating this macromodel was a desire to design a model that would simulate the
typical behavior of a current-feedback amplifier to within 10% of typical parameters while executing much
faster than a device level model. Also, the macromodel would act as a development platform for effects
not normally included in other models such as temperature effects, noise, and many of the other second
and third order effects that are characteristic in current-feedback amplifiers such as the LM6181.

The LM6181

The monolithic current-feedback amplifier, LM6181, offers the designer an amplifier with the high-
performance advantages of current-feedback topology without the high cost associated with hybrid
devices. The LM6181 has a bandwidth of 100 MHz, slew rate of 2000 V/us, settling time of 50 ns (0.1%),
and 100 mA of output current drive. A special output stage allows the LM6181 to directly drive a 50Q or
75Q back-terminated coax cable. To understand how this device functions, a description of current-
feedback amplifiers is in order.

Current-Feedback Amplifiers

Figure 1 shows the block diagram for the current-feedback amplifier. The main difference when compared
to voltagefeedback amplifiers (VFA's) is that in the current-feedback topology, a unity gain buffer drives
the inverting input. Since this is an inherently low impedance, the feedback error signal is treated as a
current rather than a voltage. During input transients, an error current will flow into or out of the input
buffer. This current is then mirrored to a current-to-voltage converter (Zt(s)) which consists of a large (=

2 MQ) transimpedance and an output buffer. Since the large transimpedance is analogous to the large
voltage gain of VFA's, the output voltage is servo'ed to a value which causes the current through Rf and
Rg to cancel the current in the input buffer.

ViN

Vx

Rg

Rf
MWV

Figure 1. Block Diagram of a Current-Feedback Amplifier
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Analysis of Current-Feedback Topology

From the simplified current-feedback amplifier schematic in Figure 2, it can be observed that the inverting
(-IN) terminal is driven by a unity gain buffer stage. Transistors Q3 and Q4 make up the high-impedance
input (+IN) to the buffer while Q5 and Q9 comprise a push-pull stage whose low output impedance is
determined by V{/(IcQ5 + 1c.Q9) = V;/(I1 + 12) assuming I1 and I2 are equal. The function of the input
buffer is to drive the inverting input to the same voltage as the non-inverting input much like a voltage-
feedback amplifier does via negative feedback. Transistors Q6, Q7, Q8, Q10, Q11 and Q12 form a pair of
Wilson current mirrors which transfer the output current of the input buffer to a high-impedance (Zt) node.
The equivalent capacitance (C.) at this node is charged to the value of the output voltage. This voltage is
then conveyed to a second buffer made up of Q14, Q15, Q17 and Q18 which drives the output pin of the
amplifier. Short-circuit current limiting is performed by transistors Q19 and Q20. Back on the input of the
amplifier, Q1 and Q2 provide a slew rate enhancement effect. For low closed-loop gains and large input
steps these transistors turn on and increase the current available to the input buffer. This causes a
transient increase in the current available to charge the compensation capacitor via the current mirrors,
resulting in a faster slew rate for low gains. Now that the simplified circuit has been described, it will be
informative to analyze the block diagram for the model.

By summing the currents at node Vx in Figure 1 and using the fact that V, = 1,; x Zt(s), the transfer
function of the non-inverting configuration can be determined to be:
1
V -
Vf°=(1+§—£)x Rf+[1+§—;]xRb
7t(s) (1)

in 1+

where Zt(s) is the open-loop transimpedance as a function of complex frequency. Naotice, in Equation 1,
the 1 + Rf/Rg term on the left is the standard closed-loop voltage gain equation for non-inverting amplifiers
while the term on the right is an error term. The 1 + Rf/Rg in the error term is the noise gain of the
amplifier and Rb is the input buffer's quiescent output impedance (= 30Q for the LM6181). If Zt(s) is
assumed to be large, the error term goes to 1. The closed-loop bandwidth is defined as the frequency at
which the magnitude of the error term equals 1/~2 (-3 dB). If Zt(s) is approximated to be a single pole
function, then:

Zt(dc)
zt(s) = T+s x Zt(de) x C 2

where C. is the value of the internal compensation capacitor in Figure 2. By substituting Equation 2 for
Zt(s) in Equation 1 and assuming Zt(dc) is much larger than Rf, the closed-loop bandwidth can now be
found to be:

1

ZXEXCC[Rf+(1+%)XRb} (3)
If the input buffer output resistance (Rb) times the noise gain of the amplifier (1 + Rf/Rg) is assumed to be
small compared to Rf, Equation 3 reduces to:

_ 1
bw = 2 xmx Co x Rf (4)

bw =

Notice that the ideal closed-loop bandwidth in Equation 4 is dependent only on the value of the internal
compensation capacitor (C.) and the feedback impedance (Rf). A recommended value for Rf is usually
specified in the manufacturer's datasheet (Rf = 820Q for the LM6181). Therefore, if the above
assumptions are valid, there is theoretically no reduction in bandwidth as Rg is decreased to increase
closed-loop gain.

Another special feature of the current-feedback amplifier is the theoretical absence of slew-rate limiting.
Since the total output current of the input buffer is available to charge the compensation capacitor (C.),
the slew rate is proportional to the output voltage [4].

lbut _ Vour

SR = e T CoxRi ®)

This simplified analysis is adequate for small closed-loop gains; however, since Rb is typically several
tens of ohms, the bandwidth and slew rate will be less than ideal for large gains. Also, there are slew-rate
characteristics associated with the input buffer that are dominated by the slew-rate enhancement
transistors (Q1 and Q2 in Figure 2) and stray package capacitances. All these second order effects are
included in the macromodel input stage to achieve accurate simulation results.
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Figure 2. LM6181 Simplified Circuit
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The Input Stage

Figure 3 shows the macromodel input stage which performs many important functions such as the
simulation of input buffer output impedance, input/output slew rate, supply voltage dependent input bias
current and offset voltage, input capacitance, CMRR and noise [2]. Voltage-controlled current-sources GI1
and GI2 establish the input buffer's output impedance depending on supply voltage. For a given supply
voltage, these current-sources can be determined by rearranging the standard bipolar transistor output
resistance equation:

kxT

=12 = o axRp (6)

Rb is the output impedance of the input buffer and may be approximated with:

AvoL (7

where A, is the differential open-loop voltage gain of the amplifier from input to output. Equation 7 can
be derived by shorting Rg and solving the transfer function in Equation 1.

The input stage slew rate is controlled by R1, R2, C1 and C2. The total current available to charge the
capacitors C1 and C2 determines the maximum slew rate of the input stage. To reduce the number of PN
junctions in the model, the slew rate enhancement transistors were modeled with diodes DS1 and DS2
and current-sources FI1 and FI2.

Input bias currents are simulated with polynomial-controlled current-sources Gb1 and Gb2 which are
dependent on both supply voltage and temperature. Current-source Gb2 also models the residual input
current (Ib) caused by imbalances in the input buffer as well as the error current caused by the input
common mode voltage. The latter is called Inverting Input Bias Current Common Mode Rejection and is
designated IbCMR on most datasheets. Fnl and Fn2 transfer the current from the noise-current sources
to the inputs of the amplifier.

The offset voltage-source, Eos, provides a supply voltage dependent input offset voltage and reflects the
error voltages from the power supply rejection ratio stage, the thermal effect stage, and the noise-voltage
source. Below is a diagram of the Eos polynomial-source and the effects that correspond to each term.

Fos 3 1 POLY(5) 99 50 45 0 47 0 57 0 59 61 -2.88-3 9.3E-5 1111

T AL
Input Offset Voltage Constant [

Input Offset Voltage Supply Dependence
Positive Power Supply Rejection Ratio (PSRR+)

Negative Power Supply Rejection Ratio (PSRR-)

Inpuy Offset Voltage Temperature Dependence

Input Referred Noise Voltage

Stray capacitance at the inputs of the amplifier modeled by C;,1 and C;,2 has a dramatic effect on the
peaking in the amplifier's high frequency response. Common Mode Rejection Ratio can be modeled in the
input stage by properly setting the early voltage (Vaf) of the input transistor models. A good starting point
for the value of the early voltage is given by:

2xVq

[CMRR(dB)}
1ol 20 (8)

Also, in the transistor model, a value for beta (BF) should be chosen. It should be large enough so that the
base currents do not interfere with the input bias currents of the model, but not so large as to cause
convergence problems during simulation.

Vaf =

The output of the input stage is the sum of the currents flowing through R3 and R4. The voltage across R3
and R4 is softly clamped by the V1, RE1, D1 and V2, RE2, D2 strings respectively. This effectively limits
the current to the second stage yet still allows the second stage slew rate to increase for large input
signals.
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Figure 3. Macromodel Input Stage. Simulates Input Impedance, Input Errors, CMRR,
Input/Output Slew Rate, Input Capacitance, and Noise

The Second Stage

The second stage of the macromodel (Figure 4) provides the open-loop transimpedance, the first pole,
output clamping and supply dependent quiescent supply current. The voltage-controlled current-source G1
is controlled by a second order polynomial equation which calculates the current through R3 and R4 and
reflects the sum directly into the second stage. By making the polynomial coefficients equal to the
reciprocal of R3 and R4, the DC transimpedance of the model is simply equal to the value of R5. The
dominant pole and output slew rate is established with capacitor C3 which is comparable in function to C.
in the LM6181 simplified circuit. Output clamping is performed with two diodes (D3-D4) each in series with
a voltage-source (V3-V4). Clamping should be done here at the gain stage to prevent node 15 from
reaching several thousands of volts which could cause convergence problems during simulation.
Quiescent current is modeled with the combination of I3 and the R8—R9 series resistors. As the supply
voltage increases, the current through R8 and R9 will increase effectively simulating that behavior in the
real device. The value for resistors R8 and R9 can be calculated by dividing the change in supply voltage
by the change in supply current (AV¢/Alg) anywhere within the operating range of the amplifier. Current-
source I3 is evaluated by taking the total supply current at a given voltage and subtracting off the current
through all other significant supply loads. These loads are R8, Gl1, GI2, and R3 so that:
13 = Ivs @ 15V—£-3x|1

©
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The 3 x 11 comes from the fact that the currents through GI1, GI2 and R3 are equal. Resistors R8 and R9
also act as a voltage divider and establish a common-mode voltage (V,,) for the model directly between
the rails. If the supply rails are symmetrical, that is, +15V, node 49 will be at zero volts. Voltage-controlled
voltage-source EH measures the voltage across R8 and subtracts an equal voltage from the positive
supply rail to provide a stiff point between the rails (node 98) to which many other stages in the model are

referenced.
99
o 99
G V3 EH
49
R8 98
D3 |
G1
13 RS c3
<l> 49 POLY
D4 T ) 5
R9 e V4
® ? ? 3

50

Figure 4. The Macromodel Second Stage Models Open-Loop Transimpedance, First Pole,
Output Swing Limiting, and Quiescent Supply Current

8 Frequency-Shaping Stages

In keeping with the philosophy of providing a macromodel that is as accurate as possible, it has been
determined that the model must be capable of easily accommodating as many poles and zeros that are
necessary to precisely shape the magnitude and phase response of the model [5]. This is accomplished
with telescopic frequency-shaping stages that each have unity DC gain making it easier to add poles and
zeros without changing the DC gain of the model. The LM6181 macromodel has four high frequency pole
stages and no zero stages, however, each of the three types of frequency-shaping stages will be
discussed in detail should the reader wish to develop macromodels for other amplifiers.

The first type of frequency-shaping stage is a pole. In Figure 5(a), resistor R14 is set to 1 kQ. This value is
chosen to reduce the thermal noise associated with this resistor and to simplify the calculations for the
other components in the stage. Current-source G2 is controlled by the output voltage from the previous
stage and its g,, is set to the reciprocal of R14 or 1072 to maintain unity DC gain of the stage. Capacitor C4
rolls off the gain at high frequencies and is set with the standard pole equation: C = 1/(2 x  x fp x R)
where fP is the -3 dB frequency of the pole in Hz.

Even though SPICE will attempt to process a bare zero stage, in the real world, such a circuit is actually
non-causal and SPICE may not converge because an ideal inductor can generate an infinite voltage if the
current though it changes instantaneously. To introduce a zero in the frequency response of the model, a
pole must be combined with the zero to form a zero/pole or a pole/zero stage. The circuit for the zero/pole
stage is shown in Figure 5(b). This stage will have unity DC gain if the g,, of G5 is set to the reciprocal of
R19. As the frequency increases, L1's impedance starts to increase until R18 dominates causing the gain
to level off.

The last type of frequency-shaping stage is the pole/zero circuit shown in Figure 5(c). As the frequency
increases, the gain starts at unity and decreases until the impedance of the capacitor is negligible
compared to its series resistor. For more information on poles and zeros, see references [7] and [8].
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Figure 5. Macromodel Frequency-Shaping Stages
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PSRR Stage

Power supply rejection ratio is a parameter that many vendors have previously neglected in their SPICE
models. Since AC power supply impedance is extremely critical in high-speed amplifier designs, both DC
and AC PSRR were included in this model so that the designer can explore the effects of supply
bypassing. The PSRR stage (see Figure 6) consists of two attenuation circuits controlled by the voltage
from each rail to ground whose gains increase at 20 dB per decade.

® 45 47 o—@

G10 L3 L4 G11

OH (D

R25 R26

0 0

Figure 6. Macromodel PSRR Stage

The signals generated at nodes 45 and 47 are directly reflected to the input of the amplifier via the second
and third terms of the Eos polynomial-controlled source. Since the PSRR stages are referenced to ground,
a large offset voltage will be developed if the model is operated from asymmetrical supplies. This
compromise was necessary in order to include the PSRR effects; however, if operation on asymmetrical
supplies is required, the PSRR effects can be disabled by changing the second and third polynomial terms
in Eos from 1 to 0. For example, change:

Eos 31 POLY(5)99504504705705961 -2.8E-39.3E-51111
to:
Eos 31 POLY(5)99504504705705961 -2.8E-39.3E-50011

To set the component values in the PSRR stages, R25 and R26 are arbitrarily chosen to be 10Q. The g,,'s

of the current sources are set so that the DC gain of each stage is equal to the DC value of the PSRR or:
PSRR

610 = 1020 [i}
X R25 (10)
where PSRR is the typical DC rejection ratio in dB. The inductors, L3 and L4, determine the 3 dB
frequency of each stage and can be set with:
R

2x mxfy4p (11)

Resistors RL3 and RL4 cancel the zeros associated with the inductors at a frequency above the unity gain
frequency of the amplifier. This helps with transient convergence when simulating inductive or resistive
power supply lines.

10
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10 Thermal Effects

The predominant thermal effects of a current-feedback amplifier are the change in offset voltage and input
bias current as a function of temperature. The macromodel stages in Figure 7 are used to simulate these
effects by utilizing the SPICE temperature dependent resistor model which is controlled with Equation 9:

R(Q) = <value> x (1 + TC1 x (T = Tnom) + TC2 x (T = Thom)?) (12)

where <value> is the value of the resistor at Tnom (usually 27°C), T is the temperature in °C, TC1 is the
linear temperature coefficient, and TC2 is the quadratic temperature coefficient. The equation will fit a
guadratic curve through three points in a temperature graph by solving three equations with three
unknowns. Since SPICE will give an error message if a resistor goes negative at any temperature, an
offset bias is added to the resistor value whose voltage is then subtracted from the respective input error
source (Gbh1l, Gb2, or Eos).

112 55 113 56 114 57

R27 R28 R29

— -IB — +IB — Vos

Figure 7. Macromodel Thermal Effect Stages

The voltages generated at nodes 55, 56, and 57 are scaled and used to control the input error sources
Gb2, Gbl, and Eos respectively. The simulated results compare quite closely to the typical curves for the
actual device as can be seen in Figure 15 and Figure 16.

11 Noise Stages

The addition of noise effects to any macromodel is similar to the techniques used for input offset voltage
and drift. The total amplifier noise is lumped together and referred to the input of the model. Before noise
sources are added, however, the model has to be rendered essentially noiseless. This is easier than it
sounds, though, because noise adds vectorially. The total contribution of several noise sources can be
found by:

Enigrar = YEN D)2 + (En2)2 + (En3) ... )

So, a latent noise source within the model will have to be reduced to only ¥ of the desired noise level to

maintain an accuracy of less than 3% (V1 + 0.25% = 1.03). Most of the latent amplifier model noise comes
from thermal noise generated by large-value resistors commonly used in macromodels. To reduce this
noise, the resistor values are scaled so their thermal noise is negligible compared to the desired noise of
the amplifier. If resistor scaling is not possible, as was the case with several resistors in the input stage of
the LM6181 macromodel, a noiseless resistor can be used. A noiseless resistor is created by utilizing a
voltage-controlled current-source (G device) with the same input and output terminals whose gm is set to
the reciprocal of the required value of resistance (see Figure 3 and the LM6181 netlist). The only caveat
with using noiseless resistors is that a current- source is considered an open circuit when SPICE
calculates the initial bias point of the circuit. Therefore, at least one other device must be connected to the
nodes of the noiseless resistor to avoid “floating node” errors.

Now that the macromodel is rendered essentially noiseless, lumped noise sources can be added and
referred to the input sources. Figure 8 shows the equivalent noise model which consists of an ideal
noiseless amplifier, two noise-current generators (i,. and i,_), from each input to ground and a noise-
voltage generator (e,) in series with non-inverting input.
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Figure 8. Equivalent Amplifier Noise Model

The noise-current generators are called Fnl and Fn2 in the macromodel input stage (Figure 3), while the
noise-voltage generator is included in the Eos polynomial-controlled source. The noise voltage or current
which is actually referred to the input generators comes from separate noise source stages in the
macromodel.

The noise-voltage circuit (Figure 9) generates both 1/f and white noise by using a 0.1V voltage-source
which lightly biases a diode-resistor series combination. White noise is simply the thermal noise-current
generated in the resistor which follows the spectral power density (per unit bandwidth) equation:

.o 4xkxT

'n® = Resistance (14)

58 60

V15 V16
R30 a

EN

Figure 9. Macromodel Noise Voltage Stage

where i, is the noise-current through the resistor, k is Boltzmann's constant (1.381 x 107%%), and T is the

temperature in °K (°C + 273.2°). By taking the square root of both sides of the equation and multiplying by

resistance, the required value of resistance can be found for a given noise-voltage spectral density with:
en2

R = I axkxT (15)

where e, is the white noise voltage of the amplifier per VHz. The “2” in the denominator comes from the
fact that the voltage is taken differentially across two identical circuits of the noise-voltage source (nodes
58 and 60). The reason for using two identical circuits is so that a DC voltage would not be created which
would be seen as an offset voltage on the input.
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Flicker noise or 1/f noise-voltage comes from the SPICE diode model. By setting the flicker noise
exponent (AF) to 1 and properly setting the flicker noise coefficient (KF), the resulting noise voltage will
accurately simulate the 1/f noise-voltage spectral density with the correct “corner frequency”. Equation 16
shows the noise-current that results from the SPICE diode model where Id is the DC diode current and the
2 x q x Id term is negligible compared to the 1/f noise of the amplifier.

IdAF

i2= e —
in? = 2xqxId +KF X Faeouency (16)

To determine the value for KF in the macromodel, the following equation can be used:
Ea2

KF = ————
RZ2x Id x 2 a7

where Ea is the noise-voltage spectral density of the amplifier at 1 Hz and Id is the DC current through the
diode which can be determined with the standard Schottky diode equation. Again, the “2” in the
denominator comes from the fact that the noise output is taken differentially across two identical circuits.

The white portion of the amplifier's noise current is modeled by utilizing the thermal noise current of a
resistor in series with a zero volt voltage-source (see Figure 10).

62 63
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Figure 10. Macromodel White Noise-Current Generators

Since the noise-current through each of the resistors is measured with the voltage-sources and directly
referred to the respective current-controlled current-source on the input, the value for each resistor can be
found by rearranging Equation 14 or:

_ 4xkxT

in? (18)

The i, term is the broad-band or white noise-current spectral density at the respective input of the
amplifier.

R

To simulate the 1/f component of the noise-current, the flicker noise coefficient (KF) in the model for each
pair of input transistors is set to obtain the correct corner frequency. In the LM6181 macromodel, KF is set
to 4.13 x 107" for Q1 and Q2 while KF is set to 6.7 x 107 for Q3 and Q4. The flicker noise exponent (AF)
is left at its default value of 1.

The macromodel's noise curves are compared to the actual amplifier's curves in Figure 17, Figure 18,
Figure 19, and Figure 20. The simulation results are quite close to the actual noise characteristics of the
amplifier. For more information on calculating and modeling amplifier noise, see references [3] and [9].

Output Stage

After the input signal is amplified and frequency shaped, it is further processed by the output stage shown
in Figure 11. The output stage performs three important functions, namely, simulation of output
impedance, short-circuit current limiting, and dynamic supply current.

The intermediate output signal appears at the output of the last frequency-shaping stage as a high-source-
impedance voltage referenced to V,,. Voltage-controlled voltage-source, E1, level shifts the intermediate
output signal down from the positive rail and provides the output drive for the model. Output impedance is
modeled with the combination of R35 and L5. Resistor R35 simulates the DC output impedance which
determines the behavior of the model when driving heavy loads. Additionally, inductor L5 models the
characteristic rise in output impedance as a function of frequency which is common to the emitter-follower
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output stage found in many amplifiers. Since an ideal inductor as modeled by SPICE has infinite Q, a bare
inductor in the signal path can cause convergence problems if the current through it can change
instantaneously. To lower the Q of the inductor and prevent convergence problems during simulation, a
large value resistor, RL5, is placed across L5. Capacitor CF1 models stray capacitance across the
feedback resistor which dramatically affects the high frequency response of the amplifier.

Short-circuit current limiting is also a necessary feature of any good amplifier macromodel. The diodes D5
and D6 each in series with a voltage-source V5 and V6 accomplish this function by effectively clamping
the maximum voltage across R35. The value of the voltage-sources can be set with Equation 19 that was
derived with the Schottky diode equation and summing the currents at node 40 assuming the output is
shorted to ground.
Vee — R35x1

V= RSSXISC—In[%+{|XVT 19
The term Zofr is the output impedance of the last frequency shaping stage (1 kQ in this case), |5 is the
saturation current of the diode, and V; is the thermal voltage k x T/qg. Although it appears that the
appropriate parameters are included in the equation, no attempt was made to model the dependence of
short-circuit current on supply voltage or temperature.

Another behavior that is often not included in op-amp macromodels is dynamic supply current. If the
output of the model is driven by an ideal voltage-source, the simulated output current of the model
appears to come from nowhere, that is, the supply currents do not change. This apparent violation of the
second law of thermodynamics has been solved with diodes D7-D8, current-sources F5-F6, and
associated circuitry. Since it is important to keep non-linear devices, such as diodes, out of the signal
path, only an ideal ammeter, VA8, was inserted in the output driver to sense the sinking or sourcing of
output current. Current-controlled current-source F5 mirrors the current sensed by VA8 and forces an
equal current through either D7 or D8 depending on its polarity. If current is being sourced into the load,
the current flows from the positive rail through E1 and VA8 to the output node and no supply current
correction is necessary. However, if the output stage is sinking current from the load, the current flows
from the output node up through VA8 and E1 into the positive rail. To compensate for this, F5 forces an
equal current through D7 and ammeter VA7. This current is then mirrored to current-source F6 which pulls
an equal amount of current out of the positive rail and forces it into the negative rail. Therefore, if the
output stage is sourcing current, it appears to come from the positive rail, whereas current that is sinking
from the load appears to go into the negative rail. The net result of all these extra devices is an output
stage which closely models the behavior of the real amplifier.

99
- VA7
F6 D7 D8 F5
IVA7 IVA8
50
Figure 11. Macromodel Output Stage
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LM6181 Macromodel Netlist

khkkhkkhhkhhkhkhhkhhkdhhhhkhhdhdkhhdhdhdhrdrhdhdhxdxdxx*x
*LM56181 CURRENT FEEDBACK OP- AMP MACRO- MODEL
khkkkkhkkkhkkhkkhkhkkhhkkhkhkhhkhkhkhkkhhkkhhkhhkhkhhhhhhkdhkhhhkhxkx*x

*

*connecti ons: non-inverting input
inverting input

| positive power supply

| negative power supply

I
|
I
I
* |
I
1

I
* | | | output
[
* [
. SUBCKT LM5181 2 99 50 41
*
*Feat ures: (TYP.)
*Hi gh bandwi dth = 100 MHz
*Hi gh slewrate = 2000 V/ mi croseconds

*Current Feedback Topol ogy

*NOTE: Due to the addition of PSRR effects, nodel must be operated
* with symmetrical supply voltages. To avoid this limtation
* and di sable the PSRR effects, see Eos bel ow.

*

*kkkkkkkk k% INPU]’ STAE *kkkkkkkk k%

*

G199 5 POLY(1) 99 50 243. 75U 2. 708E-6
G2 4 50 POLY(1) 99 50 243.75U 2. 708E- 6
FI1 99 5 VA3 100

FI2 4 50 VAA 100

QL 50 3 5 QPN

@ 99 3 4 Q\N

CRl 5656 2. 38E-4

*M4. 2K noi sel ess resistor

Cl 6 99 .468P

CGR2 47 47 2.38E-4

*M4. 2K noi sel ess resistor

C2 7 50 .468P

GR3 99 8 99 8 1.58E-3

*M6330ohm noi sel ess resistor

Vil 99 10 .3

RE1 10 30 130

D1 30 8 DX

GR4 50 9 50 9 1.58E-3

*M6330hm noi sel ess resistor

V2 11 50 .3

RE2 11 31 150

D2 9 31 DX

@B 862 QN

% 972

DS1 3 12 DY

VA3 12 5 0

DS2 13 3 DY

VA4 4 13 0

GR6 1 99 1 99 5E-8

*M20MEG noi sel ess resistor

GR7 1 50 1 50 5E-8

*M20MEG noi sel ess resistor

GBl1 1 99 POLY(2) 99 50 56 0 -1.2E-6 4E-8 1E-3
FNI 1 0 vi8 1

GB2 99 2 POLY(3) 99 50 1 49 55 0 18.5E-6 -1.5E-7 -1E-7 -1E-6
FN2 2 0 Vvi7 1

ECS 3 1 POLY(5) 99 50 45 0 47 0 57 059 61 -2.8E-3 9.3E-5 1111
*To run on asymetrical supplies, change to O0............. M M
CINL 1 0 2P

CIN2 2 0 5.75P

*

*kkkkkk*k SECO\ID STA *kkkkkkkkk*k
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13 99 50 4.47M
R8 99 49 7.19K

R9 49 50 7.19K

V3 99 16 1.7

D3 15 16 DX

D4 17 15 DX

V4 17 50 2.0

EH 99 98 99 49 1
Gl 98 15 POLY(2) 99 8 50 9 0 1.58E-3 1.58E-3
*Fpl = 27.96 KHz
R5 98 15 2. 372MEG
C3 98 15 2.4P

*

kkkkkkkk*k PO_E STAE kkkkkkkhkkkk*k
*

*Fp = 250 Mz

& 98 20 15 49 1E-3

R14 98 20 1K

C4 98 20 .692P

*

kkkkkkkk*k PO_E STAE kkkkkkkkkk*k
*

*Fp = 250 Mz

G3 98 21 20 49 1E-3

R15 98 21 1K

C5 98 21 .692P

*

*kkkkkkk*k PO_E STA& *kkkkkhkkkhkkkkxk
*Fp = 275 Mz

&4 98 22 21 49 1E-3

R16 98 22 1K

C6 98 22 .5787P

*

*kkkkk k)% PO_E STAE *kkkkkkkkkk*k
*

*Fp = 500 Mz

G5 98 23 22 49 1E-3

R17 98 23 1K

C7 98 23 .3183P

*

kkkkkkkk*k PSRR STAE kkkkkkkkkk*k
*

Gl0 0 45 99 0 1.413E-4

L3 44 45 26.53U

R25 44 0 10

RL3 44 45 10K

Gl1l 0 47 50 0 1.413E-4

L4 46 47 2.27364U

R26 46 0 10

RL4 46 47 10K

*

xxxkkkxx THERMAL EFFECTS **** %% %% %%
*

112
R27
113
R28
114
R29

*

xxxkkkxxx NO SE SOURCES * * * %% % % %% %%
*

Vvi5 58 0 .1

D9 58 59 DN

551

55 10 TC = 3.453E-3 7.93E-5
56 1E-3

56 1.5 TC = 9. 303E-4 8. 075E-5
57 1E-3

57 3.34 TC = 3. 111E-3

[eNeoNoNeNoNael
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R30 59 0 726.4

Vié 60 0 .1
D10 60 61 DN
R31 61 0 726.4
Vi7 62 00
R32 62 0 73.6
V18 63 0 0
R33 63 0 1840

*

kkkkkkkk*k wrpur STAE kkkkkkkkkk*k
*

F6 99 50 VA7 1
F5 99 35 VA8 1
D7 36 35 DX

VA7 99 36 0

D8 35 99 DX

El1 99 37 99 23 1
VA8 37 38 0

R35 38 40 50

V5 33 40 5.3V

D5 23 33 DX

V6 40 34 5.3V

D6 34 23 DX

CFl1 41 2 2.1P

L5 40 41 31N

RL5 40 41 100K

*

kxxkkkkxx NMODELS USED ** * % %% % x %%

*

_MODEL QNI NPN(1S = 1E-14 BF = 10E4 VAF = 62.9 KF = 6. 7E- 14)
_MODEL QPI PNP(1S = 1E-14 BF = 10E4 VAF = 62.9 KF = 6. 7E- 14)
.MODEL QNN NPN(1S = 1E-14 BF = 10E4 VAF = 62.9 KF = 4. 13E- 13)
.MODEL QPN PNP(1S = 1E-14 BF = 10E4 VAF = 62.9 KF = 4. 13E- 13)
.MODEL DX D(IS = 1E-15)

.MODEL DY D(IS = 1E-17)

.MODEL DN D(KF = 1.667E-9 AF = 1 XTI = 0 EG = . 3)

. ENDS

14  Simulation Accuracy
The real test of a macromodel is how the simulation results compare with the real-world device. Table 1
shows some of the amplifier parameters and how the simulation compares to actual device behavior. As
can be seen, the goal of a 10% match between the model and the actual device was achieved.
A good figure of merit for a macromodel is the accuracy of its small-signal transient response. Figure 13
and Figure 14 show the small-signal response of the real LM6181 and the simulation output. Notice that
the simulated over-shoot and frequency of ringing closely match that of the actual device. This is due to
the accurate modeling of the frequency response and output impedance capabilities of the model.

15 Conclusion
A truly comprehensive SPICE compatible macromodel for current-feedback amplifiers has been
developed. The macromodel includes effects such as accurate input transfer response, accurate AC
response, temperature effects, DC and AC PSRR, and noise. Even with the addition of all these features,
the macromodel's simulation speed is still more than twice as fast as a device level micromodel. The
speed advantage of this macromodel mainly comes from the fact that it converges extremely well. Since
careful attention was paid to convergence during the development of the model, there is no difficulty
establishing a bias point or dealing with large input signals. With detailed and accurate vendor supplied
macromodels such as the one described in this paper, the designer can easily verify the effects of strays
and amplifier limitations in his circuit.
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Table 1. Simulation Parameters
Parameter Typical Value Simulation Results % Error
Zywy RI=1kQ 127 dBQ 126.6 dBQ 4.5%
BW,; 4 Ay=-1RI=1kQ 100 MHz 103.9 MHz 3.9%
lgs 1.5 uA 1.5 pA 0.0%
lg- -4.0 pA -4.0 pA 0.0%
Vos -3.4mV -3.3mV 1.2%
lsupp 7.5 mA 7.7 mA 2.7%
Pulse Resp. Overshoot 35% 34.8% 0.6%
Slew Rate V) = £10V 1400 Vlps 1468 Vlus 4.8%
Isc 130 mA 136.8 mA 5.2%
e, 5 nViWVHZ 4.9 nVIWHZ 2.0%
ine 3 pANHZ 2.96 pANHZ 1.3%
i 16 pANHZ 15.1 pANHZ 5.6%
820
M\

10M

1
1

8.7 pF

SCOPE PROBE

Figure 12. Non-inverting Amplifier. A, = +2. It is very important to include a model of the scope probe on
the output of the amplifier to obtain reasonable results from the simulation.

*LM6181 Small-Signal Response. Av = +2.

*Rf = Rg = 8200hm.

*

XAR132746LM6181

VP 7 0 15V

VN 4 0 -15V

VIN 3 0 PULSE (-.2V .2V 40N .2N .2N)

RF 6 2 8200hm

RI 2 0 8200hm

RL 6 0 10MEG

CL 6 0 8.7pF

.LIB CF.LIB

.OPTIONS RELTOL =.0001 CHGTOL = 1E-20

.TRAN/OP .1N 200N

.PROBE

.END
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E | i
TIME (20 ns/div.)
Figure 13. LM6181 Small-Signal Transient Response
LM6181 Small-Signal A, = + 2, Rf = Rg = 820Q
800mV
400mvV nv"v*
Vour  Omv
-400mV }
-800mV
Ons 50ns 100ns 150ns 200ns
TIME
Figure 14. LM6181 Simulated Transient Response
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LM6181 Vg, +lg, =l vs Temperature LM6181 V¢, +lg, =l
10
8
Ve = 15V
oS / /
i (mv) 4
4 Voo (mV) Vos (mV
0s L / "]
2 IJ/ — i
\\_’/ // 1B (1A)
0 +IB (uA)/ ) M
-1B (pA
-2 N / (# ) \
\\ //
-5
-6 \
-8
-10 -10
-55 -35 -15 5 25 45 65 85 105 125 -55 -40 0 40 80 120
TEMP. (°C) TEMP (°C)
Figure 15. LM6181 Temperature Effects Figure 16. LM6181 Simulated Temperature Effects
40 LM6181 Voltage Noise vs Frequency LM6181 Voltage Noise vs Frequency
40nv
30 A\ 30nV \
N
S \
I 2 \ 20nV
z \
\
\
10 100V \
N \
e ~——
0 onV
1 10 100 1k 10k 100k 1.0H 10H 100H 1kH 10kH 100kH
FREQUENCY (Hz) FREQUENCY

Figure 17. LM6181 Voltage-Noise Response

Figure 18. LM6181 Simulated Voltage-Noise Response
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LM6181 Current Noise vs Frequency LM6181 Current Noise vs Frequency
120 120 pA
\ \
100 \ 100 pA \
80 \ 80pA
\
E \
60 60 pA
< \|| INVERTING INPUT \INVERTING INPUT
\
\
40 \\ \ 40pA N\ \
N
N
20 h \‘ 20pA
N N P N ~c~—
I~ = \ \
NON-INVERTING NN ™ NON-INVERTING
INPUT | INPUT | —
0 0pA
1 10 100 1k 10k 100k 1.0H 10H 100H 1kH 10kH 100 kH
FREQUENCY (Hz) FREQUENCY
Figure 19. LM6181 Current-Noise Response Figure 20. LM6181 Simulated Current-Noise Response
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