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Abstract

Amplifiers with a single high gain stage are attractive for their simplicity
and excellent power/performance tradeoff, but their typically higher distortion
has limited their use in the audio field. Presented here will be a low-power single
-stage IC amplifier architecture that enables passive cancellation of distortion
(THD <-120dB @ 20kHz, 7V rms, RI = 600Ct). Classical output stage distortion
as well as nonlinear capacitive effects are addressed.

Introduction

It is now more than 20 years since activity started in the field of integrated
circuit (IC) op amps. Many of the basic circuit architectures and most of the
theory remains useful to this day. The now ubiquitous 741 and its descendents fall
in to the class of two-stage "pole-split" [1] amplifiers and still account for tens of
millions of sockets every year. Their basic slew-rate and bandwidth limitations
have been addressed in various ways [2,3,4], with the majority of high slew, wide
band applications going to BiFET or simple degenerated bipolar designs. On the
other hand, the requirements of high DC precision and low noise have been met
by the three-stage op amp introduced around 1969 [5], refined in 1980 [6], and
refined again in 1986 [7]. The now generic audio industry standard 5534 is
descended from this line, adding an all NPN output stage to compensate for the
poor PNP performance normal to a vintage 1975 bipolar process.

The original demand for the work presented here came from the automatic
test equipment (ATE) industry ; after all, it is their burden to test the
performance of today's high end systems. The requirements here are a
combination of the DC precision of the three-stage op amp and the speed and
dynamic characteristics of the single-stage amplifier. Current-feedback amplifiers
offer excellent performance with respect to speed but the DC precision
requirements eliminated them from consideration here. This combination of
requirements also make this work Of interest to the audio community.



The amplifier architecture* described here is based on the single stage
folded-cascode amplifier, Figure 1. Described as early as 1971 [4], this general
circuit configuration has become very common in CMOS as well as bipolar IC
design. The simplicity of the signal path tends to give maximum bandwidth,
limited only by the speed of the process itself. When realized in a complementary
bipolar, (CB) process, employing either junction or dielectric isolation, the
circuit of Figure 1 can have a unity gain stable crossover (f_) in excess of 50
MHz. In a decompensated configuration, gain bandwidth products over 750MHz
are readily achieved. These amplifiers have become very popular for general
purpose video speed design, where dynamic ranges on the order of 60dB are the
norm, but they have drawbacks when the system requirements include extremely
wide dynamic range (>120dB) and very low THD+N, some of the main concerns
in audio design.

Problems to Overcome

One of these drawbacks is limited DC open-loop gain (Aol). At first one
might discount the the need for extremely high DC open-loop gain citing the fact
that in a closed-loop system the open-loop gain at a given frequency is what really
matters. For instance in the circuit of Figure 1, at best the Aol will be limited by
the parallel combination of the DC output resistances of Q4 and Q6 to
approximately 10,000. Of course if this gain is perfectly linear it will cause only
a benign inaccuracy in the value of closed-loop gain. Unfortunately, this is
usually not the case. This approximation is arrived at by simply linearizing beta
and Early voltage around a particular operating point. In reality changes in Aol
of 5-10% in producing several volts of swing into a modest load are common.
Even in a unity gain inverter a change of 10,000 to 11,000 in Aol over an output
swing of +10 to -10 volts limits THD to worse than -100dB. With 18 and even
20 bit performance required in many applications, the linearity of Aol will
remain a factor. One solution is to boost gain by adding an integrator stage
(Figure 2) and converting this to a two-stage amplifier, Cc now serving as the
pole-splitting capacitor. Referring to the numerator of equation 44 in [1],

Zl-gm(Q12) ''" (1)
Co

gm(Q12)'_> gm(Ql'2) '** (2)
Cc Cc

it can be seen that there is a right plane zero in the amplifier's transfer function at
(1) which is no longer insignificant unless it lies well beyond fp. (equation 2).
Phase margin therefore is severely compromised in this situation. Since Q1 and

* Pat Pending
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Q2 idle at 900gA here, this would imply that Q12 run at 10mA or more, which is
not practical.

The second drawback, and a primary performance issue in audio
applications is distortion, a fundamental dynamic range limiter. I will not discuss
THD and IMD separately but rather remind the reader that in general
nonlinearity in an amplifier's transfer function will cause both THD and,IMD the
relationship between the two being one of proportion. Using the circuit of Figure
I, I will introduce the concept of referred to input (RTI) and referred to output
(RTO) distortion. In a simple analysis there are three major sources of distortion
producing nonlinearity: 1) in the voltage to current conversion of the first stage
(gm), 2) the nonlinear impedance, both real and imaginary (capacitive), at the
gain node (B), 3) the nonlinearity in the output stage transfer function. It is
important to note that 1 and 3 for bipolar are inherent in the logarithmic nature
of transistors, while 2 can be affected by process or architectural limitations. For
the discussion here, RTI distortion consists of only component 1, RTO
components 2 and 3.

The differential current flowing out of a differential pair of undegenerated
bipolar transistors (Io), as related to the differential input voltage (Vin), has the
form:

[-

Io = Ib [tan
Vinq

0Io _ Ibq
gm=3vin 2kT ... (4)

When linearized around the origin one gets the familiar result, equation (4). As
the current needed to charge Cc increases with frequency so does the input error
signal (3) must then be solved exactly (usually by a power series) to arrive at the
voltage to current transfer of the first stage. What is called the slew-limit is
reached when either Q1 or Q2 takes all the available current (I1).

Some component of Cc will consist of junction capacitance usually a strong
function of bias voltage. This will generate nonlinearity in the displacement
current in Cc. This current depends on the rate of change of the output voltage,
and therefore is a component of RTO distortion. The voltage from node B to the
output is a function of the base to emitter voltage (Vbe) of Q8-Q11. The change in
their Vbes with output voltage or current constitutes an error in the input to
output voltage transfer of the output stage. In a closed-loop application, this
voltage must be corrected by displacement current in Cc. The functional form of
the displacement current in Cc is related to the derivative of the hyperbolic



tangent function, when the output devices are bipolar transistors, as is the case
here. The resulting error voltage reflected to the input is a series of inverted
cusps, one at each zero crossing of the output. Thus the origin of the term
crossover-distortion. The magnitude of these is related to the standing current in
the output stage, with a reduction in distortion achieved by increasing this
current.

Distortions Defined

! have applied a set of values (Table 1) to the circuit of Figure 1 for use in
two common applications, a differential receiver (noise gain = 2) and a high gain
preamp (noise gain = 101) to show the effects of these three distortion
components. Figures 4a and 4b show distortion (by simulation) relative to a 10V
p-p output signal into a 600fl load, plotted vs. frequency. As would be expected,
the distortion at the output of the gain of 100 circuit is larger by a factor of 34dB
(101/2). Also, because slew-limiting is modeled in even this simple case, slew-
induced distortion is manifested as a dramatic increase in RTI distortion as is
clearly shown, here at just over 400kHz.

I1 = 1.8mA
I2,I3 = 2.3 mA
I5,16 = 500gA

Cc = 50pF

Table 1 Values for Simulating Circuit in Figure 1

Several other principles are shown here. Before slew limiting the RTI
distortion increases at 60dB per decade of frequency. This occurs because as the
differential input voltage increases in magnitude at 20dB per decade, the third
harmonic component (dominant here) increases at three times this rate

(log(x)3=3.1og(x)). The RTO errors, on the other hand, since they are constant
vs. output level, get reflected back to the input in proportion to the impedance of
Cc or at 20dB per decade of frequency.

The 100MHz bandwidth of this amplifier gives a maximum RTI distortion
of -110dB, even under these fairly harsh conditions. So it is reasonable to say that
RTI distortion can usually be dealt with by having sufficient gain-bandwidth
product at frequencies of interest, while maintaining a sufficient margin of safety
with respect to slew-rate (a factor of three seems adequate). The previously
mentioned 5534 and [7] are in this category.

The RTO distortion is another matter. From Figure 4b one can estimate
that fp. would have to be on the order of 3GHz in order to use "raw" feedback to



keep THD under -110dB at 20kHz at a gain of 100. Even at a gain of 2 a 100MHz
f_ is required to meet this same level of performance. Of course the bias levels in
the output stage could be increased, but this would mean wasted power when
maximum performance is not needed.

A New Circuit Architecture
The solution to both the RTI and RTO performance issues is found in a

combination of a new circuit architecture together with one of today's wideband
CB processes. The new amplifier, Figure 3a, was developed to deal with most of
these dynamic range limiting issues. With some imagination, one can find all of
the elements of a three-stage low-noise amplifier here: a resistively loaded first
stage (Q5-6,R1-2), a current mirror loaded second stage (Q9-10,Q15-17) and an
integrator (Q18-19). But now there is just one output node, B (Figure 3b), and
the amplifier acts as if there is a single gain stage. Frequency compensation
consists of a single capacitor (Cc) to ground, f_ being set at 100MHz. It is easy to
show that the signal transfer (Figure 3b) from the collectors of Q3 to Q4 to node
B does not have the right plane zero (equation 1), but now it appears at node C.

Some additional frequency shaping (beyond 15Mhz) is employed (R3 and
C1). There are two major reasons for the inclusion of R3 and C1 in this
realization. First, this particular amplifier was designed to achieve an input
referred noise of 0.gnVpdHz. The large geometries required for the input devices
causes loss of phase in the first stage. Secondly 100MHz is just beyond the safe
region for f_ in this process. This pole-zero network forces the amplifier to
actually crossover at -32MHz with about 30 degrees of phase margin.

As was previously mentioned this amplifier has an input referred voltage
noise of 0.9nVpJHz. A side benefit of the single-stage topology is that the input
noise of the amplifier is flat with respect to frequency out to beyond 1MHz, a
result difficult to achieve in a three-stage amplifier. Figure 6 compares this
amplifier to the 5534 in this respect.

In Figure 3b, driving node C forces nodes A, B, and C, as well as the
output to all track each other closely. The Aol is then limited by the matching of
the output resistances of Q3 and Q4 rather than by their absolute values. The
loading of node B by the output buffer has been reduced by employing a triple-
Darlington configuration (Figure 3a) with input devices, Q20 and Q26,
bootstrapped to the output. Their operating points are therefore independent of
output voltage and loading is ~ betas3' RI or 2>°_910_ for RI = 60092 The matching
of like devices (NPN to NPN or PNP to PNP) with equivalent geometries is the
great forte of IC technology and an Aol of >5o106 is typical here. Another benefit
of nodes A and B tracking is the elimination of the distortion due to the junction



capacitance at these nodes. This error becomes common-mode and is cancelled by
the inherent symmetry of the circuit.

Q5 and Q6 (Figure 3a) are operated undegenerated for low noise and are
cascoded by Q3 and Q4 for high common mode rejection ratio. Although not
shown here, input bias current compensation is used to reduce DC errors due to
source resistance. DC performance is summarized in Table 2.

Vos 251xV
Ib 250nA
PSRR 126dB
CMRR 126dB
Aol 134dB
Noise @ lkhz 0.9nV/x/Hz
Noise 0.1-10Hz 50nV p-p

Table 2 Summary of DC Performance

Distortion Cance!llttion
At high closed-loop gains, RTO distortion still needs to be dealt with. In a

general purpose IC op amp an output stage with sufficient standing current to
drive 60011 with RTI limited distortion was not considered practical in a general
purpose IC op amp. Explicit error correction [8] in the output stage or the use of
nested-feedback [9] depart from the simplicity of the basic amplifier topology. A
key observation leads to the result that the output stage induced distortion can be
substantially reduced by the addition of a single capacitor to the basic circuit. As
was previously mentioned, the RTO distortion is due mainly to displacement
current in Cc caused by modulation of the voltage from node B to the output. An
equivalent displacement current if injected into node A will, by the action of the
current-mirror (Q5-6), cancel the effects of the current in Cc.

The addition of Cn, Figure 3b, achieves just such a result. Node A roughly
follows the output, the difference being the same troublesome output error
voltage. Cn therefore has only the error induced displacement current flowing in
it and no signal current. In this way Cn effects cancellation of the output error
while not appearing in the signal path. A side benefit of this is that the effects of
dynamic output impedance are also cancelled. Figures 7a and 7b show this for an
amplifier connected in a closed-loop gain of 1000 with its output current ramped
from +10mA to -10mA. The addition of Cn causes almost complete cancellation,
Figure 7b, yielding a nearly load independent output voltage. Figure 8a shows the
distortion cancellation at work. The amplifier is connected as in figure 4b
(Gain=100) with a 7V rms into 600gl output at 20kHz. The distortion cancellation




