as they are maintained well below —50dB up to 900 mV, of
the output voltage. As far as the odd components are concerned, the
third one dominates up to 600 mV,, but their overall contribution is
held to well below — 20 dB, thus substantiating the high linearity of the
proposcd output stage which, of course, is greatly improved, embedding
the circuit in a feedback opcrational amplifier.
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Cancellation of load regulation in low
drop-out regulators

R.K. Dokania and G.A. Rincon-Mora

A method for cancclling load regulation, based on level shifting the
reference, is proposed. In this architecture, the load current is
monitored, sensed, and used to dynamically adapt the effective value
of the reference voltage. The proposed architecture reduced a 2.5%
load regulation droop to a mere 0.2%, without compromising system
stability.

Introduction: Modern statc-of-the-art technologies require higher
accuracy performance from voltage regulators. With load regulation
performance being a significant factor, special attention is warranted
in reducing its negative effects. In typical low drop-out (LDO)
topologies, DC open-loop gain is severely restricted because of
stringent stability requircments. Process variations in the output and
the vast load current range of the circuit impose severe challenges on
frequency compensation, thereby allowing only low-gain circuits to
be reliably stable [1].

Load regulation is defined as the output voltage variation resulting
from a unit load current change, which is equivalent to describing the
output resistance of the regulator, as is clear from (1), given a simple
feedback circuit as shown in Fig,. 1:

AV RO— <
Rignogey = o2t = 0 1
load—reg Alloud 1+ AO],.B ( )

or, equivalently,

Vot = Videal = fioad * Rloa(l~rcg 2)
Vi 1. Vad
N
A1>.».,,l Ro-pass
R .
1 7 Yout

Fig. 1 Basic and proposed architecture

a Basic
b Proposed

where resistor K., is the output resistance of the pass device, Ao, is
the open-loop gain of the control circuit, and f is the feedback factor.
As shown, load regulation is inversely proportional to open-loop gain;
but, as stated earlier, the gain cannot be high. The unity-gain frequency
(UGF) is limited by the parasitic poles of the system and correspond-
ingly restricts the bandwidth of the circuit. Load regulation
performance, as a result, is fundamentally poor.

Background: A couple of techniques have been proposed to tackle
the load regulation issuc without excessively compromising stability.
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The first technique directly alters the Bode-plot performance of the
circuit, while the later two adaptivcly optimise either the open-loop
gain or the pole placement in the buffer stage.

Pole-zero generation: In this technique, the DC open-loop gain is
augmented by adding a pole-zcro pair in the transfer function. For a
given UGF, DC open-loop gain is increased by increasing the gain-
drop rate in the frequency response, as is shown in trace (ii) of Fig. 2.
In essence, the gain drops faster with increasing frequencies, thercby
allowing larger DC gains with cqual bandwidths. Conscquently,
regulation performance is improved while maintaining a stable condi-
tion. The design location of the added pole and zero determine the
maximum DC open-loop gain possible, given output filter require-
ments. The circuit can be realised, gencrally, in one of several ways,
two of which are by the use of parallel amplifiers [2] and by a feed-
forward capacitor [3], as shown in Figs. 3@ and b. The basic idea is to
feed-forward the AC signal through a bypass path, constituted by
either a low-gain amplifier or by a capacitor. The amplificr is
unaffected by the feed-forward capacitor at low frequencies, and
thus gives a high overall DC gain. At higher frequencies, the capacitor
provides a parallel short circuit path, thereby giving rise to a lower

high~frequency gain [3].
(i) ac;justed system
(ii) biasic system

® P1

Zx
-
0 b e . b
102 10° 10* 10° 108
frequency
Fig. 2 Bode plot
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{E
Rz%-
a
|
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VGLH

F]ZZ:::

-y

3

b

Fig. 3 Parallel amplifier and feed-forward capacitor

a Parallel amplifier
b Feed-forward capacitor

Load-adaptive  technigues: In typical LDO architcctures, the
frequency response itsclf varies with load current; thus, to have
good phase-margin, even in worst-case conditions, some trade-offs

between gain and stability are neccssary. Dynamically adapting the
open-loop gain with load current helps in having a better phase-
margin and a higher overall open-loop DC gain. To ensure this, in this
architecture the regulator uses a non-inverting, variable gain amplifier
stage. In specific terms, the load current is sensed and used to
modulate the output impedance of the second gain-stage to keep the
output pole beyond the UGF [4]. Thus, phase-margin performance is
maximised, kecping the open-loop DC gain high and consequently
load regulation cffects low.

To similarly optimise the buffer, a load-dependent fecdback signal
may be used to modulate its conductance [5, 6]. As with the previous
topology, the load current is sensed but a fraction of it is now fed back
to a source-follower buffer stage. A positive feedback loop results but
its gain is low and its signal is further attenuated with an RC
filter, thereby not interfering with the negative feedback of the overall
circuit [6].

Proposed  technique—floating  reference  LDO: The techniques
described above cither alter the frequency response or directly
change the circuit, thereby compromising system stability. Ideally,
an enhancing technique should cancel any load regulation cffects
without altering the frequency response, or any other aspect, of the
circuit, including parametric performance. The proposed circuit
architecture docs just that while enjoying the luxury of simplicity.

40 - 0
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@ 20 60 2
kel e
< 90 ¢
[ o
o
0 1120 &
-150
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-180
102 103 104 105 108
frequency
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g 2.40 \
> 239 S~
2.38 without -
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2.37 ~.
\,\
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loads A
b

Fig. 4 Bode plot and load regulation

a Bode plot
b Load regulation

As with the other techniques, the load current is sensed and fed back
but it is only used to level-shifl the reference in a benign fashion, as it
relates to stability and circuit operation. Only the effective ground
current of the control circuit is affected, (it increascs), but that too at a
significantly reduced rate. Simply inserting a resistor in its path,
between ground and the reference, produces a voltage drop that
increases linearly with the load current, exactly the opposite effect of
load regulation. The mirroring of the current does not deteriorate
current efficiency, as at zero-load current the mirrored current is also
zero. Further, therc is no change in the DC open-loop gain and hence
the UGF is kept constant, thereby not compromising stability in the
least. Overall, this topology is capable of completely cancelling all load
regulation effects by appropriately choosing a resistor, as is clear from

(3):

RO* & Rlow
Voul = Vldoz\l - (I—-f——Ap:tsE - C ) ! [lmld (3)

where Ry, is the resistance, through which, the mirrored current is
passcd to level shift the reference and C is the factor by which the load
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current is reduced in the mirror (e.g. for Ao, = 100, f=1, Ro_pass = 10,
and C'=1000, R, =100 yields zero load regulation effects).

Results: The design was fabricated and tested with provisions to
adjust resistor R,y Near zero load regulation effects were obscrved;
higher resolution of R,y could have given still better results. As is
obvious from the test results, shown in Fig. 4b, the proposed
architecture reduced a 60 mV load regulation droop, which is preva-
lent in most widely stable LDO regulators, to a mere 5 mV, without
sacrificing stability or affecting any other aspect of the circuit. That
stability is intact is shown through simulations by the open-loop
frequency response (Fig. 4), phase and gain margin are unaffected by
adding the resistor. With frequency response unchanged, the method
is relatively easy to apply to most LDO topologies and, consequently,
nearly cancels all load regulation effects.

Conclusion: From a design perspective, the proposed architccture is
simple and benign, and effectively cancels all load regulation effects.
Other topologies dircctly alter either the circuit and/or the gain and
hence the frequency response, more than likely compromising stabi-
lity. For optimal performance (complete cancellation), the value of
Rioy can be easily trimmed during wafer testing, requiring only a few
bits (c.g. three bits for roughly 3 to 4 mV resolution) [7].
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Class D audio power amplifier with fine
hysteresis control

Sang-Hwa Jung, Nam-In Kim and Gyu-Hyeong Cho

A new simple and efficient control method for a class D audio power
amplifier is presented. The new fine hysteresis control mcthod can
control the switching frequency freely and guarantees stability for any
load condition without having any outside compensation circuit at all.

Introduction: In recent years, digital switching power amplifiers have
gained growing attention in the field of audio applications. The
switching power technology provides a high-cfficiency and low-
volume alternative for audio power amplifications but suffers from
low signal-to-noise ratio due to inherent nonlinearity and crossover
distortion. Efforts have been made to overcome these problems [1-3].
A novel solution is presented in this Letter bascd on a new simple and
practically useful fine hysteresis control method.
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Hysteresis control (Bang-Bang) is onc of the well-known techniques
used in DC-DC converters. [t is popular and widely used because of its
simplicity and absolute stability. Conventional hysteresis control
converters, however, produce rough output voltages due to high
ripple current in the inductor caused by low switching frequency and
sub-harmonic oscillation [4]. The response time from the drain voltage
(Virain) of the main switch to the converter output voltage (Vo) is
also very slow because the voltage information is used only to regulate
the output voltage. As a result, the switching frequency is low and
consequently the ripple current and conduction loss are high in
the conventional hysteresis control converters, Conversely, in the
pulse-width modulation (PWM) control method, the switching
frequency is easily adjustable and thus the ripple voltage at the
output as well as the ripple current in the inductor can be made to be
low by increasing the switching frequency [2]. However, a complex
compensation circuit around the error amplifier depending on the load
and filter conditions is a serious shortcoming in the PWM converters.

In this Letter, a new control method called fine hysteresis control
(FHC) is presented for a high performance class D audio power
amplifier. FHC is capable of maintaining excellent stability for any
load and/or filter conditions. It allows the switching frequency to be set
at a high value. All these are possible using a very simple structure.

Inductor curvent sensing method: To increasec the switching
frequency in the hysteresis control, the inductor current information
needs to be included in the feedback loop. For this purpose, the output
voltage ¥, and a switching ripple current of the inductor are added
together at the V., node as shown in Fig. 1.

o

gate
driver

comparator

_l curlrent
a

inductor switchinéVDD 20 kHz
ripple current P
AAAAANNANNAAM,

output voltage

V. N G

sense

Fig. 1 Basic block diagram of FHC class D audio amplifier

If it is only the ripple current information caused by switching that is
important, it is possible to obtain it by integrating the voltage across the
inductor using an RC integrator (Rgy, Rs» and Cy,,) as shown in Fig. 2.
This method is useful only when the information about the switching
ripple current shape is required instead of its exact value. As a result,
the node voltage V., becomes the sum of the output voltage divided
by Rs; and Rs, and the switching ripple current component (V) of the
inductor.

input buffer +V,
clock o0

inductor ripple current and
output voltage summing block

R
Hi vcmpaut

gate
driver H

f
i P=g—o it g * Cr = Ry * Cint
Re* Cr Rgy * Cint

Fig. 2 Implemented circuit
Overall operation and switching frequency: The node voltage Vense

is applied to the negative input of the comparator having a hysteresis
by R/ and Ry to the plus input as shown in Fig. 2. By comparison,
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