0 IEEE Open Journal of
cag Circuits and Systems

Received 23 July 2023; revised 24 September 2023 and 12 October 2023; accepted 26 October 2023. Date of publication 2 November 2023;
date of current version 30 November 2023.

Digital Object Identifier 10.1109/0JCAS.2023.3329723

Class—CTA: Concept and Theoretical Analysis of
a High Linearity and Efficiency Power
Stage Architecture

DIMITRIOS BAXEVANAKIS 1 (Member, IEEE), DIMITRIS NIKITAS" 2 (Graduate Student Member, IEEE),
AND PAUL P. SOTIRIADIS ! (Fellow, IEEE)

1Department of Electrical and Computer Engineering, National Technical University of Athens, 157 80 Athens, Greece

2Department of Electrical Engineering, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands
This article was recommended by Associate Editor M. Wang.
CORRESPONDING AUTHOR: D. BAXEVANAKIS (e-mail: dimbaxev@central.ntua.gr)

This research is co-financed by Greece and the European Union (European Social Fund — ESF) through the Operational Programme
“Human Resources Development, Education and Lifelong Learning” in the context of the project “Strengthening Human Resources Research
Potential via Doctorate Research — 2"d Cycle” (MIS-5000432), implemented by the State Scholarships Foundation (IKY),
and is supported in part by the Onassis Foundation — Scholarship ID: F ZS 041-1/2022-2023.

The publication of the article in OA mode was financially supported by HEAL-Link.

ABSTRACT This work presents a power stage architecture that combines high-linearity with high—
efficiency. The power stage is configured as a push—pull Class—A topology with two buck—converters
providing its supply rails. The buck—converters continuously track the stage’s output with a small constant
margin, creating a minimum, constant voltage drop on the output devices; thus, the stage’s efficiency is
increased and its linearity is improved. Theoretical analysis of the topology and its feedback control are
presented, while a design example is implemented and simulated in Cadence Spectre as proof—of—concept.

INDEX TERMS Buck—converter, push—pull Class—A, Class—CTA, efficiency, linearity, power stage.

. INTRODUCTION

OWER amplifiers are one of the most commonly used

blocks in electronic applications, with their power stage
having a major impact on their overall linearity and power
consumption [1]; two factors often in conflict. Linearity plays
a crucial role in measurement applications and consumer
ones, like audio, where power is always a constraint. Various
power stage classes try to excel in one or both of these two
aspects: Class—A stages offer superior linearity at the expense
of efficiency; Class—B stages improve on efficiency but suffer
from crossover distortion, while Class—AB topologies stay
in between Class—A and Class-B in the efficiency metric.
Switching output stages like Class—D and its variants, like
Class—E (used mostly for RF applications [2]), feature very
high power efficiency [3], [4], but lack in linearity compared
to their non—switching counterparts.

An attempt to boost the efficiency of the linear family of
output stages comes in the form of Class—G and Class—H
power stages. These architectures usually feature an output
stage biased in Class—AB (or more rarely, in Class—B), with

multiple supply rails or a dynamic one. Class—G employs
different supply levels with discrete steps based on the output
signal’s amplitude through a switching—selection mechanism,
and has established itself to both audio [5], [6], [7] and RF
applications [8], [9], [10], [11], [12], [13], [14]. One aspect
that requires attention is the switching noise introduced dur-
ing the supply rails’ selection [15], since it can severely
degrade linearity. Switchless designs have been proposed to
deal with the abrupt supply switching [16], [17].

Class-H stages use a dynamic approach. In their most
common form, for small signal amplitudes a minimum, fixed
supply level is set; when the signal exceeds a threshold value,
the supply rail dynamically tracks it with an added offset to
keep the output devices in the appropriate operational region.
When both positive and negative supply rails are available,
they both stay fixed at low absolute voltages for small output
level; and one of them tracks the output with an offset, when
the output level exceeds certain thresholds [18], [19]. The
same approach can be implemented in a fully—differential
bridge configuration with a single supply rail [20], [21], [22],
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where a bootstrapping amplifier topology has been proposed
to further improve efficiency and linearity [23].

Another flavor of Class—H power stages employs
envelope—tracking of the output by the dynamic supply
rail. For audio and low—frequency measurement purposes,
envelope—tracking has been used in single-rail [24] imple-
mentations, and also in a mirrored dual-rail fashion [25],
where both rails simultaneously increase or decrease in abso-
lute value. It has also been used in RF applications where
more sophisticated tracking schemes can cope with the more
demanding signal bandwidths [26].

In this work, a high-linearity and high—efficiency power
stage architecture based on the Class—H principles is
presented [27]. Instead of being biased in Class—AB or
Class—B, the proposed stage’s output devices are in a push—
pull Class—A scheme (full-cycle conduction) to ensure high
linearity. Two buck—converters constantly track the output
voltage towards the same direction with an appropriate
margin and generate the two supply rails; this way a con-
stant voltage drop on the power transistors is maintained,
maximizing the stage’s efficiency and further increasing
linearity.

The remainder of this paper is organized as follows.
Section II presents the concept of the proposed power stage
architecture, and Section III outlines its theoretical analysis
and a feedback control scheme that can serve as a complete
design guide. Finally, a proof—of—concept circuit implemen-
tation of the topology is given in Section IV, accompanied
by Cadence Spectre simulation results, while conclusions are
drawn in Section V.

Il. PROPOSED POWER STAGE ARCHITECTURE

The concept of the proposed power stage architecture is
depicted in Figure 1. Both positive (u;g) and negative (ug)
supply rails continuously track the output signal, creating a
constant voltage drop (uy7) on the output devices at all times.
This scheme offers two advantages. First, power loss on out-
put transistors is minimized; this has a profound effect for
a push—pull Class—A topology where both devices conduct
during a full cycle and unavoidably decrease the efficiency
potential of the stage. Secondly, modulation of the transis-
tors’ currents due to the Early effect is ideally eliminated;
thus, overall linearity of the stage is improved. The small
error in the achieved margin results in a minimal current
modulation effect; the smaller this error, the better the stage’s
achieved linearity.

The system—level architecture of the proposed power stage
is given in Figure 2. The two supply rails are generated by
two buck—converters that track the output signal plus/minus
a margin voltage, uys. The power stage is biased in Class—A
and is a push—pull configuration. The proposed architecture
is general; it can employ MOSFET or BJT devices (or a
combination of them), and can be implemented in either
discrete—component or integrated circuit designs. This paper
presents and analyzes a MOSFET version of the topology.
For a MOSFET power stage, the selected uy can be as

296

+Vg

-Vg

FIGURE 1. Proposed power stage’s continuously tracking rails.
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FIGURE 2. Proposed power stage’s system-level architecture.

Positive-Rail
Buck-Converter

4
up

Class-A
Power-Stage

N ——

+

small as the upg saturation value of the output devices plus
a safety margin to prevent them from entering the triode
region throughout the entire output range. The converters’
duty cycles are shaped through feedback and pulse—width
modulation (PWM).

Given the continuous tracking of the output voltage by
the power stage rails and the stage’s Class—A biasing, the
proposed topology is referred to as Class—CTA (Continuously
Tracking A).

lll. CLASS-CTA THEORETICAL ANALYSIS

The proposed power stage can be divided into three blocks:
the push—pull Class—A MOSFET power stage, the positive—
rail buck—converter, and the negative—rail one. The blocks are
modeled as shown in Figure 3. The analysis of Class—CTA
starts with the power stage’s biasing and its drawn current
expressions, and continues on to the buck—converters. All
equations required to implement the Class—CTA architec-
ture are provided, so apart from establishing its theoretical
background, the foregoing analysis also serves as a complete
design guide for sizing the involved components.

A. MOSFET PUSH-PULL CLASS-A POWER STAGE

The push—pull power stage of the proposed design is formed
by MOSFETs M, and M), in Figure 3. No degeneration resis-
tances are present at their sources, given the smoother current
square—law of MOSFETs versus the abrupt exponential—
law of BIT devices. This also simplifies the foregoing
large—signal, low—frequency analysis.
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FIGURE 3. Class—-CTA model.

Note that the two feedback loops in Figure 2 maintain
constant upg voltage for M, and M,, equal to uy. Moreover,
both M, and M, are desired to operate in strong—inversion
and also to avoid mobility degradation; with these design
requirements in mind, their drain currents are expressed as

Vi)’
Vil)’, (1)

ips, = {nlucs, —
ips, = &p (MSG,, -

where it is defined
a Ips,
Ve,

iD§ Wy
£ 55 = 5HpCox (14 Apun). )

Vi 2 L,

C}‘l /'LHCOX (1 +)\. MM)

1
2
1

&p

In the above expressions, Vi, Vi, are the transistors’ thresh-
old voltages, and Vg, , Veﬁ;) are their effective voltages, equal
to (ugs, — Vi) and (uSGp — |Vipl), respectively. Finally, W),
Wy, Ly, L, represent the transistors’ gate width and length
values, iy, j1,p are their carrier mobilities, A, A, depict their
output impedance constants, and C,,, is the gate capacitance
per unit area [28].

1) PURE CLASS-A BIASING CONDITIONS

The biasing of the output stage is set by the sum of voltages
Vg, and VBP, and it holds that

VB, + VB, = ucs, + usg,- 3)
It is convenient to define the positive DC bias voltage
Va £ Vs,

— Vi + VBP - |th| = Veﬁfn + |Veﬂp|- 4
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Then, using equation (1) that is desired to hold over
the entire voltage range of operation, voltage V4 can be
expressed as

iDS iDS,,
Vo= |— 4+ [—. (®))
n &

In order to have high—linearity Class—A operation, both
transistors M, and M), must always be in strong—inversion. To
achieve this, it is required that their currents are always larger

LI : smin -Satp  -min satp
than some minimum values, i.e., DS, > bim'» DS, > Tim »
where

saty,p Wn,p 2
lim = 160y pCox—=AU7, (6)
Ln,p

A is the weak—inversion slope factor, and Ur = kpT/q is the
thermal voltage [29]. From Figure 3 it is

ips, = ips, + io, (7N
where ip = up /Ry and ipg,, ips, > 0. Let the minimum and
maximum output voltage be :I:um"x, with u;® > 0. Due to
ips, being strictly increasing with u;y and ips, being strictly
decreasing with uzy, the minimum and maximum currents
of the transistors appear in pairs, {zgg’,zggx} {zggx, l"””}
then, from (7)

max

imin — jmax _ (@)
DS, — 'DSp R,

mm jmax [0) (8)

!ps, = 'ps, — R,

ymax

where it may very well be z’”’" # zDS” and ipg" # i ips,
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For the maximum and minimum output voltage,
equation (5) implies through (8) that
Vi =
Va = )
Since it is required that lgg” > lfﬁfl", zgg’l > lllm , it must be
selected
Va > max{VAl, VAZ}’ (10)
where
(11)

Consider again the drain currents and the output voltage
of the power stage in Figure 3,

iDps, = &n (MIN + Vg, —uo — Vm)2
ips, = {p(uo — uyv + Va, — |th|)2
uo = (ips, — ips,)RL- (12)

For ujy = 0 it is desired to be up = 0, which effec-
tively means that ips, = ips,. This in combination with (12)
implies that

é‘n(VBn - th)2 = Cp(VB,, - |th|)2-

As both MOSFETS operate in strong—inversion, it is Vg, —
Vin > 0 and Vg, — |V;p| > 0, leading to

ks
Vg, = g—;(vgn — Vi) + Vipl.

From (4) and (14) it is V4 = (1 + \/gj;’)(VBn
the required bias voltages for the power stage are

Va
V
Vg

_ A
=
%
I+
2) POWER STAGE CURRENTS

Assuming that the DC bias voltage V4 has been selected
according to equation (10), and that Vp, and Vp, are set
following (15), the power stage currents ips, and ips, are
derived. It is important to know their expressions since they
are the loads of the buck—converters in Figure 3.

13)

(14)

— Vi), and so

VB = + th

+ Vipl. 15)
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Setting wy, £ VB, — Vi and wy £ _yp
equation (12) implies that

) —+ |th| in

U = RL[g“n I:Wi + u%N + u20 + 2w Uiy — 2wultp — ZMINMO]
- & [wlz, + M%N + u20 + 2wpuy — 2wpup — 2u1Nu0]].
(16)
From (13) it is ¢,wy; — pwy = 0, and from (15) it is derived

that &,wy, — §wp = Va/8nlp. Thus, after some algebra,
equation (16) gives

1
(é-n - gp)uzo - |:2VA\/ Enlp + 2(@1 - é-p)MIN + R_Li|u0
+ (60— &)ugy + (2Vay/Zup)um = 0. (17)
Dividing this equality with ,/¢,¢, > 0 results in
¢u2 2Va + 2¢uiy + ! u
- A IN + ———F—= |Uo
¢ NG
+ Gujy + 2Vauy =0, (18)
where
pe 2 (19

N

Two cases can be distinguished; &, = ¢, and ¢, # {p.
If, in addition to u;y = 0 = up = 0, it is assumed that
¢n=¢p =2, then ¢ = 0 and (18) is transformed to

1
- <2VA + —)Mo + 2Vauy = 0, (20)
¢RL
leading to
2VAZR
uo = kg, with k 2 ——VASRL 1)
2VaCRp + 1

The current-gain match of M, and M, results in a linear
input—output relationship. Deviations between ¢, and &, will
result in a nonlinear relationship, as ¢ # 0 and the squared
terms of u;y and up in (18) will not be eliminated. This
will in turn introduce distortion, which makes the sizing
of the output devices for very close ¢, and ¢, values a
desired and targeted design choice. Finally, for ¢, = ¢, = ¢,
equations (12), (15), and (21) result to the expressions of
currents ips, and iDs,

VZ
ins, = [£(1 =0 Judy + £ (1 = ) Valuay + ¢ =
2

. VA
ins, = [¢(1 =0 Judy = (61 = )Valuw +¢ . (22)

B. POSITIVE- & NEGATIVE-RAIL BUCK-CONVERTERS
Analysis now turns to the converters that generate the
tracking supply rails of the Class—CTA power stage. For
simplicity, focus will be primarily on the positive—rail buck—
converter, as the circuit is symmetrical; only the final results
for the negative—rail one will be presented.
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FIGURE 4. Positive-rail buck—converter configurations and timing.

1) STATE-SPACE MODELING

Within a switching period, Ts, the positive-rail buck—
converter has two configurations, A and B, as depicted
in Figure 4. During configuration A, when ¢ € [0, d;;TS),
switch S7 is on and switch S5 is off, with d; € [0, 1] being
the converter’s duty cycle. For this state, the equations that
describe the circuit are

i, = ic, +ip
Vkr =i, (R0N1 + RESR) +ur, + u;

2Vg = ity (Row, + RE) + ur, +ic,RER +uc,. 23)

For configuration B of the converter, during ¢ € [legTs, Ts),
S1 is off and S; is on; then, it is

i, = ic, + i}
Vg =1, (RONZ +RESR) +ur, + u}'
0= ir, (Row, + RE®) +up, +ic, RE® +uc,. (24)

During both time intervals, the converter’s output current
is that of the NMOS transistor M,, in the Class—A power
stage

-+

ip = ips,- 25)

Given that the current relationship of i]; and the desired
tracking behavior of u; are known, one could attempt to
solve the state—space equations (23) and (24) analytically,
and acquire the exact solution over a switching period
by means of continuity at the time of the configurations’
switching. However, the design philosophy of the proposed
architecture allows for a simpler analysis approach; given
that the switching frequency, fs = 1/Ts, is much higher
than: (a) the maximum input signal frequency, (b) the natural
frequencies of the converter, and (c) the frequencies of
variations in the converter’s inputs, it is concluded that time—
averaging of (23) and (24) can be employed [30] instead of
the more complicated exact solution. Thus, over a switching
period, the time—averaging approach results in

ir, = ic, +ig
(2 = 1)V = i, [df Row, + (1 = d)Row, + RESF]
+ ur, + u,',f

uc, +ic, RESR = M; + Vg, (26)
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where the third equation results from subtracting the second
one from the third in (23) and (24), and time—averaging.

Defining x* = [uc, iLl]T, yt = u; + Vg, and replacing
ic, and u;g of the first and third equations in (26) into the
second one, it is derived that

0 1 0
. C
i = |: | (RILESR+RgSR+RON2):|x+ + |:2ZR]dz,'

L L

C |.
+ | gese l;gr + Rown,—Row, x+d;{
[T Lo fenten

yt = [1 RESR]xt + [-RESR]i). 27)
Equations in (27) form the (time—averaged) state—space
representation of the positive—rail buck—converter when con-
sidering the duty cycle dl'; as the system’s input and y*
as its output. Similar analysis and reasoning leads to the
corresponding state—space equation for the case of the
negative—rail buck—converter

0 & 0

- C _ -

X = |: . (RESR+RESR+RON4):|X + |:2VR:|dR
L~ L L

—|_ o o __
+ RESR IR + R()N4—R()N3 X dR
= 0 =7

y~ = [~1 —RESR]x™ + [RESR]ig, (28)
where x~ = [uc, iLz]T and y~ = up — Vg.

The term involving multiplication of the state vector and
the input signal (duty cycle) makes systems (27) and (28)
bilinear [31], and therefore their analysis and feedback
design more challenging. However, the bilinear terms x+d;
and x~dj can be eliminated by sizing the switches such that
Ron, = Ron, = Ron; = Ron, = Ron; this is a convenient
design choice. It is desirable to have similar voltage drop
on the on-resistance of the converter’s switches during its
two operation states, and also to opt for similar behavior
between the positive— and negative—rail buck—converters, as
this favors the use of the same feedback scheme and the
same L and C values.

2) SELECTION OF CONVERTERS’ L & C VALUES

Based on the assumption of equal Rpy values of the
switches that led to the elimination of the bilinear term
in (27) and (28), one can proceed with the initial selec-
tion of the inductor and capacitor values for the two
buck—converters.

At equilibrium,! ¥t = i~ = 0, and supply rails u;-g
and u, have reached their targeted values; thus, u;g =
kupv + upy and up = kupy — up (recall that up = kupy).
Replacing the above in the state—space equations (27)
and (28), the equilibrium values of the converters’ duty

1. According to the assumptions in Section III-B, the two converters
must be sufficiently fast so that they always remain close to equilibrium
independently of the power stage’s input signal.
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FIGURE 5. Positive-rail buck—converter’s inductor current ripple and output voltage
ripple waveforms.

cycles are derived
e = 0= | Ve Gy + uap) + (RES® + Row )i |
leg. 2Vg
_ 1 —
- [VR — (kugy — upg) + (RESR + RON)lR]. (29)
o 2Vg

Assuming small voltage ripple at the outputs of the two
buck—converters, over a switching period the inductor cur-
rent can be approximated by the superposition of a constant
current component and a current ripple, i;. The ripple can
be approximated by a triangle waveform with zero mean
value and maximum-minimum values of +Ai; [30],
depicted in Figure 5. In the positive-rail buck—converter
during time interval [O, d+ Ts) the derivative of iy, lL],
can be approximated by “

2Air,
- .
deeq Ts

i, = (30)
Within [0,
to (27) results in iy, = i; +;L, which is simplified to i, ~
i}; by assuming the desirable condition that |Air, | < i;{.
Combining this with (30) and (23) (where u;, = Liz,) gives

d;e"m_ Ts), equilibrium condition x* = 0 applied

= Vg — [ku,N + oy + (RESR + RON)i;]. 31)

To keep the current ripple below A#j**, the inductor must
be larger than the following bound

T
Lo | Vi

2
ESR +
AN - [kulN + upm + (RL + R0N>IR] }

(32)

The same result applies to the negative—rail buck—converter.
To keep voltage ripple small, capacitor C should be suf-
ficiently large. A relationship between the voltage ripple

and C is obtained by assuming that inductor’s current rip-
ple flows only through RESR and C, ie., iC] = lLl, which
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is typically the case for a properly designed converter. For
triangle—shaped inductor ripple current, in the case of the
positive-rail buck—converter and for ¢ € [0, dl';eq Ty) it is

- - &

Icy, =1, = AlL1 ﬁ —1
Air, ( 2
+
C dR‘eq,TS

R\eq.
= ESR

RC
dl-;eq- Ts, Ts) it is

UpESR = I
RE: C

- L[
uc, = E/O I (‘L’)d‘[ =

- t). (33)

Similarly, for ¢ € [,

+
~ ~ A . 1 + dee Zt
ic, =1 i —
1 Ly Ly 1_d}-|q (l—d; )TS
© leg.
MRESR = lclR]éSR
iic, = ic,(t)dt

)t - d+ s 2
= +
c 1—dg (1 — d,;eq)TS

(34)

The total output voltage ripple is equal to i}; R = U RESR +iic,
(Figure 5), and achieves its minimum and max1mum values

att, = 0. 5d+ Ts—CRER and 1, = 0.5(1+d} ST~ CRER,
respectlvely, w1th
. 'SR2 . +
Gmin _ (AlLle ! Aip,dg, Ts l)
R = T
dR‘eq, Ts 4 C
. 2 i _ gt
~4max __ AlLlRESR AZLI (1 dRIetI~)TS 1
MR = n C + 4 E
( dR\eq )TS
(35)

Note that the expressions of the minimum and the max-
imum values of the ripple in (35) are valid when ¢, > 0
and 1, > d;gl T, respectively; otherwise u;mm and ;"
are only lower and upper bounds of the minimum and the
maximum values, respectively.

Thus, for a targeted maximum ripple value of Aug®, it
is recommended to select the capacitor’s value C between

the following two bounds derived from (35)

(1-dz, )75

! -max pESR2
2AimRE

x [Au;;’“" + \/ Aup? — (AiZ“’XR‘ESR)zJ. (36)

Equation (36) also implies a lower limit on the desired volt-
age ripple; it should be Auf™ > AiRER which is of
course expected. The same results can be obtained for the
negative—rail buck—converter.
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Even though one would want both ripples to be very small
in value to improve the proposed power stage’s linearity,
an upper bound of the LC product must also be estimated,
since very large values will pose difficulties in tracking input
signals with high rise or fall rates (but always within a band-
width low enough with respect to the converters’ switching
frequency), and thus, performance degradation. To this end,
the following simplified case is considered.

Assume that at r = 0 the tracking rail voltage uy £(0)
is close to its maximum allowed Value (>~ Vg) and that
its derivative is equal to 0, ie., i $(0) = 0. Moreover, to
make the problem tractable, lets assume that Rpoy = RESR =
RESR = 0. At = 0™, output voltage up starts to rise with its
maximum rate, p > 0, forcing the converter to configuration
A (Figure 4). Current i; is also close to its maximum value,
i; = I, and for simplicity it is assumed almost constant
for a brief period of time. Then, it is

VR — ung = Li‘Ll
ir, = Cih + I}, (37)
leading to

Vg = ujf + LCii}. (38)
Differential equation (38) has the solution u;; = hysin(Yr1)+
hecos(yrt) + VR, where v = 1/+/LC. With the initial
conditions of uj *(0) and u; (0) =0, one denves

up = Vg — [Vg — uf (0)] cos(yro). (39)

From (39) it is seen that u; is a convex function of time
within a certain time period from ¢ = 0 and also i, ) = 0.
Assuming a large v value, and so a fast tracking response
due to fast increase of it;’e', along with a relatively slow,
approximate linear increase of up with rate p, implies that
the voltage margin u;g —up attends its minimum value when
the slope of u;g equals p. Based on the above assumptions,
this equation of slopes happens for small ¢, motivating the
approximation ¥t < 1, giving sin(yt) =~ ¥¢. Thus,

iy = ¥[Ve — uh (0)] sin(yo) = v2[Vk — u (0)]z.  (40)

The slope of u;{ becomes equal to p at approximate time #,
N
Y2 [Ve — ug (0)]

Therefore, the minimum margin voltage is

VAIVR—uf O]ty = p =1, = 41)

" = ugg (1) — uo(tp)

= Vi — [V — uz (0)] cos(yr1,) —

2.2
v t”} — uo(©) - pt,

[uo(O) + ,Otp]

~ Vg — [Vk — up (0)] [1 —

02

292 [Vk — uf (0)]

>~ up $(0) — up(0) — (42)
————

um
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Thus, for u”A}]i" being larger than a minimum limit,
Wl (42) Teads to
2
= £ @)
Z[VR — u;(O)] (uM - uﬁm’hm)
which results in the upper bound of the LC product
2[ R — U (0)]< nAzIm ltm)
LC < . (44)

02

C. OUTPUT-TRACKING RAILS CONTROL

Following the analysis of the buck—converters, one continues
with the design of the feedback control scheme for the supply
rails to track the output plus/minus the voltage margin, uy,.
Given the previous simplifying assumption that all switches
have the same on-resistance, both state—space systems of the
two converters have the linear, time—invariant (LTI) form of?

X = Ax + Bdg + Dig

y = Cx + Eig (45)

where the state vector is x = [uc iz]', and matrices A, B,
C, D, and E are defined in the obvious way according to
equations (27) and (28).

1) OUTPUT FEEDBACK CONTROL SCHEME

A common approach is to employ static output feedback
with integral action [32], i.e.,

G=e=y—r
dr = fsar(kjo + kpe) € [0, 1],

with k7, kp € R and fsat(-) be a saturation function
capturing the circuit-level behavior of duty cycle df; i.e.,
Jfsar(n) = max [0, min (n, 1)] implying that dp = kjo + kpe
under normal operating conditions with k;o + kpe € (0, 1),
resulting in the classic PI (proportional—integral) controller,
and, saturating to O or 1 when kjo + kpe exceeds normal
values.

For the positive— and negative-rail buck—converters it is
selected ¥+ = up + uyy + Vg and v~ = up — upr — Vi,
respectively. Then, the closed—loop system is described by
the following equations

m _ |:A +hoc kgB] . m . [_fﬁB D+ ngE] _ [l; ]
pl=lc o) 2]+ 81|/ |

Scalar gain parameters k;, kp need to be selected such that
the matrix

(46)

(47)

A+kpBC kiB| _ 33
|: C o | € R (48)
2. Strictly speaking, (45) should be written as i = ATxE 4 BidjE

Di i yE = ot —i—Ei it . However, the 74" superscript is dropped for
s1mp11c1ty keeping in mmd that the matrix parameters have different values
for the positive— and the negative-rail buck—converters.
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is Hurwitz, while more elaborate placement of its eigenvalues
can be done to optimize the controller’s performance with
respect to transient response and static error. If tracking
proves insufficient, a complete PID (proportional—integral—
derivative) controller should be considered. On the other
hand, if static error is tolerable, the integral part of the
control scheme can be omitted.

2) CONTROL SCHEME ROBUSTNESS

The proposed control scheme (46)—(47) was derived based
on the simplifying assumption that Ron, = Ron, = Ron, =
Ron, = Ron. A plausible question is whether the controller
is acceptable should this condition be violated, where the
simplified LTI state—space systems are replaced by the orig-
inal bilinear ones in (27) and (28). From Figure 3 it is evident
that switches S; and S4 will be realized by PMOS devices,
with NMOS ones being used for S> and S3; as such, a mis-
match in their on—resistor values due to them being realized
by different transistor types is to some extent expected.
Here, the bilinear system (27) is investigated in terms of
stability; similar analysis holds for system (28). Dropping
superscript "+ for simplicity, equation (27) is rewritten as

X = (A + Asdp)x + Bdg + Dig
y = Cx + Eig,

Note that the LTI system (45) results from (49) when the
bilinear coefficient As is eliminated.

By adopting the PI controller scheme which was discussed
in the previous subsection, the following dynamics for the
closed—loop system is obtained

I:x:| _ [(A + Asdg) + kpBC k;B} . |:xi|

(49)

where

0 0
As = [o Row,—Ron, (50)
L

o C 0 o
" —kpB D + kpBE r
-1 E g
X r
] =[c o] [(,] +[0 E]- [,-R]- (51)
Equation (51) is rewritten as
z= A(dr)z + Bu
y =Cz+ Du, (52)

with z=[x o]" and u = [r ig]" being the augmented
state and input vectors, respectively. Matrices A(dg), B, C,
and D are defined accordingly.

Matrix function A(dg) is affine in the control signal dg,
ie.,, A(dg) = A, + Asdr with

_ |A+kpBC kB _1As O
.Ao—|: C Oi|, ./4,3—[0 O:|' (53)

As imposed by (46), the time—varying duty cycle dgr belongs
to the convex set [0, 1].
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Proposition 1: If there exists a positive—definite symmet-
ric matrix P € R3*3 such that

AT (8P +PAG) <0, (54)

for 6 = 0 and 6 = 1, then, (54) is also valid for every
value of § in between, i.e., § € [0, 1]. Moreover, due to the
continuity of function A(-) and that of the eigenvalues, as
well as the compactness of [0, 1], there exist constant y > 0
such that

AT )P+ PA®) < —yI (55)

for every § € [0, 1], with I being the identity matrix.
Proof: This follows from the fact that A(§) is affine in §
and [0, 1] is convex [33]. [ |
Proposition 2: Assuming there exist P > 0 such that (54)
is satisfied, then the system (52) is BIBO (Bounded-Input
u, Bounded—Output y) stable.

Proof: Consider the Lyapunov Function V of the form
V=zPg (56)

where z is the augmented state and P is the positive—definite

matrix satisfying (54) and (55). Then, it holds that
Amin(P)[zl* <V < Amax (P) 1)1 (57)

Given a control input dg = dgr(¢) € [0, 1], the time—derivative
of Vis

V = (A(dR)z + Bu) " Pz + 2" P(A(dR)z + Bu)
_l (AT (dr)P + PA(dR))z 4277 PBu

—ylzli* + 21zl IPBI flull
—ylizl* + 2)1zIlI1PBIM,

IATA

(58)

where M is an upper bound of ||| set by the circuit. The
"quadratic” term —y||z]|> will dominate the ”linear” term
2|1zIlIPB||M for large values of ||z|| and so

R 2|PB||M
V<0 for 2 = NPEIM,
V4

(59)
which implies that for large values of |z||, V is negative
which yields that V stays finite. Following that, it can be
seen from (57) that ||z|| has to stay finite and BIBO stability
is shown. |

Due to the affine A(-), ensuring the stability of the bilinear
system (52) requires the verification of only two linear matrix
inequalities (LMIs), corresponding to the marginal values of
dg (this is encountered as Common Quadratic Lyapunov
Function in the literature [33], [34]).

The set of LMIs described in (54) can be solved using
any semi—definite programming suite (e.g., SDPT3 [35])
in standard computational platforms such as Python (e.g.,
cvxpy [36]), MATLAB (e.g., Yalmip [37]), etc. By checking
condition (54), it can be ensured that the bilinear system is
BIBO stable even for large mismatches in the on—resistances
of the converters’ switches that can result from their different
transistor type characteristics.
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FIGURE 7. Positive- and negative-rail buck-converters of Class-CTA.

IV. PROOF-OF-CONCEPT IMPLEMENTATION

To validate the concept of the proposed architecture and
demonstrate its performance potential, a Class—-CTA power
stage design example is given. For the purposes of this paper,
this proof—of—concept design example is implemented and
simulated at schematic—level in Cadence Spectre in ON Semi
CMOS 0.35 um technology, while its behavior is compared
in terms of output spectrum (linearity) and efficiency versus
the classic push—pull Class—A biasing scheme. Sizing of the
involved elements was done using the theoretical analysis
presented in the previous sections.

A. CIRCUIT IMPLEMENTATION

The push—pull Class—A power stage core of the implemented
Class—CTA with its biasing network is given in Figure 6.
The output devices are biased with a quiescent current of
385 mA and drive a classic 8 2 load encountered in audio
applications, while supply rails, &=Vg, are set to =6 V.

The two buck—converters in Figure 7 are equipped with
L = 33pH and C = 470nF, while RFSF = 50mQ and
RESR = 0.5Q. The switching frequency is set to 5 MHz,
complying with the assumption of Section III-B that enabled
the time—averaging of the state—space model; the maximum
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FIGURE 9. PWM control block.
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FIGURE 10. Operational amplifier used in the PWM control block.

signal frequency for audio is 20 kHz. The switches feature an
average on-resistance of 353 mS2 to minimize voltage drop,
and their control signals, d; to ds, are provided by two
non—overlapping clock generators like the one in Figure 8.

Tracking margin voltage, uyy, is selected to be 1V, giving
about a few hundred mV of upg saturation margin for the
output devices and ensuring that both of them are always in
strong—inversion. A simple proportional-only feedback con-
trol scheme is used, implemented by the network in Figure 9.
With a selected gain of kp = 40, the maximum observed
error in the supply rails’ tracking is minimal, without impact
on Class—CTA’s performance. For the amplifiers and the
comparator of the PWM control block, the current—mirror
operational amplifier of Figure 10 is used.

B. SIMULATION RESULTS
The proof-of—concept design was simulated at schematic—
level over Slow, Typical, and Fast process corners, at
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FIGURE 13. Class-CTA rails and output DFTs for an 1kHz, 1V input.

temperatures of —25°C, 27°C, and 125°C. The figures
in this section capture the behavior in Typical process,
27 °C. Maximum/minimum behavior results over corners are
reported in the following paragraphs. Device mismatch does
not pose any concern for the proposed architecture, since the
topology has no matched pairs and no currents or voltages
of critical accuracy.

Figure 11 presents the transient response of the power
stage’s output, positive—, and negative-rail, with a 1kHz,
1V peak input after settling has been achieved. The cor-
responding tracking errors are given in Figure 12, showing
a maximum error value of 18.2mV and 10.1 mV for the
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FIGURE 16. Class—CTA rails and output DFTs for a 20 kHz, 3V input.

positive— and negative—rail, respectively. The error, Auﬁ,
is defined as the actual rail value minus the ideal target
of up £ up; minimum error values are —2.7mV for the
positive—rail and —1.6mV for the negative-rail. Over cor-
ners, maximum and minimum error numbers are 26.1 mV,
24.2mV, and —5.7mV, —7.2mV, respectively. Spectra of
the three signals by means of discrete Fourier transform
(DFT) are available in Figure 13; the 5SMHz spur is at a
—48.8dBV level for the positive-rail, at —49.5 dBV for the
negative—rail, and at —67.9 dBV for the output of the power
stage, where no filtering or feedback is applied. The cor-
responding minimum/maximum power levels over corners
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TABLE 1. Output harmonic levels for an 1kHz, 1V input over corners.
Class-CTA Class-A
Harmonic Worst/Typical/Best (dBV) Worst/Typical/Best (dBV)
1t —0.94/—0.68/—0.54 —0.88/—0.66/—0.53
ond —80.0/—107.8/—108.1 —77.0/—84.0/—93.7
31d —82.8/—88.8/—94.6 —83.8/—87.9/—90.7
10.0
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FIGURE 18. Class—-CTA vs. Class-A output DFTs for a 20 kHz, 3V input.

TABLE 2. Output harmonic levels for a 20 kHz, 3V input over corners.

Class-CTA Class-A

Harmonic Worst/Typical/Best (ABV) Worst/Typical/Best (dBV)
I 8.56/8.85/9.00 8.62/8.87/9.00
ond —48.3/—64.0/—78.6 —44.1/—58.1/—66.0
31d —41.9/—54.7/—61.2 —42.3/—53.7/—59.5

range from —49.8 dBV/—49.1 dBV, —49.5dBV/—49.1dBV,
and —69.4dBV/—63.6dBV, respectively. Due to the
switching frequency being two orders of magnitude larger
than the maximum input signal frequency, the switch-
ing spur can be easily suppressed further by the inclu-
sion of an appropriate load capacitance without affecting
performance.

Transient performance for a 20 kHz, 3 V peak input signal
is shown next in Figure 14. Tracking of the output signal
is again very good, with 46.6mV of maximum error for
the positive-rail, and 28.3mV for the negative—rail being
observed in Figure 15; minimum values are —20.0mV and
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—18.5mV, respectively. Maximum and minimum error val-
ues over process and temperature are 60.5mV, 47.3mV,
and —26.8mV, —51.2mV. The strength of 5MHz spur
is similar to that in the previous case; Figure 16 indi-
cates levels of —50.1dBV, —49.9dBV, —69.0dBV for
the positive—, negative-rail, and output, respectively. The
minimum/maximum values for the corresponding power
levels found from corners are —50.3dBV/—50.0dBV,
—50.0dBV/—49.8dBV, and —65.3dBV/—71.2dBV.

Finally, a comparison on Class—CTA power stage’s linear-
ity and efficiency against the competing push—pull Class—A
scheme (where the power stage uses the fixed =V supply),
follows. Figures 17 and 18 depict the output DFT for the
two schemes; horizontal lines at —120dBV mark a negli-
gible power level region. Linearity is excellent, with some
indicative results on the levels of the fundamental (1% har-
monic) and the dominant harmonic tones (2°4 and 3') at the
stage’s output being gathered in Tables 1 and 2. For the vast
majority of the simulated cases, the 2" and 3" harmonic
tones of Class—CTA are at lower levels compared to the ones
of Class—A operation, due to the almost constant upg of the
output devices in the former case.

The power stage efficiency, evaluated as the ratio of the
load power over the load power plus the power dissipated
at the output transistors, is also greatly improved. Figure 19
presents the peak efficiency as a function of the input signal
amplitude, and indicates that Class—CTA achieves peak num-
bers of 12.3% and 54.7% at an input signal of 1V and 3V
peak, respectively; the corresponding numbers for the push—
pull Class—A variant are 2.2% and 19.4%. For the same
input amplitudes, over corners, the power stage efficiency
ranges from 11.3%—-13.3%, 53.0%-56.5% for Class—CTA,
and from 1.9%-2.3%, 17.8%-20.7% for Class—A. The peak
efficiency improvement gets more pronounced at lower input
amplitudes, where a Class—A scheme suffers more. Opting
for a lower tracking margin voltage in Class—CTA will lead
to further improvement in its power stage’s efficiency, as
uy 1is the decisive factor to the peak efficiency that can be
achieved by the architecture.
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V. CONCLUSION

A power stage architecture was introduced which com-
bines high-linearity with high—efficiency. It uses a push—pull
Class—A power stage core, with supply rails driven by two
buck—converters. The supply rails continuously track the
power stage’s output voltage with small constant margins
via feedback control. This results in a small and constant
voltage drop on the output devices, significantly reducing
power loss and improving linearity. The theoretical analysis
of the architecture is presented and illustrated by means of
a proof—of—concept design example. The simulation results
highlight the advantages of the proposed architecture with
respect to the classic push—pull Class—A power stage scheme.
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