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Abstract

Parallel-type slew-rate enhancers (PSREs) improve the driving capability of operational
transconductance amplifiers (OTAs) for large capacitive loads. While capacitive-boosting
(CB) techniques enhance PSRE efficiency in fully-differential designs, their application
to single-ended configurations—common in off-chip load driving—remains unexplored.
This work identifies a critical limitation of standard CB in single-ended unity-gain buffers:
severe slew-rate degradation due to large common-mode input swings. To overcome this,
we propose a novel split CB (SCB) technique for single-ended PSREs that strategically
divides the boosting capacitance. Simulated in a 0.18-pm CMOS process, the proposed
method achieves a x5.53 reduction in settling time compared to standard CB when driving
a 1-nF load. With only 4 pA quiescent current under a 3.3-V supply, it attains a 1% settling
time of 2.56 ps for 2.64-V steps, demonstrating robust performance across process-voltage-
temperature variations. This technique enables low-power, high-speed interfaces for drivers
of off-chip devices.

Keywords: capacitive boosting; slew-rate enhancement; LCD/OLED drivers; single-ended
amplifier; operational transconductance amplifier (OTA); settling time optimization; low-
power design; CMOS analog circuits

1. Introduction

The driving of large capacitive loads—such as those encountered in display drivers
(LCD/OLED), sensor interfaces, biomedical signal buffers, and communication
circuits—demands operational transconductance amplifiers (OTAs) with high slew rate
(SR) and fast settling. In display applications, stringent pixel charging requirements and
energy constraints have led to various architectural strategies [1]. Early multistage class-B
topologies [2,3] laid the groundwork with transient-aware biasing, achieving pA-level
quiescent currents and sub-3 ps settling for multi-nF loads. In addition, the inclusion of a
resistor in series to the amplifier output allowed a zero-based frequency compensation in
such multistage structures, increasing stability at higher capacitive loads [4]. Dual-path
push—pull structures emerged as highly efficient class-B mechanisms coupled to a class-AB
main signal path [5-7]. A compact and efficient class-AB mechanism based on a floating
PMOS/NMOS mesh was proposed in [8]. Innovations like distributed Miller compensation
have also been introduced to enhance stability at all signal levels [9].

Moving towards general-purpose techniques tailored for large capacitive load driving,
a range of amplifier topologies has been developed to address the conflicting requirements
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of stability (small-signal behavior) and large-signal responsiveness (slew rate), with ap-

proaches varying significantly depending on whether a single-stage or multistage design

strategy is adopted.

Single-stage architectures are often preferred in ultra-low-power applications due

to their compactness, simplicity, and reduced static power consumption. However, they

typically struggle to simultaneously deliver high gain, large output swing, and suffi-

cient capacitive load drivability. Various techniques have been proposed to overcome

these limitations:

Several designs embed dynamic current-boosting elements to improve large-signal
performance. For example, the amplifier in [10] employs a current-detection-based
slew-rate enhancement (SRE) circuit to boost transient current during load events, lead-
ing to a >43 x improvement in slew rate when driving a 470 pF load. Similarly, ref. [11]
proposes current starving and feeding to achieve a 600-1100% SR enhancement while
maintaining low quiescent current. The amplifier in [12] follows a super class-AB
approach in a recycling folded cascode (RFC) topology, where an adaptive bias circuit
and local CMFB further improve GBW and SR by factors of 3 and 34, respectively,
without additional power. The work in [13] introduces a non-linear nested current mir-
ror to push the class-AB operation further in the single-stage regime, demonstrating
significant improvements in slew rate and GBW without additional power overhead.
Some single-stage approaches focused on small-signal frequency-domain behavior.
In [14], the nested current mirror (NCM) method achieves GBW scalability across a
0.15-15 nF range without requiring compensation capacitors, offering 72-84 dB gain
with >60° phase margin, exploiting current mirroring hierarchies. A similar balance
between SR and small-signal performance is achieved in [15,16], which utilizes gain-
enhanced current mirrors with class-AB push—pull stages. Another example is [17],
where a bulk-driven OTA with local positive feedback exploits body terminals and a
dedicated SR enhancement block to sustain performance with loads up to 10 nF while
maintaining quiescent current under 1.4 pA.

Multistage topologies allow higher gain and output swing but complicate frequency

compensation, especially under large capacitive loads. Recent innovations mitigate these

challenges through systematic compensation strategies or control-centric design frameworks:

In[18,19], Yan et al. proposed three-stage and two-stage amplifiers employing parasitic
pole cancellation and embedded capacitor multipliers (CM), respectively. The CM
technique enhances SR and area efficiency by leveraging a small sub-pF capacitor.
In [20], a local-feedback-enhanced compensation scheme for three-stage amplifiers
is proposed, showing a GBW of 1.34 MHz and phase margin of 52.7° when loaded
with 500 pF in unity-gain configuration. The amplifier in [21] employs an adaptively
varied medium-impedance node, enabling ultra-high slew rate (up to 8.67 V/us) over
a wide 0.1-15 nF load range.

A number of works improve the GBW and phase margin through novel compensation
strategies. For instance, ref. [22] uses a signal- and transient-current boosting (STCB)
mechanism, extending GBW and improving SR while keeping the phase margin
above 80°. Likewise, ref. [23] implements a three-stage cascode Miller-compensated
amplifier with local impedance attenuation for complex-pole control, achieving both
high DC gain and fast settling times. The amplifier in [24] introduces dynamic biasing
and a systematic optimization of settling time using contour plot analysis, offering
robust stability for three-stage designs. Ref. [25] is also noteworthy, as it utilizes
inner feedforward compensation in a two-stage amplifier to achieve high current
efficiency and a GBW of 2.01 MHz at just 108 pW of consumption, targeting pF-range
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loads, but still relevant for scalable designs. Furthermore, ref. [26] demonstrates
how local positive feedback in a folded cascode architecture can enhance SR, GBW,
and DC gain simultaneously, outperforming even recycling FC-OTAs. Innovations
in compensation techniques have also been introduced for high-speed designs [27].
Recently, an interesting technique for unconditional stability for any value of capacitive
load in a two-stage architecture has been demonstrated, employing an output branch
replica connected to the OTA virtual ground terminal when configured as a standard
inverting amplifier [28].

While both single-stage and multistage designs have demonstrated competitive fig-
ures of merit (FOMs), the choice of strategy often reflects tradeoffs in complexity, power,
and target load range. Parallel-type slew-rate enhancers (PSREs) appear as an alternative
strategy to deal with stability vs. slew-rate trade-offs by decoupling large-signal dynamics
from static power—a principle pioneered by Nagaraj in 1990 [29] and later refined for mod-
ern technology nodes (e.g., Catania et al.’s 0.18-um design proposed in [30]). Naderi et al.
employed PSRE structures in high-speed pipelined analog-to-digital converters [31,32],
demonstrating superior performance even with very light capacitive loads (500 fF). The
work of Koh et al. [33] stems from the PSRE idea, also introducing refined techniques
for near-zero deadzone control to obtain class-C operation. The work in [34] is inspired
by similar principles and implements a feedforward path using a dynamic circuit with a
capacitor-based hysteresis detector. However, PSRE efficiency hinges on activation latency
and seamless reintegration during settling, challenges exacerbated in advanced displays
where sub-1% settling must coexist with <20 pyW power budgets. Recent PSREs, like
Gagliardi et al.’s LCD-oriented design [35] (2023), demonstrate rail-to-rail capability under
1 nF loads but reveal lingering compromises between achievable slew rate and overall
settling performance—a gap this work aims to bridge. Importantly, in [30], the capac-
itive boosting (CB) technique is introduced in the PSRE block, showing great turn-on
improvement on fully differential structures. Nevertheless, to the best of our knowledge,
CB boosting has not yet been demonstrated in single-ended architectures such as those
employed for LCD and large external load drivers.

This paper is organized as follows: Section 2 provides the theoretical basis for the
PSRE-assisted OTA topologies; Section 3 discusses, for the first time, the single-ended
parallel-type slew-rate enhancer with standard capacitive boosting and its limitations,
highlighting the trade-offs between achievable slew rate and the reduction in turn-on
delay; Section 4 introduces a key topological improvement to overcome these limitations,
namely the split capacitive boosting (SCB); Section 5 showcases SCB-PSRE-assisted OTAs
under typical LCD-driver design specifications in 0.18-um CMOS, validated through
extensive electrical simulations. A state-of-the-art comparison against designs previously
implemented in the same technological node is also provided. Finally, Section 6 concludes
the paper.

2. Parallel Slew-Rate Enhancer Principles

The principle of a PSRE-assisted OTA is schematically represented in the block dia-
grams of Figure 1a, considering a single-ended capacitive load. The output currents of both
the OTA and the PSRE are shown in Figure 1b, qualitatively plotted as a function of the
differential input voltage (DC transconductance characteristics). While the OTA typically
shows great sensitivity to the input signal within a small region around the zero differential
input, the PSRE provides large output current outside of this region, where the OTA output
current saturates to a constant value. These characteristics allow the PSRE to increase the
overall SR exclusively during the initial phase of such a transient, when the absolute value
of the input differential voltage exceeds a specific activation threshold. During the transient
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[Figure 1c], the input differential voltage decreases, eventually deactivating the PSRE,
which then transitions to a high-impedance state. This ensures that the final fine-tuning
of the output voltage is handled by the main OTA. Hence, the presence of the PSRE does
not affect the OTA DC gain, offset, noise, and stability performances at the steady state,
effectively isolating the SR from other specifications and simplifying the design procedure.
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Figure 1. Operating principle of a parallel-type SRE: (a) unity-gain buffer composed of a single-ended OTA
assisted by a PSRE; (b) qualitative plots of the output currents of the OTA and PSRE blocks as a function
of the differential input signal; (c) qualitative waveforms of the output currents in response to an input
voltage step; (d) Nagaraj’s implementation with constant threshold currents Iy, [29]; (e) implementation
embedding the dynamic-threshold-current (DTC) technique [35], where the constant threshold
currents are replaced by signal-dependent currents I, and Ij,.

Figure 1d shows the functional diagram of the original PSRE, introduced by Nagaraj
in 1990 [29]. The circuit is based on a differential transconductive stage, supplied by the
tail current I,;;1, which provides I, and I, currents at its output nodes. A fixed threshold
current, Iy, is substracted from both I, and I, before hard-limiting blocks (‘< 0" and > (")
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and the final x K current amplification. As shown in the sketched current characteristics
of Figure 1d, the resulting current after the hard limiter, I, is reduced by a factor x4
due to the restricted interval of choice of Iy, [Iiyr € (Iizii1 /2, Liginn )], with Iy, = (3/4) Lisin
representing a typical robust choice. The choice of I, also determines the value of the
PSRE activation voltage, V4.

Since the first PSRE, numerous improvements have been proposed. For example,
Sakurai et al. [36] introduced a folded-cascode OTA with an internal SR enhancement circuit,
while Lee and Mok [37] proposed single-point-detection circuits for single-stage amplifiers.
More recently, Gambhir et al. [6] demonstrated a high-speed three-stage class-B output
buffer for LCD-driving applications, achieving significant improvements in settling time
and power efficiency. Similarly, Wen et al. [4] developed a rail-to-rail buffer using dynamic-
current feedback, which achieved a high SR and low power consumption for OLED source
drivers. Figure 1e shows an efficient PSRE implementation which incorporates a dynamic-
threshold-current (DTC) technique [35]. Here, instead of using a fixed I, an auxiliary
transconductor stage, biased at a small portion («) of the total quiescent current of the
PSRE, and also sensitive to the differential input voltage Vj;, provides signal-dependent
currents Iy, , and Iy, ,, which are purposely amplified (x]) and subtracted from I, and
I, respectively. The condition V4 > 0 is guaranteed by making «] > 1—«. Insofar, the
maximum value of I, Iy max, reached when the PSRE input pairs are fully unbalanced,
results to be equal to (1—a)I;,1, which can be made reasonably close to I;,;;1. For example,
with x=0.1, 90% of I;,;;; is effectively delivered to the final x K current amplification stage,
leading to larger SR for the same static supply current when compared to the solution of
Figure 1d.

For optimal power efficiency, the always-on PSRE current, I;,;1, is often designed
to be much smaller than the OTA quiescent current. This leads to possible turn-on de-
lays owing to the xK current amplifier of Figure 1d,e, hence reducing the effectiveness
of the PSRE itself. The capacitive boosting (CB) technique, consisting of providing an
additional impulse-like boost to I;,;;1, addresses this issue by accelerating turn-on delays.
In prior works, this technique has been demonstrated in fully-differential PSREs [30].
However, their applicability to single-ended configurations—ubiquitous in off-chip load
driving—remains mostly unexplored, leaving a critical gap in power-efficient, high-speed,
single-ended designs.

This work identifies a key limitation of standard CB in single-ended PSREs: slew-rate
degradation due to common-mode input swings (Section 3). We then propose a novel
CB-PSRE topology optimized for single-ended operation, avoiding detrimental dynamic
currents, induced by common-mode swings in standard CB-PSREs, to minimize settling
time without compromising static power consumption (Section 4). Electrical simulations of
a SCB-PSRE-assisted OTA designed in 0.18-pm CMOS demonstrate a x5.53 settling-time
reduction compared to conventional CB-PSREs when driving 1-nF loads, achieving 2.56-p1s
1% settling time at 4-pA total static current consumption. The proposed design also exhibits
robustness to PVT variations, making it suitable for display drivers, MEMS interfaces,
and other large-capacitive-load applications.

The contributions of this work include: (i) the first analysis of CB-induced SR limita-
tions in single-ended PSREs, linking performance degradation of the PSRE (in terms of
achievable SR) to common-mode dynamics, (ii) an optimized SCB-PSRE architecture for
single-ended systems, validated by comparative simulations, and (iii) a power-efficient
solution (13.2 nW) for 1-nF loads, with x5.53 faster settling time than prior CB approaches.
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3. Single-Ended Parallel-Type Slew-Rate Enhancer with Standard
Capacitive Boosting

3.1. Implementation of the PSRE with Dynamic Threshold Currents

Figure 2 shows the transistor-level schematic view of the PSRE with dynamic threshold
currents (DTC) [35], augmented by the addition of the capacitive booster Cg, as proposed
in [30]. In the following, we refer to this configuration as the standard CB configuration to
distinguish it from the novel approach introduced in Section 4.

The PSRE block is ideally designed to deliver a DC output current I, sgg described by:

0, = .
Slgn(vid) : Iomax,SRE |Vzd| > VA,

where Vj; = V;, — Vj, is the differential input voltage, lyyqx,sre is the maximum output
current available during slewing transients, and V4 is the PSRE activation threshold (defin-
ing its “deadzone” around zero differential input). For optimal transient response, V, is
typically set near the boundary of the OTA linear region [see Figure 1b].

AUXILIARY Gm
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Figure 2. PSRE schematic with dynamic threshold currents (DTC), including capacitive boosting (CB)

};4{ Mm2n
1: K

between the source terminals of the main differential pairs (standard CB).

The PSRE in Figure 2 consists of: (i) main transconductors (Mtn1-Mil-Mi2, Mtp1-
Mi3-Mi4), (ii) auxialiary tranconductors (Mtn2-Mal-Ma2-Msh3a-Msh3-Msh4a-Msh4, Mtp2-
Ma3-Ma4-Mshla-Msh1-Msh2a-Msh2), (iii) current mirrors (Mmlp-Mm2pm, Mmln-Mm?2n,
Mm3p-Mm4p, Mm3n-Mm4n) for hard-limiting and amplification, (iv) the capacitive booster
Cp between the common source nodes of the main input pairs.
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Neglecting, for the moment, the role played by Cp, it can be easily shown that the
PSRE delivers maximum output current equal to:

Iomax,SRE = 2K(1 - ’X)Itaillr (2)

when both NMOS and PMOS pairs are active. However, when the supply or ground rail
is approached during rail-to-rail input swings, one pair eventually turns off, reducing
Iymax,sRE by 50% (see Section 3.3).

As analytically derived in [35], V4 depends on various factors: (i) the fraction « of the
total PSRE quiescent current used to supply the auxiliary transconductor and (ii) the current-
mirror gain J, defined as | = Bmgshi-4/ BMshia-4q, With B = uCox W/ L, where symbols y, Cyy,
W and L indicate the carrier mobility, the gate capacitance per unit area, the channel width and
the channel length of MOS transistors. In weak-inversion operating conditions, the activation
threshold V4 can be expressed as in (3) after analytical manipulations relying on descriptions
of MOS behavior based on the Enz-Krummenacher-Vittoz (EKV) model [38,39]:

VA :nUTln< 0‘] ), (3)

1—«a

where 7 is the subthreshold slope factor and Ur is the thermal voltage (i.e., Ur = kgT/q,
with kp indicating the Boltzmann constant, T the absolute temperature and g the elementary
charge). On the other hand, in strong-inversion conditions and assuming fB;, = ap;:

V. — val —v1—a [2nly,in
Ny wy Bi

where symbols ; and f3;, indicate the transconductance factors related to the differential

(4)

pair devices fed by (1—a) I, and aly,;q, respectively. To attain (4), the square-law approx-
imation derived from the EKV model of the MOS transistor was used [38]. The assumption
Bia = ap; is enforced directly by design through appropriate geometrical ratios for the Mil-
Mi2 and Mal-Maz2 transistor groups in Figure 2. Specifically, (W/L),1_4 = «(W/L)j_4. It
is important to emphasize that the aforementioned expressions apply to asymptotic cases
corresponding to either pure weak or strong inversion operation. Real-world designs may
also operate in the moderate inversion region, where V4 exhibits a dependence on the
design parameters a and | that lies between the two asymptotic cases. In practical scenarios
where PVT (process, voltage, temperature) variations may occur, the actual dependence of
V4 on a and | can shift within the design space bounded by Equations (3) and (4). It is also
worth noting that in the PSRE-assisted OTA, V is selected relative to the sensitivity range
of the main OTA differential pair (Vjmax). Therefore, PVT variations tend to affect both
parameters similarly, resulting in a first-order robustness of the PSRE activation mechanism.

As highlighted in [40], the PSRE current mirrors exhibit a turn-on delay (tpn), degrad-
ing settling time. This phenomenon is qualitatively represented in Figure 3, where the total
settling time is determined by the sequence of three distinct processes: (i) PSRE turn-on,
(ii) slewing phase, and (iii) linear phase. From [40], oy is estimated to be:

| 2n
ton = Cg ﬁil’ ®)
mim

where Cg is the gate capacitance of Mm1p-Mm2p and Mm1n-Mm2n, while §,, and I, are
the transconductance factor and the input current of either Mm1p or Mml1n (depending
on the sign of the transient) in slewing conditions. The approximated expression of ton—
a relation useful in the design process—is derived through several simplifications (e.g.,
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neglecting the dependence of C; on charge and assuming a constant I, during turn-on).
Clearly, these assumptions imply that the parameters in (5) should be interpreted as average
values over the turn-on interval. Further details can be found in [40]. Thanks to the DTC
approach, I, = (1—a) I, (still neglecting, for the moment, the CB effect). The C; term
is dominated by the Cgg parasitic capacitances of the transistors labeled with Mm, hence
its effect on tpy is proportional to (1+K). Therefore, by increasing K in the attempt of
boosting 1,41 srE and the SR, ton also increases. This phenomenon eventually determines
the minimum achievable settling time of the considered PSRE-assisted OTA topology, when
the CB technique is not used.

V| V. v,
VL\ linear phase
—] T ™1
0 tON tsettling

Figure 3. Qualitative plot of the output voltage, V,, in response to an input voltage step: the total
settling time is aggravated by the turn-on lag of the PSRE.

Next, we analyze the capacitive boosting achieved by placing Cp between the common-
source nodes of the two complementary differential pairs in the main transconductors
(Figure 2). Section 3.2 examines the effects during the turn-on phase, while Section 3.3
addresses the slewing phase effects. To the best of the authors” knowledge, the analyses
reported in such two sections have not been proposed in any prior work. As for the final
linear settling phase, CB has no role in it, since the PSRE output branches result in being
turned off. Section 3.4 describes the main OTA implementation used alongside the PSRE of
Figure 2 for the electrical simulations in Section 3.5. The limitations identified through both
analytical and simulation approaches will establish the foundation for the improved CB
technique proposed in Section 4.

3.2. Capacitively-Boosted Turn-On Process

We first examine the primary effect of the CB technique: reducing the turn-on delay of
the PSRE. For clarity in subsequent calculations, Figure 4a reproduces the transconductive
core of the PSRE from Figure 2, with annotations showing the operating states of transistors
Mil-Mi4 at the onset of a low-to-high input voltage (V;) transition. We assume that this
transition occurs at t =0, with V; switching from V} (close to ground) to Vg (close to V),
where V;; denotes the supply voltage.

Prior to the transition, the n-type differential pair is turned off, with its common-
source voltage V5, near ground, due to the low voltage V; applied at its inputs. Meanwhile,
the common-source voltage Vs, of the p-type pair approximately equals V} + VSQG, P where

VSQG p represents the source-gate voltage of Mi3-Mi4 at the steady state, [i.e., when the

currents of both Mi3 and Mi4 are equal to I3 = %(1—0&)115,11-11, as V, = V; = Vi ]. Therefore,
the initial voltage across Cg, defined as V. = Vg, — Vsp, is equal to:

Ve(07) = =V - VgL, - (6)
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(a) Turn-on process (b) Slewing phase
H {_]1
}—0 Vi J\_ _/Vo }—0 Vi
‘/5" VH VGSS,’II,

(1—a)Iiain

‘/SP = M)+V5G,1)

Mid Vor Ml3
VH*G( OFF )D“’V_/

Figure 4. Operating conditions of the CB-PSRE transconductive core during a low-to-high transition
of the input voltage, V;: (a) turn-on process, analysed in Section 3.2, (b) slewing phase, analysed in
Section 3.3. Both cases refer to the unity-gain configuration of Figure 1. In both sub-figures, colored
arrows indicate currents flowing in each circuit branch.

Following the transition (assuming negligible rise time of V;), Mi4 immediately turns
off, while Mi3 adjusts to a new operating point characterized by VSOGI\,IP, corresponding to
drain current Is > (1—a)I;,1. This new operating point is dynamic as it evolves with
I;(t). However, for greater simplicity, we approximate it as an effective constant value
corresponding to the average value of Vsg ,(t) during the transient. We apply the same
simplification to the gate-source voltage of Mil.

With V, ~ Vi during the initial phase of the transient, V;,(0") ~ Vi + VSOGI\,IP. Simul-
taneously, Mil turns on due to V; = Vp applied at its gate terminal, reaching gate-source
voltage equal to V(%Nn, determined by I} > (1—a)I;;;;. This yields Vs, (07) = Vi — V((;)an
The updated Cp voltage becomes:

Ve(0F) = Ven(0) = Vi (07) =

(7)
=Vy -V — VGSn VSGp

Therefore, the voltage change occurring across Cp at the rising edge of V;, derived from (6)
and (7), results to be equal to:

AV] =V (07) = V.(07) =

)
=VH — VGSn+V5Qcp Vst

The abrupt voltage variation across Cp gives rise to a charge injection phenomenon
from Cp towards the input capacitance Cg, of the current mirror Mm1p-Mm2p, expediting
the turn-on process of transistor Mm2p, delivering the PSRE output current. Two main
contributions are present: (i) charge directly injected from Cp into Cg, through the n-type
input transistor Mil, acting like a closed switch, and (if) charge injected from Cp through
the p-type input transistor Mi3, the n-type mirror Mm3n-Mm4n and, finally, into Cg,,.
The voltage variation at the gate terminal of Mm1p-Mm2p can be expressed as:

AV, 9)

AV = —

CB + CB ( Cén )
Cop + Cas,mi Cep +C¢,, ) \CG,, + Cas,miz



Electronics 2025, 14, 3225

10 of 30

where we have also taken into account charge partitioning effects into the gate-source
capacitances of Mil and Mi3, Cgs mi1 and Cgs mi3, and into the input capacitance C¢,, of
current mirror Mm3n-Mm4n. The assumption of the PSRE input transistors operating
in the triode region during the capacitively-boosted turn-on process is later verified in
Section 3.5 based on electrical simulation results.

With sufficient AV, Mm2p enters strong inversion during the PSRE turn-on phase,
producing a large instantaneous output current, equal to:

ON KB 2
It = 2o (18Vopl = Vinsl) (10)

2ny

where Vy, ,, and n, are the threshold voltage and subthreshold slope factor of Mm1p-Mm2p,
respectively. By designing Cp and Mm1p-Mm?2p such that:

4ny,
|AVGp| > [Vin,p| + B (1 —a)liainn, (11)
m

the PSRE output current achieved during the turn-on process (10) overcomes the limit
value it could reach without Cp, expressed by (2). However, this current level persists only
during the charge injection phenomenon, lasting approximately:
Cp Cp
Tcr = ~ .
81 +8a B, {nn <V8§In - Vth,n) +np (VSOGNP - |Vth,p\)}

(12)

In the latter relationship, we assume that all input devices (Mil-Mi4) are characterized
by the same transconductance factor f;, with n,, and 1, indicating the subthreshold slope
factors of Mil (NMOS) and Mi3 (PMOS), respectively.

For high-to-low transitions, analogous expressions apply:

AVE = Vag — Vi + VY, + VS, — VN, (13)
Cp Cp Cép !
AV = + AV, (14)
" | Con + Cos,mia (CGn + Cép> (Cép + Cgs,mi2 ¢
ON K 2
O,SRiE = - 2i: (AVGn - Vth,n) ’ (15)

where Vgs,n is the steady-state gate-source voltage of Mil-Mi2 when V, = V; = Vy, Cg,
and Cg,, are the input capacitances of current mirrors Mm1n-Mm2n and Mm3p-Mm4p,
respectively, Cgs pmiz and Cgs pris are the gate-source capacitances of transistors Mi2 and
Mi4, respectively, and Vy, ,, is the threshold voltage of Mm1n-Mm2n. We assume identical
transconductance factors f,; for Mm1lp and Mmln, and equal KB;; for Mm2p and Mm2n.

Notably, (10) and (15) may yield asymmetric currents (Igg{TE #* |IS§SE |) despite
matched B; and B,;, mainly due to typically different threshold voltages of n-type and
p-type transistors. As demonstrated by simulations reported in Section 3.5, this asymmetry

gives rise to unequal output steps upon PSRE turn-on events, namely:

ONT IONi
TC I Tcr SRE
AV] ~ % AV} ~ % (16)
L L

where AV, and AV} occur at the beginning of low-to-high and high-to-low transitions of
Vi, respectively. Nevertheless, both AV and AV} contribute to reducing the settling time
by bringing V, closer to its steady-state value.
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We conclude by noting that larger Cg values improve turn-on performance by increas-
ing voltage steps AV, and AV, (9), (14) and increasing 7¢; (12). However, as explained
in the next section, enlarging Cp in the standard CB-PSRE degrades slew-rate performance.

3.3. Capacitive-Boosting Effects on the Slew Rate

To analyze the impact of Cp on the slew rate (SR), we refer to Figure 4b in the following
analysis. During the slewing phase, with V; = Vy and V, evolving towards Vp, the output
voltage can be expressed as:

S
Vo(t) = Vi + AV + Iong (t—ton) for t> ton. (17)
This expression incorporates two key approximations: (i) the current IS',SRE delivered by the
CB-PSRE remains constant during slewing, and (ii) the main OTA contribution is negligible.
During the slewing phase, both Mil and Mi3 remain active, with their drain currents
comprising two components: the static tail current (1—a)I;,;;; and the dynamic current I,
flowing through Cp. This second contribution, absent in the original PSRE configuration
without CB, originates from the fact that the voltage V(t) across Cp evolves together with
Vo (t). Notably, as analytically shown in the following, I, has a detrimental impact on
the SR, as it drains a portion of the static tail currents (1 — «)I;;;;1, decreasing the current
effectively delivered to the output mirrors of the PSRE.
For analytical tractability, we assume constant “effective” gate-source voltages of Mil
and Mi3 during slewing conditions, denoted as V(%S,n and VSSG P respectively. Section 3.5
eventually validates this approximation through electrical simulations. Under these as-
sumptions, the voltage across Cp results to be equal to:

Ve(t) = Vi = Vs, — Vi p — Vo(b)- (18)

This yields the following dynamic current through Cp:

v, v, Cs
AT B ar C; oSRE (19)

The current delivered to the Mm1p-Mm2p mirror equals 2[(1—a)I;,1 + Ic], hence resulting
in the following value for the CB-PSRE output current:

2K(1 — &) lizinn

. 20
1+2KCg/Cy, (20)

I(?,SRE =2K[(1 — &) Iyyin + 1] = IOS,SRE =
Comparison of (20) with (2) reveals a reduction factor of the PSRE output current equal
to 1/(1+ 2KCp/Cr) with respect to the PSRE without Cp. As anticipated, this negatively
impacts the slew rate SR = I(?,SRE/ Cp. The degradation factor worsens as either K or
Cp increases.

The derivation of (20) implicitly assumes (1—a)I;;;1 + I > 0, which holds true if:

(1—a)lin -0 1)

Cg s
(1—a) Lizin 0,SRE = 1+ 2KCg/C;

Cr
a condition satisfied for all positive values of Cg and K.

We emphasize that this SR degradation uniquely occurs in single-ended CB-PSREs,
due to the ramping behavior of V,(t) during slewing conditions, caused by either Vs,
or V, following the output voltage evolution. Conversely, this effect is absent in fully-
differential PSRE-assisted OTAs, thanks to common-mode control during differential-mode
transients [30].
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Finally, it is worth mentioning some additional effects not included in the model of
(20). While (20) provides a reasonable approximation at the onset of the slewing phase,
the actual available current diminishes towards the end of the transient due to: (7) Mi3
gradually turning off as V, approaches V (because of the tail transistor of the p-type pair,
Mtp2, entering the triode region and eventually deactivating, reducing the output current
contribution from the p-type input pair); (i) Mi2 turning on and competing with Mil for
the tail current; (iif) gradual re-activation of the DTC mechanism for imposing the threshold
currents (via Ma2-Msh4a-Msh4 in Figure 2). The last two mechanisms dominate at the
slewing phase conclusion, whereas the PSRE leaves control to the main OTA (linear settling
phase). On the other hand, the first mechanism may manifest earlier, during the last part of
the ramping evolution of V;, halving I(?,SRE (and the SR with it) when the output current
contribution related to I3 vanishes [see Figure 4b].

3.4. Input-Common-Mode Gm-Stabilized Single-Stage OTA

The case-study OTA used in this work employs a rail-to-rail single-stage active-mirror
topology. Its complete schematic view is shown in Figure 5. To maintain consistent
transconductance (G;;) across the full rail-to-rail input common-mode range (ICMR), we
implemented a modified G;,-control technique based on [35], which builds upon the
approach originally presented in [41].

Gm-CONTROL
CIRCUIT

T =
walbrdfie 5o vl

Vmw-—{ Mln M3n| — M2n }_"_o‘/:ip
1 [ [
]I,(I,'il(]_ ‘/I’n
M&8n Mtn| o M9n
J?__ = Io,ora
>0
Vo

Fri
I
¢

. 1
t’»—C Mtp AC{ [E—I/I;p

L‘,(z’i/O

| | L

43{ Mlp —J (M3p M2p F’

ﬂ Mbln Mb2n E
}f‘i M4n M6n F‘i Eldjn

1 I

Figure 5. Single-stage single-ended OTA with G,-control circuit for rail-to-rail input common
mode operation.

]

=
=)

For mid-range input common-mode voltages (V. ~ V;;/2), both n-type (M1n-M2n)
and p-type (M1p-M2p) differential pairs remain active (as their respective supply transistors
Mitn and Mtp are biased in saturation) and jointly contribute to the total G,. In this
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condition, transistors M3n and M3p remain off, keeping Mb1p, Mb2p, Mb1n, and Mb2n in
the cutoff region.

As Vj. approaches either rail (ground or V};), one differential pair deactivates when its
supply transistor enters the triode region. Without compensation, this would typically halve
the OTA G,. The circuit in Figure 2b solves this through complementary compensation.

When V. ~ 0, the n-type pair (M1n-M2n) deactivates due to insufficient Vpg across
Mitn. However, in this condition, M3n activates, injecting current into the Mb1p-Mb2p
current mirror. This provides supplemental tail current to the p-type pair (M1p-M2p),
beyond the nominal I;,;;9. Proper sizing of M3n, Mb1p, and Mb2p restores the total G, to
its mid-range value.

Conversely, as Vj, approaches V3, M3p activates the Mb2n-Mb1n path to boost current
in the n-type pair. This symmetrical compensation maintains optimal OTA performance
across the entire ICMR, particularly minimizing the linear settling phase duration during
output transients.

3.5. Simulation Results

Electrical simulations were performed on the PSRE-assisted OTA with the standard CB
technique (Figures 2 and 5) using the Spectre simulator with device models from a 0.18-um
CMOS process by UMC. The design, with device parameters detailed in Tables 1 and 2,
targets LCD-driving applications with 1-nF load capacitance. I/O transistors (3.3-V supply)
and metal-insulator-metal (MIM) capacitors were employed, with the OTA consuming
2.4 pA in quiescent conditions and the PSRE 1.6 nA. The PSRE was configured with current
gain K = 600 in its output current mirrors and DTC parameters « = 1/4 and | = 12,
achieving 1% settling time below 10 ps upon input swings between 10% and 90% of V.
All of the simulations discussed in this section were performed in the typical process corner
at room temperature (T = 27 °C).

To determine transistor sizes in Tables 1 and 2, we employed well-known intuitive
guidelines that are typically used in most OTA designs. Notably, these considerations
apply to both the main OTA and the PSRE block, since even the PSRE architecture closely
resembles an OTA. Specifically, input-pair transistors have been sized so that to be bi-
ased in moderate/weak inversion, to maximize the g,,/Ip parameter, hence optimising
transconductance and GBW for the given current budget. On the other hand, current-
mirror transistors are biased in strong inversion, to reduce their noise and mismatch
impact, with overdrive voltages below 200 mV to simultaneously achieve wide ICMR and
output swing.

PSRE parameters «, | and K have been chosen based on parametric sweep simulations,
taking into account their role in the following trade-offs: (i) smaller « maximizes the fraction
of PSRE quiescent current employed to generate large output current in slewing conditions,
but excessively small « might cause excessive delays in the DTC mechanism, possibly
degrading settling time; (i) | is bounded to verify a] > 1 — a, to correctly enforce the PSRE
deadzone (as discussed in Section 2), but excessive | might also cause delayed DTC action;
(iii) larger K increas the maximum PSRE output current, but exacerbates the tail current
draining effect due to standard CB in the single-ended PSRE (studied in this work for
the first time), on top of worsening the turn-on/turn-off delays of the PSRE, as discussed
in [40].
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Table 1. Device sizes for the PSRE block.

Device Width (um) Length (um) Multiplicity
n-type section
Mil, Mi2 15 25 1
Mal, Ma2 0.24 2.5 1
Mitn0, Mtn1, Mtn2 0.5 2.5 4,41
Msh3a, Msh3,
Msh4a, Msh4 0.96 1.36 1,12,1,12
Mmlp, Mm2p,
Mm3p, Mm4dp 0.48 0.68 1,600,1,1
p-type section
Mi4, Mi3 15 2.5 4
Ma4, Ma3 0.24 25 4
Mshla, Mshl,
Msh2a, Msh2 0.96 1.36 1,12,1,12
Mm1ln, Mm2n,

Table 2. OTA device sizes.

Device Width (um) Length (um) Multiplicity
n-type section
Miln, M2n 12 2
Mtn 0.75 25 5
1\1\//[[‘21;', 11\\/[/[571;' 2 10 4,4,4,48
MS8n, M9n 2 10 12
p-type section
Mlp, M2p 12 2 4
Mtp 0.75 25 20
1\1\//[[‘2?111\\4/[571 2 10 1,1,1,12
M8p, M9p 2 10 48
Gy-control circuit
M3n 0.57 8 2
Mb1p, Mb2p 15 8 2,8
M3p 0.62 8 8
Mb2n, Mbln 0.34 8 2,8

Figure 6 illustrates the competing effects of capacitive boosting during low-to-high
transients [Figure 6a] and high-to-low transients [Figure 6b]. Small Cp values effectively
eliminate the PSRE turn-on delay, replacing it with an initial voltage step. However, they
simultaneously reduce the slew rate during the main slewing phase, as predicted by (20).
The net effect on settling time depends on which phenomenon dominates. Furthermore,
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focusing on the low-to-high transients of Figure 6a, we observe that when the output
voltage exceeds ~2.6 V, the p-type pair deactivates, creating a secondary reduced slewing
regime before the final linear settling phase, where the OTA operates alone. This effect has
been discussed in the conclusion of Section 3.3.

(a)
1 1 1 ' 1 1 1
3.0 F .
25| ]
>
()
20} .
c>> 0.25 pF
5 B C,=0.5pF ]
g™ C,=0.75 pF
8 5 5= 0.75p
—— C,=1pF
B 10| 5= P .
= —— C,=1.25pF
a —— C,=15pF
0.5 - —— C,=175pF -
—— C,=2pF
00 " 1 " 1 " 1 " 1 " 1 " 1 "
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Time (us)
(b)
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o
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by —— C,=0.5pF
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Figure 6. Standard CB technique: input and output voltage as a function of time at the low-to-high
transient (a) and high-to-low transient (b), plotted for different values of capacitor Cg.

For the simulated design, settling time marginally improves with increased Cp at
low-to-high transients, while it seriously worsens with Cp at high-to-low transients. These
effects are highlighted in Figure 7, showing SR and settling time as a function of Cp. As pre-
viously anticipated, this asymmetry, occurring despite balanced transconductance factors
of PMOS and NMOS transistors, is due to PMOS-NMOS threshold voltage differences,
causing unequal current boosting during opposite transitions, as predicted by (10), (15)
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and (16). This polarity-dependent behavior reveals that the standard CB technique is not
effective when used for single-ended structures.
(a)

s0———M  ————+ ¥+ +— 1+
700
600 |
500 |
400 |
300 I

200 [ . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Cg (PF)
(b)

Slew Rate (V/ms)

tsettling,LH

tsettling,HL

Settling time (us)

000 025 050 075 100 125 150 175 200
Cg (PF)

Figure 7. Standard CB technique: (a) Positive and negative slew rate as a function of Cp. (b) 1%
settling time as a function of Cp at the low-to-high (LH) and high-to-low (HL) transients.

Figures 8 and 9 provide detailed validation of the analytical models presented in
Sections 3.2 and 3.3. Figure 8 shows voltages V;, V5, and V, across a whole low-to-high
transient. Vs, and V;, exhibit the predicted behavior [Figure 8a]: Vs, rapidly settles to
Vi — Vgs,n at the input voltage step, while V;, tracks the output voltage as V, + VEG,p'
The resulting evolution of the voltage across Cp, shown in Figure 8b, matches our theoretical
predictions, giving rise to the dynamic current I (19), which lowers the SR (20).

Figure 9 shows other relevant PSRE internal voltages during the low-to-high transient.
Specifically, traces marked as Vgs mi1, Vps,min and Vg, correspond to the gate-source
voltage of Mil, drain-source voltage of Mil and gate voltage of Mm1p-Mm2p, while
the voltage across Cp and the input and output voltages are also plotted for reference.
Interestingly, in the magnified view of Figure 9b, it appears evident how, at the very
beginning of the transient, during the PSRE turn-on process, the input transistor Mil finds
itself to shortly work in the triode region (Vps mi1 = 120 mV < Vg pmit — Vinn = 1V),
while the output transistor Mm2p markedly reaches strong inversion, thanks to the large
AV, step. These findings validate the analytical model proposed in Section 3.2 to describe
the CB-assisted PSRE turn-on process.
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Figure 8. Internal nodes waveforms during the low-to-high transient: (a) Source voltages of the PSRE
input differential pairs as a function of time at the low-to-high transient, plotted for different values
of capacitor Cp. (b) Voltage across Cp as a function of time at the low-to-high transient for different
values of capacitor Cg.
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Figure 9. Internal nodes waveforms during the low-to-high transient: gate-source and drain-source
voltages of the n-type input transistor, Vgs mi1 and Vps mi1, gate voltage of Mmlp-Mm2p, Vg,
and voltage across Cpg, V. For reference purposes, the input and output voltages are also shown,
indicated as V; and V), respectively. The employed Cp value is 1 pF. (a) Entire low-to-high transient.
(b) Turn-on phase of the CB-PSRE.

4. Efficient Capacitively-Boosted Single-Ended Parallel-Type
Slew-Rate Enhancer

This section presents a modified capacitive boosting technique that addresses the slew-
rate reduction issues identified earlier. The proposed solution, shown in Figure 10, splits
the original boosting capacitor Cp into two separate components: Cp,,, connected between
Vsn and ground, and Cp,, connected between Vs, and V. We refer to this configuration as
the split CB (SCB) technique.
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Figure 10. Proposed split capacitively-boosted PSRE optimized for single-ended configurations.

4.1. Analytical Model

The effectiveness of the SCB approach can be highlighted by analyzing the circuit
response to a low-to-high input transition. Before the input step, V, = V; = V;, and the
n-type differential pair is turned off, resulting in V;,(0~) = 0 and V., (0~) = 0 across Cgy,.
Thereafter, when V; transitions to Vi, Mil turns on, establishing Vs, (0F) =Vy— Vgsl\,ln and
creating a voltage variation across Cpy,:

AVep = Vig — V3o, (22)

Similarly, for Cp,, we obtain initial conditions V;,(07) = V5 — VSQG , and
Vep(0T) = Vg — Vggp, yielding:

AVep = Vg, — Vi (23)

The voltage variation across Cp, causes a charge flow equal to Cp,AV,;, through
Cgy, causing charge injection into the input capacitance Cg;, of the Mm1p-Mm2p mirror;
similarly, the charge amount Cp,AV,), is injected into the Mm3n-Mm4n current mirror and
eventually reaches Cg,. These two contributions produce a Vg, variation equal to:

Chn (VH - VS&}) ~ Coy (VSQG,p - VSOGI\,IP) Cn

AVep = — )
P Cop + Cas,mi Cop +C¢,, C¢, + Cas,miz

(24)
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where C¢,, and Cgg umiy indicate the input capacitance of current mirror Mm3n-Mmé4n and
the gate-source capacitance of transistor Mix, respectively. For high-to-low transitions,
complementary analysis yields the following voltage variation at the gate of Mm1n-Mm?2n:

ON Q ON
Cayp (Vdd -Vi+ VSG,p) Cin (VGS,n - VGS,n) Cep

AVe, =
o Can + Cas,mis Con +Cg, Cep T Cos,miz

, (25)

where Cép is the input capacitance of current mirror Mm3p-Mm4p. When
Cpn = Cpp = 2Cp, these results resemble (9) and (14) related to the standard CB tech-
nique described in Section 3.2. Hence, similar AVOT and AVOi quantities can be obtained for
the SCB-PSRE (16), preserving the benefits of a fast turn-on effect.

However, the SCB-PSRE behavior significantly differs from that of the standard CB-
PSRE during the slewing phase. In that condition, Vs, stabilizes at the costant voltage level
Vy — Vés,n' It is worth noting that, since the bottom terminal of Cg,, is tied to ground, this
prevents any dynamic current flowing through Cp,;, allowing the whole tail current of the
n-type differential pair, (1 — «) I, to reach the Mm1p-Mm2p current mirror. The dynamic
draining effect of the tail current highlighted for the standard CB configuration only persists
in the p-type pair, since V;, follows the output voltage evolution as Vs (t) = VSG, p+ Vo (1),
generating a negative current through Cp,:
dVo _ Cip gy

Py (26)

Iep = *CBPW T, JosREY

where IEJSFRE indicates the output current during the slewing phase for low-to-high transi-
tions. The drain current of Mi3, I3, consequently becomes:

Cs
I; = (1 - “)Itaill - T:IS/;{E' (27)

The current mirror Mm3n-Mma4n only conducts when I3 > 0, leading to two operational
regimes of the SCB-PSRE:

2K(1 — a) lizin
s v T
IOERE =4 1+KCpy/CL

K(1—a)lyn (I3 =0).

(13 > 0),’ (28)

Within the first regime, the negative effect of dynamic currents through CB elements still
partially persists, even though it is less relevant than in the standard CB scheme, as it only
affects the output current contribution originating from the p-type pair, rather than both
pairs. On the other hand, in the second regime, the PSRE output current and, hence, the SR
become independent from CB elements. The transition between these regimes—found
elaborating (27) and (28)—occurs when:

I3=0 = Cpy > CL/K. (29)

This represents the key advantage of the SCB-PSRE over the CB-PSRE. When condition (29)
is satisfied, only the n-type pair contributes to I(?,;RE’ allowing for effective SR improvement
by enlarging K. At the same time, the CB advantages occurring at the PSRE turn-on are
preserved. For Cp = 1 nF and K = 600, the condition in (29) requires Cp, > 1.67 pF.
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Similarly, the behavior at high-to-low transitions follows the following equations:

Bore = § 1+KCpu/Cy
K(l - D‘)Itaill (CBn > CL/K)-

(CBn < CL/K); (30)

It is also worth noting that the output current value of K(1 — &) I;,;1, achieved in the second
operating regime, is the same that is obtained around the end of the slewing phase, when
one differential pair turns off regardless of Cpy,,, due to V; closely approaching its steady-
state value. Therefore, admittedly, satisfying (29) leads to non-maximum SR (as far as the
SR dependence on Cgy, , is concerned); however, the problematic dependence of IE’SRE on
Cp affecting the standard CB approach is removed, allowing for arbitrary increase of the
initial V, jumps (by increasing Cg; , and/or K) without any penalty on the SR. The SR
itself can also be directly increased by acting on K, at least until slow-turn-off effects arise,
as described in [40].

4.2. Simulation Results

Performances of the proposed SCB-PSRE were evaluated using the same 0.18-pum
CMOS implementation described in Tables 1 and 2, with split capacitors Cg, and Cp,
replacing the standard Cp. We assigned equal values to both capacitors: Cp, = Cp, = Cj.
The circuit was simulated in unity-gain configuration with C; = 1 nF, K = 600, and supply
currents of 2.4 pA (OTA) and 1.6 pA (PSRE), under typical conditions (3.3 V, 27 °C).

Figures 11a,b illustrate the SCB-PSRE operation during low-to-high and high-to-low
transitions, respectively. For small Cj; values, the output slope decreases according to
(28) and (30), while maintaining the beneficial initial boosting effect. When Cj; exceeds
~1.25 pF, the slope becomes constant as predicted by (28) and (30), with only one differen-
tial pair contributing current during the whole transient, while the tail current of the other
differential pair is entirely drained by the dynamic current flowing through its related CB
element. Isofar, a limit is set to the SR degradation phenomenon seen with the standard CB
technique, while settling time remarkably decreases as a function of Cj, thanks to increased
initial V, steps. However, excessive Cj (>2.25 pF) eventually causes overshoot, due to
delayed PSRE turn-off. The delayed turn-off of the PSRE causes excess output current
into Cp, eventually degrading the settling time (fsettling)- A similar phenomenon has been
analyzed in [40].

Figure 12a shows the expected SR behavior: after an initial decrease with Cj, SR
stabilizes when condition (29) is met; the dashed lines confirm this by showing the SR
obtained when the contribution of the differential pair affected by tail current draining is
entirely removed (i.e., by removing transistors Mm4p-Mm4n in Figure 10). Corresponding
settling time improvements are shown in Figure 12b, where both transition polarities clearly
benefit from increased Cj; beyond 1.25 pF.
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Figure 11. Split CB technique: input and output voltage as a function of time at the low-to-high
transient (a) and high-to-low transient (b), plotted for different values of capacitor Cj = Cp, = Cgp-
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Figure 12. Split CB technique: (a) Positive and negative slew rate as a function of Cg with the novel
proposed technique. For reference purposes, traces obtained without transistors Mm4p and Mm4n of
Figure 10 are also shown (dashed lines). (b) 1% settling time as a function of C% at the low-to-high
(LH) and high-to-low (HL) transients.

5. Results and Discussion

In this section, performances of the proposed SCB-PSRE-assisted OTA are showcased.
In this set of simulations, performed with the Spectre simulator using device models from a
0.18-um CMOS process by the UMC foundry, the PSRE and OTA blocks were implemented
using the same device sizes of Tables 1 and 2 , respectively, and were supplied with static
currents equal to 1.6 nA and 2.4 pA, respectively. The Cpy, and Cp, capacitors included
in the SCB-PSRE scheme (Figure 10) were set equal to 2.25 pF each. According to the
parametric sweep simulations of Figures 11, that is the highest capacitance value avoiding
overshoot phenomena, hence corresponding to optimum settling behavior. Unless dif-
ferently specified, simulations were performed at room temperature (T = 27 °C) with
V44 = 3.3 Vin the typical process corner. Performances of the SCB-PSRE are first compared
to prior PSRE implementations; then, they are benchmarked against previously published
works on fast-settling drivers.

Figure 13 shows output voltage transients obtained in response to both low-to-
high and high-to-low input voltage transitions. The following designs have been tested:
(i) the OTA alone, (ii) the PSRE-assisted OTA with the standard CB technique (Figure 2),
with Cp = 4.5 pE, and (iii) the PSRE-assisted OTA with the novel SCB technique. All three
circuits were designed with a total quiescent supply current of I, = 4 pA and were
arranged in unity-gain configuration. The load capacitor was set equal to C;, = 1 nF, while
the input steps span from 10% to 90% of V;. The first design, only including the OTA of
Figure 5, exhibits very inefficient driving capability, requiring around 400 pA to settle to the
steady-state output voltage. Conversely, the addition of the PSRE block, under the same
total I5,p,q, remarkably improves settling speed, especially with the novel SCB technique,
achieving both low-to-high and high-to-low 1% settling times (indicated as fsettling, L1 and
tsettling HL IN the following) below 3 ps.
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Figure 13. Response to square-wave stimulus (unity-gain configuration, C; = 1 nF). The proposed
SCB-PSRE-assisted OTA is compared with its previous versions, all designed with the same quies-
cent supply current of 4 pA. The CB-PSRE and SCB-PSRE solutions have been implemented with
Cp = 4.5 pFand Cp, = Cp, = 2.25 pF, respectively. (a,b) Transient waveforms around low-to-high

input transition. (c,d) Transient waveforms around high-to-low input transitions.

In Figure 14, the same three designs are tested under sinusoidal stimuli, again in
unity-gain configuration with a load capacitance of 1 nF. Specifically, Figure 14a shows
the waveforms obtained when the input signal is generated with 2-kHz frequency and
peak-to-peak amplitude equal to 2 V,,. While the OTA alone is unable to correctly follow
the input signal, due to clear SR limitations giving rise to a triangle-wave output, the PSRE-
assisted OTA correctly tracks V;, with only small discrepancies before sine-wave peaks
due to PSRE turn-off events. Figure 14b—d show total harmonic distortion (THD), peak-
to-peak amplitude, and average consumption, respectively, as a function of frequency,
while the input sine-wave amplitude is kept equal to 2 V,,. While the OTA alone incurs
THD and amplitude degradation just above 1 kHz, the PSRE-assisted designs achieve
more limited THD increase as a function of frequency, while the amplitude is roughly
kept constant. As expected, no significant differences can be noticed, in this simulation,
between the CB-PSRE and the SCB-PSRE designs, since the SCB technique is primarily
meant to optimize responses to fast input voltage steps, rather than gradual, continuous
variations of V; as encountered with a sinusoidal stimulus. It is also worth noting that,
while all designs were supplied with the same total quiescent current, the average dynamic
consumption of the PSRE block increases as a function of frequency, as made evident in
Figure 14d; however, this portion of consumption is entirely employed to drive the load
capacitance during slewing transients. Hence, this effect highlights how the PSRE block
allows efficient automatic adjustment of the average consumption depending on the load
current requirement.
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Figure 14. Response to sinusoidal stimulus (unity-gain configuration, C; = 1 nF). The proposed SCB-
PSRE-assisted OTA is compared with its previous versions, all designed with the same quiescent sup-
ply current of 4 pA. The CB-PSRE and SCB-PSRE solutions have been implemented with Cp = 4.5 pF
and Cp, = Cp, = 2.25 pF, respectively. (a) Waveforms at 2-kHz sine-wave frequency. (b) Total
harmonic distortion as a function of sine-wave frequency. (c) Peak-to-peak amplitude as a function of
sine-wave frequency. (d) Average current consumption as a function of sine-wave frequency.

Table 3 compares the SCB-PSRE against alternative implementations. In all PSRE-
assisted OTA solutions, the OTA and PSRE blocks have quiescent supply currents equal to
24 pA and 1.6 pA, respectively. Using Cj; = 2.25 pF, the proposed SCB-PSRE-assisted OTA
achieves x5.53 lower settling time than the standard CB-PSRE, and a x 162 settling time
improvement over the standalone OTA with the same quiescent supply current. In terms
of SR, the proposed SCB-PSRE improves over the standard CB-PSRE by 2.44 times.

Static parameters are also reported in Table 3 for all designs, including frequency-
response parameters (i.e., DC gain, gain-bandwidth product and phase margin, indicated
as Ag, GBW and PM, respectively), common-more rejection-ratio (CMRR) characteristics
(i.e., the CMRR value in DC and its —3 dB bandwidth, indicated as CMRRpc and BWcmrr,
respectively), integrated noise, and standard deviation of the input-referred offset (c;,).
Offset has been evaluated through sets of 500 statistical Monte Carlo simulations, including
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both global and local (mismatch) process errors. All of these parameters are not affected by
the presence of the PSRE block, proving correct turn-off of the PSRE output devices at the
steady state, where only the main OTA operates.

Table 3. Performance comparison between the proposed SCB-PSRE-assisted OTA and its previ-
ous versions.

Only ?’E?u‘a& C%TéitE sc(t)];r I;S&IEIE
OTA ) -
(Cg=0) (Cg=4.5pF) (Cp=2.25 pF)

Lsup,0 (MA) 243  4.04 4.03 4.03 4.03
SR (V/ms) 390 647 758 151 369
SR_ (V/ms) 389 646 760 146 367
tsettling LH (HS) 683 414 4.69 3.49 1.84
tsettling HL (HS) 680 410 4.73 142 2.56
Ag (dB) 646 652 64.6 64.6 64.6
GBW (kHz) 732 117 7.32 7.32 7.32
PM (°) 853 844 85.3 85.3 85.3
CMRRpc (dB) 111 113 111 111 111
BWemgr (kHz)  1.02  1.26 1.02 1.02 1.02
Noise * (1Vrms) 205 184 205 205 20.5
Tio (MV) 197 191 1.97 1.97 1.97

* Integrated noise in 0.1-10 Hz, referred to the input.

Table 4 summarizes the performances of the SCB-PSRE-assisted OTA across mixed
PVT corners. Good resilience to PVT variations is demonstrated, with all key parameters
(SR, settling time, DC gain, GBW, and phase margin) showing minimal deviations from
typical conditions.

Layout parasitic components (not taken into account in this work) are expected to
have relevant consequences mainly concerning the choice of optimal Cj. Specifically,
considering that the PSRE output mirrors Mm1p-Mm2p and Mm1n-Mm2n have output
devices with large multiplicity factors (K = 600), their input capacitances are likely to be
higher due to routing capacitances. However, rather than disrupting the PSRE performance,
this would simply require an adjustment of the Cj value to achieve optimal transient
waveforms (specifically, referring to Figure 11 selecting the fastest rising/falling behavior
not presenting any overshoot).

Finally, in Table 5, the performances of the proposed design are thoroughly com-
pared against recent state-of-the-art solutions implemented with 0.18-pum CMOS tech-
nologies. All compared designs are single-ended amplifiers driving large capacitive
loads. To allow fair comparisons, two key figures of merit are employed: the settling-
time figure of merit (FOMT = Cp./ (fsetriing X Power)) and the normalized charge efficiency
(FOMN = CLAV; / (tsettling Isup)) [42,43]. The proposed SCB-PSRE achieves competitive per-
formance with FOMT = 29.6 pF-ps~!-uW~! and FoMN = 0.258 while driving a 1 nF load
with just 4 pA current consumption. These results represent significant improvement over
our previous work [35] and compare favorably with other implementations, particularly
considering the large input swing (80% of V) used in our simulations.
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Table 4. Performance of the SCB-PSRE-assisted OTA across process-voltage-temperature (PVT)
corners: TT (typical-typical), SS (slow-slow), FF (fast-fast), SNFP (slow NMOS-fast PMOS), and FNSP
(fast NMOS-slow PMOS).

PVT Corner I(SQ’Z? @D G O Ve (Vi) tset?ﬁg'm tm?fng'm
TT 33V 27 °C 4.03 64.6 7.32 85.3 369 367 1.84 2.56
SS 3V 0°C 3.99 64.1 7.48 85.6 371 367 2.18 3.37
SS 3V 70 °C 3.99 65.1 6.51 85.6 393 371 2.04 3.72
SS 3.6V 0°C 4.03 64.3 7.58 85.5 367 370 1.81 2.78
SS 3.6V 70 °C 4.03 65.3 6.61 85.5 383 376 1.71 2.88
FF 3V 0°C 4.03 64.1 7.84 85.0 359 362 1.93 2.53
FF 3V 70 °C 4.02 65.0 6.82 85.0 370 365 1.81 247
FF 3.6V 0°C 4.06 64.1 7.96 85.0 360 366 1.64 2.33
FF 3.6V 70 °C 4.05 65.2 6.92 85.0 351 368 1.52 2.27
SNFP 3V 0°C 4.01 64.1 7.64 85.3 361 364 2.18 2.72
SNFP 3V 70 °C 4.01 65.1 6.65 85.3 376 367 2.04 2.68
SNFP 3.6V 0°C 4.05 64.2 7.75 85.3 361 368 1.83 2.50
SNFP 3.6V 70 °C 4.04 65.2 6.75 85.3 371 370 1.72 2.45
FNSP 3V 0°C 4.02 64.1 7.66 85.3 367 365 1.97 2.80
FNSP 3V 70 °C 4.01 65.1 6.67 85.3 386 369 1.86 2.64
FNSP 3.6V 0°C 4.05 64.2 7.77 85.3 369 368 1.62 2.53
FNSP 3.6V 70 °C 4.04 65.2 6.76 85.3 358 375 1.55 2.50

Table 5. State-of-the-art comparison with designs implemented in 0.18-pm CMOS.

This Gambhir Wen Beloso Gagliardi
Work 2017 2022 2023 2023
[6] [4] [13] [35]
Result type Simulated  Simulated Measured Measured Simulated
Via (V) 33 3.0 5.0 1.0 3.3
Lsup,0 (WA) 4.0 17.0 3.0 2.9 4.0
P (uW) 13.2 50.9 15.0 29 13.2
C1, (nF) 1.00 1.00 1.00 0.16 1.00
AVilVag (%) 80 55 80 54 80
SR (V/ns) 0.367 2.372 4.760 0.058 0.752
tsettling (M1S) 2.56 0.95 1.18 17.30 4.69
(pF-pl;(_ﬂlv‘[:W_l) 29.6 20.7 56.5 3.2 16.2
FoMN 0.258 0.103 1.130 0.002 0.141

While the class-B implementation in [4] demonstrates superior figures of merit through
its innovative resistive compensation technique, our approach maintains important advan-
tages in design simplicity and compliance with standard class-A OTAs. The SCB technique
proves particularly valuable for display driver applications and switched-capacitor circuits,
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References

where it enables fast settling (2.56 ps) with modest power consumption (13.2 ptW) and
symmetrical performance for both rising and falling edges.

6. Conclusions

This work has presented an improved split capacitive-boosting (SCB) technique for
single-ended parallel-type slew-rate enhancers (PSREs). This technique overcomes the
key limitation encountered when conventional capacitive boosting approaches are used
in single-ended configurations: the slew-rate degradation, due to CB itself, originating
from large common-mode voltage variations at internal nodes of the PSRE. By strategically
splitting the boosting capacitor into two separate components (Cp, and Cg), connected to
ground and the supply rail, respectively, the proposed technique maintains the beneficial
turn-on acceleration while minimizing the detrimental effects on the slew rate. Electrical
simulations of a 0.18-pym CMOS design demonstrate the effectiveness of this approach,
showing a 5.53 x reduction in settling time compared to standard CB-PSRE implementa-
tions, along with excellent robustness to process-voltage-temperature variations.

Several promising research directions emerge from this work. First, the SCB tech-
nique could be combined with advanced compensation methods, such as those presented
in [4], for further performance enhancement. Second, low-voltage implementations could
be developed for emerging IoT and wearable applications. Third, the approach could
be integrated with OTAs employing class-AB or class-B output stages for additional ef-
ficiency improvements. The modular and scalable nature of the SCB-PSRE architecture
makes it adaptable to a wide range of analog design contexts, offering a practical and
effective solution for slew-rate enhancement without compromising power efficiency or
design simplicity.
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