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ABSTRACT This article presents a comprehensive analysis of power-supply-rejection (PSR) enhancement
techniques in low-dropout regulators (LDOs) for efficient power management within system-on-chips
(SoCs). The PSR is a critical performance metric for LDOs, as it ensures the suppression of power supply
ripple and provides stable output voltages. Various PSR enhancement techniques aimed at enhancing
PSR characteristics have been proposed, and this study endeavors to offer insights by analyzing these
techniques. PSR enhancement techniques can be broadly categorized into two main categories: supply
ripple insensitivity/bandwidth improvement and feedforward supply ripple cancellation (FFRC). Supply
ripple insensitivity techniques involve the use of a cascading LDO to pre-regulate the supply ripple in
the main LDO loop, and bandwidth improvement techniques focus on improving the ripple suppression
bandwidth of the LDO. FFRC techniques aim to mitigate the supply ripple by injecting supply ripple through
a feedforward path. In addition to analyzing PSR enhancement techniques, this article discusses recent
research trends through a performance comparison. Furthermore, it provides valuable insights into the design
and optimization of LDOs for PSR enhancement.

INDEX TERMS Low-dropout regulator (LDO), power management unit (PMU), power-supply-rejection
(PSR), PSR enhancement, feedforward supply ripple cancellation (FFRC).

I. INTRODUCTION
In the domain of system-on-chips (SoCs) and chiplet archi-
tectures, each analog and digital block is designed to operate
within a specific voltage range to ensure proper functionality
and performance. However, during actual circuit operation,
the power supply voltage is highly susceptible to fluctua-
tions caused by external switching noise and internal current
variations. To address this issue, power management units
(PMUs) have emerged as important components of modern
SoCs, aiming to mitigate the impact of external noise and
ensure the stability of the power supply [1], [2].

The PMU is composed of two key components: switch-
ing regulators and low-dropout regulators (LDOs), as shown
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in Fig. 1. Although switching regulators offer excellent
power conversion efficiency, they inherently generate switch-
ing ripple that can compromise the stability of the supply
voltage [3], [4]. To overcome this challenge, LDOs are inte-
grated in series with the switching regulator within the PMU,
enabling them to provide a ripple-suppressed and stable
power supply.

LDOs can address the specific needs of noise-sensitive
blocks, such as analog, digital, and RF circuits, which require
a reliable and stable voltage source. These blocks are highly
susceptible to disturbances caused by power supply ripple,
which can adversely affect their performance and overall
system integrity. By utilizing LDOs with superior power-
supply-rejection (PSR) capabilities, the PMU ensures a clean
and stable power supply to satisfy the stringent requirements
of these noise-sensitive blocks.
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FIGURE 1. Block diagram of power management unit.
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FIGURE 2. PSR enhancement techniques for LDOs.

In recent years, significant advancements have been made
to enhance the PSR characteristics of LDOs. PSR enhance-
ment techniques have been proposed to improve the ability
of LDOs to reject power supply ripple and deliver a stable
output voltage. As shown in Fig. 2, PSR enhancement tech-
niques can be divided into two main categories: 1) supply
ripple insensitivity/bandwidth improvement, and 2) feed-
forward supply ripple cancellation (FFRC). Supply ripple
insensitivity/bandwidth improvement focuses on enhancing
the supply ripple insensitivity/bandwidth of the LDO to
achieve higher PSR performance. These techniques enable an
LDO to effectively reject the power supply ripple and main-
tain stable output voltages. NMOS pass transistor LDO and
FVF-based LDO structures can provide wide loop bandwidth
and improve PSR performance. The cascaded LDO structure
enhances PSR performance by employing an additional LDO
in a cascading configuration to pre-regulate the supply ripple.
FFRC techniques aim to cancel the power supply ripple by
utilizing a feedforward path, thereby achieving a cleaner and
more stable power supply. Various FFRC techniques, such
as gate control and body control, have been proposed to
effectively mitigate the supply ripple and enhance the PSR
of LDOs.
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This paper presents a comprehensive analysis of the
PSR enhancement techniques recently employed in LDOs.
It offers insights into LDO design for PSR enhancement by
conducting a small-signal model analysis of PSR enhance-
ment techniques. Additionally, it compares the advantages
and limitations of each architecture and examines state-of-
the-art works, thereby summarizing recent research trends in
PSR enhancement techniques.
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FIGURE 3. (a) Basic LDO structure with external dominant pole
configuration and (b) corresponding PSR characteristic.

The remainder of this paper is organized as follows:
Section II provides a basic analysis of the PSR characteristics
in an LDO. Section III describes PSR enhancement tech-
niques incorporating supply ripple insensitivity/bandwidth
improvement. Section IV explores FFRC techniques applied
to LDOs, such as ripple cancellation through gate control
and ripple cancellation through body control, and evalu-
ates their effectiveness in mitigating ripple and improving
PSR. Section V presents a comprehensive comparison of the
state-of-the-art studies focusing on PSR enhancement. This
analysis examines their advantages, limitations, and perfor-
mance metrics. Section VI summarizes the key findings of
this study.

Il. BASIC ANALYSIS OF POWER SUPPLY REJECTION IN
LDOs

In general, LDOs can be broadly categorized into two distinct
types: those with an external dominant pole and those with
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FIGURE 4. (a) Basic LDO structure with internal dominant pole
configuration and (b) corresponding PSR characteristic.

an internal dominant pole, each with different characteristics
in terms of PSR dynamics. Fig. 3(a) illustrates an LDO
with an external dominant pole configuration, where a large
output capacitor (Coyr) ranging from several micro-farads
to nano-farads is located externally, and the dominant pole
is associated with Copr [9]. Fig. 3(b) indicates that the
LDO exhibits higher PSR at frequencies above its unity gain
frequency (wpgr) [9]. This can be attributed to the large
Cour, which creates a bypass path at high frequencies. This
bypass path allows the supply ripple to flow through and
attenuate as it reaches the ground [11]. By attenuating the
supply ripple away from the LDO output voltage, the large
Cour effectively mitigates its impact and enhances PSR
performance. The presence of a dominant pole associated
with Coyr in an LDO configuration introduces stability
concerns, particularly when the load current increases. As the
dominant pole moves towards the second pole, instability
can occur. To ensure stable regulation, a sufficiently large
Cour is necessary. The size of Coyr plays a critical role
in stabilizing the LDO’s feedback loop and maintaining a
suitable phase margin. However, an excessively large Coyr
can limit the bandwidth. By utilizing an appropriately sized
Cour, an LDO can compensate for load current variations
and prevent the dominant pole from approaching the second
pole too closely, thereby avoiding the degradation of the
phase margin and ensuring stability.

59978

Fig. 4(a) shows the configuration of an LDO with an inter-
nal dominant pole, where Coyr is integrated within the chip
at the scale of hundreds of pico-farads. In recent years, there
has been a growing trend in the use of capacitor-less LDO
designs, in which capacitors are fully integrated within the
chip, in response to the demand for cost reduction. Fig. 4(b)
shows the presence of a PSR hump at a high frequency near
wyGF, indicating the existence of a worst PSR zone near
wygr [13]. The PSR hump arises because of the reduction
in the loop gain beyond wygr, leading to a diminished capa-
bility to maintain the output voltage. To mitigate PSR humps
at high frequencies, it is necessary to shift the dominant
pole; however, this approach often introduces stability issues.
Furthermore, under light-load conditions, the dominant pole
approaches the second pole, resulting in poor stability.
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FIGURE 5. (a) Power supply ripple injection paths in output-capacitor-
less LDO and (b) corresponding PSR characteristic [6].

Fig. 5(a) shows the supply ripple injection paths in the
output-capacitor-less LDO structure. These paths are signifi-
cant because they determine how the power supply ripple can
influence the output voltage and the overall ripple rejection
capability of the LDO. Thus, understanding and analyzing
these paths is paramount for improving the PSR performance
of LDOs.

Fig. 5(b) depicts the PSR characteristic corresponding to
the power supply ripple path in the output-capacitor-less
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LDO. Path 1 is formed through the pass transistor (g,,), and
path 2 is the result of the finite drain-source resistance of
the pass transistor (ry4s). Finally, paths 3 and 4 result from
the finite power-supply-rejection-ratio (PSRR) of the error
amplifier and bandgap reference, respectively.
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FIGURE 6. Small-signal model of output-capacitor-less LDO.
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FIGURE 7. Schematics of (a) N-type input error amplifier and (b) P-type
input error amplifier. (c) Small-signal model of n-type input error
amplifier. (d) Small-signal model of p-type input error amplifier [8].

Fig. 6 presents a small-signal model of the output-
capacitor-less LDO. The input ripple voltage, denoted by v;;,
signifies the fluctuating or noisy components of the incoming
power supply. In contrast, the output ripple voltage, referred
to as vy, represents the variation or ripple observed in the
regulated output voltage of the LDO. Paths 1 and 2 are
strongly affected by the characteristics of the pass transistor,
particularly g,,, and r4,. Variation in these parameters directly
impacts the LDO’s supply ripple rejection performance. The
transfer functions in paths 1 and 2 from v;, to vy, can be
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derived as [55]

C
ve = Apave + e vie (D)
s (CAMP + Cgs + ng)
R
VE = ———Vou 6)
Ri+R;
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Aipah = 8ds Vin — Vour) 3)
Vout (s) = Ape (I +s/wz1) ()
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v2 Cour
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where wp1, wp2, and @, are the dominant pole, second pole,
and dominant zero, respectively. Coyr represents the output-
capacitor. Ag4 and Ry, are the gain of the error amplifier and
the load resistor, respectively. Ry and Ro are resistors that
forming a divider in the feedback path. R4ysp determines the
output resistance of the error amplifier. C4pzp is the output
capacitance of the error amplifier. (4) provides a comprehen-
sive representation of the combined influence of paths 1 and
2 on the PSR performance of the LDO. This highlights the
significant impact of the parameters of g, and rg on the
ability of the LDO to reject the supply ripple. In the low-
frequency range, the PSR characteristics of paths 1 and 2 are
highly dependent on Ag4 and the resistive divider formed
by R; and Ra. However, as the supply ripple frequency
increases, the PSR becomes dependent on g,,p and the output
equivalent resistance by rgg, as well as Ry .

Path 3 in Fig. 5(a) depends on the input type of the error
amplifier. Fig. 7 depicts the error amplifiers and correspond-
ing small-signal models based on the input type.

The PSR characteristics of paths 3 and 4 can be derived in
the same manner as the deviation in [8].

. Vin
= ©)
(ng + r01)
1 1
T
Vout 02 gug 701 1
APSRR N = = —5— 25—~ —<ro1 ) (10)
in o3 + o1 8m2
1 _ 1
1
Vout Tol — =—=+ro1 1
ApSRrR_P = o —5—2—~0 | —<ro1
in o2 Fo1 8m2
(11)

where iy, Apsrr_~, and Apsggr p are the small-signal current,
PSRR of the n-type input error amplifier, and PSRR of the
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TABLE 1. Pros and cons of LDO architectures with supply ripple insensitivity and bandwidth improvements.

Large dropout voltage

NMOS LDO Cascaded LDO FVF-Based LDO
Pros Wide loop bandwidth Improved PSR at low- | Low output impedance
Area efficiency of pass gate frequency range Fast transient response
Cons Need a voltage boosting circuit

Limited Load Current Range

for pass gate voltage

p-type input error amplifier, respectively. (9) represents the
small-signal current relationship. (10) and (11) provide the
transfer functions of the error amplifier based on the input
type. The n-type input error amplifier passes the supply ripple
directly to the output, leading to a lower error amplifier
PSRR. In contrast, the p-type input error amplifier can exhibit
a better error amplifier PSRR, as it cancels out the supply
ripple. When considering the overall transfer function of the
LDO, the n-type error amplifier can outperform the p-type
error amplifier.

ZmpTds {AEAVref — APSRRVin }

rds gmpTasAEaR2 rds
+R1+R2+ (R1+R2) +RL

12)

Vour (s = 0) |path3,4 =

where v, represents the supply ripple component through
the bandgap reference and Apggr denotes the PSRR of the
error amplifier. This can be attributed to (12), where the
term involving Apsgg cancels out the supply ripple caused
by path 3. As a result, the n-type error amplifier can provide
superior PSR performance compared to that of the p-type
error amplifier in the LDO. In path 4, a bandgap reference is
typically combined with an RC filter to filter out ripple [12].
Therefore, the reduction in PSR caused by path 4 does not
dominantly influence the overall PSR characteristics of the
LDO.

In summary, the effect of supply ripple injection paths on
PSR performance in the LDO can be observed. The overall
PSR performance is affected by various supply ripple injec-
tion paths; specifically, paths 1 and 2 have a primary impact
on the PSR of the LDO across all frequency ranges.

Ill. PSR ENHANCEMENT TECHNIQUES USING SUPPLY
RIPPLE INSENSITIVITY/BANDWIDTH IMPROVEMENT
As explored in Section II, the PSR performance of an LDO is
highly dependent on its loop gain and bandwidth. The high
loop gain provides accurate regulation and suppression of
the power supply ripple being injected into the output node.
The wide loop bandwidth means that the LDO can handle
high-frequency power supply ripple, extending the PSR band-
width. However, high loop gain and wide bandwidth may
result in unstable operation, causing stability issues.

One popular approach to address this stability issue is using
a frequency-compensation technique. One example is the
introduction of a left-half-plane (LHP) zero within the feed-
back loop of the LDO [39], [40], [41], [42], [43], [44], [45],
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FIGURE 8. (a) Frequency compensation LDO. (b) Small-signal model of
frequency compensation LDO [41].

[46], [47], 48], [49], [50], [51]. The LHP zero can counteract
the effects of the poles in the system, effectively cancelling
them out. This technique, known as pole-zero cancellation,
is a form of frequency compensation that can help improve
system stability. By widening the bandwidth, the LDO can
provide improved PSR at high frequencies. Fig. 8 shows
an LDO employing the reverse-nested Miller compensation
technique [41]. This approach generates an LHP zero using a
current buffer and an inverting current buffer. By creating this
LHP zero, pole-zero cancellation is executed, which allows
the LDO to provide a wide bandwidth. To further enhance
performance, [42] applied the Q-reduction technique to the
LDO design, resulting in a bandwidth exceeding 100 MHz.
Moreover, [39], [43], [44], [45], [46], and [48] proposed sens-
ing load current changes and adaptively shifting the position
of the zero.
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In addition to frequency compensation, several techniques
have been proposed to ensure stable operation and high
PSR [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29], [301, [31], [32], [33], [34],
[351, [361, [37], [38], [39], [40], [41], [42], [43], [44], [45],
[46], [47], [48], [49], [50], [S1]. NMOS pass transistor
LDO [14], [15], [16], [17], [18], [19] and flipped voltage
follower based LDO [28], [29], [30], [31], [32], [33], [34],
[35], [36], [37], [38] have also been adopted to enhance
bandwidth without impacting stability. Additionally, cas-
caded LDO [20], [21], [22], [23], [24], [25], [26] delivers a
stable operating voltage to the main LDO loop by regulating
the supply ripple at the cascade stage, thereby providing a
high PSR. The pros and cons of the above-mentioned LDO
architectures are summarized in Table 1. In this section, these
design techniques are investigated further.

A. NMOS PASS TRANSISTOR LDO
To achieve a high PSR at high frequencies, a wide-bandwidth
NMOS LDO has been proposed [14], [15], [16], [17], [18],
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[19]. NMOS LDOs are constructed with an NMOS pass tran-
sistor, thus forming a source follower stage that offers a low
output impedance. Compared to PMOS LDO designs within
the same load current range, NMOS pass transistors can
exhibit better mobility in many CMOS processes, rendering
them more area-efficient and providing higher transconduc-
tance. Owing to the combination of low output impedance
and reduced gate parasitic capacitance, NMOS LDOs can
achieve loop bandwidths wider than those of PMOS LDOs.

Fig. 9 shows the small-signal model of an NMOS LDO.
The output load impedance of the NMOS LDO is calculated
as follows:

1 1
Zour = ( l ||RL) (13)

sCour  gmn

where Zoyr denotes the output impedance of the NMOS
LDO, gmun is the transconductance of the NMOS pass tran-
sistor, and Ry, is the load resistance. As is evident in (13), the
total output impedance cannot be larger than 1/g,,, owing
to the output impedance of the source follower stage. The
overall transfer function of the NMOS LDO from v;;, to vour
can be determined as follows:

1
Vout (s) = Apc A+s/w1) (14)
Vin a +S/G)p1)(1 +s/wp2)(1 +s/wp3)
8mnlds
Apc = (15)
1 + gmn;éiiilil‘?;‘rds + % +gmn
L (16)
wp1 =
? Rpur(Cpur + Cga + Cgs)
! an
Wp2 = —————
? RampCamp
1
Wp3~ (18)
" GEIRLIras)Cour
o 8ds (19)

1 =
Rpur{gas (Cour + Cga + Cgs) + mnCos)

where Rpyr and Cgyr denote the output resistance and out-
put capacitance, respectively, in the buffer stage. Owing to
the low parasitic capacitance, when compared to PMOS LDO
designs within the same load current range, and typically
having Rpyr as 1/gm_pur(which is significantly smaller than
Rapp), the dominant pole of the NMOS LDO exists at a
frequency higher than that of the PMOS LDO. Consequently,
the NMOS LDO offers a wider bandwidth than the PMOS
LDO. Fig. 10 illustrates an example implementation of an
NMOS LDO. This specific design utilizes a combination of
low output impedance and a super source follower buffer to
provide a wide bandwidth. However, to address the shifting
of poles due to load current conditions, a wide range adaptive
gain nested Miller compensation (WAG-NMC) is incorpo-
rated, effectively resolving the stability issues. Additionally,
a dual-feedback loop is employed to offer high gain and
wide bandwidth. However, NMOS LDOs have a specific
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FIGURE 12. Example implementation of cascaded LDO [20].

operational requirement: the gate-source voltage (Vgs) must
be greater than the threshold voltage (V,,) for the tran-
sistor to turn on. To achieve the required gate voltage for
an NMOS pass transistor, a gate-boosting circuit such as a
voltage doubler or charge pump, is required [14], [16], [18],
[19]. These additional circuits are responsible for boosting
the gate voltage above the threshold voltage. However, the
inclusion of such circuitry comes at the cost of increased
current consumption and additional area.

B. CASCADED LDO

Cascaded LDO ensures a stable operating voltage to the main
LDO loop by regulating the supply ripple occurring at the
cascade stage, thereby effectively improving the PSR perfor-
mance. Fig. 11 shows the small-signal model of an LDO with
a cascaded configuration. The NMOS LDO in the cascaded
stage pre-regulates the supply ripple to deliver a stable voltage
to the main LDO and enhance its PSR performance. The
PSR transfer function of the cascaded LDO is calculated
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as follows [23]:

Vout
(s)
Vin
Vinn Vout Vinn Vout
= X = X (s)
Vin Vinn Vin Vin path1,2
Vout
(s)
Vin
S(ngn+ Cg.m+CLPF )
sC, B
~ gdn + (chsn+gmn)rds)1 X Vout (S)
5(Codn+Cosn+CLPF) Vin
-t e - athl,2
§ (CLPF + ngn) + (ch.v11+g/)1/1)rdsn P
(20)
Vout
(s)
Vin S=0
Codng&mnTdsn + (ngn + Cgsn + CLPF)
8mnTdsn (CLPF + ngn) + ngn + Cgsn + CLPF
X ApC_Basic 21

where g, and Cggy, Cgon, Tasn are the transconductance, gate-
drain parasitic capacitance, gate-source parasitic capacitance,
and drain-source resistance of the NMOS pass transistor in
the cascade stage, respectively. Crpr denotes the capacitor
of the low-pass filter. vour/Vin(s)|pam1,2 presents the transfer
function of a basic output-capacitor-less LDO, represented
by (4). Apc_Busic refers to the low-frequency PSR of a basic
output-capacitor-less LDO, as observed in (5). Compared to
the transfer function of the PMOS LDO represented by (5),
the pre-regulation of the NMOS LDO through low-pass fil-
tering in the cascade stage leads to an overall reduction in
the term of the transfer function, as observed in (21). This
suggests that the cascade configuration effectively improves
the system characteristics.

Fig. 12 shows an example of a cascaded LDO structure.
This cascade configuration effectively reduces the impact of
supply ripple on the output of the main LDO loop [20], [21],
[22], [23], [24], [25], [26]. However, it is essential to consider
the trade-off associated with a cascaded design, specifically
the increase in dropout voltage, which leads to lower power
conversion efficiency [7]. A large dropout voltage can cause
larger power dissipation within the LDO, leading to reduced
overall power conversion efficiency.

C. FLIPPED VOLTAGE FOLLOWER-BASED LDO

The flipped voltage follower (FVF)-based LDO introduces
the FVF as an output stage configuration [28], [29], [30],
[31], [32], [33], [34], [35], [36], [37], [38]. This architecture
leverages a shunt feedback mechanism to achieve low output
impedance [27]. Notably, the lower gate parasitic capacitance
further enhances the LDO’s loop bandwidth. The extended
bandwidth facilitates high PSR performance, particularly at
high frequencies. In contrast to a PMOS LDO with a common
gate amplifier output stage, an FVF-based LDO features an
output stage configured as a buffer stage. This results in a
lower loop gain in the low-frequency region. The approxi-
mate output impedance of an FVF-based LDO can be derived
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TABLE 2. Pros and cons of LDO architectures with FFRC.
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CM-Gate Ripple Injection

Body Ripple Injection

summing amplifier

Pros Ea.sy to adjust ripple injection Implementation simplicity ngh PSR improvement at
gain high-frequency range
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as follows [27]:
1 1 1 1
Zour = I l— )~

sCour gm18m2rds2 RL) Sm18m2rdis2
(22)

Fig. 13 shows the small-signal model of the FVF-based
LDO. Significantly, the incorporation of the FVF output
stage can be approximated as 1/g,,18m2rds2- This value is
exceptionally small, resulting in a remarkably low output
impedance for the FVF-based LDO. In conclusion, the output
impedance of the FVF-based LDO can be represented as (22).
The PSR transfer function of the FVF-based LDO can be
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derived as follows:

Yout (s) = Ap A+s/w;1) (23)
Vin C A +5/0p1)A +5/0p2)(1 + 5/wp3)
Apcr 14 gmiras1
1+ gmirass + f + gmigmarasarasy (1 + Aga)
(24)
1 (25)
wp1% 1
(gmlngrds2 ”RL)COUT
1
Wp2 = (26)
P27 Ramp(Camp + Cga2 + Cog2)
1
Wp3 = (27)
P2 Rpur(Cpur + Cga1 + Cgs2)
0. = 8m1 + 8ds1
" Rpur {(gm1 + 8as1) (Cea1 + CBuF) + 8as1Ces1}
(28)

This reduced output impedance contributes enhanced PSR
performance. Compared to the PMOS LDO design, (25)
exhibits a high frequency owing to its significantly low output
impedance. Consequently, the FVF-based LDO design offers
a wide bandwidth, providing a high PSR at high frequencies.
Additionally, (26) and (27) exist in the range of several GHz
because of their very small parasitic capacitances. An FVF-
based LDO is shown in Fig. 14. The architecture of this
LDO consists of an error amplifier with an FVF output stage,
providing efficient voltage regulation capability. Moreover,
it contains three distinct loops. The fast loop aids in maintain-
ing the output voltage during rapid load current fluctuations.
On the other hand, the slow loop and DC regulation loop
enhance DC voltage performance, such as load regulation and
line regulation. Consequently, this design demonstrates high
performance over a wide bandwidth, offering a fast-transient
response and high PSR at high frequencies. However, owing
to its low output impedance, it provides a low loop gain in
DC, resulting in a reduced PSR at low frequencies.

IV. PSR ENHANCEMENT THROUGH FEEDFORWARD
SUPPLY RIPPLE CANCELLATION

Recently, to effectively address the issue associated with
the PSR hump observed at high frequencies, FFRC was
presented in [52], [53], [54], [55], [56], [57], [58], [59],
[60], [61], [62], [63], [64], [65], [66], [67], [68], [69], [70],
[71], [72], [73], [74], and [75]. The FFRC technique is a
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promising approach for overcoming PSR limitations without
compromising the stability of the system. The basic principle
of FFRC is to mitigate the supply ripple through feedforward
injection of the ripple into a pass transistor. Depending on
the feedforward path, FFRC can be categorized into two
groups: ripple injection into the gate node of the pass tran-
sistor, and ripple injection into the body node of the pass
transistor. Table 2 summarizes the pros and cons of FFRC
techniques.

A. RIPPLE CANCELLATION WITH GATE RIPPLE INJECTION
FFRC with gate ripple injection mitigates the PSR hump at
high frequencies by manipulating the gate voltage of the pass
transistor. This adjustment aims to make the supply ripple
transfer gain in (4) zero, thereby leading to a significant
reduction in the PSR hump at high frequencies. Depending on
the implementations that combine the feedforward ripple path
and LDO feedback path, there are two possible realizations:
voltage-mode and current-mode ripple injections.

1) VOLTAGE-MODE GATE RIPPLE INJECTION

The voltage-mode gate ripple injection has been proposed
in previous studies to efficiently eliminate the supply rip-
ple [52], [53], [54], [55], [56], [57], [58], [59], [60], [61].
This configuration sums the voltages from the feedforward
ripple injection path and LDO feedback control path. Fig. 15
shows the small-signal model of the voltage-mode gate ripple
injection. Hrr yp(s) denotes the transfer function of the
feedforward injection path, and its output voltage vrr can be
derived as [55]

vrF = —Hpr_vm ($)Vin (29)

GmpV. 3
mpVsg < lds

Vout
o

vV

Cour } R.2
FIGURE 15. Small-signal model of FFRC with voltage-mode gate ripple
injection.

The injection voltage of v, can be calculated as follows:

Vel = Ay (AEA Vour + HFF_vm (S)Vin) (30)

R
Ri+R
where A; and Agy4 are the injection and error amplifier gains,

respectively. The PSR transfer function of the LDO from v;,
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Feedforward Amplifier
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] Rer2 i { @ Feedforward Path

Ceer | | : | @Feedback Path

S — P iOGate Control

Vour

i i Summing Amplifier R:3

Cour
P
R:2 I

VW

FIGURE 16. Example implementation of FFRC with voltage-mode gate
ripple injection [55].

to vour can then be derived as follows [55]:

(5)

Vout

Vin
{1+gmpras(1—Hpr_ym(s)As) }
(1+3)

o rds 8mpTdsAEAAS Ry rds
L+ sCourras + giig + ®rkoiT D+ o) T R
G

where wy is the dominant pole of the summing amplifier.
From the perspective of the small-signal model, (31) should
approach zero to achieve optimal PSR performance. As a
result, the optimal Hrr_yp(s) can be calculated as follows:

1+ - + gas
HFFVM<s>=( A‘”S)(g’”*”g g"é) (32)
s mp

>
< Tas

N

Vout
0

I
S

I— Cour RLEE

Crar_cate = Caur+Cga+Cys R.2 I

FIGURE 17. Small-signal model of FFRC with current-mode gate ripple

injection.

The optimal value of Hrr ya(s) can vary depending on the
load current variation, which affects g, and g45. By adjusting
Hrr vy (s) based on the load current variation, the LDO
can achieve optimal ripple cancellation. Hence, the LDO
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Current-Mode Feedforward Amplifier

VIN

I:TM 0 Vin
] Vour
Ri3
cQUT
@ Ir_upr Sensing R:2
@ Feedforward Path 1
OFeedback Path B

O Gate Control

FIGURE 18. Example implementation of FFRC with current-mode gate
ripple injection [65].

designs in [52], [54], and [56] incorporated an adaptive
adjustment of the Hrr yps(s) value. A correlator-based gain
control was employed to control the gain of the feedforward
amplifier [52]. To programmatically adjust gy, load current
tracking technique was utilized in [54]. In [56], a replica pass
transistor cell of was utilized to sense the load current and
adjust the feedforward gain.

Fig. 16 shows an example implementation of FFRC with
voltage-mode gate ripple injection. The feedforward path in
the LDO senses the supply ripple voltage and injects the
ripple voltage into the feedback path that maintains a constant
LDO output. To realize voltage summation at the gate node
of the pass transistor, an additional summing amplifier [54],
[55], [56], [57], [58], [59] and coupling capacitor [52], [53],
[61] were employed in the LDO. By properly adjusting the
summation coefficients between the feedforward and feed-
back paths, the LDO can achieve optimal ripple cancellation
without compromising loop gain or bandwidth, in contrast to
conventional approaches.

2) CURRENT-MODE GATE RIPPLE INJECTION

FFRC with current-mode gate ripple injection [62], [63],
[64], [65], [66], [67], [68] combines the current signals of
the FFRC path and the feedback voltage regulation path.
Current summation eliminates the need for an additional
summing amplifier or capacitor in the voltage-mode imple-
mentation. Fig. 17 shows the small-signal model of an LDO
with the current-mode gate ripple injection structure. Similar
to the analysis in [65], the high-frequency ripple current of the
current-mode feedforward amplifier ig_ypr can be derived as
follows [65]:

1 1 1
l ~ (33)
8&n_BUF SCPAR_ GATE ~ 8m_BUF

ZGate =
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iR_1PF = &m_rF (Vin — Vin_LPF) = gm_rrVin_apr  (34)

where g;, pyr determines the transconductance of the buffer
stage and Cpar_gaTE presents the gate parasitic capacitance
of the pass transistor. Zg4. denotes the gate impedance of
the pass transistor. Owing to the low output impedance of the
buffer, this term can be approximated as 1/g,, Bur. &m_FF 1S
the transconductance of the current-mode feedforward ampli-
fier and v;, rpr denotes the low-frequency v;, ripple. vin_mpr
corresponds to the high-frequency v;, ripple. The feedforward

voltage signal can be calculated as follows [65]:
VEF = IR_HPFZGate™ ———~R——Vin (35)

8m_BUF  8m_BUF
where vpr denotes the feedforward voltage signal. The trans-
fer function of Hrr_cps(s) can be calculated as follows [65]:

1 1
8&m_FFZGate _ 8m_FF (gm,BUF I SCPAR?GATE)

) T (03

8m_FF
Hrr cu(s) ~ =2=— (36)
8m_BUF
R
Vg2 = ABUFAEA mvom + VrF
R
VgaRAEA mvout + Hpp_cm($)vin 37

where wy represents the dominant pole of the feedforward
amplifier. Because wy is located at a very high frequency,
the denominator can be approximated as unity. The transfer
function from v;;, to v,,; can be derived as follows [65]:

(s)

Vout

Vin
{1+ gmpras (1 — Hrr_cm (5)) }
- s 8mpTdsAEAR? s
U+ sCourras + gt + Rtk =) + ki

weq

(38)

To achieve high PSR performance in an LDO, the numer-
ator term in (38) must be zero. Hence, the term involving
Hrr cm(s) must be set to unity. The buffer is typically
implemented as a source follower, which provides a low
output impedance. This characteristic allows the buffer to
have a dominant influence on the gate impedance of the pass
transistor compared to the gate parasitic capacitor. Conse-
quently, (37) can be approximated as follows [65]:

gm_FF _ 8mp t+ &ds
8m_BUF 8mp

From (36) and (38), we obtain (39). The optimal gain of the
feedforward amplifier is determined using the ratio of g, rr
and g,_pur-

The variation in load conditions causes this ratio to change,
limiting the ability to achieve a high PSR across a wide
load range. In previous studies [62], [64], [66], [68], various
approaches were proposed to adjust the gain of the feed-
forward amplifier to improve the PSR performance of the
LDO. In [62], an adaptive current source was employed to
regulate the gain of a pass transistor. References [64] focused

Hpp_cm(s) = (39)
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on approximating the feedforward amplifier gain using the
value of the pass transistor’s parasitic capacitor at a high
frequency. Additionally, [64] presented the use of a replica
cell to track the replica gate-drain capacitance (Cgqy ) of a pass
transistor, enabling adaptive adjustment of the feedforward
amplifier gain based on variations in Cgy. In [66], the feed-
forward amplifier gain was designed to operate in two modes:
high- and low-load conditions. In [68], a novel approach was
proposed to dynamically adjust the feedforward amplifier
gain by utilizing a replica pass transistor cell to track its

8mp and ggs.
gmstg%mbvsb<’ Fas
0

| Vout

FIGURE 19. Small-signal model of FFRC with body ripple injection [69].

Vin

Crar = Camp+Cyqy

n

@Supply Ripple Sensing
A Feedforward Gain Adjustment Body Ripple Injector (BRI)
O Feedforward Path Vo= (1+Rer2/ Rert)Ve = KVie

Vi Vi
o

D—me L) @
Vour = Vrer 104=(1/500) Ip2=(1./500) ID3=(IL/500n?
R2

= -to - gmp Sensor (GTGS)

FIGURE 20. Example implementation of FFRC with body ripple injection
using adaptive supply ripple cancellation [69].

Fig. 18 illustrates an example implementation of FFRC
with current-mode gate ripple injection. This approach uti-
lizes a low-pass filter to sense the high-frequency supply
ripple and Mpr to generate the high-frequency supply rip-
ple current. The generated high-frequency ripple current is
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employed to establish the feedforward path through a current
mirror. Additionally, the ripple current produced in the feed-
back path is combined at the gate node of the pass transistor,
enabling ripple cancellation. This design achieved a remark-
able PSR performance of over -68 dB at 2 MHz.

B. RIPPLE CANCELLATION WITH BODY RIPPLE INJECTION
FFRC with body ripple injection utilizes the body voltage of
the pass transistor to control the FFRC path, thereby provid-
ing high PSR performance [69], [70], [71], [72], [73], [74],
[75]. The body ripple injection approach is based on the body
effect of the pass transistor, as follows:

Vil = Vaol + v (V205 + Vs — V210¢1)  (40)

where Vgp is the source-body voltage, Vi, is the threshold
voltage, Vi is the zero bias (Vs = 0) threshold voltage, y
is the body effect coefficient, and ¢ is the Fermi potential.
During the control of the body voltage based on (40), it is
important to set an appropriate Vsp, as a large Vsp can cause
the source-body diode to turn on, resulting in significant
current leakage. Therefore, careful consideration must be
given to properly configure Vsp to prevent undesired current
leakage. This technique leverages the smaller parasitic capac-
itance of the body compared to the gate, as well as the smaller
body transconductance (g,,») compared to g, [69]. These
factors enable the implementation of a high DC gain and
wide bandwidth feedforward amplifier, making it superior to
FFRC with gate ripple injection [73]. Furthermore, because
the feedforward ripple signal is directly injected into the
body node, additional summing amplifiers or capacitors are
unnecessary, in contrast to the gate ripple injection method.

DC-Level
Shifter

Non-inverting
Amplifier

@ Supply Ripple Sensing
O Feedforward Gain Adjustment
O Feedforward Path

KVg

g Ve = (1 + Rer2/ Rer1 )V =

= Load Current Tracking

FIGURE 21. Example implementation of FFRC with body ripple injection
using bulk-driven feedforward circuit [70].

Fig. 19 shows the small-signal model of FFRC with body
ripple injection. The gate node voltage vg3 and body node
voltage v;, of the pass transistor can be derived as follows [69]:

sC,

V3 = Vin + AEAVour
T S(Ce+ Coa + Camp) + 7=

Ramp
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TABLE 3. Comparison of state-of-the-art performance using supply ripple insensitivity/bandwidth improvement.

Design (16] [ 117] [ (18] | (200 [ [21] [ (23] [ (321 | (33] [ (341 [ 139] | [40] [ [42]
Frequency
Topology NMOS LDO Cascaded LDO FVF-Based LDO Compensation LDO
Process [nm] | 180 130 250 350 350 350 65 28 65 65 180 130
Active Area | o5 | 00341 00 1 0066 | wa | 0084 | 001 | “0% | 0053 | %9921 00035 | 0.008
[mm?] 5 6 1
1.5- 1.05- 1.0- 1.0-
1.2 2.0 1.6 33 1.8 0.9 1.2 0.5-1.8
Vo [V] 3.3 1.2 1.4 1.4
1.2- 1.0- 0.8-
1.0 12 2.8 12 0.9 0.85 1.0 0.47 0.8
Vour [V] 1.8 3.0 1.2
Voo [V] 02 | 02 | 024 | 04 | 05 | 06 | 015 | 005 | 02 | o2 | 003- | 02
1.33 0.6
Cour [F] 100p | 1.ox | 1O | 100p | 10p 0- 0- 30p | 300p | 0-25p 0 0-25p
our 47u 100p | 100p
0-2*/
Loap [MA] 0.1- 0- 1 0-150 | 0-10 | 0-50 | 0-12 | 0.1-20 | 0-20 | 0.005- 0-25 0- 0.12-
300 | 1000 20 " 25
200
Io [A] 2087 | 35 | 124 | 194- [ 361- | 439 65 33 | o780 | 16 | 2227 | 5
Q 1000 | 100 70 37.7 242 | 35.7*
Line
Regulation NA | 023 | NA | 025 | 234 | 028 | NA | 175 | NA 0.7 | 034* | 225
[mV/V]
Load 0.000
Regulation 0.01 6 25 032 | 031 | 068 | N/A | 026 | 0015 | 028 | 95 | 0.173
[mV/mA]
Al pap [mA] | 299 | 1000 | 150 10 N/A 12 19.9 20 19.9 25 25;/* | 2488
AVoyr [mV] 87*/
59 11 135 410 | N/A 105 35 176 59 36 o | 284
@Undershoot 152
Teage [0s] 100 100 10 60 N/A | 500 5 0.1 0.8 100 100 0.3
Edge Time | 505 | 1900 | 100 | 600 ; 5000 | 50 1 8 1000 | 1000 3
Ratio K
Tsettiing [ns] | 480 [ 8000" | 900 | 1200 | N/A [ N/A 160 220 30" | 1200 862 50
-37%/
-42* 51 -10* | -40* -45 -60* -45* | -30* | -58* -44 -45** -65*
PSR (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k)
(Frequency) -22* -50 -35* -25* 37 | 417 -23 24 -42 26 | 20777 | .57
[dB] aMy | aM | am | aMmy | aM | am | aMmy | am | amy | (M) | -28"* | (1M)
@ Ioap [MA] | -15* -30* -36" -22* -20* -40* -5.2 -14* 25 -11 (IM) 22
(10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | O**/ | (10M)
@100 | @500 | @150 | @10 | @N/A | @12 | @20 | @20 | @20 | @25 |-2* @25
(10M)
@0
Peak Current . 98.9"*
) oo | 9997 | 99.9 | 99.93 | 99.3™ | 99.92**| 99.63"*| 99.97 | 99.83"*| 99.59**| 99.9 / 99.55
Efficiency [%] —
99.9
FoM, [mV] | 1397 | 11 9 1722 - 1920 | 572 | 029 | 1.94 | 3485 | 2713 | 3.84
FoM, [ps] 11.05 | 253 | 10.67 | 4724 - - 368 | 229 | 098 | 5823 | 6.13 0.31

“Estimation from graph point. **Calculated using I,. *Vpp = 0.5V. 'V, = 1.8V
AVouyr * I

AILOAD

Tgqge used in the measurement

" the smallest Tgqge among the designs for comparison

FoM, = K

’

Tsettiing " 1
Settling Q@ (@ PSR at 1MHz [V /V])

FoM, =
o PSR- ILOAD,MAX
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TABLE 4. Comparison of state-of-the-art performance using FFRC.

Design | [55] | (561 | [571 | (62] | (641 | 651 | [66] | [67) | [69] | [70] | [73] [ [75]
Topology of Voltage-mode Gate- C " I
L rrent-mode Gate-Injection Body-Injection
FFRC Injection b J -l
Process [nm] | 130 | 65 180 | 90 180 B}g‘])) 130 | 65 65 130 | 130 | 180
i 0024
Ac[t;;l’;‘?]rea 0049 | 0048 | 0037 | 0015 | 014 | 012 | 0.018 | 0.036 | 0.087 | 0.0046 | ° 0? 0.075
1.15- 1.8- 18- 115- | LI5- 12- 0.7-
12 1.15 5.0 12 12
Voo [V 1.8 2.5 2.6 1.4 1.3 L5 1.1
1.6- 15
1.0 1.0 1.0 1.6 1.0 1.0 1.0 1.0 10 | 06
Vour V] 23 4.5
0.15- 0.15- | 0.15- 0.2- 0.1-
02 | 02 | 015 | 02-1 | 0.178 0.2 0.2
Voo [V] 0.8 0.4 0.3 0.5 0.5
40u- | 120p— | oO- 0-
20u | 47 1.0 1.0, 28 22 20 K P N/A
Cour [F] “ # # # P # P 47u | 540p | 400p 300p
0.1- | 0.1 0.1- | 0.05- | 0.0001 0.01-
0-25 0-140 | 0-50 0.125 | 0-50 | 15
lioap [mA] 100 200 250 50 -25 30
Iy [4A] 50 a0 | 09 | 33 55 | 56- | 354- | 150- | s- 12 | 9904 | 022-
Q 160 | 145 356 | 3732 | 350 | 2975 660
Line
Regulation 26 | 875 | 486 | NA | NA | 102 | 81 1 38 | 03 | NA | 082
[mV/V]
Load
Regulation | 0.048 | 0.01 | 0.055 | 0043 | 0.14 | 0.112 | 0056 | 0.04 | 0042 | 001 | 50 | 035
[mV/mA]
Alypup[mA] | 25 | 999 | 1999 | 140 | 50 | 2499 | 49.95 24-9999 24 50 1.5 24
AVour [mV] 10 4.0 78 70 75 | 3636 | 54 12| 3221 140 | 120" | 215
(Undershoot) 5
Tgage [nS] 10 | 1000 | 100 | N/A | 100 | 250 | 200 | 20 ‘:%%/ 100 | 200 | 100
~ 4000/
Edge Time 100 | 10000 | 1000 - 1000 | 2500 | 2000 | 200 | 1999 | 1000 | 2000 | 1000
Ratio K
Tsertting [ns] | N/A | 3000 | N/A | N/A | 6000 | 9900 | 400 | 700 1153%((’)/ 300 | 160 | NA
60 | -89 | -52 | -53 | -60" | -75* | -41* | -55° | -55* | 90 | -75° | -57
PSR (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k) | (100k)
(Frequency) -67 -70 -41 -62 -70 -70 -40 -61 -52 -64 -57 -41
[dB] aM | M) | aMm) | M) | M) | (M) | M) | (M) | M) | (M) | (M) | (IM)
@ lyoup [MA] | 56 | -62 | 52 | -56 | -37 | -62' | -20° | -47 | -37 | -18" | 41 | -22°
(10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M) | (10M)
@25 | @100 | @200 | @140 | @50 | @250 | @50 | @! | @25 | @50 | @l | @30
Peak Current
Efficiency | 99.8 | 99.96™| 99.9 | 99.9 | 99.89%| 99.99"| 99.92*| 99.4 | 98.82*| 99.91 | 98.05"| 97.8
[%]
FoM; [mV] 2 | 1602 | 6243 | - 82.5 | 12.95 | 80.69 | 33.6 | 2789 | 117.6 | 15846 | 59125
FoM, [ps] - 0.38 - - 209 | 045 | 30 | 873 | 3886 | 0.16 | 4.48 -

“Estimation from graph point. “*Calculated by I, at Maximum I o 4p .
AVoyr -1 Tgqge used in the measurement

FoM; = K VK = - -
! Aljoap the smallest Tgqq4, among the designs for comparison

Tsettiing * I
Settling_ Q@ (@ PSR at 1MHz [V/V])

FoM, = ———
oM PSR 'ILOAD,MAX
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TABLE 5. Summary of PSR formulas for supply ripple insensitivity/bandwidth improvement techniques.

Topology

PSR Formula

Vout
—(s)

Basic LDO

=4 .
Vin path1,2 PEBAse (1 + s/wp1) (1 + s/wpz)

(1 + S/wzl)

1+ gmprds

ADC?Basic =
1+

gmprdsAEARZ + Tgs Tas
R, +R, R;

Vout

n

NMOS LDO
Apc =

(1+5/w,1)

() = Apc (1 +s/wp)A+5/@wp2)(1 + 5/ wy3)

ImnTas

1 4 9mnTasAea * Tas | Tas

S
R, + R, R, T 9mn

Vout
(s) =
in

~
=~

Cascaded LDO

Vinn Vout Vinn Vout
X =——x—~A5)

Vinn Vin Vin pathi,2

S(ngn + Cgsn + CLPF)
(SCgsn + gmn)rdsn Vout

SCqyan +

S(CLPF + ngn) +

ngngmnrdsn + (ngn + Cgsn + CLPF)

X
S(ngn + Cgsn + CLPF) Vin

(chsn + gmn)rdsn

(s)

pathl,2

Apc =

gmnrdsn(CLPF + ngn) + ngn + Cgsn + CLPF

X ADC_Basic

Vout
Vin

FVF-Based LDO

(1+5/w,1)

) = Ao 5 Jay ) (L + 5/ ) (1 + 5/0p3)

1+ ImiTas1

Apc =

T
1+ gmitass + Ide—il + Imi1GmaTas2Tas1(1 + Aga)

Vg3 X Vip + AEAVour 41)
Vb = AFF_BODY Vin (42)

where C, determines the coupling capacitance between v;,
and vgz. When C. is greater than Cgq4, the first term of
Vg3 is approximated as v;,. Apr_popy represents the transfer
function of the feedforward amplifier that performs body
ripple injection. The PSR transfer function of the LDO can
be derived as follows [69]:

Vout §) = L + gmpras(1 — Apr_popy) (43)
. - m, A S
Vin 1+ sCourras + %S + % + I%f

(43) provides the transfer function that accounts for g,,, and
gmp from v, to vy, in the LDO. To achieve optimal PSR

VOLUME 12, 2024

performance, it is desirable to set the numerator in (46) to
zero. Hence, the optimal transfer function of the feedforward
amplifier can be calculated as follows [69]:

AFF_popy = S+ 8ds (44)
8mb
(44) indicates that feedforward gain is essential for achieving
a high PSR.

Fig. 20 shows the schematic of FFRC with body ripple
injection using adaptive supply ripple cancellation. This cir-
cuit includes two key components: gjs— to —gmp (GTGS)
and a body ripple injector (BRI). The GTGS is responsi-
ble for adaptive control of the feedforward amplifier gain,
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whereas the BRI injects the optimal value into the body to
effectively cancel out the supply ripple. The GTGS includes a
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pass transistor replica cell and a sensing amplifier that tracks
changes in the load current, allowing for the adjustment of
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TABLE 6. Summary of PSR formulas for FFRC techniques.

Topology PSR Formula Optimal Feedforward Gain
{1 + gmprds(l - HFF,VM(S)AS)} 1+ s
VM Gate- 14+ W \ (Gmp + 9a
Injected | 22 () = ( ws) Herym(®) = =3 m; :
FFRC Vin 1+ sCoyrtas + Tds + ImpTasApadsRe n Tas s mp
S
fatRe Do+ R+ D+ R
Ws Weq
CM Gate- Vout ) {1 + GmpTas (1 - HFF_CM(S))} G rr G+ Ga
: —IS) = m_ mp s
Injected Vin L4 SComg 4 —Tds 4 ImpTasAeaRz Tds Hep cu(s) = G BU = G
ouTt'ds S o _
FFRC Ri+R, (R, + R,)(1 +w_ea) R,
Body- Vout (s) = 1+ gmpTas(1 — Apr opy) Gmp + Gas
Injected Vin 14 sCoy 4 Tds o ImpAEeaTas 4 Tas ArF_popy = g—
FFRC StourTas + g, (1+==) R e
wea

TABLE 7. Topology classification based on application requirements.

Application Requirements

Topology

Heavy Load Current
(> 100 mA)

NMOS LDO [16]-[18], Frequency Compensation [40], VM -Gate-Injected FFRC
[55],[56], CM-Gate-Injected FFRC [65]

Fast Transient Response
(<50 ns)

FVF-Based LDO [34], Frequency Compensation LDO [42]

Low-Voltage Operation
(<1.0V)

FVF-Based LDO [33], Frequency Compensation LDO [40], Body-Injected FFRC [75]

High PSR at Low-Frequency
Range

(> -60 dB @10 kHz)

Cascaded LDO [21],[23], FVF-Based LDO [34], Frequency Compensation LDO [40]
VM -Gate-Injected FFRC [55]-[57], CM-Gate-Injected FFRC [64]-[67]

Body-Injected FFRC[70],[73]

High PSR at High-Frequency
Range

(> -40dB @1 MHz)

NMOS LDO [17], Cascaded LDO [23], Frequency Compensation LDO [34]
FVF-Based LDO [42], Gate-Injected FFRC [55]-[57]
CM-Gate-Injected FFRC [62], [64]-[67], Body-Injected FFRC [69],[70],[731,[75]

the feedforward amplifier gain. This design attained impres-
sive PSR performance, consistently exceeding -36 dB across
frequencies ranging from 10 kHz to 1 GHz.

Fig. 21 illustrates the implementation of FFRC with body
control using a bulk-driven feedforward circuit. The circuit
comprises components such as a DC-level shift, non-inverting
amplifier, and load current tracking circuit. The DC-level
shift performs level shifting from the supply voltage to the
body bias voltage, ensuring that the source-body diode does
not turn on, and serves the purpose of sensing the supply
ripple. The non-inverting amplifier injects Vp into the body.
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The load current tracking circuit, consisting of an NMOS
diode-connected transistor, is designed to adaptively adjust
the gain of the feedforward amplifier based on changes in the
load current. This design demonstrated remarkable results,
with values of -90 and -64 dB at frequencies of 100 kHz and
1 MHz, respectively.

V. COMPARISON OF STATE-OF-THE-ART WORKS

This section discusses state-of-the-art studies related to the
topologies mentioned in Sections Il and IV. To compare
the performances of the state-of-the-art LDOs, we evaluated
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them using two different figures of merits (FOMs).
AVour-Ip

FoM, = K
Al oD

(45)
(45) was defined to benchmark the transient response per-
formance of the LDOs with respect to changes in the load
current [76]. This metric encompasses various parameters,
including the edge time ratio K, undershoot voltage during
load transient AVpyr, quiescent current I, and load current
step AlLoaD-

TSettling'IQ

FoM, = (46)

PSR-I1oAD,MAX
(46) was introduced to evaluate the PSR performance of the
LDOs [70]. FoM; includes the settling time Tseniing, 1o, PSR
at 1 MHz, and I1.04ap max - Using this metric for performance
comparison, we efficiently assessed the PSR performance of
various LDOS. Tseying refers to the duration it takes for an
LDO’s output voltage to stabilize. Particularly, when rapid
load current variation occurs, a short settling time is crucial
as it enhances the stability and performance of the system.
Additionally, PSR is a crucial metric that indicates how effec-
tively an LDO can mitigate variations and noise in the supply.
High PSR performance ensures the delivery of clean power
to each sub-block in SoCs. Therefore, Tsering and PSR are
considered key parameters in LDO design [77].

Table 3 summarizes state-of-the-art studies using sup-
ply ripple insensitivity/bandwidth improvement techniques.
As indicated in the table, the NMOS pass transistor LDO
exhibits a wide bandwidth and high PSR owing to its low
output impedance, especially at higher frequencies. In [17],
it achieves a PSR performance of -50 dB at 1 MHz and -
30 dB at 10 MHz. Additionally, it attains an FoM; value
of 11 mV and an FoM, value of 25.3 ps. Similarly, the
FVF-based LDO offers a wide bandwidth owing to its low
output impedance. In [34], -42 dB of PSR performance at
1 MHz and -25 dB at 10 MHz were reported. The FoM; for
this LDO is 1.94 mV, and the LDO achieves an impressively
low FoM> value of 0.98 ps. In contrast, in [23], the cascaded
LDO utilizes a cascade stage to pre-regulate the supply ripple,
thereby enhancing the PSR. It achieves PSR performance of -
41 dB at 1 MHz; the FoM| measures 1920 mV. The frequency
compensation LDO achieves a wide bandwidth by cancelling
the pole at a high frequency to zero. In [42], the LDO attains a
PSR of -57 dB at 1 MHz and -22 dB at 10 MHz, achieving an
FoM of 3.84 mV and an FoM; of 0.31 ps. Table 4 summa-
rizes state-of-the-art studies that utilized FFRC techniques.
FFRC with gate ripple injection in [56] enhanced the PSR by
utilizing a feedforward path to control the gate of the pass
transistor, thereby cancelling the supply ripple. This study
achieved PSR performance of -70 dB at 1 MHz and -62 dB
at 10 MHz. This study also achieved an FoM; of 16.02 mV
and an FoM> of 0.38 ps. In contrast, FFRC with body ripple
injection in [70] utilized a feedforward path to control the
body of the pass transistor by adjusting its Vy to cancel the
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supply ripple. This study achieved PSR performance of -
64 dB at 1 MHz and -18 dB at 10 MHz. The measured FoM
and FoM, are 117.6 mV and 0.16 ps, respectively. Fig. 22
shows a comparison of these state-of-the-art studies in terms
of FoM versus PSR at 1 MHz. Notably, [33] and [34] exhibit
FoM values of 0.29 mV and 1.94 mV, respectively, while
their PSR values at 1 MHz are -24 dB and -42 dB, respec-
tively, highlighting their superior performance. Fig. 23 also
presents a comparison of FoM; versus PSR at 1 MHz for the
state-of-the-art studies. References [56] and [70] demonstrate
the highest performance, with FoM, values of 0.38 ps and
0.16 ps, respectively. Their PSR values at IMHz achieve -
70 dB and -64 dB, respectively. Table 5 and 6 summarize
the PSR formulas for supply ripple insensitivity/bandwidth
improvement techniques and FFRC techniques, respectively.
For LDO design, classify topologies based on various appli-
cation conditions in Table 7.

VI. CONCLUSION

This paper presents a comprehensive analysis of PSR
enhancement techniques for LDOs to facilitate efficient
power management within SoCs. Analyses of PSR enhance-
ment techniques are categorized into two groups: supply
ripple insensitivity/bandwidth improvement, and FFRC tech-
niques. Supply ripple insensitivity involves configuring the
LDO in a cascade to pre-regulate the supply ripple, thereby
providing a stable operating voltage to the main LDO loop
and enhancing the PSR. Bandwidth improvement approaches
such as NMOS pass transistor LDOs and FVF-based LDOs
configure the output stage as a buffer to reduce the out-
put impedance, thereby providing a wide bandwidth. FFRC
techniques establish a feedforward injection path to control
the supply ripple injected into the pass transistor through
gate or body adjustments, thereby effectively cancelling the
ripple and enhancing the PSR. This article provides the trans-
fer functions, poles, and zeros for each structure through
small-signal analysis. Additionally, recent research trends are
discussed by comparing the advantages and limitations of
each architecture. Finally, this study offers valuable insights
into the design and optimization of LDOs for PSR enhance-
ment.
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