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Abstract A fully integrated power delivery system with
distributed on-chip low-dropout (LDO) regulators devel-
oped for voltage regulation in portable devices and fabri-
cated in a 28 nm CMOS process is described. Each LDO
employs adaptive bias for fast and power efficient voltage
regulation, exhibiting 64 ps response time of the regulation
loop and 99.49 % current efficiency. An adaptive compen-
sation network is also employed within the distributed power
delivery system to maintain a stable system response within
25 to 105 °C and 10 % voltage variations with a capacitive
load of more than 472 pF. No off-chip capacitors are re-
quired. Under a 788 mA load current step with 5 ns load
edge, the power delivery system exhibits less than 15 %
voltage droop for nominal input and output voltages, and a
minimum dropout of 0.1 V. Each of the LDO regulators with
the adaptive networks and bias current generator occupies
85 pm x 42 pum in a 28 nm CMOS process. All of the test
measurements are performed in a distributed power delivery
system of six on-chip LDO regulators within a commercial
high performance portable device. The proposed system is
the first successful silicon demonstration of stable fully in-
tegrated parallel analog LDO regulators.

D4 Inna Vaisband
vaisband @ece.rochester.edu

Department of Electrical and Computer Engineering,
University of Rochester, Computer Studies Building 420,
River Campus, Rochester, NY 14620, USA

Department of Electrical Engineering, University of South
Florida, 4202 E. Fowler Ave. ENB118, Tampa, FL 33620,
USA

Qualcomm Corporation, Qualcomm Building A, 8041 Arco
Corporate Drive, Raleigh, NC 27617, USA

1 Introduction

Supplying high quality power with minimum power loss to
noise sensitive loads is a primary concern in high perfor-
mance integrated circuits (ICs). The quality of the power
supply in portable electronic systems can be efficiently
addressed with point-of-load distributed power delivery
[1, 2], which requires the on-chip integration of multiple
power supplies. Several low-dropout (LDO) regulators
suitable for on-chip integration have recently been fabri-
cated [3-17], exhibiting fast load regulation and high
current efficiency. Due to these characteristics, the LDO is
a key component in on-chip power management.

To achieve a fast transient response for a load current
step of hundreds of microamperes, the quiescent current
of an LDO is typically increased [8, 18], lowering the
current efficiency. Dynamically biased shunt feedback,
proposed in [11], has been applied to achieve high current
efficiency and system stability over a wide range of load
currents. While the impedance-attenuated-buffer in [11] is
dynamically biased, the error amplifier in [11] is statically
biased, making simultaneous optimization of the LDO
speed and current consumption difficult. Alternatively,
adaptive biasing techniques have been proposed that boost
the bias current during fast output transitions [12, 13, 18],
yielding a promising technique for fast and power effi-
cient load regulation. The LDO in [13], however, utilizes
a 1 pF off-chip capacitor to stabilize the voltage regula-
tion, significantly increasing the response time of the
regulation loop. Alternatively, a flipped voltage follower
(FVF) LDO compensated by a single Miller capacitor is
proposed in [15] that achieves excellent current efficiency
of 99.99 %, good load regulation (0.1 mV/mA), and
moderate regulation speed without an off-chip capacitor
[15].
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With the increasing number of power domains and high
granularity of the on-chip supply voltages [19], multiple
ultra-small voltage regulators will ultimately be integrated
on-chip [2, 20]. The physical size of the LDO therefore
becomes a primary issue in power management ICs. A
nanoscale voltage regulator is expected to exhibit a smaller
physical area and improved large- and small-signal char-
acteristics. Alternatively, significant process, voltage, and
temperature (PVT) variations pose new stability challenges
to the co-design of these ultra-small on-chip voltage
regulators. Parallel voltage regulation where multiple
regulators are connected to the same power grid has re-
cently attracted significant attention, both from academia
[21-25] and industry [26-28]. Satisfying small area, high
power efficiency, and stability is however more challeng-
ing with parallel voltage regulation. Existing on-chip
voltage regulator topologies do not simultaneously over-
come these three challenges.

A power delivery and regulation system with six ultra-
small 28 nm LDO regulators distributed on-chip is de-
scribed in this paper. The proposed distributed power de-
livery system features an adaptive current boost bias and an
adaptive RC compensation network controlled individually
within each LDO regulator, increasing the power efficiency
and stability of the overall system over a wide range of load
currents and PVT variations. As compared to other state-
of-the-art LDO regulators providing fast voltage regulation
[8, 11, 13, 15], a single LDO within the proposed power
delivery system (including all capacitors and a bias gen-
erator) is 2.24 times smaller. The proposed power delivery
system delivers 3.9 to 15.8 times more load current, while

exhibiting a similar current efficiency. The proposed dis-
tributed power delivery system has been tested under a
wide range of PVT variations, yielding a stable and fast
loop response. Although parallel voltage regulation has
previously been demonstrated using eight digital LDO
regulators with 77.5 % current efficiency [27], to the best
of the authors’ knowledge, the proposed system is the first
successful silicon demonstration of stable parallel analog
LDO regulators without off-chip compensation, and ex-
hibits 99.49 % current efficiency.

The rest of the paper is organized as follows. The pro-
posed power delivery system with six fully integrated LDO
regulators with adaptive current boost bias and RC com-
pensation networks is described in Sect. 2. Measured per-
formance results are reviewed in Sect. 3. The paper is
concluded in Sect. 4.

2 Power delivery system

A power delivery system with six fully integrated LDO
regulators is described in this section. The proposed system
converts 0.9 to 1.1 V into 0.6 to 0.8 V, supplying up to
788 mA to the load. A model of the power delivery system
with six LDO regulators and a distributed power delivery
network is shown in Fig. 1. Current sharing is a primary
concern in a distributed power delivery system. Each LDO
contributes differently to the voltage regulation of a power
network based on the position of the active current loads
and the level of consumed current. Load sharing among the
LDO regulators is illustrated in Fig. 2 with a single current
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Fig. 1 Model of distributed LDO and power distribution network
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Fig. 2 Load sharing in distributed power delivery system

load (at the upper right corner of the power network)
switching between 18 and 450 mA. The LDO at the upper
right corner (in Fig. 1) is located in close proximity with
the current load and supplies the largest portion (up to 160
mA) of the total current requirements, which is higher by a
factor of two than the average current load supplied by a
single LDO. Alternatively, the remote LDO at the bottom
left corner supplies significantly less current (up to 40 mA),
only half of the average LDO load current. In the specific
configuration, the LDO in the upper right corner regulates
voltage under larger load current steps and exhibits en-
hanced stability characteristics. In modern high perfor-
mance circuits, the load map may change significantly over
time [29] and under PVT variations. Mechanisms are re-
quired to co-design the distributed on-chip regulators to
dynamically stabilize the power delivery system over time.
Adaptive mechanisms are described in this paper that re-
spond to load variations at the output of each of the LDO
regulators, increasing the power efficiency of the system
and enhancing performance and stability.

An adaptive current boost bias and an adaptive RC
compensation network are included within each LDO to,
respectively, enhance the slew rate with low power over-
head, and stabilize the power regulation over a wide range
of load currents and PVT variations. The operation of the

proposed dynamic mechanisms is controlled within the
individual LDO regulators, providing fine grain regulation
of the power voltage. Alternatively, both mechanisms
within each LDO are adaptively triggered by the same
sensing circuit, exhibiting a more compact power delivery
system. The circuit topology of the proposed LDO is
shown in Fig. 3. The components of the proposed power
delivery system are described in the following subsections.

2.1 Op amp based LDO

The open loop output resistance, load capacitance, and
control loop gain and bandwidth are important criteria
when developing a fast LDO. To address these challenging
transient requirements, a three current mirror operational
transconductance amplier (OTA) topology [9] is used
within each LDO, as shown in Fig. 4. A linear model that
considers the effects of the open loop output resistance,
load capacitance, and control loop gain and bandwidth is
used to model the behavior of the three current mirror
OTA. Miller compensation is used to achieve a dominant
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pole. The proposed model is shown in Fig. 5. The open
loop gain of the LDO regulator is

a(s) = Your _ —(@mR1)  (@naR)(1+N - 5) o
‘ Vin 14Dy s+Dy-s>+ D353’

where

N = (R3 - i) Cs, (2)

m2
Dy =R|Cy + R,Cy + R3C3 + R C3 + RyC3(1 + gunRy),
(3)
D> = R\R,
C1C2 + R CiR3C5 + RyCoR3C3 + R Ry (Cy + C) G5,
(4)
D3 = RICiR.CoR:Cs. (5)

The zero of the LDO regulator is formed by the compen-
sation network at the frequency f(z),

1 1
fla) = 2n(Rs — .-)Cs ~ 2n(RcCc) ©

The dominant pole frequency f(p;) is assumed to be sig-
nificantly lower than the frequency of the other poles, f(p>)

and f(p3) (f(p1) < <f(p2),f(p3)). All of the poles are as-

sumed to be real and approximated over a feasible range of
gmi, R, and C; components, yielding,

flp) = 1

27(gmaR2)(R1C3) 1 )
~ 2nlguaras(Mp)][(ras(Pa)[ras(N3)) ]’
Fp2) e = 5 ®)
1 1
f(pB) zZHRg,Cl - ZﬂRccg(Mp) ' (9)

The DC gain of the LDO regulator Ay = (g1 R18m2R2) is
listed in Table 1, exhibiting an average gain of 57 dB and
less than 1% variations over a wide range of process,
temperature, and load variations.

To analyze the stability and the proposed compensation

Table 1 DC gain over a range of load currents at slow (SS, —30 °C),
typical (TT, 25 °C), and fast (FF, 105 °C) corners

Process Temperature Ii.0aa (MA) DC gain (dB)
SS —30 °C 70 58.73
20 60.38
1 61.20
TT 25 °C 100 56.73
25 58.38
3 57.20
FF 105 °C 150 51.23
100 53.40
70 54.35

assumed to be, respectively, gm2 < vILosa and

Ry < 1/@15a4. Other parameters are assumed to be ap-
proximately independent of the load current in the region
of interest. Under these assumptions, the frequency of the
first and second poles increases with /I oaq, While the zero
frequency f(z) and third pole frequency f(p3;) are ap-
proximately constant under load current variations. The
value of R is chosen to ensure that the frequency of the
third pole f(p3) is larger than the unity gain frequency in
the region of interest, yielding a second order system to
enhance stability.

To increase stability over a wide range of load ca-
pacitance, the dominant pole is determined by the com-
pensation capacitor, yielding f(p;) <f(p;) and, therefore,

(8

Co> 2
SRR

> 3 pF. (10)
The maximum phase margin is achieved when the second
pole is canceled by the zero, yielding a first order system
under the following constraint on the compensation

network,

C
Re = —2

= <3kQ.
ngCC

(11)

Finally, the first order system exhibits a unity gain at
fimAo-f(p1) = gm/2nCc <130 MHz, fulfilling the re-
quirement f; <f(p3) under the constraints, (10) and (11).

Cc _rra.

of a single LDO regulator, the small signal transconduc- Re< (12)
tance and drain source resistance of the output device are gm1t1
VoM M= Re G R Vour
— MW ‘
" R; =13(Py) | s (N.)
gm Vin gm2V(Mp) C, = C,(My)
R, C R, G R, =14(Mp)
Cy=Cioua
R;=R¢
C=Cc

Fig. 5 Small signal linear model of LDO
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Fig. 6 Frequency response of near optimally compensated LDO
regulator

Under the constraints, (10), (11), and (12), the proposed
LDO regulator is a first order system with a phase margin
between 45° and 90° (the PM is reduced over three decades
by 90° due to p; and a portion of 45° due to p;) and a
bandwidth f{(p,), as shown in Fig. 6.

The transconductance of the output device g, increas-
es, however, with \/I{ oaq. Thus, under current load varia-
tions the second pole is shifted away from the zero
frequency, violating the first order assumption, and de-
grading the stability of the LDO regulator. The behavior of
the PM is, therefore, primarily determined by the variations
of the frequency of the second pole, as shown in Fig. 7,
linearly decreasing with a larger | log(f(p2)/f(z)) | ratio,

(715

PM(f(z)) — PM(f(p2))

(13)
_‘1 (gmchCcN
=|log| =——]|
CLoad
Note the high accuracy of this linear approximation

(R*> =0.9511).

To maximize the stability of an LDO regulator over a
range of load currents, the compensation should be mod-
ified with changing transconductance g,», maintaining
gm2RcCc/CrLoaa — 1. The phase margin is shown in Fig. 8
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Fig. 7 Stability of the proposed LDO regulator as a function of
a load current Iy o,4, and b compensation accuracy

with two different compensation resistors, R¢c = 0.7kQ
and Rc = 1.7kQ, and a compensation capacitor of C¢ =
8.5 pF for a range of low load currents. At low currents of
ILoad <3mA, compensation with a larger resistor
(Rc = 1.7kQ) results in a higher phase margin. At higher
currents of I o, > 3 mA, a lower compensation resistance
(Rc = 0.7kQ) is preferred. Ultimately, the compensation
network is adaptively modified with the load current, in-
creasing the phase margin over a wide range of load and
PVT variations, as described in Sect. 2.3.

The speed of a three current mirror OTA topology, shown
in Fig. 4, is limited by the bias current that flows into the
input differential pair. To produce fast transitions at the load,
a higher bias current is preferred. Alternatively, to lower
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power losses, the OTA should operate under low bias cur-
rents. To enhance the loop response while mitigating power
dissipation, an adaptive bias is employed in the proposed
power delivery system, as described in Sect. 2.2.

Distributed power delivery is exploited in the proposed
power delivery system to regulate the power close to the
load, mitigating variations within the power distribution
network. Scalability of the proposed power delivery system
with the number of distributed LDO regulators is discussed
in Sect. 2.4.

2.2 Adaptive bias

A self-adaptive bias current mechanism is described in this
section that temporarily boosts the bias current to mitigate

1073 107!

I ag [Amp]

proposed current boost circuit is composed of a sensor
block that follows the output voltage at the drain of tran-
sistor Mp, and a current boost block that controls the cur-
rent through the differential pair, as shown in Fig. 9. The
current boost transistor N, 1S connected in parallel with
the bias transistor Ny, and controlled by the Boost line.
During the boost mode of operation (the Boost voltage is
high), the current into the differential pair is raised, in-
creasing the slew rate of the LDO. Alternatively, during
regular mode (the Boost voltage is low), transistor N 1S
off and no additional current flows into the differential pair,
enhancing the power efficiency of the LDO. The Boost line
is controlled by the sensor block. The voltage at the Boost
node follows the output voltage. When the output voltage
drops, the voltage on the Boost line in the sensor block

fast fluctuations while lowering power losses. The  increases. The boost mode is therefore activated during the
VDD
Vamp
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Fig. 9 Adaptive bias boost and compensation networks
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high-to-low load current transition, exhibiting faster
regulation and a lower voltage droop at the output of the
LDO. At other times, the current boost circuit is deacti-
vated, increasing the power efficiency of the LDO.

To evaluate the performance of the proposed adaptive
biasing technique, the load current is switched in 10 ns
from 1 to 70 mA, from 3 to 100 mA, and from 70 to 150
mA at, respectively, the slow, typical, and fast corners. The
voltage droop AVour and quiescent current /) are recorded
for three different adaptive modes. In the first mode, the
current boost mechanism is disabled. In the second mode,
the bias current is boosted at a constant rate. In the third
mode, the bias current is adaptively boosted. Simulation
results for each of the modes are shown in Fig. 10 for all
three corners. Due to enhanced biasing, the voltage droop
is decreased by 35 % (from 43 to 25 mV) at the expense of
a significant increase of 137 % in current consumption. In
the proposed network, the bias current is adaptively en-
hanced under light loads, exhibiting an 18.6 % decrease in
voltage droop while avoiding excessive power loss over
time.

The proposed power delivery system is designed for
modern high performance circuits that draw significant
leakage current from the power regulators. Minimum load
currents of 1, 3, and 70 mA are assumed for a single LDO
regulator for, respectively, the slow, typical, and fast corners.
Quiescent current simulations for different load currents are
listed in Table 2 with and without adaptive biasing.

Without adaptive biasing, an average quiescent current of
423 pA with less than 2 % variations is demonstrated at 25
°C for all load currents. This current is increased to 1 mA by
the adaptive biasing at light loads of less than 1, 1.5, and 2
mA at, respectively, the slow, typical, and fast corners.

2.3 Adaptive compensation network

The large gate capacitance of the pass transistor together
with the wide range of possible values of Cpqaq produce a
complicated transfer system of poles and zeros. The low
frequency non-dominant poles within the unity gain fre-
quency of the feedback loop create a negative phase shift,
degrading the stability of the overall system. To compensate
for the negative phase shift, the Miller compensation tech-
nique [15] is used. However, the wide range in load ca-
pacitance and currents, and signicant PVT variations make
compensation with fixed RC values impractical in nanoscale
technologies. A digitally configurable compensation net-
work is therefore used that adaptively modifies the dominant
pole, maintaining system stability for all values of Cyq,q and
I oad- This compensation network is particularly important to
maintain stability when multiple LDO regulators are con-

nected in parallel to the same power grid. Conventional LDO
regulators without the proposed compensation network can
easily become unstable from device mismatch, offset volt-
age, and varying load current when connected in parallel [23,
25, 27]. The compensation network is comprised of a ca-
pacitive block connected in series with two resistive blocks,
as shown in Fig. 9. The capacitive (Ccomp) and resistive
blocks (R comp and R comp) are digitally controlled by, re-
spectively, the control signals Cc and RC;,i = 1, ..., 8. These
RC impedances are digitally configured to mitigate any
process variations. The second resistive block is also con-
trolled by the Boost signal, which is adaptively activated
(bypassed) when the Boost signal is high (low). During the
high-to-low current load transition, the output impedance
increases. Thus, the pole introduced by the load is pushed to a
lower frequency, degrading the stability of the LDO. Alter-
natively, the Boost signal is activated during this transition,
increasing the compensation impedance, (Rjcomp+
R comp) - Ccomp, to maintain a stable response. At other
times, the Boost signal is deactivated, and the LDO is sta-
bilized with Ry comp - Ccomp-

To illustrate the effect of the compensation on the LDO
performance, the phase margin of a single LDO is pre-
sented in Fig. 11 over a range of Cp,q values for two load
currents, I ,¢ = 1 mA and 1 o, = 10 mA.

For alight load current of 1 mA, the phase margin increases
with higher compensation resistance, PM(Rc = 1.7kQ) >
PM(Rc = 0.7kQ). Alternatively, for a higher load current
of 10 mA, a smaller compensation resistor is preferable.
The proposed adaptive compensation illustrated in Fig. 11
exhibits a higher phase margin as compared with non-
adjustable compensation. The same behavior can be observed
in Fig. 8, where the compensation network is adaptively
reconfigured as a function of the load current, yielding the
largest PM as compared to non-adjustable compensation
networks.

2.4 Distributed power delivery

A model of the distributed power delivery system with k
LDO regulators is shown in Fig. 12. The LDO output
devices are connected in parallel at the output node
loaded by k- Croag, and are driven by the total current
from the individual error amplifiers. With equally shared
load current k - I o4, all of the distributed LDO regulators
exhibit similar behaviour, yielding the simplified model

shown in Fig. 13 with gf,i)m =g211ﬁz»R<1i,)2,3 :R(l);,g, and
C§‘>23 = C?’Zﬁ,Vi =1,...,k. The phase margin of a dis-

tributed power delivery system with £k LDO regulators and
an equally shared load is determined from (13) by
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Fig. 10 Voltage droop and
quiescent current with and
without adaptive biasing at

a slow corner, b typical corner,
and c fast corner
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Table 2 Quiescent current with and without adaptive biasing

[Load [mA] —30 °C 25 °C 125 °C
Adapt. Const. Adapt. Const. Adapt. Const.
Iq lg lo Iq lg Iq
(mA) (mA) (mA) (mA) (mA) (mA)
0.5 0.841 0.347 1.001 0.416 1.223 0.524
1.0 0.844 0.35 1.005 0.419 1.244 0.529
1.5 0.359 0.359 1.008 0.421 1.253 0.532
2.0 0.353 0.353 0.433 0.433 1.258 0.538
2.5 0.352 0.352 0.424 0.424 0.554 0.554
5.0 0353 0353 0424 0424 0543 0543
100 0353 0353 0424 0424 0543 0543
I gaa=1mA I e =10 mA
o Constant Rc e Adaptive R¢ o Constant R o Adaptive R¢
RcFE LTk} RcFOTKD, 1, |
o //o-o-ew ] o /e,r‘ *e-s..<>>
7 el S
=, 5o =, 50
= O
E . R =0.7kQ | E .
R4=1{7kQ2
30- 30-
2%.5 1.0 15 20 25 30 35 4.0 2%.5 1.0 1S 20 25 30 3.5 4.0
CLoad [HF] CLoad [DF]
(@) (b)

Fig. 11 Phase margin with different compensation and load ca-
pacitance for a I} o, = 1 mA, and b [ o,¢ = 10mA

PM(f(z)) — PM(f (p2)) ‘log (%) ‘

8o ReCe
()
Load

exhibiting similar behavior to a power delivery system with
a single LDO regulator. Note that increasing a high load
current by a factor of k in a single LDO system with load

(14)

)

capacitance Cpo,q lowers the phase margin of the system by
log(vk) = (1/2) log(k). Alternatively, the same increase in
load current in a distributed power delivery system with
k LDO regulators and similar load capacitance Cp ,q lowers
the phase margin by log(k). The stability over a wide range
of load currents is, therefore, more challenging with parallel
load regulation. In addition, the stability of a distributed
power delivery system is limited by the lowest PM among
all of the LDO regulators, exhibiting a strong function of the
load current sharing. Under load current variations, the load
at a single LDO regulator can be n times lower/higher than
the average load current, decreasing/increasing the output
transconductance g,» by a factor of \/n. The worst case
stability of a distributed power delivery system under load
current variations is, therefore,

haReCe 1
log( o + 2log(n).
(15)

Based on typical load current variations shown in Fig. 2
and the linear curve fitting in Fig. 7(b), the proposed dis-
tributed power delivery system can exhibit current sharing

PM(f(2)) — PM(f(p2))

variations of up to n = 2, yielding 37.2logv2 =5.6°
degradation in phase margin. To address the worst case
current sharing variations and a wide range of PVT var-
iations, each LDO regulator is optimally compensated
around /i g,q = 10mA with ReCe =700Q - 6 pF to pro-
vide a stable response with 40° <PM <70° for high load
currents of 10 mA <y <150mA. Alternatively, at low
load currents, the compensation is adaptively increased,
enhancing the stability of the system. Due to the distribu-
tive nature of the proposed power delivery system, adaptive
compensation and bias are activated individually within
each LDO regulator based on the specific locally sensed
load currents, providing fine grain control over the local
adaptive mechanisms. The same load sensing circuit within
each LDO regulator is used to trigger both the adaptive
compensation and bias mechanisms, exhibiting a more
compact power delivery system.

VOUT
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Fig. 13 Small signal linear model of distributed power delivery system with kX LDO regulators and equally shared load current

3 Test results

The power delivery system with six LDO regulators has
been fabricated in an advanced 28 nm CMOS technology.
The on-chip regulators simultaneously drive a power net-
work, delivering power to the on-chip ICs within a com-
mercial mobile device. All of the measurements are
performed on LDO regulators within the distributed power
delivery system.

Modern ICs exhibit aggressive transient characteristics
and are expected to mitigate PVT variations. To illustrate
the mitigation of voltage and temperature variations in the
proposed power delivery system, the load current of the

distributed power delivery system with six LDO regulators
is stepped from 52 to 441 mA in 10 ns, drawing an average
high (low) current of 73.5 mA (8.67 mA) from each LDO
regulator. Due to load sharing variations (see Fig. 2), the
load current of a single LDO regulator can be increased or
decreased by a factor of two (and more under PVT varia-
tions) as compared to the nominal value, exhibiting cur-
rents of up to 147 mA and down to 4.3 mA. The magnitude
of these fast load changes is therefore limited under voltage
and temperature variations as compared to full range op-
eration. The measured transient response for nominal input
and output voltages of, respectively, 1.0 volt and 0.7 V is
illustrated in Fig. 14 for —25, 25 and 125 °C. To evaluate

Fig. 14 Transient step response
at the load for Viy =1V, Vour
= 0.7 V, and load current step
from 52 to 441 mA in 10 ns,
measured at a T = —25 °C,

i Tnaay

bT=25°C,andc T = 125°C

----- L6350 1imV-

- A A A

£ - AN
E 60225 MV

644.95:mV
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Fig. 15 Transient step response

at the load at the typical
temperature of 25 °C for Vour =
0.7 V and a load current step
from 52 to 441 mA in 10 ns,
measured for a Vi =09 V,

b V[N =1.0 Vv, and ¢ VIN =

1.1V

the proposed system under line variations, the output is
tested at 25 °C under £10 % input voltage variations. The
measured transient response is illustrated in Fig. 15. For
both types of variations, the proposed distributed power
delivery system exhibits a stable response over a wide
range of temperatures with less than 10 % voltage droop.

To demonstrate the stability of the proposed distributed
power delivery system under maximum load currents and
fast load transitions, the load current of the system is
stepped from 52 to 788 mA in 5 ns at 25 °C. The measured
transient response for nominal input and output voltages of,
respectively, 1.0 and 0.7 V is illustrated in Fig. 16, ex-
hibiting a stable response and voltage droop of 0.1 V.

The system response time based on the equivalent
parasitic capacitance of the load circuit (Cponq = 472 pF),
maximum load current (I oaamax = 788 mA), and voltage
droop (AVour = 100mV) is typically evaluated as
Tz = Cror - AVout/ILoagmax = 0.064 ns.

The proposed system of parallel LDO regulators yields
the shortest transient response time as compared with ex-
isting LDO regulators [8, 11, 13, 15]. The voltage droop is a
strong function of the magnitude and transition time of the
load step. Only the magnitude of the load current is, however,
typically considered in Tk. For a fair comparison, Ty is
normalized to K, the ratio between the load transition time of
the LDO regulator Az and a 1 ns transition time (K = A#/1 ns).

Fig. 16 Measured transient response for a load current step from 52
to 788 mA in 5 ns

In addition, the response time of the LDO regulator is nor-
malized to an estimated fan-out of four FO4 delay (TG),
canceling the advantages of technology scaling. The LDO
regulators [8, 11, 13, 15] and the proposed power delivery
system are compared based on the normalized, technology
independent loop response (Tr)yorm = IR X (At [1as)/ TG
The proposed system exhibits a smaller (7g) than the

Norm
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Table 3 Performance summary

and comparison with previously Parameters Unit [8] Hazucha [15] Guo This work

published LDO regulators Technology wm 0.09 0.09 0.028
Active area mm? 0.008 0.019 0.00357
Input voltage Volt 1.2 0.75to 1.2 0.9-1.1
Output voltage Volt 0.9 05to01 0.6-0.8
Minimum dropout voltage Volt 0.3 0.2 0.1
Maximum load /; 5d MaX mA 100 100 788
Load regulation mV/mA 1 0.1 0.023-0.027
On-chip capacitance pF 600 7 5.91-8.37
Load circuit capacitance pF 0 50° 472*
Quiescent current /p HA 6000 8 4000
Voltage droop AVour mV 90 200 100
Output transition time 7Ty ns 0.54 0.114 0.064
Normalized load transition 2/, ns/ns 0.1 100 5
FO4 delay T ns 45 45 14
Normalized response time (Tx)yorm ns/ns 1.2 253 23
Current efficiency % 94.3 99.99 99.49

# Estimated based on equivalent parasitic capacitance of the load circuitry

Table 4 Voltage droop for different input and output voltage levels

Vour
Vin 0.6 V 0.7V 0.8V
09V 64.6 mV 69.4 mV 68.6 mV
1.0V 61.9 mV 65.9 mV 67.9 mV
1.1V 60.4 mV 62.5 mV 67.9 mV

Table 5 Measured quiescent current and current efficiency

Parameter Comment Temperature
—-30°C 25°C 105°C
Ip (mA) Distributed system 3.0 4.0 7.0
Single LDO (average) 0.5 0.8 1.17
Efficiency (%) I oapmax =788 mA  99.62 9949 99.11

LDO regulators described in [11, 13, 15], yielding a better
response time to a load transition, while exhibiting a similar
current efficiency (99.49 vs. 99.99 % in [15]). The loop re-
sponse time in these regulators is increased by the size of the
off-chip capacitor (1 pFin [11, 13]) or by a small bias current
[15]. Alternatively, the speedup in the loop response
achieved in [8] requires a significant increase in bias current,

@ Springer

degrading the power efficiency of the LDO regulator (94 %).
The response time, power efficiency, and other primary pa-
rameters of the proposed power delivery system are listed in
Table 3 and compared to fully integrated on-chip regulators
[8, 15].

The proposed power delivery system converts an input
voltage between 0.9 and 1.1 V into any required output
voltage between 0.6 and 0.8 V, while exhibiting a stable
response and less than 69.4 mV voltage droop at 25 °C for
all of the input and output voltages within the range and a
load step from 52 to 441 mA in 10 ns. The voltage droop
for input and output voltages of, respectively, 0.9 to 1.1 V
and 0.6 to 0.8 V is listed in Table 4. Note the measured
transient step response at the output of a single LDO
regulator for a distributed power delivery system with the
input and output voltage of, respectively, 0.9 and 0.8 V,
exhibiting a voltage dropout of 0.1 V and a 68.57 voltage
droop at the output.

The quiescent current of the proposed power delivery
system of six distributed LDO regulators is listed in Table 5,
yielding up to 99.49 % current efficiency at 25 °C. A die
microphotograph of the LDO is shown in Fig. 17. The area
occupied by the LDO with all capacitors is 85 pm x 42 pm,
significantly smaller than the LDO regulators described in [8,
11, 13, 15].
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Fig. 17 Die microphotograph
of 28 nm ultra-small LDO 40

30

Y (um)

20
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4 Summary

A distributed power delivery system with six ultra-small
fully integrated low-dropout regulators is described in this
paper. The system is fabricated in a 28 nm CMOS process
and exhibits a fast transient response with excellent load
regulation under PVT and current sharing variations. An
adaptive bias technique is used to enhance the transient
performance and increase the power efficiency by, respec-
tively, boosting and decreasing the bias current. A voltage
droop of less than 10 % and a current efficiency of 99.49 %
are measured. In addition, an adaptive compensation net-
work is employed within the power delivery system that
allows the co-design of a system of distributed parallel LDO
regulators, yielding a stable system response within —25 to
105 °C and 10 % voltage variations. The system is believed
to be the first successful silicon demonstration of stable
parallel analog LDO regulators. Each of the LDO regulators
within the adaptive networks and bias current generator
occupies 85 pum x 42 um = 0.00357 mm?. No off-chip ca-
pacitors are required.
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