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An Analog-Proportional Digital-Integral Multiloop
Digital LDO With PSR Improvement
and LCO Reduction

Mo Huang ", Senior Member, IEEE, Yan Lu

Abstract—This article presents a low-dropout regulator
(LDO), with analog-proportional (AP) and digital integral (DI)
controls. The design concerns are discussed at first, on how to
improve the load transient response, enhance the power supply
rejection (PSR), and reduce the limit cycle oscillation (LCO). For
a good output dc accuracy, the DI section is implemented with
shift-register-based coarse- and fine-tuning loops. Meanwhile,
the AP section, based on a low-supply flipped-voltage follower
(FVF), can respond fast to the load step and input supply
ripple. A replica loop is used to define the steady-state output
current of AP, allowing a sufficient dynamic swing against the
supply ripple. To lower the load current range with no LCO,
the AP section will output all the current at very light load.
An error amplifier (EA) with moderate gain is added to improve
the light-load output accuracy. This EA also improves the PSR
by approximately 6 dB. Fabricated in a 65-nm CMOS process,
a 65-mV undershoot is measured with a 0—-10-mA load current
step under 0.6-V supply voltage and 50-mV dropout. Due to
the fast AP, a 5-MHz operation clock is applied to the digital
section, reducing the overall quiescent current to 29 uA. A 0.37-ps
figure of merit (FoM) is then achieved. A —22-dB PSR at 1 MHz
is measured at 0.6-V supply, 100-mV dropout, and 10-mA load
current.

Index Terms— Digital, fast response, low dropout regulator
(LDO), power supply rejection (PSR), proportional-integral (PI)
control.
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I. INTRODUCTION

ESOURCES are used in a dynamic way in power-

efficient digital integrated circuits (ICs) nowadays.
To fulfill the dynamics, multiple integrated voltage regu-
lators (IVRs) are used to supply the fine-grained voltage
domains independently [1], [2], as a granular power man-
agement [3]. Each IVR typically combines a switched-
capacitor power converter and a low-dropout regulator (LDO),
where the LDO should work with a small dropout (typically
<100 mV) for high efficiency. Hence, conventional analog
LDOs (ALDO) [4]-[6] are not suitable for these applications,
because the power transistor needs to work in saturation region
with a relatively high dropout voltage (Varopout). Instead, dig-
ital LDOs (DLDO) [7]-[28] are attractive since the digitized
power transistors (controlled by a digital word n) can work
like switches with a low Viropout- This switch-like feature also
helps to conduct more load current under the same power
transistor size. Meanwhile, the control of DLDO works with
a low voltage and enjoys the benefits of process scalability,
which is inherently compatible to digital ICs.

One of the major design challenges of a conventional DLDO
is the power-speed tradeoff. To prevent a large spike on the
output voltage (Vourt), the DLDO should find the correct n
within a very short time. This typically requires the controller
to work with a high operation frequency (fcLk) and, thus,
a high power consumption. Several previous works have been
proposed to mitigate this tradeoff by sizing unequal power
transistors [3], [8]-[12] or asynchronous control [13]-[16].
For instance, large grain power transistors are activated for
a fast transient response (coarse-tuning), while small ones are
used to ensure steady-state accuracy (fine-tuning) [3], [8]-[10].
Also, recovery time can be further reduced by changing the
control word in a binary [11] or an exponential [12] way.
Asynchronous control [13]-[16] tries to save power by remov-
ing the global clock signal and driving the control logics from
their previous stage. Nevertheless, without a power-hungry
quantizer, these schemes may still have difficulty in dealing
with a sharp Ioap change [17].

Proportional-integral (PI) control [18]-[24] can also be a
good candidate for the power-speed tradeoff, as conceptually
explained in Fig. 1. The conventional shift-register (SR) -
based DLDO [7] is essentially an I-only control, offering
a high dc gain/accuracy but slow response. Inversely, the
P-only control responds fast but fails to reduce the
steady-state error. Hence, it is straightforward to combine
these two controls, for simultaneously fast response and high
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Fig. 1. Conceptual transient waveforms of Vour, under I-only, P-only, and
PI controls.

dc accuracy. In [20] and [23], the analog loop is used for
I-control, while the digital part compensates the large tran-
sient current step. However, regarding the low Viny and low
Viropout scenarios, the implementation of the I-/P-controls is
still worth investigating.

Furthermore, for digital IC applications, a moderate power
supply rejection (PSR) is typically required to resist the
MHz-level input noise, mainly from the prestage switching
converter. A good PSR can be achieved by ALDOs [4]-[6],
but it will be degraded when the loop gain of ALDO is
reduced under low ViN and Viropour. For DLDO, the PSR is
inherently worse due to the discontinuous operation, which
will be explained in Section II.

Finally, the minimum load current (/; 0AD,min) of the DLDO
may be constrained if only a small on-chip output capacitor
(Cour) is used. A large steady-state limit cycle oscillation
(LCO) will be excited at light load. Tsou et al. [25] uses a
tracking bound method to reduce the LCO under process,
voltage, temperature (PVT) variations. Huang et al. [26] uses
a feed-forward path to reduce the LCO to mode-1, i.e., one
least significant bit (LSB) power transistor turns on and off
at steady state. However, even this mode-1 LCO may not be
acceptable at a very light-load condition. Designing a smaller
LSB current (I1.sg) can reduce the LCO, but it trades with an
increased complexity to cover a wide /1 pap range.

To address the aforementioned issues, we propose an
analog-proportional, digital-integral (AP-DI) LDO in this arti-
cle, as an extension of [27]. We aim at an improved PSR,
a reduced LCO, an I oap,min €xtension to O, and a fast
transient response. These are achieved under a low Vin and
Varopout and a small quiescent current /. This article is orga-
nized as follows. Section II describes the design considerations
of the AP-DI LDO. Section III presents the working principle
and circuit implementations. Section IV shows the measure-
ment results, and finally, Section V draws the conclusions.

II. DESIGN CONSIDERATIONS ON THE AP-DI LDO

For DLDO, it is convenient to design I-control in a digital
way, i.e., conventionally using an SR [7], which is essentially
an integrator providing a dc pole and, thus, a high dc gain and
good steady-state accuracy. However, how to design P-control
is worth further investigation. This section discusses the design
considerations from the aspects of load transient response,
PSR, and LCO.
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A. Load Transient Response

For an LDO with the P-control, the undershoot voltage
AVourt can be approximately presented by

Al . Al
AVour = max LOAD * TDELAY LOAD ] 1)

Court "Ap - gmp
where A oap is the load current step, 7pgLAy is the P-control
response delay to the AVourt, gmp is the transconductance of
the output power transistor, and A p is gain of P-control. The
Al oaD - TDELAY/CouT term is the voltage droop caused by
the delay, while the Al oap/(Ap - gmp) term represents the
Vourt droop for P-control to compensate A1 oap.

Fig. 2 shows the multiple models of the P-control, and the
possible response to the load step. In Fig. 2(a), the P-control is
implemented in a digital way (DI-DP control). The DP control
can be beneficial to obtain a large P-gain (Ap;), minimizing
the A I oap/(Ap-gmp) term in (1). However, the discontinuous
sampling of the digital P-control stage, represented by z !,
will cause a delay time tpj in response. Then a significant
AVout will still take place for a sharp I1poap step, since a
large quantity of instant charge (shaded area) is needed from
the output capacitor within the delay interval. To shorten the
delay, a power-consuming sensor is often utilized [18].

The P-control can also be achieved in an analog way
(AP control). Huang et al. [19] proposed an ‘“analog-
assisted”-AP [see Fig. 2(b)], feeding the A Voyt back through
a first-order RC high-pass filter (HPF) almost without delay
and Iy overhead. This minimizes the Al oap - TDELAY/CoOUT
term. However, the passive HPF only contributes a P-gain
(App) smaller than 1, hence a relatively large undershoot
still occurs. In addition, this scheme is effective only with
a certain number of power transistors turned on, limiting
the I1.0AD,min. The turned-off power transistors are designed to
make contribution in [20], by using the n-type power transistor.
Nevertheless, to turn on the NMOS, the gate-drive voltage is
required higher than the Vin. Still, large undershoot takes place
because of the insufficient P-gain. Wang and Mercier [24] feed
the AVour back using a capacitor between gate-drain of the
power transistor, fulfilling a larger p-gain.

Now the proposed realization of PI control is given
in Fig. 2(c), where AP is implemented with active circuits.
Consequently, a moderate P-gain (Ap3) and small delay (tp>)
can be achieved. Now both terms in (1) are smaller than that
of DI-DP or “analog-assisted” DI-AP cases making the overall
AVout smaller. It should be noticed that under a low Vi and
Varopout in digital ICs, the AP with moderate P-gain and small
delay should be achievable, such as using a flipped-voltage
follower (FVF) topology to be discussed afterward.

B. PSR

For a conventional DLDO, the PSR is typically not as good
as its analog counterpart, which is explained in Fig. 3.

First, significant glitch will be excited by the discontinuous
sampling and n changing. Assume control word n is syn-
chronized at the rising edge of the operation clock (CLK).
We define the optimum n(nep) that makes Vour = VREF at
the steady state. Also, we assume the controller manages to
find out the nopt at each synchronization (7o, t1, t2, t3), which
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Fig. 3.  Waveforms of Voyr with a ViN ripple for (a) digital-only and (b) analog-digital combined implementations. For digital-only control, the controller

may ideally find out the optimum 7 and cannot find out the optimum 7 in time. PSR can be improved by a faster CLK.

is the most ideal case, if not impossible. Then, Vour is pulled
back to Vrgr at every CLK rising edge. However, even in
this ideal case, the Vour ripple is partially reduced, because
n is not adjustable during the sampling intervals, e.g., from %
to t1. Hence, during the intervals, the PSR can be written as
a resistive divider

1

RioaD 1
rds,D +

PSR = 2)
where Rpoap is the load resistance, and rqgs,p is the instant
resistance of the power transistor array. This makes LDO still
vulnerable to ViN noise.

Second, the nonoptimum n further increases the amplitude
of the Vour ripple. Assume the control word » is the same for
both optimum and nonoptimum cases at the starting point f.

If ny # nepu at 1, an error of V., = Vour — VREF exists
(typically ny < ngpt1 and Ve > 0). Then, from #; to 2, Vour
starts to increase from V,, making the Vour ripple larger.

Third, it is true that the Voyr glitch can be reduced by
minimizing the sampling interval (a much faster CLK), but
this contradicts the power-efficient prerequisite.

Based on the analysis, the PSR of DLDO may only be
improved by continuous quantization and n changing, which
should incorporate an analog circuit. Fortunately, the afore-
mentioned analog P-control offers the benefit to continuously
change the output current, as shown in Fig. 3(b), by paral-
lelizing an analog resistance rgs,4 to rqs,p. For one thing,
the instant rg4s,4 can be continuously changed. For another
thing, feedback loops can take effort to adjust rgs, 4 according
to Vin noise, which will be discussed afterward. Consequently,
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controls, at the very light load and heavy load, respectively.

the capability of resisting a high-frequency Vin noise is deter-
mined by the AP section, and the sampling interval (#4 to t5)
can be longer to save Ig.

C. LCO and ILOADJmin

The principle of LCO was explicitly analyzed in [26].
Conceptually, it is caused by quantization errors as in Fig. 4
(assume only mode-1 LCO exists). For a very light-load case
where I1oap < ILsB, if n changes from “0” to “1,” the
digitized output current Ip of the conventional DI-only LDO
will change from O to Iy sg. Then, the amplitude of steady-
state Vour ripple can be I1sg X RLoaD, if only a small Cour
is employed. The smaller the /1 oap, the larger the Ry oap and
the steady-state LCO will be.

The large LCO at light load can also be mitigated with an
AP-DI control (A + D). When the I1oap is small or even
close to 0, if the AP section can take up the load current, the
relatively low analog gain (typical for a low Vin and Viropout)
will force Vour > Vrgr. This eliminates Voyr crossing
VREE, hence the DI section is deactivated and no LCO exists.
However, the high dc gain feature from the DI section can
no longer be enjoyed. Therefore, to avoid Voyt deviating too
much from VRgp, it still requires a moderate analog loop gain
for a soft regulation.

At heavy load and still assume mode-1 LCO exists, where
n changes from n; to ny 4+ 1. The LCO will be smaller than
that of light load due to a smaller Ry oap. However, the AP
section offers another benefit to further reduce the LCO. The
fast-response analog current /4 provided by the AP section
always compensates Ip, reducing the overall output current
Iourt ripple. Here, the degraded light-load output accuracy is
no longer an issue, because the output regulation task can be
taken by the digital integrator automatically.

The steady-state LCO can also be eliminated by preventing
the digital logics from flipping in [23]. This can be achieved
by setting a dead zone in the comparator. However, the Vour
accuracy may be sacrificed since it is unregulated when within
the dead zone. In [23], the analog part is used for the steady-
state regulation.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 55, NO. 6, JUNE 2020

As a brief summary, AP-DI is beneficial to the transient
response. Additionally, the AP section can be reused to
improve the PSR. Finally, if Iour is generated by AP at
very light load, the steady-state LCO can be removed and
ILoaD,min = 0 is allowed. Some loop gain is required for a
soft regulation at light load. The heavy-load LCO can also be
reduced by AP.

III. WORKING PRINCIPLES AND IMPLEMENTATIONS
OF THE PROPOSED LDO

A. General Structure

The schematic of the proposed AP-DI LDO is shown
in Fig. 5. In the AP part, an LDO based on an FVF is
designed. The analog power transistor Mps and the common-
gate (CG) amplifier M, compose the fastest loop (Loop-1),
to deal with the fast transient. The FVF can be achievable with
a low VI, since only 3 x Vpgs or Vs + Vps voltage headroom
is required. To reduce the Vour overshoot, C; and M are
added. In the steady state, Mg is biased in subthreshold region
to save Ip. The high-frequency components of Vout will be
coupled through C1, and Mo can absorb a large instantaneous
current for overshoot reduction.

As discussed above, when the AP section takes over all
the current at a very light load, another loop (Loop-2) should
be added for regulation. Except for Mpy and Mj, Loop-2
consists of a 2-stage error amplifier (EA), made from a
differential input pair M3 and My, a load of current mirror
M7 and Mg, and the common-source output stage Mo. Loop-2
sets the gate voltage of M> based on the difference between
Vour and Vgrgp. Capacitor Cp is added to the output of
the EA, making this node the dominant pole of Loop-2. Under
a low VIn, the gain of Loop-2 might not be as high as that
in a conventional ALDO, but it helps the light-load regulation
and PSR, which is discussed in Section III-B.

For the DI part, it consists of three subsections (L, M, H),
with 16-, 8-, and 8-bit SR-controlled power switch arrays,
respectively. The power switches in these subsections are sized
to achieve equivalent 16 x 8 x 8 = 1024 current steps for a
high dc accuracy, with carry/borrow operations between the
adjacent subsections as in [19]. Hence, the overall control
word n can be written as

n=I04+16-m+128-h 3)

where /, m, and h are the control word of the corresponding
subsections. The coarse tuning (Loop-4) is made from M and
H subsections, 64 steps in total, triggered by two comparators
(CMP, and CMP3) when Vour exceeds a preset boundary
(VRep+ to VRgp—). In the coarse tuning, n is changed by
16 every cycle, allowing a fast recovery. Finally, a fine-tuning
loop (Loop-5), made from the L subsection, is enabled when
Vour is pulled back within the (VRgp+ to VrRgr—) boundary,
and / changes according to the output of another comparator
(CMPy). The fine-tuning ensures a high dc gain.

We notice that the analog steady-state output current /4 qc
is not defined by Loop-2 when the DI section is activated,
as explained in Fig. 6(a). Since the DI section should have a
larger dc gain than Loop-2, Vour is actually defined by the
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Fig. 6. I4 generation (a) without Loop-3 and (b) with Loop-3.

DI section. Hence, the DI section can be modeled by a voltage
source Vourtp, whose difference from Vgggp comes from the
input offset of the comparator. Then the current of Mpa can
be written as

Ipa = Ia,pC + Ivias = F1[A1 - (VReg — Voutp)]l.  (4)

Here, Ipjas is the bias current of the FVF, A; is the dc gain
of EA, and F; is a function only related to the operating
points of the analog circuits. As can be seen from (4), 14 qc is
determined by VouTp and the operating points. Consequently,
I4,dc may be small or even negative if Ipy < I,. This will
nullify the AP effort on transient response and PSR.

To prevent this, another loop (Loop-3) should be
added to determine /4 gc. Loop-3 employs a replica path
(Mp; and M,), an EA, and a switched-resistor array to
generate the replica current /.. The EA uses a separate differ-
ential EA input pair (Ms and Mg), while the rest are shared
with Loop-2. The I, can be adjusted by turning on/off the
resistor array (Ra, R4, Rg), controlled by h(2, 4, 6) from the
DI H subsection, which adaptively increases 14 4c wWith I10AD.
A fixed resistor Ry is employed to ensure the AP section to
take over the very light-load regulation. The Mp; and M», are
sized to be 1/300 of Mpp and M;. With Loop-3 as shown

Ia (mA)
5.0m
—a— VREF=0.55V|
—e— VREF=0.5V
4.0m-4_4 vRer=0.45v 111 111
3.0m-
100
2.0m-
000
1.0m-
0.0 000
00 20m 40m 60m 80m 10.0m
ILoap (MA)

Fig. 7. Simulated 74 qc when ViN = 0.6 V and I pap ranges from O to
10 mA. The value of h(2, 4, 6) is annotated.

in Fig. 6(b), 14,4c and I, can be expressed as

A1-(VRer—Vourp) + A2 - (VRer — Vr)
2 5)
A1 - (VrRer — Voutp) + A2 - (VREF — Vr)i|
2

Ispc~Fi

Ir%F2|:
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where Aj is the dc gains of EA in replica loop, and F> is the
function defining /, from the EA output. From (5), /4 4c can
be roughly defined by I, if the main and replica loops match,
ie., F| = F.

The simulated /4 qc With /1 0ap ranging from 0 to 10 mA is
given in Fig. 7. The respective h(2, 4, 6) is annotated. As can
be seen, this method effectively prevents /4 < 0 and allows
a large I4 swing to resist VN noise. The accuracy should be
enhanced by sensing /4 and feeding the sensed information
back to control 7, in future works. At light load, the simulated
quiescent current of the AP section is 23.5 ¢ A and that of the
DI section is 4.2 uA.

B. Working Principles

The working principle of the proposed LDO is illustrated
in Fig. 8. It begins with an I poap step up at f;. The fast
Loop-1 will respond to the load step, providing most of the
momentary /oyt and preventing a significant Voyt undershoot
(peaking out at 7). The Ip will not increase until the next
sampling at t3, where the coarse-tuning drives Vout back
quickly, because of the x16 control word shifting. After the
DI activation, /4 decreases with Ip increasing. When Vourt
reaches VRgr— at 14, the coarse-tuning is changed to the fine-
tuning. The x 1 control word shifting regulates Vout to VRgr
slowly but accurately. Carry-in operation will take place when
[ overflows. The I, and 14 4c will also increase step by step,
according to the current indictor 2(2, 4, 6). The LDO reaches
a steady state until /4 gets close to /4 qc at t5. The DI section
will still excite a steady-state LCO, but as discussed, the LCO
will be partially compensated by the fast-changing /4.

When I oap steps down at 6, a VoyT overshoot occurs. The
AP section can still respond to the step by providing a negative
momentary /4 but mostly from Mjpp. Unlike the undershoot

to

Working principle of the proposed LDO at light-to-heavy and heavy-to-light load transitions.

600 ! )<u>
5 IR
57
S5504 IL
525 AN/ =0\
S AR-DL . AVours7OmV| |
475

6504 VI(7vOUT)<I>

525 =
sood- AP Gn!‘ll' AVour = (UmV q 540mV
475 '
0 50.0 100 150 200
time {us)
l.oap = 10mA 0mA 10mA
Fig. 9. Simulated Voyr load transient waveforms when I} oap changes

between 0 and 10 mA. VN = 0.6 V, VRgg = 0.55 V, and fcrx = 5 MHz.

case, Ip will also be reduced momentarily, because many
DI power transistors are still turned on while their Vpg
reduces. The coming sampling occurs at fg, the LDO is
first controlled by Loop-4 if Vour > VRrgr+ and then by
Loop-5 since f9. Inverse to the operations between #3 to fs,
borrow operation occurs, and 74 qc will also decrease. As dis-
cussed, for the very light-load condition, IoyT will be provided
by I4 only. Vour is then forced larger than VRgp, disabling
the DI section and removing the LCO.

Regarding the recovery time (#; to 3 for undershoot and 7
to 9 for overshoot), the overshoot recovery should be longer.
It is because I oap is zero, Mg and the FVF bias current are
the only two transistors that can provide pull-down currents
for Vour, which limit the settling time for the heavy-to-light-
load transient. The recovery time can be possibly reduced by
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Fig. 10. Small-signal model of the proposed AP-DI LDO.
the asynchronous techniques, through maximizing the usage Gain — DI
of the digital controller [15], [16], [23]. —AP
Here, the proposed AP-DI LDO is compared with the — Overall
DI-only and AP-only LDOs. We define the DI-only LDO to ,
be the conventional coarse-fine-tuning DLDO in [8], consisting
of Loop-4 and -5. The AP-only LDO employs the FVF-based Phase’ \ \
ALDO topology in [5], essentially made from Loop-1 and -2. 00
The simulated Voyr waveforms of load transient response // '
are shown in Fig. 9, where iy = 0.6 V, Vrgr = 0.55 V, =900 \
fcLk = 5 MHz, and I pap changes between 0 and 10 mA F
within a 5-ns edge time. At light load, the large LCO in req
DI-only is removed. Also, the AP-DI undershoot is comparable  Fig. 11.  Conceptual frequency response of the AP-DI LDO.

with that of AP-only but much smaller than DI-only. This
simulation verifies the effectiveness of the analysis.

C. Stability

The small-signal model of the AP section is shown
in Fig. 10. The EA; and EA;, CG and CG3, and Z; and Z,
represent the EA stage, CG stage, and Voyr and V, impedance
of the main loop and replica loop, respectively. gma, &mrs
and gmp are the transconductances of Mpa, Mp;, and power
transistor array of the DI section. The Ao/s term represents the
effect of the digital integrator. The transfer functions (6)—(8)
can be written as shown in Fig. 10, where Az and A4 are
the dc gains of CG stages of the main loop and replica loop,
respectively. 71 and 7> and 771 and T»; are the output time
constants at the EA second and first stages, respectively, while
T; and Ty are the CG output time constants. K33 and Kaq are
the resistances at Vour and V;, respectively.

The frequency response of this multiple-loop LDO can be
conceptually presented in Fig. 11. As discussed in [11], the
DI section has two poles, one of which locating at dc cause the
slow response (integrator). For the AP section, its bandwidth
should be wider. Once AP and DI are connected in parallel,
a zero locates near the intersection of the loop gain curves [29].
This zero cancels the dc pole from DI section, and therefore,
the LDO stability depends on the AP section.

To check the stability, the three analog loops are simulated
first. Their breaking points are shown in Fig. 12. Loop-1 is
broken at the EA output, and the ac stimulus is added to the
gate of Mpa. Then, the open-loop transfer function can be
written as

ToLt = —&ma - Z1(s) - CG1(s). 9

Hence, the dc gain of Loop-1 is related to the loading
conditions.
For Loop-3 and -2, their transfer functions are expressed as

_ CGi(s) - gma - Z1(s)

1+ CGi(s) - gma - Z1(s)

CG2(5) - gmar - Z:(s)

Tors =

1+ CGa(s) - gmar - Zr(s)
Notice that at low frequency, the dc gains of Loop-2 and
Loop-3 are approximated to the gains of FA; and EA»
(A7 and Aj). Therefore, they are insensitive to the loading
conditions. To estimate the overall analog loop stability, it is
broken at the output of the EA. A variable resistor is used to
manually tune Vour = Vrgr. This emulates the DI section
effect in dc, while break it in ac.

Simulated in the TT corner and 27 °C, the Bode plots of
these three analog loops are given in Fig. 13. As analyzed, the
Loop-1 gain, which is essentially the p-gain for fast response,

Tor -EA|(s)

(10)

-EAx(s)
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Fig. 12.  Breaking point of Loop-1, -2, -3, and overall analog loops, for the stability simulation.
F % SEn= 1B very light load. The phase margins of Loop-1, -2, and -3 are
T 251 - 110°, 45°, and 45°, respectively. The worst phase margin of
= Gain =10 dB NN L . N . o
S o .' oop-2 and Loop-3 is 35°, found in the SS corner, 0 °C,
N Vin' = 0.5 V. The phase margins of Loop-2 and -3 can
= 180 5PM= 1100 be improved by increasing Cp. The overall phase margin is
g 90 \A\ about 35° for both heavy and light loads, as given in Fig. 13(c).
£ ol PM = 45°
= 90l@ [ D. PSR
_. 50 — Loop-1 . . .
) » Gain = 29 dB ——Loop-2 The PSR improvement of this work can be explained from
£ T Gan=22dB ——Loop-3 both small-signal and large-signal perspectives.
o 0 \’\ From the small-signal perspective, the PSR model of
— 180 the conventional FVF-based ALDO is shown in Fig. 14(a).
‘é’ 90/ PN = 60 Its PSR can be expressed as
£ PM=45°\\ 1
T oo ~ PSRALDO & i A ()OO :
_ 50 Rionoll(/sCoun T EA1(S)CCL()rasagma
) S AN ISR N Overall
!;, 251 Tl e Light (11)
‘© “. |-=--H .
& 04 T caty For the main loop of the proposed AP-DI LDO as shown
R in Fig. 14(b), the PSRy oop1+2 expression is the same as (11)
% 132:_,__,__.__.__._....._..-._....\_\\\. F— but replacing the rgsp term with rgs = rgsal|rasp- It should
s - S be noticed that the PSR here is worse than that of the
) 1(°) — "'7--\3 . conventional ALDO. The reason is that the rgsa||rgsp here is
100 10° 100 100 100 100 100 100 10 smaller than rgsa, but the overall gn, is not increased propor-
Frequency (Hz) tionally, since the gmp can be neglected when the supply ripple
Fig. 13. Bode plots of Loop-1, -2, and -3 at (a) heavy load, I4 4. =2 mA, frequency fripple is comparable with fcrk. This phenomenon

Ip = 8 mA, (b) light load, /4 dc 1 uA, Ip = 0, and (c) bode plots
of the overall analog loops under heavy and light loads. All cases are with
V]N =0.6 V and VOUT =055V

is 10 and 22 dB at heavy load and light load, respectively.
Also, the frequency responses of Loop-2 and -3 are almost the
same. The 29-dB Loop-2 gain can provide a soft regulation at

will be exacerbated at heavy load, because rqs - gma can be

written as
Va w
Fds - gmA = 2. v/ 2upaCox—1a
I oAD L
24pACox
= Vdropout' a - — L (12)
I oAD
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Fig. 14. PSR small-signal model of (a) conventional FVF-based ALDO, (b) AP-DI with Loop-2, (c) AP-DI with Loop-3, and (d) AP-DI with all loops.
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Fig. 15.  Simulated PSRs versus frequency for DI only, DI-AP without

Loop-2, and DI-AP with Loop-2.

where upa is the hole mobility, and Cox is the gate-oxide unit
capacitance. If the I4/I 0ap ratio a is small at heavy load,
rds - gmA becomes small, and PSR will be degraded.

To mitigate this, we add Loop-3 to control /4 4., making it
to adaptively increase when I1 pap increases, maintaining the
o value roughly. The PSR small-signal model of the Loop-1
and Loop-3 is included in Fig. 14(c). Also, the derived
PSR expression is given in (13), as shown at the bottom
of the next page. C, is the capacitance at V. node.
Comparing (11) and (13), if the replica loop matches the main
loop, the PSRy oop1+3 can be close to PSRy oop1+2. However,
consider the mismatch, the PSR will be degraded.

In this article, the Loop-2 can be reused to offer about 6-dB
improvement for the PSR. The small-signal model of all loops
is shown in Fig. 14(d) and the derived expression in (14), as
shown at the bottom of the next page. Compared to (13), (14)
has the same numerator. However, if matched, the EA> (s)-[rdgs
gmAr - CGa(s) + rds - gma - CG1(s)] term in the denominator
almost doubles. However, still, the 6-dB improvement can be
degraded by the mismatch.

--=-= lapc =2mA
(MA){ — Japc =3mA T ]
10 4= 5'—7 n : } .1 . D
2N Y a\
5 y g / y ¢
L /i N/ ’ ’1 L S )
N A 7 /. A VY
. 1Clippe | A
(mV) ] | PSR degradation
Vou
{ I -
705 -*ﬁﬁff’,", ‘;' ol
702.5 - L4 3 !
700 :
697.5 |
100 102 104
Time (us)

Fig. 16. Simulated /p, 14, and Voyr transient waveforms when I oap =
10 mA, with 74 gc =2 and 3 mA.

This analysis can be verified by the simulation results shown
in Fig. 15, where VN =0.75 V, VrRgr = 0.7 V, and I oap =
10 mA. Both the curves of w/o and with Loop-2 are obtained
from the ac small-signal simulation with 74 ¢c = 3 mA, while
that of DI-only case is simulated using transient analysis with
fcLk = 5 MHz. The amplitude of VN ripple (Viipple) €quals
to 40 mVpp. From the results, Loop-2 improves the PSR
by 5.3 dB. Also, as predicted, the PSR of DI-only begins to
degrade at 10 kHz, which is much lower than fcrk.

From the large-signal perspective, the adaptive changing
on I dc allows an enlarged /4 swing. This is helpful to
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Fig. 17. Chip microphotograph of the proposed LDO.
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Fig. 18.  Measured load regulation for Viy = (a) 1.2 and (b) 0.6 V.

handle the large current ripple caused by the supply noise,
as explained in Fig. 16. The simulated transient waveforms
of I4, Ip, and Vpoyr are shown when I oap = 10 mA.
I4 can respond with the opposite phase to Ip to maintain
a reduced Vour ripple. If 14 4c is set to 3 mA, the full
swing of 4 is allowed, and Vour ripple can be reduced
to 45 mV. In contrast, if [pgc = 2 mA, the I is
clipped to 0 but expected to swing to an even lower
level. When clipped, the LDO is vulnerable to the input
noise, hence the Vour ripple is deteriorated by 3.5 mV
(5-dB PSR degradation).
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Fig. 19. Measured line regulation for /1 oaop = 10 mA.

IV. MEASUREMENT RESULTS

The proposed LDO is fabricated in a 65-nm CMOS process.
Fig. 17 shows the chip micrograph, with an active area
of 0.04 mm?, including a 20-pF on-chip Cour, a 13-pF C1,
and a 26-pF C B. The CLK is externally generated.

One chip was measured at the room temperature. The
measured load regulation is presented in Fig. 18, for Viy = 0.6
and 1.2 V. Due to the adaptive Ia_qc scheme, a precise
regulation can be achieved when Iroap > 1 mA. The
output accuracy becomes degraded at light load, because the
AP section takes over the LDO with a relatively low gain.
Nevertheless, this helps to remove the light load LCO. The
measured line regulation performance for I oap = 10 mA is
given in Fig. 19.

Fig. 20(a) shows the measured transient response with
VinN =0.6 V, VRer = 0.55 V, fcLk = 5 MHz, when I1.0aD
changes from 0 to 10 mA within a 5-ns transition edge times
(Tepge). A 64-mV undershoot and a 46-mV overshoot are
achieved, which are mainly determined by the Loop-1 and
the My, respectively. For I1oap = 0, the steady-state Vour
deviates about 8 mV from VRgg, but LCO is then removed as
predicted. For the 3-to-10-mA I oap step shown in Fig. 20(b),
the Vout undershoot is reduced to 44 mV, and Voyr is well
regulated to VRgr in the steady state, with a 3-mV LCO. The
dynamic voltage scaling (DVS) transient waveforms are shown

PS RLoopl +3

1 + R, ||(1/SC) + EAZ(S)[rdST ° gmAr N CGZ(S) — I'ds - gmA ° CG] (s)]

[1 + gtiey +EA2(s) - CGa(s) - rase - gmAr] [1 + RLOA_DHHS/sCo_UT)]

PSRLoopl +243

~
~

13)

1+ i H?ljg/rsC ) + EA2(s)[rdsr - gmar - CG2(s) — rds - gma - CG1(s)]

[1—}—RH(I/SC)+EA2(s)-CG2(s)-rdsr-gmAr] [HiRmADu(l/scOm)]+EA1(S) CGi(s) - rds - gma [1+R||(1/SC)]

%

1 + R HE‘??‘SC ) + EAZ(S)[rdST N gmAr : CGZ(S) - rdS N gmA N CG] (S)]

{1 + i H?li/rsC ) +EA2(s) - [rdsr - gmar - CG2(s) + rds - mA - CGI(S)]} : [1 + RLOADH?{S/SCOUT)]

(14)
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Fig. 21. Measured DVS transient response with Viy = 0.6 V, and VRgp

changes from 550 to 400 mV with a 50 mV/step.

in Fig. 21, where Vv = 0.6 V, VRgr changes from 550 to
400 mV with a 50 mV/step. As can be seen, Vour can track
the VRgr changing.

Figs. 22 and 23 show the measured PSR performances. Two
measurement conditions are defined here: (Case-1): ViN =
0.75 V, Ve = 0.7 V, while (Case-2): Vin = 0.6 V,
Vrer = 0.5 V. Both cases are with fcrg = 5 MHz and
I.oap = 10 mA. Fig. 22(a) for Case-1 shows the measured
Vin and Vour transient waveforms, where a 5-mVy,Vour
ripple is recorded with an input ripple of fiipple = 1-MHz
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{a) Case-1: Vix = 0.75V, Vier = 0.7V <_2HS _

VANAMANDNAAND

Jb) Case-2: Vi = 0.6, Veer = 0.5V - 2H5.

Fig. 22.  Measured transient waveforms of VN and Voyrt, with I oap =
10 mA, fripple = 1 MHz, fcLk = 5 MHz when in (a) Case-1 and (b) Case-2.
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Fig. 23. Measured PSR from 100 kHz to 10 MHz, fcix = 5 MHz,

ILoap =0, 5, 10 mA, for (a) Case-1 and (b) Case-2.

and 40-mV,,, amplitude. In Fig. 22(b) for Case-2, the PSR
is —22-dB at 1 MHz when the amplitude of input ripple
is 65 mVy,. The measured PSR curves versus frequency are
given in Fig. 23, under I1oap = 0, 5, and 10 mA. The
PSR variation against Iy oap is reduced because 74 can be
adaptively increased with I1 oaAD.

The proposed LDO is compared with the state-of-the-art
works in Table I. Thanks to the AP-DI architecture, the
proposed LDO is endowed with the fast response feature
of an ALDO, together with the high dc gain property of a
conventional DLDO. The maximum output current is 10 mA,
and the measured quiescent current is 29 uA, hence the
calculated maximum current efficiency is 99.71%. Mean-
while, it achieves a 0.37-ps figure-of-merit-1 (FoM1) [31] and
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TABLE I
COMPARISON WITH THE STATE-OF-THE-ART WORKS

[11] [19] [20] [21] [22] [23] [24]
Salem, Huang, Nasir, Ma, Kundu, Liu, Wang, This work
JSSC’18 | ISSCC’17 JSSC’ 18 ISSCC’18] JSSC’19 | ISSCC19™** CICC’19
Process [nm] 65 65 130 28 65 14 65 65
Area [mm?] 0.0023 0.034 0.08 0.0055 0.037 0.024 0.04 0.04
P-path Digital | RCHPF Digital NMOS | Digital ALDO D-G couple FVF
I-path Digital SR Analog EA SR VCO Digital Cp SR
VlV] 0.5-1 0.5-1 0.6,1.1-1.2 0.4-0.551 0.6-1.2 1-1.2 0.5-1 0.5-1.2
Vol VI 0.3-0.45 10.45-0.9510.5-0.55,0.8-1.1{ 0.35-0.5 | 0.4-1.1 0.7-0.85 0.45-0.95 0.45-1.15
Max. f - [MHz] 240 10 560 4 >39 N.A. 1 5
C oy [PF] 400 0 500 24 40 200 0-10,000 20
IoapTange [mA] | 0.01-2 2-20 0.03-12 0.5-20.5 1 10-100 0.01-530 0.001-105 0-10"""
AV yyr[mV] .
40@1.06 | 105@10 | 240@103 [117@20 | 108@50 83@15 185@100 64@10
@ Al [, [mA]
. Analog gain Analog gain
PSR enhanced by N.A. N.A. Analog gain N.A. N.A. Feedforward N.A. Replica loop
1MHz PSR [dB] 17 35 fSISL[;(ﬁ 18
AON.A.@N.A. . . .
@ VdVawwont [V | NA. NA. @1.2/0.4 NA. | @102 @NA@ NA | @0-750.05@0.04
P NA NA —42 (8LDO) -22
@V ppie [V @N.A. @N.A. @N.A.@N.A. @ 0.6/0.1@0.065
]Q[yA] 14 3.2 26 0.81 10-1070 4.35-27.4 49 297
Max. Current -
.. 99.8 99.97 98.6 99.99 99.5 99.97 99.99 99.71
efficiency (%)
FoMI [ps]* 199 0.23 166 0.0057 0.47 1.38 0.0038 037"
Edge time ratio K 5 5 1 15 4000 2.5 5 25
FoM2 [V]™ 0.0026 | 0.00015 0.0006 0.00007 9.2 0.00035 4.50E-05 0.0044""""
FoM1 = Cour Alourlodour [30].  FoM2=K-AFour-lo/Alour [31]. ““High PSRR mode.  ~ Fin=0.6V. Iger=0.55V.

0.0044-V FoM2 [32], which are comparable or better than the
state-of-the-art works.

In addition, this article achieves a moderate PSR perfor-
mance. Due to the moderate analog loop gain and about 6-dB
PSR improvement from Loop-2, this article improves PSR
with a larger Vyjpple at a low VN and low Viropout, compared
with the hybrid LDOs in [20] and [23]. Also, the PSR can be
further improved by allocating the load current to more ALDO
tiles as in [23].

Finally, this article reaches I1.0ap,min = 0 without LCO.
To extend the /L oAD max, the proportional part should be
designed with higher gain and faster response, which will help
to reduce the Vour spike under a larger Al oap step.

V. CONCLUSION

This article analyses the reasons for slow transient
response, bad PSR, and large LCO in a conventional DLDO.
These issues are addressed through the AP control in the
proposed AP-DI LDO. The feature of high output accuracy

in a conventional DLDO is maintained by the DI section.
The AP part, implemented with an FVF, responds fast to the
load step. A replica loop is added to adaptively define the
AP output current, resulting in a moderate PSR performance.
To reduce the LCO and extend the I;0AD,min limit to zero,
the AP will output all the I1oap at a very light load.
An EA with moderate gain is not only helpful for a light-
load regulation but also enhances the PSR by about 6 dB. The
measurement results verify the effectiveness of the proposed
scheme.

REFERENCES

[11 S. T. Kim et al., “Enabling wide autonomous DVFS in a 22 nm
graphics execution core using a digitally controlled fully integrated
voltage regulator,” IEEE J. Solid-State Circuits, vol. 51, no. 1, pp. 18-30,
Jan. 2016.

P. A. Meinerzhagen et al., “An energy-efficient graphics proces-
sor in 14-nm tri-gate CMOS featuring integrated voltage regula-
tors for fine-grain DVES, retentive sleep, and VMIN optimization,”
IEEE J. Solid-State  Circuits, vol. 54, no. 1, pp. 144-157,
Jan. 2019.

[2]

Authorized licensed use limited to: Universidade de Macau. Downloaded on July 02,2020 at 03:05:07 UTC from IEEE Xplore. Restrictions apply.



HUANG et al.: AP-DI MULTILOOP DLDO WITH PSR IMPROVEMENT AND LCO REDUCTION

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

S. B. Nasir, S. Gangopadhyay, and A. Raychowdhury, “5.6 A 0.13um
fully digital low-dropout regulator with adaptive control and reduced
dynamic stability for ultra-wide dynamic range,” in IEEE Int. Solid-
State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2015, pp. 98-99.
C.-J. Park, M. Onabajo, and J. Silva-Martinez, “External capacitor-less
low drop-out regulator with 25 dB superior power supply rejection in
the 0.4—4 MHz range,” IEEE J. Solid-State Circuits, vol. 49, no. 2,
pp. 486-501, Feb. 2014.

Y. Lu, Y. Wang, Q. Pan, W.-H. Ki, and C. P. Yue, “A fully-integrated
low-dropout regulator with full-spectrum power supply rejection,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 62, no. 3, pp. 707-716,
Mar. 2015.

J. Jiang, W. Shu, and J. S. Chang, “A 65-nm CMOS low dropout
regulator featuring >60-dB PSRR over 10-MHz frequency range and
100-mA load current range,” IEEE J. Solid-State Circuits, vol. 53, no. 8,
pp. 2331-2342, Aug. 2018.

Y. Okuma et al., “0.5-V input digital LDO with 98.7% current efficiency
and 2.7-uA quiescent current in 65 nm CMOS,” in Proc. IEEE Custom
Integr. Circuits Conf. (CICC), Sep. 2010, pp. 1-4.

M. Huang, Y. Lu, S.-W. Sin, U. Seng-Pan, and R. P. Martins, “A fully
integrated digital LDO with coarse—fine-tuning and burst-mode oper-
ation,” IEEE Trans. Circuits Syst., II, Exp. Briefs, vol. 63, no. 7,
pp. 683-687, Jul. 2016.

Y.-J. Lee et al., “A 200-mA digital low drop-out regulator with coarse-
fine dual loop in mobile application processor,” IEEE J. Solid-State
Circuits, vol. 52, no. 1, pp. 64-76, Jan. 2017.

G. Cai, C. Zhan, and Y. Lu, “A fast-transient-response fully-integrated
digital LDO with adaptive current step size control,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 66, no. 9, pp. 3610-3619,
Sep. 2019.

L. G. Salem, J. Warchall, and P. P. Mercier, “A successive approximation
recursive digital low-dropout voltage regulator with PD compensation
and sub-LSB duty control,” IEEE J. Solid-State Circuits, vol. 53, no. 1,
pp- 35-49, Jan. 2018.

Y. Zhang, H. Song, R. Zhou, W. Rhee, I. Shim, and Z. Wang,
“A capacitor-less ripple-less hybrid LDO with exponential ratio array
and 4000 x load current range,” IEEE Trans. Circuits Syst., II, Exp.
Briefs, vol. 66, no. 1, pp. 3640, Jan. 2019.

Y.-H. Lee et al., “A low quiescent current asynchronous digital-LDO
with PLL-modulated fast-DVS power management in 40 nm SoC for
MIPS performance improvement,” IEEE J. Solid-State Circuits, vol. 48,
no. 4, pp. 1018-1030, Apr. 2013.

F. Yang and P. K. T. Mok, “A nanosecond-transient fine-grained dig-
ital LDO with multi-step switching scheme and asynchronous adap-
tive pipeline control,” IEEE J. Solid-State Circuits, vol. 52, no. 9,
pp. 2463-2474, Sep. 2017.

X. Sun, A. Boora, W. Zhang, V. R. Pamula, and V. Sathe, “14.5 A 0.6-
to-1.1 V computationally regulated digital LDO with 2.79-cycle mean
settling time and autonomous runtime gain tracking in 65 nm CMOS,”
in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,
Feb. 2019, pp. 230-232.

Z. K. Ahmed et al., “A variation-adaptive integrated computational
digital LDO in 22 nm CMOS with fast transient response,” in Proc.
Symp. VLSI Circuits, 2019, pp. C124-C125.

M. Huang, Y. Lu, S.-P. U, and R. P. Martins, “An analog-assisted tri-
loop digital low-dropout regulator,” IEEE J. Solid-State Circuits, vol. 53,
no. 1, pp. 20-34, Jan. 2018.

D. Kim and M. Seok, “8.2 fully integrated low-drop-out regulator
based on event-driven PI control,” in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Jan. 2016, pp. 148—149.

M. Huang, Y. Lu, S.-P. U, and R. P. Martins, “20.4 an output-capacitor-
free analog-assisted digital low-dropout regulator with tri-loop control,”
in [EEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,
Feb. 2017, pp. 342-343.

S. B. Nasir, S. Sen, and A. Raychowdhury, “Switched-mode-control
based hybrid LDO for fine-grain power management of digital load
circuits,” IEEE J. Solid-State Circuits, vol. 53, no. 2, pp. 569-581,
Feb. 2018.

X. Ma, Y. Lu, R. P. Martins, and Q. Li, “A 0.4 V 430 nA quiescent
current NMOS digital LDO with NAND-based analog-assisted loop in
28 nm CMOS,” in [EEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2018, pp. 306-308.

S. Kundu, M. Liu, S.-J. Wen, R. Wong, and C. H. Kim, “A fully
integrated digital LDO with built-in adaptive sampling and active
voltage positioning using a beat-frequency quantizer,” IEEE J. Solid-
State Circuits, vol. 54, no. 1, pp. 109-120, Jan. 2019.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

1649

X. Liu et al, “147 a modular hybrid LDO with fast load-
transient response and programmable PSRR in 14 nm CMOS featur-
ing dynamic clamp tuning and time-constant compensation,” in /EEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2019,
pp. 234-236.

X. Wang and P. P. Mercier, “A charge-pump-based digital LDO employ-
ing an AC-coupled high-Z feedback loop towards a sub-4fs FoM and a
105,000x stable dynamic current range,” in Proc. IEEE Custom Integr.
Circuits Conf. (CICC), Apr. 2019, pp. 1-4.

W.-I. Tsou et al., “20.2 digital low-dropout regulator with anti PVT-
variation technique for dynamic voltage scaling and adaptive volt-
age scaling multicore processor,” in [EEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Feb. 2017, pp. 338-339.

M. Huang, Y. Lu, S.-W. Sin, S.-P. U, R. P. Martins, and W.-H. Ki,
“Limit cycle oscillation reduction for digital low dropout regulators,”
IEEE Trans. Circuits Syst., II, Exp. Briefs, vol. 63, no. 9, pp. 903-907,
Sep. 2016.

M. Huang and Y. Lu, “An analog-proportional digital-integral multi-loop
digital LDO with fast response, improved PSR and zero minimum load
current,” in Proc. IEEE Custom Integr. Circuits Conf. (CICC), Apr. 2019,
pp. 1-4.

L. G. Salem and P. P. Mercier, “A sub-1.55 mV-accuracy 36.9 ps-FOM
digital-low-dropout regulator employing switched-capacitor resistance,”
in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,
Feb. 2018, pp. 312-314.

Z. Guo et al., “Topological classification-based splitting—combining
methodology for analysis of complex multi-loop systems and its
application in LDOs,” IEEE Trans. Power Electron., vol. 34, no. 7,
pp. 7025-7039, Jul. 2019.

P. Hazucha, T. Karnik, B. Bloechel, C. Parsons, D. Finan, and
S. Borkar, “Area-efficient linear regulator with ultra-fast load regu-
lation,” IEEE J. Solid-State Circuits, vol. 40, no. 4, pp. 933-940,
Apr. 2005.

J. Guo and K. N. Leung, “A 6-uW chip-area-efficient output-
capacitorless LDO in 90-nm CMOS technology,” IEEE J. Solid-State
Circuits, vol. 45, no. 9, pp. 1896-1905, Sep. 2010.

Mo Huang (Senior Member, IEEE) received the
B.Sc., M.Sc., and Ph.D. degrees in microelectronics
and solid-state electronics from Sun Yat-sen Univer-
sity, Guangzhou, China, in 2005, 2008, and 2014,
respectively.

From 2008 to 2014, he was an IC Design Engineer
and a Project Manager with Rising Microelectronic
Ltd., Guangzhou. From 2015 to 2016, he was a
Post-Doctoral Fellow with the State Key Laboratory
of Analog and Mixed-Signal VLSI, University of
Macau, Macau, China. From 2017 to 2019, he was

an Associate Professor with the School of Electronic and Information
Engineering, South China University of Technology (SCUT), Guangzhou.
He is currently an Assistant Professor with the Institute of Microelectronics,
University of Macau. His current research interests include analog and mixed-
signal integrated circuit (IC) designs, power management IC design, and
wireless power transfer.

Dr. Huang has served as a technical program committee member for many
conferences and a reviewer for many journals. He was a recipient of the IEEE
International Solid-State Circuits Conference (ISSCC) 2017 Takuo Sugano
Award for Outstanding Far-East Paper.

Authorized licensed use limited to: Universidade de Macau. Downloaded on July 02,2020 at 03:05:07 UTC from IEEE Xplore. Restrictions apply.



1650

Yan Lu (Senior Member, IEEE) received the Ph.D.
degree in electronic and computer engineering from
The Hong Kong University of Science and Technol-
ogy (HKUST), Hong Kong, in 2013.

In 2014, he joined the State Key Laboratory
of Analog and Mixed-Signal VLSI, University of
Macau, Macau, China, as an Assistant Professor.
His research interests include wireless power transfer
circuits and systems, low-power analog circuits, and
next-generation power management solutions. He
has coauthored more than 80 peer-reviewed technical
articles and one book entitled CMOS Integrated Circuit Design for Wireless
Power Transfer (Springer) and edited one book entitled Selected Topics in
Power, RE, and Mixed-Signal ICs (River Publishers).

Dr. Lu is serving as a TPC Member for International Solid-State Circuits
Conference (ISSCC) and Custom Integrated Circuits Conference (CICC).
He was a recipient/co-recipient of the 2018 Macao Science and Technol-
ogy Award (second prize, with the first prize vacancy), the IEEE Solid-
State Circuits Society Pre-doctoral Achievement Award for the period
of 2013-2014, the IEEE CAS Society Outstanding Young Author Award
in 2017, and the ISSCC 2017 Takuo Sugano Award for Outstanding Far-East
Paper. He served as a Guest Editor for the IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS—I in 2019 and the IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS—II from 2018 to 2019.

Rui P. Martins (Fellow, IEEE) was born in
April 1957. He received the bachelor’s, master’s,
Ph.D., and Habilitation for Full-Professor degrees
in electrical engineering and computers from the
Department of Electrical and Computer Engineering
(DECE), Instituto Superior Técnico (IST), Univer-
sity of Lisbon, Lisbon, Portugal, in 1980, 1985,
1992, and 2001, respectively.

He has been with the DECE/IST, University of
Lisbon, since October 1980. Since 1992, has been
on leave from the University of Lisbon and with
the DECE, Faculty of Science and Technology (FST), University of Macau
(UM), Macao, China, where he has been a Chair Professor since August 2013.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 55, NO. 6, JUNE 2020

From 1994 to 1997, he was the Dean of the Faculty, FST. He has been
a Vice-Rector of UM since 1997. He was a Vice-Rector (Research) from
September 2008 to August 2018. He is a Vice-Rector (Global Affairs) for the
period of September 2018—August 2023. Within the scope of his teaching and
research activities, he has taught 21 bachelor and master courses and, in UM,
has supervised (or co-supervised) 47 theses, Ph.D. (26) and masters (21).
He has coauthored seven books and 11 book chapters. He holds 33 patents,
USA (30) and Taiwan (3). He has published 537 articles, in scientific journals
(217) and in conference proceedings (320), and other 64 academic works, in a
total of 652 publications. In 2003, he created the Analog and Mixed-Signal
VLSI Research Laboratory, UM, elevated in January 2011 to the State Key
Laboratory (SKLAB) of China (the first in Engineering in Macao), being its
Founding Director. He was the Founding Chair of UMTEC (UM company)
from January 2009 to March 2019, supporting the incubation and creation
in 2018 of Digifluidic, the first UM spin-off, whose CEO is a SKLAB Ph.D.
graduate. He was also a Co-Founder of Chipidea Microelectronics (Macao)
[now Synopsys-Macao] from 2001 to 2002.

Dr. Martins was the Founding Chair of the IEEE Macau Section from
2003 to 2005 and the IEEE Macau Joint-Chapter on Circuits and Systems
(CAS)/Communications (COM) from 2005 to 2008 [2009 World Chapter of
the Year of IEEE CAS Society (CASS)], the General Chair of the IEEE
Asia-Pacific Conference on CAS (APCCAS) in 2008, the Vice-President
(VP) of Region 10 (Asia, Australia, and Pacific) from 2009 to 2011, and
the VP-World Regional Activities and Membership of the IEEE CASS
from 2012 to 2013, an Associate Editor of the IEEE TRANSACTIONS
ON CAS—II: EXPRESS BRIEFS from 2010 to 2013. He was nominated
as the Best Associate Editor for the period of 2012-2013. He was a
member of the IEEE CASS Fellow Evaluation Committee in 2013, 2014,
and 2019, where he was the Chair in 2018. He was the Director of the
IEEE Nominating Committee of Division I (CASS/EDS/SSCS) in 2014 and
the IEEE CASS Nominations Committee from 2016 to 2017. In addition,
he was the General Chair of the ACM/IEEE Asia South Pacific Design
Automation Conference (ASP-DAC) in 2016. He received the IEEE Coun-
cil on Electronic Design Automation (CEDA) Outstanding Service Award
from the ACM/IEEE Asia South Pacific Design Automation Conference
(ASP-DAC) in 2016. He was the Vice-President of the Association of
Portuguese Speaking Universities (AULP) from 2005 to 2014, where he
was the President from 2014 to 2017. He received two Macao Government
decorations: the Medal of Professional Merit (Portuguese Administration)
in 1999 and the Honorary Title of Value (Chinese Administration) in 2001.
In July 2010, he was elected, unanimously, as a Corresponding Member of
the Lisbon Academy of Sciences, being the only Portuguese Academician
working and living in Asia.

Authorized licensed use limited to: Universidade de Macau. Downloaded on July 02,2020 at 03:05:07 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


