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Abstract—Compact size wearable devices require multiple sup-
plies with relative large loading difference, which causes serious
cross regulation, large ripple, and oscillation in single-inductor
multiple-output (SIMO) DC-DC converter. Thus, a continuous
conduction mode/green mode (CCM/GM) relative skip energy
control (RSEC) in SIMO is proposed for wearable device power
solution. Different from the conventional absolute skip method,
the RSEC eliminates unnecessary skip-induced voltage ripple and
cross regulation with well regulation performance over wide load
and voltage ranges. Optimization between efficiency and voltage
ripple achieves low noise supply and reduced switching loss. In
addition, smooth transition between CCM and GM provides high
power and longer usage time in wearable devices. Furthermore,
bidirectional dynamic slope compensation conquers subharmonic
oscillation and avoids invalid pulses in the energy delivery oper-
ation of current-mode SIMO DC-DC converters. The test chip
fabricated in the 0.18 pm CMOS process occupies 2.24 mm?
active area. Maximum output ripple, overshoot/undershoot, and
cross regulation are kept below 40 mV, 27 mV, and 0.0432 mV/mA,
respectively.

Index Terms—Absolute skip, bidirectional slope compensation,
continuous conduction mode (CCM), green mode (GM), rela-
tive skip energy control (RSEC), single-inductor multiple-output
(SIMO).

I. INTRODUCTION

HE development of wearable devices achieve personal fit-
T ness control and health monitoring [1]-[3]. For wearable
devices, power management with the characteristics of small
volume and light weight is highly desirable to prolong battery
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Fig. 1. Comparison of CCM voltage ripple and maximum load difference
performance in prior arts and this paper.

usage time. The wearable device requires four distinct power
domains V-V, for different function blocks. High perfor-
mance microprocessor and RF module require large current
driving capability, while noise-sensitive sensors and memory
demand for small output voltage ripple. Since a single-inductor
multiple-output (SIMO) DC-DC converter can provide multiple
output voltages with a large power density in a limited printed
circuit board area [4]-[7], it is one of the best candidates for
supplying wearable devices [8], [9]. Time-multiplexed conduc-
tion scheme is optimized to reduce the crosstalk between the
converter outputs [10]. Not more than 30% of difference be-
tween symmetrical supply output currents can be provided in
[11]. However, inevitable voltage ripple and cross regulation in
SIMO DC-DC converters induce undesired noise directly into
xsensors, especially when a large power variation is requested
by the microprocessor. During large power driving periods in
SIMO converters, how to suppress voltage ripple and cross reg-
ulation is the design goal.

Fig. 1 gathers the performance of SIMO converters in prior
arts. Maximizing the loading current differently among all out-
puts and reducing each output voltage ripple simultaneously
are urgently requested by the wearable devices because SIMO
converters need to provide multiple outputs for different func-
tional blocks, which need versatile loading current conditions.
Although the ordered power-distributive control in [4] provides
a simple control method for multiple outputs, a serious cross
regulation and a large output ripple of 160 mV occurs causing
the power performance deterioration. On the other hand, the
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PLL-based SIMO converter in [7] can simplify frequency com-
pensation networks and ease the EMI filter design with a fixed
frequency control. However, its driving capability is not suffi-
cient for wearable devices. To further minimize cross regulation
and voltage ripple, an adaptive energy recovery control in [12]
inserts an energy buffer region. Unfortunately, the energy buffer
region causes low efficiency owing to large conduction loss, and
the battery energy is dissipated in a short time. Proper allocation
of energy to all outputs in one switching cycle in the absence of
any energy buffer durations is necessary. The ripple-based adap-
tive offtime control in [13] and the error-based control in [14]
still cannot simultaneously achieve high driving capability and
small output ripple for wearable devices. Therefore, an SIMO
DC-DC converter with the continuous conduction mode/green
mode relative skip energy control (CCM/GM RSEC) is pro-
posed in this paper. Besides, through the use of current-mode
control [15], [16], high output voltage accuracy and small output
ripple can be achieved simultaneously.

To further prolong the usage time of wearable devices, high
power efficiency is required. An absolute skip methodology,
which simply depends on load condition, is commonly utilized
in single-output converters to decrease the switching loss un-
der light-load conditions [17], [18]. In other words, the energy
transferring to output is skipped in certain switching cycles when
load current turns light. The number of skipped switching cycles
increases as load current decreases. Therefore, light-load effi-
ciency can be improved. By directly realizing an absolute skip
methodology for each output separately in SIMO converters,
the skip timing diagram is shown in Fig. 2(a), where Ip1—Ip4
are load currents of Vip1-Vp4, respectively, and SK;-SK in-
dicate the corresponding skip statuses, respectively. According
to an absolute skip method, when V1, Vo3, and Vi, are at
heavy loads and Vs is under light-load conditions, Vpo is
skipped periodically. When all outputs are under light-load con-
ditions, Vo1V 4 are skipped alternatively and irregularly even
no noise is injected, which largely increases voltage ripples.
This is because all outputs share one switching cycle in SIMO
converters. Thus, skip activation in a certain output must influ-
ence energy distribution of other outputs. As shown in Fig. 2(b)
during ¢,—to, this phenomenon may cause large voltage ripple
and noise, which affects the accuracy of sensor and gets error
in health monitoring information. Furthermore, efficiency is not
improved apparently in all conditions at the sacrifice of ripple
performance. That is because the efficiency of the SIMO con-
verter includes load conditions of all output voltages, skipping
one or two outputs may not increase efficiency dramatically.
With the proposed RSEC during t3—t, in Fig. 2(b), it shows that
all output voltages can be well regulated with a small voltage
ripple. This indicates that absolute skip is not suitable for SIMO
converters.

Slope compensation is necessary in peak-current-mode
control to avoid subharmonic oscillation and to ensure stable
operation when duty cycle is larger than 0.5 [19]. In peak-
current-mode buck converters, an adequate compensation slope
is determined by the output voltage [20]. Relatively, an adequate
compensation slope of a SIMO converter is decided by the four
output voltages. However, when skip function occurs, the prede-
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Fig. 2. (a) Timing diagram of SIMO with an absolute skip methodology.

(b) Output-voltage waveforms with the absolute skip function during ¢1—t2 and
with the proposed RSEC technique during t3—t.
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Subharmonic waveform in the proposed SIMO converter.

termined compensation slope may be too large or small instantly
according to the skipped output voltages. Insufficient compen-
sation slope will cause subhormonic oscillation as shown in
Figs. 3 and 4(a), while over compensation will slow down the
transient response as shown in Fig. 4(b).

Generally, the compensation slope discussed in prior arts is
regarding the rising edge of the slope signal. That is, the com-
pensation slope is crucial in inductor charging phase, which
is the duration when inductor current has positive slope. On
the other hand, the compensation slope in inductor discharging
phase, which is the duration when inductor current has negative
slope, does not affect the performance of current-mode buck
converters. However, in SIMO converters, one switching cycle
is divided into several slots to provide energy to each output. In
summary, the compensation slope over a whole switching period
is required to be considered in the SIMO converter designs.

In this paper, a CCM/GM RSEC in the SIMO DC-DC
converter is proposed for wearable devices power solution to
achieve high area efficiency and long usage time. The RSEC
finds the tradeoff between efficiency and voltage ripple in both
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CCM and GM under heavy- and light-load conditions, respec-
tively. Unnecessary skip activation is avoided to greatly suppress
voltage ripple and cross regulation. Since an adequate energy
skipping is determined by relative energy between each output,
energy is properly distributed in relative wide voltage and load
current ranges. Good load regulation, high power capability, low
noise, and ripple supply are achieved. Furthermore, bidirectional
dynamic slope compensation which contains multiple-segment
slope compensation and falling slope calibration is presented
during inductor charging and discharging phases. Subharmonic
oscillation and invalid pulse for energy delivery in current-mode
SIMO DC-DC converters are eliminated.

The organization of this paper is shown as follows. Section II
describes the proposed SIMO DC-DC converter with the
CCM/GM RSEC technique for wearable devices. Section III
describes the theory of bidirectional dynamic slope compen-
sation. The circuit implementation is presented in Section IV.
Experimental results are shown in Section V. Finally, conclusion
is made in Section VI.

II. PROPOSED CCM/GRM WITH RSEC IN SIMO

Fig. 5(a) shows the architecture of the proposed SIMO DC—
DC converter. Energy is adequately allocated to four outputs
Vo1-Vo4 through the power stage which contains high-side
and low-side power MOSFETS Mp and My, one single induc-
tor L, and four time-multiplexing power switches Mp;—Mpy.
Four output voltages are fed back to their corresponding error
amplifiers to improve voltage regulation performance. The error
signals Vg 1—Vg, are generated through amplifying the differ-
ence between feedback voltages Vi p1—Vr p4, respectively, and
reference voltage Vqf.

RSEC circuit manipulates error signals Vg1-Vg, to gener-
ate energy control signals Vo1—Viy. A full-wave current sen-
sor is required to realize the current-mode controlled SIMO
DC-DC converter [15]. Instead of conventional slope com-
pensation, a new bidirectional dynamic slope compensation
is presented to prevent subharmonic oscillation during all
skip periods SK;-SK,. Invalid pulse for energy delivery
can be avoided as well. Summing signal Vgyy is gener-
ated by summing the current sense signal Vi, and the com-
pensation slope Vijope. By comparing Vio1—Vey with Vsyw,
duty cycle control signals for all power MOSFETS are gen-
erated. Here, the duty cycles of Mp and My are defined
as D and 1-D, respectively. Definition of duty cycle is the
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same as that in conventional buck converters. Duty cycles of
Mp1—Mp, which indicate the on-time periods of Mp;—Mpy
in a switching cycle are defined as D;—D,, respectively.
At very light loads, the proposed SIMO converter enters into
its GM. Once the zero current detector detects the zero inductor
current, all power MOSFETS are turned OFF to avoid the negative
inductor current. Energy request signal ER, which indicates en-
ergy insufficient in all outputs, activates the switching activities
of all power MOSFETS again for voltage regulation.

To conquer the drawbacks of the absolute skip method,
the concept of proposed CCM/GM RSEC is illustrated in
Fig. 6. Four cases indicated by horizontal axis including (a)
heavy, (b) medium, (c) light, and (d) very light loads in to-
tal output power of the SIMO converter are illustrated in his-
togram. I1—F,, which represent output energies of Vp1-Vo4,
respectively, are corresponding to the vertical axis. In case
(a) (.e., Ip1 =300 mA, Ip, = 300 mA, Ip3 = 50 mA, and
Ip4 = 300 mA), even though Fj5 is under light-load conditions,
the total output power of the SIMO converter is at heavy loads.
That is, total output power of the SIMO converter is not directly
related to individual energy of each output. Therefore, skip acti-
vation cannot be simply decided by an absolute energy of single
output. Instead, relative energy between Vp;—Vp4 determines
the skip status. The operation of the proposed SIMO converter
which includes inductor current Vi1—V4 and control signals
of power MOSFETS are illustrated in Fig. 5(b).

Proposed RSEC skips the output since its energy is rela-
tively smaller than others. In case (b) (i.e., [p; = 50 mA,
Ips =50 mA, Ips = 50 mA, and Ip4 = 300 mA) of Fig. 6,
Vo1-Vo3, which are at medium loads, are skipped since F; is
much higher. Thus, switching loss can be largely decreased. In
case (¢) (i.e., [p1 = 50 mA, Ips = 50 mA, [p3 = 50 mA, and
Ipy = 50 mA), E1—F, are close to each other under light-load
conditions, however, no skipping function occurs in the RSEC
technique. Comparing to the conventional absolute skip method,
which skip function occurs in all outputs, a large skip-induced
voltage ripple occurs. Since the skipped energy is imposed on
the other outputs in the switching cycle, the excessive energy
also increases the skipping frequency and induces larger voltage
ripples. On the contrary, relative energy skip control can over-
come this problem. When output power is further decreased
in case (d) (i.e., Ip1 = 8.3 mA, Ips =1 mA, Ip3 =6 mA,
and Ip4 = 1 mA), the RSEC enters into the GM to decrease
switching loss and improves efficiency.
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Energy allocation and operation of the proposed SIMO con-
verter with the RSEC technique are illustrated in Fig. 7. The total
inductor current is indicated by Vg . To realize a current-mode
controlled SIMO converter, the output currents of Vp1—-V,4 are
stacked from the bottom to top layer in a switching cycle. In other
words, energy control signals Vo 1—V(4 are generated by super-
posing Vr1—Vgy4. Duty cycles of Mp;—Mp, in Fig. 5(a), indi-
cating energy allocation, are determined by comparing Vo1 —Vy
with Vsyn . When relative energies among four outputs are low,
the inductor current is delivered to Vp1—Vp4 in sequence with-
out any skip activations. If V59 has arelative low energy request,
its energy layer is extracted. No energy is transferred to V2 in
its switching cycle.

In addition, the RSEC technique is indispensable since reg-
ulation cannot be ensured in case of any large load current
difference existing among four outputs and without any skip
functions at the same time. As shown in Fig. 8, the minimum
ontime is limited by the process parameters, such as the speed
of logic and comparator and the propagation delay of drivers.
Thus, the output voltage with arelative low energy increases and
becomes unregulated. The proposed RSEC technique breaks
through the limitation of load current difference by properly
skipping the energy-excessing output in the energy delivery se-
quence. Equivalent minimum ontime is decreased to zero and
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the output is well regulated as illustrated in Fig. 8. Therefore,
without any great improvement in efficiency, Ej5 is skipped to
ensure the regulation in case (a) of Fig. 6.

Fig. 9 illustrates the circuit block diagram of a RSEC, which
generates energy control signals V-V to decide duty cycles
of Mp,—Mp, in Fig. 5(a). When the skip function is not acti-
vated, V11—V 4 are superposed to achieve energy layer in Fig. 7,
and to generate V-V 4. For example, V2 is the summing of
Vi1 and Vio. The energy layer of Vo is located between Vg
and Vo whose height is equal to Vgo. In summary, Vo1—Voy
can be expressed in (1) and the difference of energy control
signals which indicates the energy layer of each output is shown
in (2)

j
Vj= > Vi, j=1-4 )

i=1
Vo) = Vei) = VeG+1)s J=1-3. 2

Except for V1, the energy layer of Vp2—Vp4 is represented
by (2) when j = 1-3, respectively. To judge the skip status, the
energy layer of V; is defined in

Vi1 = Vel — Vae. 3)

To achieve (1) and (2), Vg1—Vg4 are converted to current sig-
nals I(Vg1)-I(Vgy) by the voltage-to-current (V—I') converter
and injected into the energy control block. The summation ta-
ble of energy control signals V1—V4 are listed in Fig. 9. In
the RSEC technique, the relative judgment circuit generates
SK,-SK, to determine the skipping status of each output ac-
cording to error signals Vip1—Vp4 and total energy Vg,. Total
energy detector calculates the valley value of Vsyy to present
Vg in each switching cycle. Energy request signal ER indi-
cates the status of lacking energy in the GM operation. The
proposed RSEC technique can operate in either the CCM for
heavy/medium loading condition or the GM for very light load
condition.

A. RSEC in CCM

Energy control signal paths with energy stack and relative skip
judgment are shown in Fig. 10. As shown in Fig. 10(a), since the
relative energy of each output Vél (= Ve1-VEt), Via, Vis, and
Vg4 are higher than skip threshold Vg, no skip occurs. Energy
of Vp1-Vp4 are stacked from bottom to top layer. Vi1 —Vey
are composed of Vg1—Vg,. When both E; and E; are relatively
lower than the others, £} and Es5 are removed from energy stack
in Fig. 10(b). That is, Vz; and Vg3 are not included in energy
control signals. The energy layers of F; and Ej3 are eliminated
by setting Vi1 = Vi and Viog = Voo, respectively. Consider-
ing different load conditions, the formula of V1—Vy can be
modified from (1) to (4) according to S K-S K. Similarly, the
difference of energy control signals is modified from (2) to (5)

J
Vij =Vee - SKi 4+ > Vi - SK;,  j=1-4 (&)
i=1

Veg+) = Vo) = Ve - SKgrny, j=1-3. (5
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B. RSEC in GM

Proposed SIMO operating in GM for power saving is shown
in Fig. 11 when the summation of all output power is at very
lightloads. All power MOSFETS Mp, My, Mp—Mp, are turned
OFF during to—t; and t4—t5. That is, no switching operation oc-
curs and no switching power loss is consumed as well. Since
there is no energy transfer to outputs, output voltages keep de-
creasing, and thereby increasing Vg1—Vpgy and Vi1 —Viy. Until
one of the four outputs has an energy request ER, the switching
operation is activated again to allocate energy to the energy-
lacking output. During to—t3, which contains two switching cy-
cles, Vi3 requires lower energy, and thus, S K3 indicates a skip
activation in the second switching cycle. With the obtainment
of energy, Vo1-V4 decrease to stop the switching operation
again when the zero inductor current is detected. That is, the

Fig. 12. Realizing the slope compensation in the SIMO converter directly
similar to that in a single-output buck converter.

zero current detection [21] signal is high. Moreover, once the
wearable device leaves its sleeping mode, the lack of energy in-
creases Vi1 —V4 dramatically. Therefore, the SIMO converter
enters into the CCM automatically and smoothly.

B. Il Bidirectional Dynamic Slope Compensation

Slope compensation is indispensable for the stable operation
of peak-current-mode controlled DC-DC converters when duty
cycle is larger than 0.5. The compensation slope with slope of
m, 1s required during inductor charging phase (D). To avoid
subharmonic oscillation, m, must follow [20]

1
Ma 2 M. (6)

In other words, the minimum value of compensation slope
of the buck converter has to be larger than half of the inductor
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current discharging slope mo which is expressed as

my = 7. (N

In the proposed current-mode SIMO converter, the discharg-
ing inductor current is divided into four segments to allocate
energy to four outputs. Four discharging slopes ms1—moy are
shown in
_ Vo
=7

By directly realizing the concept of buck converter slope com-
pensation in SIMO converters, the compensation slope has to
conform to all outputs with different values. To avoid subhar-
monic in all conditions, the maximum output voltage Vo 1 ax
among four outputs is chosen in a worst case. The waveform
of compensation slope with slope of m, which follows (9) is
shown in Fig. 12

mMa; where i= 1 ~ 4. ®)

V(),max
mo = T

€))

Vo max 18 adopted for my calculation to ensure stable op-
eration in all cases. However, overcompensation occurs in
other output voltages. Especially, when Vp ,.x is skipped,
the compensation slope is unnecessarily large and deterio-
rates the transient response. Therefore, multiple-segment slope
compensation is proposed to achieve adequate slope compensa-
tion in any combinations of output voltages and loading current
conditions. As depicted in Fig. 13(a), the compensation slope
during inductor charging phase is divided into multiple segments
to deal with each output voltage individually. For example, when
energy is transferring to V1, the compensation slope is decided
by mo;, which is only related to V. Consequently, the rule
to avoid subharmonic oscillations is modified as (10) and (11)
from (8) and (9), respectively,

Mai > §m2i, where 1= 1-4 (10)
Voi )
Mo = 2 . where i= 1-4. (11)

When the skip function is activated, the corresponding com-
pensation segment is skipped to avoid overcompensation. Ade-
quate compensation slope is achieved by multiple-segment slope
compensation. As illustrated in Fig. 13(b), if Vo is skipped
in a certain switching cycle, the corresponding compensation
slope m,o disappears in the multiple-segment compensation
sequence, thereby achieving an adequate compensation imme-
diately.

Except for above mentioned compensation slope, which is
required during inductor charging phase, the slope signal V;jope
during inductor discharging phase is highly related to energy
delivery and allocation in SIMO converters. In buck converters,
Vilope during inductor discharging phase is not involved in the
duty cycle determinations. Therefore, the simplest way is to reset
Vilope to zero at any time of inductor discharging phase before
next switching cycle starts. However, duty cycle D,—D, deter-
minations for energy allocation continue during both inductor
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Fig. 16.  Operating waveforms of the proposed bidirectional slope compensa-
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charging and discharging phase in SIMO converters. Therefore,
Vilope has to be well designed in both the directions.

InFig. 14, if V{j,, isTeset to zero by an arbitrary steep falling
slope, the waveform of summing signal Vgyy is distorted and
deviates from the inductor current waveform. By comparing
Ve1-Veos with Vguy to generate Dy—D,, respectively, short
pulses may occur and, thus, energy allocations are deteriorated.
As depicted in the right-hand side of Fig. 14, short pulse occurs
in Dy and D3 during the inductor discharging phase. With a short
pulse, there is not enough time for power MOSFETS Mp, and
Mp3 to be fully turned ON before the short pulse is ended. Thus,
energy cannot be transferred to V5 and V3, but switching loss

Vsk Selection
............... VSK=50mV _ﬁ_ V|N=5.5V
~ Vin=3.3V
. Vsk=100mV <
___________ sk=100m F vk=27V

Switching loss Psw (%)
°c=2888833888

25 35 45

Ripple (mV)

Fig. 23.  Optimization between switching loss and voltage ripple.
increases significantly. It is obvious that steep falling slope for
Vilope 1s not adequate. On the other hand, if Vo, is reset to
zero by aflat falling slope, D; may disappear during the inductor
discharging phase as illustrated in the left-hand side of Fig. 14.
Therefore, Vo1 cannot obtain adequate energy to regulate output
voltage.

For adequate energy allocations, the slope signal V.. must
be adaptively adjusted according to its peak value and the induc-
tor discharging time. That is, V;)o},. needs to be set to zero at the
end of every switching cycle. Therefore, a falling slope calibra-
tion is proposed to track Vi, to zero by modulating the falling
slope. The block diagram of the bidirectional slope compensa-
tion which achieves multiple-segment slope compensation and
falling slope calibration is shown in Fig. 15(a). The slope signal
Vilope compares with ground to generate V to indicate when
Vilope can reach zero. The phase frequency detector generates
the signals UP and DN when V lags and leads the clock sig-
nal CLK, respectively. Through the Up/Down counter, the slope
generator can dynamically adjust the falling slope of Vij,pe by
eight levels Sy—S7. Operating waveforms with flat falling slope
and steep slope are illustrated in Fig. 15(b) and (c), respectively.
CLK resets Vi, at the end of each switching cycle to ensure a
normal operation. In Fig. 15(b), V7 lags CLK and the UP signal
is activated to continuously increase the falling slope when the
falling slope is flat so that V5, cannot fall to zero at the end of
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300 lo1 (mA)

300 lo1 (mA)

l 60% reduction

300 lo1 (mA)

values of Vp1—-Vp4 and the skipping status. During an inductor
discharging phase, 3-bit adjustable falling slope calibrates the
value of Vjjope to zero at the end of switching cycle to avoid
invalid short pulse in any energy delivery procedures.

IV. CIRCUIT IMPLEMENTATION

Circuit implementations of RSEC are shown in Figs. 17—
19. To easily achieve the superposition in an energy con-
trol, error signals Vg,-Vp, are converted to current signals
I1(Vg1)-Vg4I(Vgy) by four V-I converters in Fig. 17. Total
energy detector detects the valley of Vi, at the end of each
switching cycle, which can achieve energy stacking process
when skip function occurs. Similarly, Vg, is converted to a cur-
rent signal 1 (V). For a relative skip judgment, I(V},,) which
represents the energy layer of Vy; is derived by subtracting

| 3
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g £ 60 = SK; = 3Ki
a; E 200
= 0 50 100 150 200 250
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o
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E 80 ) .
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82 a5 I} Relative skip
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Fig. 24.  Statistic of error signals, skip number distribution, and switching power loss suppression.
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Fig. 25. Ripple performance of fixed slope compensation during versatile

loading current conditions when Vo1 = 3.3 V, Voo =25V, Vo3 =18V,
and Vpy = 1.2 V.
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Fig.26. Ip1 = 1p2 = Ips = 50 mA and I3 = 300 mA (a) with and (b)
without skip function.

the switching cycle. After several switching cycles, an adequate
falling slope can be calibrated. On the other hand, if falling slope
is too steep in Fig. 15(c), V7 leads CLK and the DN signal is
activated to continuously decrease the falling slope.

Overall waveforms of the proposed bidirectional slope com-
pensation are depicted in Fig. 16. During an inductor charging
phase, Viope ramps up with multiple segments according to the

I(Vge) from I(Vgy). In Fig. 18, the skip threshold generator
produces skip thresholds I(Vsy)-I(Vskys) for each output
according to Vi y and Vp1-Vp4. By comparing skip threshold
from I(Vs 1) to I(Vsx4) with each energy layer from (V)
to I(Vgy4), respectively, the skip status from SK; to SK, is
determined after a blanking time of CLK signal. According to
different skip status, energy control signals Vi1 -V, are gener-
ated to achieve (4) by summing currents on four resistors with
the same value of R as depicted in Fig. 19.

Flowchart of the RESC technique are shown in Fig. 20, re-
spectively. When CLK is logic high, Vg, tracks Vgyn and holds
its valley value once next cycle starts. Then, skip threshold volt-
ages are determined by the skip threshold generator. After a
blanking time, SK;-SK, are decided and stored in DFFs at
the negative edge of the signal Vprx in Fig. 18. Next, energy
delivery path is determined by Vi 1-V(4 which are generated
by SK,—S K. Finally, energy can be transferred to four outputs
properly by the relative skipping mechanism.

Fig. 21 illustrates the circuit implementation of a bidirectional
slope generator in Fig. 15(a) which achieves multiple-segment
slope compensation and falling slope calibration simultane-
ously. During an inductor charging time, multiple-segment slope
compensation generates four different compensation segments
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according to the corresponding output voltages D;—D, and
SK,-SK,. Therefore, (10) and (11) are achieved to ensure
a stable operation and to prevent the subharmonic slope com-
pensation. During inductor current discharging phase, falling
slope calibration activates and finds the adequate falling slope.
The falling slope is divided into 3 bits, which is implemented
by eight bias currents M;o—M,q. If falling slope is too flat, the
calibration loop in Fig. 15 turns on more bias currents from S
to S7 in sequence during the calibration process. On the con-
trary, the calibration loop turns off from S7 to .Sj in sequence
during the calibration process. Finally, an adequate slope can be
derived when Vj,pcreaches zero at the end of each switching
cycle.

V. EXPERIMENTAL RESULTS

Proposed power management with the CCM/GM RSEC tech-
nique for wearable devices was fabricated in a 0.18 um CMOS
process with an active area of 2.24 mm? in Figs. 22 and 23
shows the tradeoff between large switching loss and small volt-
age ripple, which determines the optimal skip threshold voltages
of each output. Statistic data of error signals, skip number dis-
tribution, and switching power loss suppression with Vpo—Vp4
at medium loads are shown in Fig. 24. When V{5, is at medium
loads, no skip occurs owing to a small relative energy. When
Vo1 is under light-load conditions, both proposed RSEC and
conventional absolute skip method start to skip Vp; and output
voltage ripple increases correspondingly. When Vjy; is at heavy
loads, Vp2—Vp4 are skipped alternatively according to the RSEC
technique since their energy are relative low. This skip activa-
tion reduces 60% switching loss compared to the conventional
absolute skip method. Fig. 25 shows the ripple performance
of fixed slope compensation during versatile loading current
conditions when Vo1 = 3.3V, Vs =25V, Vp3 =1.8YV, and
Vo4 =1.2 V. When Ip;—-1p4 are under light-load conditions,
the SIMO converter enters into the GM. The ripple slightly in-
creases since switching operation is paused in some switching
cycles. As the total load currents increase in CCM, larger induc-
tor current flowing through the equivalent series resistance of
output capacitors results in maximum voltage ripple of 40 mV at
maximum loading condition. As the decrease of Iy, skipping
time of V4 increases. However, subharmonic oscillation hap-
pens with fixed slope compensation and, thus, deteriorates volt-
age ripple performance. The proposed multiple-segment slope
compensation facilitates this problem and keeps voltage ripple
within 50 mV during all load conditions.

Fig. 26 demonstrates measurement results of the proposed
SIMO. In steady state with 11, Ip2, Ip3, and Ip4 of 50, 50, 50,
and 300 mA, respectively, V4 requires arelative low energy and
is not regulated without the skip function in Fig. 26(a). If skip
function is activated, all outputs are regulated and the maximum
output ripple is kept below 17 mV as shown in Fig. 26(b). In
Fig. 27, the proposed RSEC technique skips V4 intermittently
and suppresses voltage ripple from 36.2 to 12.6 mV. When one
of the load current changes from 50 to 300 mA as shown in
Fig. 28, overshoot voltage and cross regulation are kept in 27
and 10.8 mV, respectively, with proper energy controlled by
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Fig.30. Comparison of energy allocations (a) with fixed falling slope (b) with

the proposed bidirectional slope compensation.

the RSEC technique. The RSEC technique in GM is shown in
Fig. 29 to reduce switching loss. Fig. 30 shows the comparison
of energy allocations. In Fig. 30(a), with fixed falling slope,
invalid pulse occurs and cases not only higher switching loss but
also deteriorates the power distribution. Thus, the duty cycles
of four outputs are slightly different in switching cycles, which
results in inductor current variation. On the other hand, with
the proposed bidirectional slope compensation in Fig. 30(b),
the eight segments adequately transfer energy to outputs with
stable operations. Comparing with prior arts in Table I, the
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TABLE I

COMPARISON WITH PRIOR ARTS

Proposed 7] [12] 4]
Control Methodology RSEC technique ~ PLL-based + ripple-based ~ Current mode + charge control ~ Current mode + ripple-based
Skip method Relative Absolute Absolute Absolute
Input voltage (V) 2.7-5.5 5 3.4-4.3 2.5-4.5
Output voltage (V) 0.6-5 1~3 1.2-2.8 7.5-10.2, -9.5
Maximum CCM voltage ripple (mV) <40 <50% <40 <160
Maximum total load current (A) 1.2 0.78* 1" 0.11
Maximum load current difference (mA) 300 130" 200" 30
Cross regulation (mV/mA) 0.0432 0.93 0.067 1.5
Load regulation (mV/mA) 0.02 0.93 N/A 1.5
Switching frequency 1.1 MHz 2 MHz 1.2 MHz 700 kHz
Max. efficiency 85.2% N/A 83.1% 80.8%
Power density at Iryax (w /m m?) 1.34 0.17* 1.2 N/A

*Estimated by measurement waveforms.

RSEC technique achieves the smallest voltage ripple and good
regulation performance when skipping occurs. Moreover, the
proposed SIMO converter can provide largest total load current
and load current difference. Cross regulation is minimized to
0.0432 mV/mA.

VI. CONCLUSION

This paper proposes a power solution with the CCM/GM
RSEC technique for wearable devices. Small output ripple and
good regulation are achieved by proper skip judgment with rel-
ative energy between all outputs. Smooth transition between
CCM under heavy-load conditions and GM under light-load
conditions is realized. Moreover, the proposed bidirectional dy-
namic slope compensation can conquer subharmonic oscillation
and invalid pulse for energy delivery in current-mode SIMO con-
verters. Experimental result shows that output ripple is smaller
than 40 mV in CCM with large load difference between four
outputs. Cross regulation is minimized to 0.0432 mV/maA.
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