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Abstract: This paper introduces a reference-free, scalable, and energy-efficient dynamic voltage scaler
(DVS) that can be reconfigured for multiple outputs. The proposed DVS employs a novel swapping
switched-capacitor (SSC) technique, which can generate target output voltages with higher resolution
and smaller ripple voltages than the conventional voltage scalers based on switched-capacitors.
The proposed DVS consists of a cascaded 2:1 converter based on swapping capacitors, which is
essential to achieve both very small voltage ripple and fine-grain conversion ratios. One of the serious
drawbacks of the conventional voltage scalers is the need for external reference voltages to maintain
the target output voltage. The proposed SSC; however, eliminates the needs for any reference voltages.
This significant benefit is achieved by the self-charging ability of the SSC, which can recharge all
its capacitors to the configured voltage by simply swapping the two capacitors in each stage. The
proposed SSC-DVS was designed with a resolution of 16 output levels and implemented using a
130 nm CMOS (Complementary Metal Oxide semiconductor) process. We conducted measured
results and post-layout simulations with an input voltage of 1.5 V to produce an output voltage range
of 0.085-1.4 V, which demonstrated a power efficiency of 85% for a load current of 550 pA with a
voltage ripple of as low as 2.656 mV for a 2 K() resistor load.

Keywords: switched-capacitor; voltage converter; dynamic voltage scaler; high energy efficiency;
swapping capacitor

1. Introduction

Voltage converters are essential building blocks for many low power devices, such as biomedical
devices, mobile phones, wireless sensor networks, energy harvesting devices, and internet-of-things
(IoT) devices [1-6].

Nowadays, switched-capacitor voltage converters are the most popular architectures due to
their process compatibility, high efficiency, and small area when integrated on-chip. Although
inductor-based DC-DC converters have been commonly used in classical applications, they almost
always require off-chip inductors, which makes them unsuitable for on-chip voltage scalers supplying
multiple power domains. Implementing on-chip inductors incurs excessive chip areas for present
process technologies. It also requires a special process to achieve an on-chip inductor with a
high-quality factor, which increases both the complexity and the cost.

C. Huang et al. [7] demonstrated effective methods that can improve the quality factor of the
inductor based on a packaged bond-wire-based inductive converter. This approach; however, requires
special bonding wires that makes its fabrication impractical. On the other hand, conventional voltage
converters based on switched-capacitors offer energy efficiency with only limited switching frequency
and specific output voltages. Operating such voltage converters in non-optimal conditions often
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result in significant degradation in their energy efficiency. Moreover, to add more conversion ratios
to switched-capacitor (SC) voltage converters, like a series-parallel SC converter, often increases the
design complexity and the area of capacitor array while degrading the efficiency [8-13].

Loai G. Salem et al. [14] presented a voltage converter based on recursive switched-capacitor
topology. It achieves 2" conversion ratios with a peak efficiency of 85.8%. This architecture; however,
requires an excessive number of switches. In addition, the number of control signals increases, thus
the complexity of the controller increases as well. Moreover, it needs extra bias voltage and a reference
voltage, which requires additional circuits. Moreover, the reported architecture does not offer the
scalability, which is important for DVS. In other words, if we need to change the target voltage or
increase the number of voltage levels, we must redesign the whole circuit.

Switched-capacitor down-converters and up-converters based on the self-oscillation technique
have been reported by [4,15,16]. To generate just one conversion ratio of 1:2 or 2:1, they implement
an odd number of stages, usually more than three stages, with a delay circuit added between every
two stages. Therefore, they require a large number of switches; in addition, they add two capacitors
for each stage, leading to an area increment. They also do not offer the reconfigurability, which is
required for DVS. Suyoung Bang et al. [9] reported a voltage converter based on the SAR (Succcessive
Approximation Switched-capacitor) structure. It provides 2" ratios with a peak efficiency of 72%.
This architecture; however, suffers from the cascaded losses, in which some stages take the charges
only from the previous stage, not from the supply voltage, so such losses are unavoidable in this
architecture. It also requires a comparator and a reference voltage generator. To provide the reference
voltage; thus, they implemented a voltage regulator based on 2" diodes formed by connecting PFETs
(P-channel Field Effect Transistors) in series. This makes the voltage regulator become excessively
complex as N increases, in addition to the growing overhead of the configuration switches.

A soft-charging SC voltage converter is presented in [17]. It employs stage out-phasing and
multi-phase soft-charging approaches. They can reduce the energy loss caused by charge-sharing,
provide better capacitance utilization, and higher efficiency. It; however, divides each stage into m
sub-stages with extra phase control signals. This leads to excessive design complexity and poor energy
efficiency for a large number of sub-stages.

To resolve the problems of the previous converters discussed above, this paper presents a
dynamic voltage scaler (DVS) based on cascaded, swapping switched-capacitors (SSCs). It provides
high-resolution outputs, high power efficiency, and low voltage ripples. It also allows a wide-range
input voltage, while concurrently producing multiple outputs with fine-grain steps. The proposed
architecture provides a wide-range of conversion ratios (CRs). For an SSC with n stages, it produces
2" steps with a voltage resolution of V;,/2". The essential component of the proposed DVS is the
swapping capacitor stage with a 2:1 voltage ratio. It maintains the output voltage by periodically
swapping the upper and bottom capacitors in each stage, which ensures that the bottom capacitor is
always charged to the target voltage.

This paper is organized as follows: Section 2 presents the architecture of the proposed DVS
based on cascaded SSCs. Section 3 provides analytic models of the output voltage, current flow,
and steady-state energy efficiency of the proposed SSC-DVS. Section 4 demonstrates the simulation
experiment results of the proposed circuit. Finally, Section 5 highlights the key contributions of
this work.

2. The Architecture of the Swapping Switched-Capacitor-Based DVS

2.1. Circuit Operation

Figure 1 shows the structure of each stage of the proposed SSC. It consists of two equal-sized
capacitors and eight switches. The capacitors work as a voltage divider to generate the average of
the two inputs, while the switches are used to swap the two capacitors’ positions. By swapping the
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capacitors faster than the changes in their voltage, the capacitors can maintain the output voltage of
each stage. The unit cell of Figure 1 operates as follows:

1.

Two inputs Vj and V; are applied to the SSC-DVS input ports to generate the average value
Vout = @

In phase 1, the bottom capacitor, Cp, delivers the charges to the load circuit, and thus the amount
of Cp’s charge decreases. Therefore, the voltage across Cp decreases while the voltage across
Cr increases over time. When at the middle of switching time (%) , the controller switches to
phase 2.

In phase 2, the controller reconfigures the cell by swapping Cg and Cr. Then Cp’s positive
terminal is connected to V', while its negative terminal is connected to Vy, as illustrated by
Figure 1c. On the other hand, Cr’s positive terminal is connected to V,,; while its negative
terminal is connected to V5, as illustrated by Figure 1c.

In phase 2, Cr supplies the load.

When T, the controller switches back to phase 1, and the above steps are repeated.

I_/_z V;
v,—22{? P24 Vo_i”z_l ....... 5
v, 2270 v, o 027G Cr po L2 C
LVO '¢_1°Vo }_°Vout
Vi Jg—_[(ol Vyo—t 3—¢1 .......... . VIJ“Z—J_C
v 2270 PTG Y, —LAT R
I(I’I 1 l
V, V,
(@) (b) ©

Figure 1. The basic unit cell of the proposed SSC (Swapping Switched-capacitor): (a) Schematic of the
unit cell; (b) phase 1; and (c) phase 2.

2.2. SSC-DVS Architecture

Figure 2 shows the architecture of an n-bit SSC-DVS which generates 2" levels of output voltages.

Figure 3 illustrates the detailed circuit schematic of the n-bit SSC-DVS.
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Figure 2. Block diagram of the proposed n-bit SSC-DVS (Dynamic Voltage Scaler) architecture.
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Figure 3. The schematic diagram for the proposed n-bit SSC-DVS architecture.

To quantify the proposed SSC-DVS, the SSC-DVS was implemented using metal-insulator-metal
(MIM) capacitors. We chose MIM capacitors because they provide a relatively large capacitance for
unit space and usually exhibit acceptable process variation. The other integrated capacitors, such as
poly-insulator-poly (PIP) or metal-oxide-metal (MOM) structures, in contrast, exhibit more parasitic
than MIMs [18,19].

Figure 4 illustrates the transmission gate structure of the switches that were used in the
implemented circuit. The transmission gate consisted of NMOS (N-type Metal Oxide Semiconductor)
and PMOS (P-type Metal Oxide Semiconductor) devices, and their body switches. The body switches
can reduce the leakage current using the body switching technique [20,21]. The aspect ratio of

the transmission-gate transistors were (%) = (%) = 02?37“;;, which were selected based on
n }7 :

the maximum target output current, while the aspect ratio of the body switch transistors were
(F)- (7).
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Figure 4. Transmission-gate switch with body switch that was used in the proposed SSC-DVS.

Figure 5a depicts a small example of n = 2 when the target voltages were V,,;; = 750 mV and
Voutz = 375 mV. To explain the operation of the proposed architecture: In phase 1 (¢;) in Figure 6a,
the vertical switches in stage 1 (S11, S31, Ss1, and Sy;1) and stage 2 (S12, S32, Ss2, and Sy,) were ON; while
the horizontal switches in stage 1(Sp1, Sa1, Se1, and Sg1) and stage 2 (Syp, Sa2, Sg2, and Sgp) were OFF.
In phase 2 (¢;) in Figure 6b, the vertical switches were OFF and the horizontal switches were ON.

To generate, for example, conversion ratios of % and 1, we applied D;D; = (00); to connect the
V7 and V; inputs of the first stage to V;,;, and GND, respectively, leading to V;,;1 = V"”JrizGND = %Vm
Then, inputs V; and V) of the second stage were connect to V,,;; and GND, respectively, producing
V"””JEGN D O'SVI'";”GND = %Vin. Figure 6a,b show ¢; and ¢, phases, used to configure the
switches of the swapping process to generate conversion ratios of % and }1.

In the second configuration of Figure 7, we applied D;D; = (01), to generate conversion ratios
of % and %. Figure 7 shows phases ¢; and ¢, to configure the switches of the swapping process to
generate conversion ratios of % and % We connected inputs V; and V) of the first stage to V;, and

VoutZ =



Energies 2019, 12, 625 5o0f 22

GND, respectively, resulting in V,,;;1 = LZGND = 1V,

Then inputs V; and V) of the second stage
were connected to Vg1 and Viy, respectively, giving V10 = V‘”‘”'EGN D — 0‘5‘/"’?‘/"” = %Vin. With
Vin of 1.5V, hence, the above SSC-DVS could generate 375 and 750 mV when D;D,= (010),, while

producing 750 and 1.125 mV when D;D; = (01),.
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Figure 5. A 2-bit example of the proposed SSC-DVS architecture with two configurations of: (a) D;D;
= (00); and (b) D1 D7 = (01);.
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Figure 6. A small example of 2-bit SSC-DVS architecture with conversion ratios of % and %: (a) Phase 1
(91); and (b) phase 2 (¢2).
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Figure 7. A small example of 2-bit SSC-DVS architecture with conversion ratios of % and %: (a) Phase 1
(¢1); and (b) phase 2 (@3).
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3. Analytic Model

This section provides steady-state analysis for target output voltages of the proposed SSC-DVS.
It also derives the current model of the proposed architecture while calculating its energy efficiency.

3.1. Steady-State Output Voltage

The output of the proposed SSC-DVS was connected in parallel with an output capacitor to reduce
the voltage ripple. Table 1 shows the simulation results of the effect of the output capacitor size on the
voltage ripple. Here, Vg;ypjen corresponded to Vourn where 1 <n < 4. The voltage ripple was measured
for all the four outputs of 4-bit SSC-DVS. For example, Table 1 shows that the voltage ripple gave a
maximum value of 2.16 mV for Cy, of 500 pF, whereas it gave a minimum value of 0.199 mV for Cy of
4 nF

Table 1. Output capacitor size versus output voltage ripple for 4-bit SSC-DVS architecture.

Cr (nF) VRipplel (mV) VRippleZ (mV) VRippleS (mV) VRippleé! (mV)
0.5 2.16 1.72 1.67 1.72
1 1.1 0.854 0.849 0.955
1.5 0.74 0.568 0.567 0.575
2 0.556 0.424 0.425 0.43
2.5 0.44 0.335 0.338 0.337
3 0.363 0.28 0.283 0.288
3.5 0.317 0.237 0.242 0.245
4 0.275 0.21 0.199 0.212

In phase 1 (¢7), the bottom flying capacitor Cp delivered the charges to both the output capacitor
and the load resistor. The n-bit SSC-DVS provided n output voltages. Each output voltage could
be described by Equation (1). The conversion ratio (CR) of K output voltage could be expressed by
Equation (4).

Vourt 0 o 0 0 (1 + Dl) ZLV'Vzn
Vout2 0 e 0 (1+Dy) Dy :
Vouts = R (1 + Dl) D, Ds X Z%Vm 1)
: : : : : 2 Vin
Voutn | (14Dy) -+ Dy,  Duy Dy | 5t Vin
Vout = CR x Vi, ?)
. Vi
Resolution = 2—11? 3)
CR = Resolution x (14 Beoge, ) 4)

Here, Voui, is the output voltage of the n stage, Dj, is the digital configuration bit of n stage to
select the top voltage V; or bottom voltage V5, By, is the binary code (decimal value) which consists
of K digital bits Dy, D5 - - - D (Dj is the MSB (Most Significant Bit)), and K is the number of stages in the
range of 1 < K < n. The following examples explain the voltage equations. A 6-bit SSC-DVS with 1.5V
input voltage generated 2° = 64 voltage levels with a voltage step of 12—65 ~ 23.44 mV, while it generated
multiple outputs up to 6 outputs simultaneously. Figure 8 shows a 6-bit SSC-DVS example with two
different configurations By, = (010110), and B4, = (001100);. Table 2 shows the conversion ratios for
the generated output voltage levels. In Figure 8, the top port of the first stage was connected to the V;,,,
while the bottom port was connected to GND with “0”. Hence, the V,,;; equals the average of the two
inputs of the first stage leading to V,,;;1 = LZGND = % = 0.75mV. Then, V,,;; was supplied to
the top port of the second stage, while the bottom port was connected to V;,, due to the second bit “1”



Energies 2019, 12, 625 7 of 22

in B.yge= (010110),. Hence, V10 = Vin +2Vout1 - 1-5+20~75 = 1.125 V. In this way, the steady-state output
voltage of each stage could be determined by selecting a configuration code.

Vin ____Vi'”_’ o Yoz o Vo e
12l Ies2) Is3/2) I5,/2, Iss/2)
s | | 1 | ) | )
Vourt - ¢(; 1 Vour '_'(e'z__] (ﬂCl W Vous 22 (I)Cl W Vours - (::l | Vous 2 (I)Cl
02 T | 925-Cr | P2 T | P2 T | P2 T
! Q S1 : ? @ ISI : Vj Q 193 : V4 Q IS‘J : V5 Q
o] Tt T et T et T e
[} | | [}
e M I L S S T I e L e “’C GVt “’C
) )
= D U = A O = A i O [T e
D1 D1 I {91 = W2

T
Vie — GND
rode= (0101 10)2 CR=27/64
(a)
Vin __ Yo Vour2 Vous Vit
1;,/2'|' I5:/2) Is3/2) I5,/2, Iss/2) Ise/2)
[} | | [}
T 1 1 1
[} | | [}
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Cn » i) 2:5Cs |, i) 2:7Cs |, i) 0:7Cs |, 2 9:7°Cp
Vour T NS Vourz T % |t Vouas — N SV ouest— 1 S| Vousst—
f‘#l 15 {‘/’1 5 P1 M) P1

Beoue= (001100), CR=13/64
(b)
Figure 8. A 6-bit SSC-DVS with multi-outputs based on: (a) B.y.= (010110),; and (b) Byz.= (001100)s.

Table 2. Two different configuration codes with conversion ratios and generated output voltages.

Beode = (010110), B_ode = (001100),
Voutk CR Value (V) Voutk CR Value (V)
Vouti 1 0.75 Voutl 3 0.75
Vout2 % 1.125 Vout2 % 0.375
Vout3 2 0.5625 Vout3 2 0.9375
Voutd % 1.03125 Voutd % 1.2187
Vouts §7 1.26562 Vouts %7 0.609
Vouté 2 0.6328 Vouté 2 0.304

3.2. Analysis of Steady-State Current Flows in Each Stage

This subsection analyzes the current flow of SSC-DVS in two cases: A single-output case and a
multi-output case.

3.2.1. SingleOutput Case

Figure 9 shows two configuration examples of a 6-bit SSC-DVS with a single-output based on
two different configurations. Figure 9a,b show current paths of the SSC-DVS with By;,= (010110), and
Booge = (001100);, respectively. The conversion ratios for the two examples were CR = ZZ and CR = 64,
respectively. Equation (5) describes a generalized equation of the output current at the n-th output
Voutn for the proposed SSC-DVS architecture, illustrated by Figure 3.
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Figure 9. A 6-bit SSC-DVS with single-output based on: (a) Bg,z.= (010110),; and (b) B,z.= (001100);.

I o Iin
outy, — C R,
27’!
X
1+ Ck=i 251Dk
Here, I;;, is the input current and I, is the output current of the n-th stage. For the example
of Figure 9a, which has B,4,= (010110)2 producing a conversion of 2 4, each output from stage 1 to
stage 6, respectively, provided 35 louts, 116 Toute, é Toute, }L Touts, % Touts, and Iy,6. Based on Equation
(5), the total input current at the input port V;, was I;;, = é—i Touts- Here 1,6 was the output current at
the final output Vy¢, as illustrated in Figure 9a. The current I;, drawn from the V;, source could be
calculated as [;;, = (61—4 + 317 + % + %) -Iouts by Equation (5).
In the second example given in Figure 9b, the current for each SSC stage could be calculated
in the same way as the first example using Equation (5). The total current at the input port V;,, was

©)

Iin (6)

Iout,1 =

I, = é%-louté, which was calculated by Equation (5) as I;; = (& + 11—6 + %) Touts-

3.2.2. Multi-Output Case

Figure 8 shows the current flows of the same 6-bit SSC-DVS, as the single-output case, above
using the same configuration codes. It was; however, configured to generate multi-outputs
simultaneously Figure 8a,b show the current flows in each stage for codes B, = (010110); and

Boge = (001100);, respectively.

Equation (7) represents the current I, of the nth stage in terms of its load current and the input
current taken by its next stage, which was the (n+1)th stage. The current I;;, drawn from the input
voltage source V;;, could be expressed by Equation (8). It was expressed by the half of the sum of the
individual current for the stages that were supplied by V;,. Equation (9) describes the current [;;, as a
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function of the output current and the conversion ratio of each stage where CR;, is the conversion ratio
of the n-th stage. By substituting Equation (10) in Equation (9), the I;;, could be expressed by Equation
(11).

1
Isy = Toutn + W X Is(n+1) (7)
1

Ly = 5(151(131 +1) +Is2Dy + - - - + I5,Dp) (8)
Iin = CR] Ioutl + CRZIoutZ + -+ CRnIoutn (9)

Voutn Vzn
I = =CR (10)

outn RLn n RLn

CR? CR3 CR?

L. =V Bt S Rt AN n 11
m m X <RL1 + RL2 + + RLn ( )

Equation (12) to Equation (17) describe the current that was provided from each stage for the
example of Figure 8.

1 1 1 1 1

ISl = Ioutl + EloutZ + ZloutS + gloutél + EloutS + ﬁloui% (12)

1 1 1 1
ISZ = Loy + EloutS + Elout4 + gloutS + Elou% (13)

1 1 1
153 = Iout3 + iloutél + ZLIoutS + glouté (14)
1 1
Isy = Louta + EloutS + 1Iout6 (15)
1

Iss = Toyss + ilout6 (16)
Ise = Loute (17)

In the 6-bit SSC-DVS example of Figure 8a, configured by B, ,4.= (010110);, six output voltages
were achieved simultaneously with conversion ratios of %, %, %, %, %, and %, respectively. Each SSC
stage provided an output current for its own load and for the next stage as well. By substituting these
conversion ratios in Equation (10) with V;, = 1.5 V and all load resistances with R ; = Rjp =--- =Ry =
2 KQ), the estimated total input current drawn from V;,, source was [;;, =~ 1.736 mA.

In the example of Figure 8b, a code B,4= (001100), was applied to produce six outputs with
conversion ratios of %, 411' %, %, é—g, and é—i, respectively. By substituting these conversion ratios in
Equation (10) with the same conditions as in the previous example, the total input current drawn by
the source was calculated as I;;, = 1.177 mA.

Figure 10 shows a comparison between error currents that came from each stage based on the
simulation and calculation in the example of Figure 8a. Both the ideal and calculated currents were
estimated using Equations (12)—(17). The ideal current employed these equations with the assumption
of ideal V1, (no-load was connected), while the simulated current employed Vs, obtained from
simulations with load resistances of R;; = Rp» = - - - = Ry 4 = 10 KQ. It showed a maximum error of 2.6%
between the simulated and ideal, while it showed a maximum error of 1.8% between the calculated
and ideal. Figure 10 validates the correctness of the equations by proving that the equations well

match the simulation results of the current per stages.
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Figure 10. Comparison between simulated and calculated input currents errors per stage.

Figure 11 shows the error current of calculated and simulated input currents, which were drawn
from V, for the example of Figure 8a when the load resistance was varied from 1 to 60 K(). The error
current curve shows that the simulated and calculated currents matched well in general, with the
largest difference of less than only 7.5%, which occurred when a heavy load was connected. Figure 11
shows that Equation (11) perfectly matched the simulation results when a light load was connected.

2 4 6 8 10 12 14 16 18 20 26 36 46 56 61
RL (KQ)

Input Current Error (%)
S = N W kA U0 N 0

Figure 11. Input current error drawn by the source V;,, with varying R; load.
3.3. Efficiency Analysis

This subsection analyzes the energy efficiency of the proposed SSC-DVS architecture. We used
the example of 1-bit SSC-DVS in Figure 1 again for simplicity. Figure 12 represents the charge transfer
model for 1-bit SSC-DVS. Here, C,; is the equivalent capacitance of the flying capacitance Cr and Cg,
where C,; = Cr + Cp. Rp is the parasitic resistance. For simplicity, we assume that Rp is negligible in
the remaining analysis.
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@) (b)
Figure 12. Charge transfer model of 1-bit SSC: (a) Charge distribution phase; and (b) delivery phase.

If the maximum voltage Vi, across Ceq is larger than the minimum output voltage Vi, in, the
charges in Ce; gets shared with C; and also gets dissipated by Ry until C; is fully charged and I,
becomes 0 A, as shown in Figure 13. Right after this process, capacitors Ce; and Cy, transfer part of
their energy to the load resistor R;. Depending on the status of Cy, we analyze the energy efficiency in
two phases: (1) charge distribution phase, and (2) delivery phase.

4 o

=
§ E b1
= 1 (III [ () 1s]
- I < > %

+ e === == - = = ———
E | : VCBmax
-}
S | ~ _\ - i ___I_/CBmin
E )._\i ---?‘(\'--}"\---"'\--"-"17
SEO N NN N outmax
>° _"__Eyl____\'_____\’ ___}\___Voutmin

860 862 864 866 868 8.70
Time (uSec)

Figure 13. Voltage waveforms of phase control signal, Cp, and output load V.

3.3.1. Charge Distribution Phase

Due to unbalanced initial voltages on C,; and C;, when Veyax > Viypmin, Ceq delivers charges to
Cr and Ry, until Cy is fully charged. By using the charge conservation principle, we can model the
amount of charge delivered from Ce; to C and Ry by Equation (18). Let I, represent the total load
current drawn by the load circuit. For the sake of simplicity of proving the concept, we assume in this
paper that the load current is constant regardless of the load’s supply voltage changes. Hence, we can
model the load circuit by a resistor Ry

Ceqg(Vemax — Vemin) = CL(Voutmax — Voutmin) + Ir, Tcp (18)

Here, Vcin is the voltage of Ce; after the charge distribution process, while Viytay is the voltage
of Cy after the charge distribution process. In addition, Tcp is the time duration for the charge
distribution process to reach the condition Vi = Voutmax. The maximum output voltage can be
expressed by Equation (19). The average output current Iz can be calculated by Equation (20) under
the assumption that Tcp is much smaller than the time constant of the circuit.

T,
CquCmux =+ (CL - %) Voutmin

(19)

Voutmux =
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_ Voutmax + Voutmin « i

I, = 2
R, 5 R, (20)

3.3.2. Delivery Phase

In the delivery phase, capacitors C,; and C; transfer part of their charges to the load resistor
Ry in the remaining time of (% - TCD)/ where % is half of the switching period. By applying the
charge conservation principle, we can model the amount of charge delivered from C,; and Cy, to Ry, by
Equation (21), while we can calculate the final voltage across the C¢; and C;, by Equation (22), assuming
that Rp is negligible like in subsection C.

T

Ceq(Voutmux - VCmin) + CL(Voutmux - Voutmin) = IRL (2 - TCD> (21)
(Ceq +CrL)Rp — (% - TCD)

Voutmin = Voutmax X T (22)
(Ceq +CL)RL + (7 - TCD)

3.3.3. Losses Analysis

In SC voltage converters there are two kinds of losses that are dependent or independent of the
load current Ig;. The losses that are dependent on the output current include SC loss and switch
conduction loss. While the losses that are independent (current loss, Ij,5;) of the output current include
the gate and bottom plate capacitor switching losses [22,23].

Figure 14 presents a model to calculate the total power loss in the proposed circuit. In Figure 14,
the independent losses were modeled by a series resistance Rg, while the independent losses were
modeled by a shunt resistance Rgj,. The total power losses in the proposed circuit can be expressed by
Equation (23)

Pross = pRs + pRS,, (23)
2
PRS = (IRL) X RS (24)
2 Vturget 2
Prg, = (l1oss)” X Rgp, = R, I, | X Rgy (25)

-------Y--Y--

Figure 14. Simplified model for power loss calculations.

The equivalent series resistance could be calculated by Equation (26), which was derived based
on Equations (6) and (7) in reference [22]. While the equivalent shunt resistance could be calculated by
Equation (27), which was derived based on Equations (10) and (11) in [22].

1 RonMsy

_ i 26
MCapCequw Wsw ( )

Rs

1 1
= +
Mot Cpott Fsw WSngaterw

Rs (27)



Energies 2019, 12, 625 13 of 22

Here, Mc,y is a constant related to the converter’s output resistance and it determined based on
the converter topology (e.g., for the SSC Mc,, = 4). Fsy is the switching frequency, R,y is the switch
resistance density, which is measured in (3-m, Wg,, is the total width of all transistors, and Mg, is
a constant which is determined by the converter’s topology (e.g., for the SSC Mg, = 16). My, is
a constant related to the converter’s topology (e.g., for the SSC My, = 2), Cptt is the bottom plate
capacitance, and Cgt is the gate capacitance density in F/m of the switches.

Based on Equations (19) and (22) we could calculate the average output voltage; thus, we could
estimate the power that delivered to the load P,,;. We could, also, calculate the power loss by the
proposed SSC by using Equation (20) and Equations (23)—(27). Thus, we could calculate the efficiency

by Equation (28) as well.
Pout

= Pout + Poss
Table 3 shows the simulation and calculation results of the power efficiency for the 1-bit SSC-DVS
example shown in Figure 1. Schematic-level circuit simulations were conducted with two different

(28)

loads, of 2 and 10 KQ). We measured the maximum voltage across C,; for both stages from simulation,
then we calculated the average output voltage using Equations (19) and (22). Table 3 validates the
accuracy of Equations (19), (22), and (28) in estimating the output voltage and efficiency. Table 3 shows
that the results calculated by our analytical model (Equations (19)—(28)) closely matched the simulation
results. The difference in the output voltage and efficiency, respectively, was less than 1 mV and less
than 0.05%.

Table 3. Comparison of power efficiency based on simulation and calculation for 1-bit example.

Parameter Ry =10KQ, CR=} Ry =2KQ, CR=}
Simulated Calculated Simulated Calculated

Vout (mV) 745.66 745.7 728.881 728.95
Tout (LA) 74.566 74.57 364.4405 364.475
Tjpss (LA) 0.434 043 10.5595 10.525
Pout (LW) 55.6009 55.6068 265.6337 265.684
Pjoss (LW) 0.649 0.646 15.616 15.565
7 (%) 98.8 98.85 94.447 94.465

4. Experimental Results

4.1. Experimental Environment

We have implemented a test chip of the proposed dynamic voltage scaler using a 130 nm CMOS
process. The design, simulation, and implementation were carried out using the Spectre simulator tool
of the Cadence Design Suite. Figure 15 shows the circuit schematic of the implemented 4-bit SSC-DVS
that provides 16 voltage levels. We supplied V;, of the SSC-DVS with 1.5 V, while connecting the
output to a simple load circuit. The load circuit was modeled by a resistor, Ry, of 2 K in parallel
with a load capacitor, Cr, of 1 nF (twice the flying capacitors) to demonstrate the performance of the
proposed voltage scaler. Figure 16a shows the layout design of the test chip, while Figure 16b shows
the micro-photo of its fabricated silicon. Due to area limitation in the silicon, we implemented a small
4-bit SSC-DVS architecture with on-chip capacitors of a small size of 0.4 nF, with RC load of 1 nF and
2KQ.
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Figure 16. (a) Layout and (b) die micro-photograph of the proposed SSC-DVS architecture.

4.2. Performance of thePproposed Swapping DV'S

4.2.1. Target Output Voltage

Figure 17 shows the simulation result of the output voltage of the implemented 4-bit SSC-DVS.
It shows accurate 16 output voltage levels based on the configuration code D;D;D3Dy. It also
compares the circuit simulation results with the post-layout simulation results. Figure 17 shows
the two simulation results that demonstrate 16 voltage levels. The circuit simulation, highlighted by
black color, produced V,,; from 82.3 mV to 1.42 V with a resolution of 85 mV. On the other hand,
the post-layout simulation, indicated by red color, generated V,,: of 16 output voltage levels from
80.76 mV to 1.35 V with 80 mV resolution. The voltage step of the output for this example circuit could
be calculated by Equation (3) as 93.75 mV. The difference in V,,’s step-size between the analysis result
and the circuit schematic simulation was 11.23 mV, while the difference in V,,;’s step-size between the
analysis result and the post-layout simulation was 13.75 mV. These differences were attributed to the
voltage drop across the switches and parasitic components.

Figure 18 illustrates the measured results of the proposed SSC-DVS. It shows accurate 16 output
voltage levels from 45 mV to 1.424 V for V4, while it shows accurate eight output voltage levels from
117 mV to 1.242 V for V3.

Figure 19 shows the measured settling time of the SSC-DVS. It shows 900 nS when the target
output voltage was reconfigured from 465 to 550 mV, with an input supply of 1.5 V when the load
current was 275 pA. It shows, also, a very small overshooting voltage of 5 mV.
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Figure 17. The simulation and post-simulation results of the output voltage levels of the
proposed SSC-DVS.
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Figure 18. The measured results of the output voltage levels and the ripple voltage of the
proposed SSC-DVS.
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Figure 19. The measured results of settling time of the proposed SSC-DVS architecture.
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Figure 20 shows the post-layout simulation results of the load regulation when the load current
changes. When the target output voltage was set to 1.031 V and the load current received a perturbation
by digital control signals, we observed fluctuation of the output voltage. Figure 20 shows negative and
positive transitions of the output voltage when the current changed from 50 to 495 pA and from 495 to
50 pA. The settling time for load regulation was 300 ns for the negative transition, while the settling
time was 360 ns for the positive transition.

Voum(v)

Time (us)

Figure 20. The post-layout simulation results of the load transient performance of the proposed
SSC-DVS architecture.

4.2.2. Voltage Ripples

Figure 21 shows the post-layout simulation result of the output voltage ripple for the above
SSC-DVS test chip, which was obtained with a wide range of capacitor size. It can be observed that
the voltage ripple ranged from 1.5 to 4.5 mV. This small ripple voltage was obtained thanks to the
highly-efficient recharging operation of the swapping capacitors. It also shows that the voltage ripple
further decreased when the capacitor size increased.

0 I ) I ) I ) I ) I )
0 200 400 600 800 1000
C (pF)

Figure 21. The post-layout simulation results of the output voltage ripple of the proposed SSC-DVS
versus the flying capacitor C when V;, = 1.5V, Ry =2 KQ, and Fgy = 50 MHz.

Figure 22 shows the post-layout simulation result of the voltage ripple along with a wide range
load resistance Rr. It changed exponentially from 90 uV to 8.43 mV, a significantly smaller ripple
voltage than previous designs reported in [9,13,15].
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I ' I ' I ' I ' I ' I
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Figure 22. The post-layout simulation results of the output voltage ripple of the proposed SSC-DVS
versus the load resistance R} when V;, =1.5'V, Fgyy =50 MHz, and C= 50 pF.

Figure 23 shows the post-layout simulation result of the voltage ripple along with varying
switching frequency Fsy. It varied exponentially from 78.3 to 0.166 mV along with a frequency range
from 1 MHz to 1 GHz. The larger ripple voltage at low frequency was attributed to the fact that the
difference (AV = Vi — Vour) between the voltage across the bottom capacitors Cp; and the voltage
across the load resistor increased as the frequency decreased. This increased voltage ripple led to a
slight loss in efficiency.

100

(mV)
Ll IT

Ripple

\%

1 T T T °1
0 200 400 600 800 1000
Frequency (MHz)

Figure 23. The post-layout simulation results of the output voltage ripple of the proposed SSC-DVS
versus the switching frequency Fsyy when V;;, =15V, Ry =2 K(Q, and C = 50 pF.

Figure 24 shows the post-layout simulation result of the voltage ripple along with varying target
output voltage V. In this simulation, we applied V;,, =1.5V, Fgyy = 50 MHz, C = 50 pF, and R}, =2 KQ.
The voltage ripple changed almost linearly from 0.15 to 1.1 mV.

Figure 18 shows that the measured output voltage ripple for the SSC-DVS test chip was 2.656 mV.
This small ripple voltage demonstrated that the proposed SSC-DVS was highly efficient in minimizing
voltage ripple.
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Figure 24. The post-layout simulation results of the output voltage ripple of the proposed SSC-DVS
versus output voltage when V;, =1.5V, Ry =2 KQ), Fsyy =50 MHz, and C = 50 pF.

4.2.3. Efficiency

0 12 1.4

Figure 25 shows the efficiency of the proposed SSC-DVS obtained by post-layout simulations
with varying capacitor size C. Figure 25a shows that it provided very high efficiency for most of the
capacitor size, while it loss the efficiency down to 80% for the capacitor size below 1 pE. In order to
maintain high efficiency in the case of small capacitors, we could use a higher switching frequency.

100 — 100 —
& _- ~ 80 _-
S 80 i $ i
A
?w— 2 60
4 2 g
.g 40 — .g 40 —
E - -
&= 20 E 20 —
0 ) I ) I ) I ) I ) 0 ' I ' I ' I ! I !
200 400 600 800 1000 200 400 600 800 1000
C (pF) C (pF)
(a) (b)

Figure 25. The post-layout simulation of the efficiency of the proposed SSC-DVS architecture versus
flaying capacitor C when V;,, =1.5'V, R =2 KQ: (a) Fsyy = 50 MHz; and (b) Fsy = 1 MHz.

Figure 26 presents the simulation results of the efficiency for varying the load resistance Ry..
In Figure 26, the schematic simulations showed high efficiency from 90% to 95% for heavy load
cases, with Ry, < 25 KQ). This efficiency was measured as 85% to 92% when tested with post-layout
simulations. This difference between the schematic simulation and post-layout simulation was due to
the parasitic capacitance and resistance considered in the post-layout simulation.

Figure 27 illustrates the circuit simulation and the post-layout simulation of the efficiency for
varying switching frequency, Fsyy. The circuit simulation shows the efficiency increased exponentially
from 30% at Fsyy = 1 MHz to 99% at Fsyy = 1 GHz. For higher Fgsyy values, the efficiency saturated at
99%. In other words, the difference between the output voltage and the voltage across the bottom
capacitor Cp was very small. In contrast, at a very low switching frequency below 1 MHz, it exhibited
a poor efficiency of 30%. This was due to slow charging and discharging operations for the bottom
capacitor Cg. We could keep the efficiency high by increasing the capacitor size, as shown in Figure 25b.
On the other hand, in Figure 27, the post-layout simulation exhibited efficiency 10%—20% lower than
the circuit simulation result for the frequency higher than 200 MHz. The lower efficiency could be
explained by the fact that we used regular transistors, not radio frequency (RF) transistors for the test
chip design, thus the post-layout simulation experienced higher parasitic values at high frequency.
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Figure 26. The post-layout simulation of the efficiency of the proposed SSC-DVS architecture versus
the load resistor R when V;, =1.5V, Fgyy = 50 MHz, C = 50 pE.
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Figure 27. The post-layout simulation of the efficiency of the proposed SSC-DVS architecture versus
the switching Frequency Fsyy when V;,, =1.5V, C =50 pF, R =2 KQ.

Figure 28 presents the efficiency of the proposed architecture when the temperature varied from
—40 to 120 °C. It showed almost constant efficiency of 94% for the schematic simulation, while it
showed 91% efficiency for the post-layout simulation. Therefore, the proposed SSC-DVS was well
suited for applications operating under large temperature changes.

100
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Figure 28. The simulation and post-layout simulation of the efficiency of the proposed SSC-DVS
architecture versus the temperature when V;, =1.5V, Fgy = 50 MHz, C = 50 pF, R, =2 KQ.
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Figure 29 shows the measured efficiency of the proposed SSC-DVS versus the conversion ratio
and output load current of the fourth stage (Iout4). The efficiency of more than 80% was obtained
with an output load current of the fourth stage (Iout4) in the range of 50-550 pA. The efficiency values
lower than the simulation results were primarily attributed to the slow transition of control signals as
well as the parasitic circuit elements. We expect that the efficiency of the test chip could be improved
to the level of post-layout simulations if we improved the control signals by adding buffer circuits.

90 600
80
Lo 500
~ 60 400 <
> =,
2 30 300 —
@ 40 I X
* :
é 30 200 )
S= 20 -
= 100

=

Conversion ratio

Figure 29. The measured results of the efficiency versus the conversion ratio and the output
load current.

4.3. Comparison

Table 4 compares the key properties of the proposed SSC-DVS test chip with other
switched-capacitor voltage converters recently published. The proposed 4-bit SSC-DVS showed
2% = 16 conversion ratios. The 4-bit recursive voltage converter of [14] shows 2* — 1 = 15 conversion
ratios, while the 7-bit SAR of [9] can provide 117 conversion ratios. The designs reported in [15-17]
show only one to three fixed conversion ratios.

Table 4. Comparison between the proposed SSC-DVS converter and the previous voltage converters.

[9] [14] [15] [16] (171 This Work
Year 2016 2014 2016 2017 2017 2018
Tech. (nm) 180 250 28 180 28 130
Topology 7-bit SAR recélulrjgve Self-oscillation seI;/f[-lélstéiif:til)n Soft-charging sw?i;;ing
Vin (V) 3443 2.5 1-12 0.7-20 32 15
Fsw (MHz) 0.08-2.7 0.2-10 - - 1600 50
Conversion . 111 .
Ratio 117 15 2:1 531 3:1 16
Step Size (mV)  3125@V;, =4V 156 - - - 85
Vout (V) >0.45 0.1-2.18 0.38-0.485 0.7-5.5 0.95 0.085-1.424
Vyipple (mV) >17.15 - <485 - - 2.656
Tout (LA) 300 2000 0.172-435 10.7 40.5-550
C (nF) 2.5 3 0.135 0.722 15 0.4
Efficiency (%) 72 85 87@Vy,; =046 687@V,, =75 82.6 85
Area (mm?) 1.69 4.645 0.104 0.55 0.117 0.334

The proposed SSC-DVS showed an almost rail-rail output voltage range, and; thus, it could
provide extremely low supply voltages to ultra-low power applications. The design of [9] provides
a limited range of supply voltages that are larger than 0.45 V, while the designs reported in [15-17]
provide an output voltage of only 0.5 V;,, or higher. Furthermore, the proposed SSC-DVS showed a
smaller voltage ripple of 2.656 mV. For example, it showed around a 84% and 94% smaller voltage
ripple than the recent voltage converters of [9,15], respectively. The measured results of the proposed
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SSC-DVS showed a peak efficiency of 85%, which was higher than the previous circuits reported
in [9,16,17].

The total size of its on-chip capacitors was 400 pF, while the total area of the SSC-DVS test chip
was 0.334 mm?, including the on-chip flying capacitors and output RC load.

5. Conclusions

In this paper, a reference-free, scalable, and high efficiency, multi-output DVS architecture based on
n-bit swapping switched-capacitor topology is proposed. It employs n-cascaded 2:1 swapping capacitor
stages to generate 2" conversion ratios with a resolution of % Its swapping switched-capacitor unit
forms a structure of self-biasing, and; thus, ensures that the output voltage of each stage converges
to the target voltage, which is determined by the digital code configuration. Thus, SSC-DVS does
not require a power-hungry reference voltage generator and comparator feedback circuits, thus it can
provide significantly higher energy efficiency than previous voltage converters. A 4-bit SSC-DVS was
implemented into a test chip using a 130 nm MagnaChip CMOS process. Post-layout simulations
were conducted with an input voltage of 1.5 V, switching frequency of 50 MHz, and a load circuit that
modeled by a load resistor of 2 K(). The measurements and the realistic simulations, with all layout
parasitic components, demonstrated that it achieved a stable 16 output voltage levels with a step size
of 80 mV, and a ripple voltage as small as 2.656 mV. SSC-DVS exhibited a peak efficiency of 85% when
it supplied a load current of 550 LA—a substantially higher energy efficiency compared with previous
switch-capacitor converters.
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