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Abstract—A quad-output elastic switched capacitor converter
with four cores and per-core digital low dropout regulators
(LDOs) is designed in 130nm CMOS. This design routes power
on demand by sharing the total switching capacitance network
across all the cores and delivering power to each core in a
time interleaved manner. As the current demand of a core
increases, more switching capacitance and switch area resources
are automatically allotted to the core. In case of further power
demand, if the power delivery module can no longer allocate
further resources, then it autonomously changes the voltage
conversion ratio till the demand is met. Measurements reveal
87% peak power efficiency and 2.5x increase in core-frequency
range, thus enabling wider dynamic voltage and frequency scaling
(DVFS).

Keywords—Switched Capacitor Network, Multi-Ratio Switched
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I. INTRODUCTION

With an increasing number of power domains, fine-grain
per-core DVFS and decreasing decoupling capacitance per
domain, power delivery and management in digital SoCs
continue to pose serious challenges. Switched capacitors (SC)
have gained popularity due to their ability to provide high
efficiency and ease of on-chip integration [1]. However, the
SC converters provide high efficiency only within a limited
input and output range as they are designed and optimized for
discrete conversion ratios. Multi-ratio switched capacitor (SC)
DC-DC converters provide high energy efficiency for multiple
conversion ratios and therefore can enhance this range [2-6].
The power delivery system in [5] provides multiple ratios
through cascading several SC DC-DC units each with a con-
version ratio of /2. Unfortunately, cascading losses and output
capacitor after each stage can make the design inefficient. [2]
uses a common integrated controller to produce three different
voltage levels as SC outputs, however, all the three outputs are
produced from three different switched capacitors converter
units. In [3] a reconfigurable dual output SC regulator has
been provided but the two outputs remain fixed to a 2X and a
3X conversion ratio. While multi-ratio SCs enhance the range
of high-efficiency conversion, unfortunately they suffer from
limited energy density due to low on-die capacitance density.
To address this [7, 8] introduce the idea of dynamic resource
allocation. In [7] an integrated dual-output SC converter with
dynamic power-cell allocation is presented. For optimal power
efficiency, the design redistributes capacitance resources until
both the SC channels operate at the same switching frequency.
Although its a single ratio SC converter and such system
the distribution logic can become significantly more complex
for three or more cores, it provides a foundation towards
the philosophy of flexible resource allocation based on load
requirement and enhancing the overall power efficiency.

In this paper, present a quad-output elastic SC (QOESC)
converter with per-core LDO (Fig. 1) that provides regulated
voltage supply to 4 cores. As opposed to a baseline design
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Fig. 1. Detailed top-level structure of the Quad-Output Elastic Switched
Capacitor Converter supplying power to 4 cores.

where a SC converter (SCC) is dedicated per core, the current
design routes power on demand by sharing the total capaci-
tance network across all the cores and delivering power to each
core in a time interleaved manner. As the current demand of a
particular core increases (as indicated by the duty-cycle of the
local phase-based LDO [9]), more resources are dynamically
and autonomously allotted to the core. If the power demand
increases further, the corresponding SCC moves to a higher
output voltage by dynamically switching the conversion ratio.
The proposed topology allows one core to run theoretically at
a power of approximately 4Pyax while others are in standby
(nearly O power), as opposed to a baseline design where
each core can run at a maximum power of Pyax only. The
proposed design enhances the state of art as, (i) demonstration
of switched capacitor design where there is flexible resource
sharing between more than 2 outputs (4 outputs), (ii) the
design scheme is capable of providing multiple ratio to each
of the outputs, and (iii) the efficient design augmented by
resource sharing allows for 87% power efficiency and 2.5x
core frequency range enhancement.

II. ARCHITECTURE, DESIGN & PRINCIPLE OF OPERATION

Fig.1 shows the top-level structure of the QOESC supply-
ing power to 4 cores. As shown each core has its own LDO. We
have used phase locked digital LDO (PLDO) [9] as it provides
a convenient measure of the load current via monitoring the
duty-cycle of the gate pulses of power PFETs. For the SC
design, we have used Extended Binary (EXB) scheme that
uses two flying capacitors to produce 3 ratios with ¥ resolution
[10]. EXB scheme provides a single stage solution for DC-DC
power conversion, hence avoids cascading losses and does not
require any intermediate output stage capacitance.

The detailed architecture of the QOESC test-chip is shown
in Fig.2(a). The figure shows only a single core for ease of rep-
resentation. The capacitance and switch resources have been
divided into 32 identical resource slices, each forming a unit
EXB SC block. QOESC design routes power based on load
current demand (of individual cores). The current demand is
indicated by the duty-cycle of the input pulse width modulated

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on June 28,2021 at 12:49:03 UTC from IEEE Xplore. Restrictions apply.



Resource Slic
(Cap and
Increment Switches)

S Increment Ratio if

resources have

duty_cycleipo_prer_in
> duty_cyclejimit_nigh

START
Compare duty_cycleno prer in

duty_cycleino_prer_in
< duty_cyclejimit_jow

Resource Slice reached allowed limit

duty_cyclejimi _high_
dUty_ Cy CI ellm_low

Digital
-

with duty_cyclejmit_nign &
duty_cyclejimit_jow

Allocated resources

No | Allocated resources| y.o
g Decrease Ratio g ° vco greater than allowed|— No{ lesser than allowed ) Yes
E Decrease ifresources | 8 § limit ? limit ?
< | Resource Slice have reached | § =
§ lower limit Fsw stkapy Increment Increase the SC Decrease Decrease the SC
; QOESC Network —éli resolurce slice conversllon ratio resourlce slice | |conversion raltno
S
s Input PWM signal ]
of power PFETs - Vour,ioo Droap
ase Detector |Repeat from START |
locked LDO Core

(@)
Fig. 2.

(PWM) signals of PFETs of the local phase-based LDO. The
PWM signal forms the input of a 32-bit counter that uses the
same reference clock of the PLDO. The output of the counter’s
duty_cyclerpo_prer v is a digital signature for load current
and is compared to preset duty-cycle thresholds using a digital
comparator. If the duty-cycle is found to be high (low) then
resource slices are added (removed) to the core by increasing
(decreasing) the number of interleaving cycles to the design.
If the duty-cycle of PLDO for a core remains higher than the
higher duty-cycle threshold, even after reaching the maximum
limit of resource slices, then the SCC responds by increasing
the conversion ratio. A similar design is also enabled for the
case when the duty-cycle is below the lower threshold. Fig.
2(b) provides further clarity by providing the decision flow for
resource slice allocation in the QOESC architecture. The SCN
is run at a clock frequency that provides the highest efficiency
for the core with highest power consumption (typically this
is also the core with highest voltage conversion ratio). This
is implemented through a scan programmable VCO, whose
frequency is set by the highest SCN conversion ratio. Cross-
domain regulation/noise is minimized by (1) detecting voltage
droops at a core with high-speed droop detector and (2)
temporarily boosting the SCN clock to a transient frequency
(Fsw_transient = 30MHz) from the steady state frequency
(FSW_STEADY = lO-ISMHZ) as shown in Flg 3. This allows the
flying capacitors to quickly replenish their charge and reduce
cross-domain noise propagation.

The SC network (SCN) uses the EXB scheme, mentioned
before, to generate multiple step-down ratios. Fig. 3 shows
the top-level block diagram for the interleaving and resource
sharing schemes. The current design supports conversion ratios
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Fig. 3. Detailed top-level structure of interleaving and resource sharing
scheme loop control.

(b)

(a) Block level diagram for QOESC architecture (b) Decision flow chart for resource allocation in QOESC architecture.

of %, ¥, and Y. Further, for each output, 32 time-interleaved
phases are generated that reduce output voltage ripple at the
SCN output. Although for resource sharing 16 phases are
enough, using 32-phase interleaving helps in reducing the
output voltage ripple. The 32-stage time interleaving is realized
through 7 circular 32-bit shift registers (bank1l) for each of the
switch controls, as shown in the columns of switch control
table in Fig.4. The resource sharing is implemented through
4 circular 32-bit shift registers (bank2) for the connection
switches of each resource slice to the 4 cores as shown in
Fig.1. The 32 unit SC blocks obtain their phase inputs from
the shift registers in bankl and generate different ratios in
a periodic sequence. The registers in bank2 are responsible
for making the correct connection between the desired ratio
and the desired core. For each of the interleaving SC slices,
a sequence of ratios is generated periodically based upon the
inputs provided by bankl registers and the output voltage is
directed to the desired core through additional switches which
are controlled by the registers in bank2. It takes 4 cycles to
generate each ratio therefore 8 ratios are generated in 32 cycles.

QOESC uses Extended Binary (EXB) scheme to generate
multiple step-down ratios in binary resolution [10]. Unlike
conventional binary representation, EXB refers to a modified
signed-digit representation with 0, 1 and -1 as its numerals.
This allows for multiple representation for the same number
through non-unique EXB codes. The various EXB codes of
a given number Ne(0,1) with resolution of n-bits, can be
translated into different sequence of SCC topologies that would
finally create an output voltage such that ratio of Vgyr to
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Fig. 5. Block Diagram of PLDO and the prototype core

Vv is equal to N. For such a step-down SCC, the circuit
would consist of a voltage source Vin, n flying capacitors
and output load. The scheme allows for a multi-output SCN
design through an arrangement of flying capacitors and re-
configuration switches and can generate 2n-1 ratios. In the
implemented design n=2 therefore we can generate %, % and
Y4 ratios. The circuit diagram and the switch control table for
generating these ratios have been provided in Fig.4.

The SCN output produces discrete output voltage levels,
which are regulated via per-core LDOs (Fig. 5). The current
design utilizes phase-locked LDO (PLDO) with 16 parallel
phases [9]. PLDO utilizes two clocks Frgp, output of reference
voltage controlled oscillator (VCO) and Fyoc generated from a
local VCO (LVCO) that is powered by Vggg. Fig. 5 illustrates
the circuit implementation with a divide ratio, N=1. At steady-
state condition, Frgr becomes equal to Fyoc/N and the phase
difference between Frgr and Fp oc locks to a constant value and
turns the power PMOS ‘on’ for the exact duration of time that
the load current demands to keep Vrgg constant. The phase
locking occurs at each stage of the JC and the total current
provided by all the PMOS devices in a time interleaved manner
enables voltage regulation. For each phase, the duty-cycle of
the PWM at the input of the PLDO’s power PFET, indicates the
current demand of the local core. A high-speed clock samples
this PWM signal of the first phase to digitally represent (4-bits)
the load.

The power network has 4 cores as load. Each core consists
of an SRAM array, ALU, Instruction decoder and a three-stage
pipeline (Fig. 5). Further, scan programmable DC load circuits
and high-speed noise generation circuits are also integrated to
mimic a large dynamic load range, and abrupt load steps.

III.MEASURED RESULTS

The design is fabricated in 130nm CMOS and occupies
2mmx2mm of area. The flying capacitance is divided into
32 equal units that are distributed evenly across the chip
and implemented using dual-mimcap capacitors. In order to
measure the power consumption of individual cores the supply
voltage of each core has been connected to an I/O (input-
output) pad. The 4 cores are heterogeneous in terms of their
functionality, area and their load capacitance ranges from
400pF to 700pF. Chip micrograph is shown in Fig.6.

Fig.7 shows the power efficiency of the SCC at Corel for
the three ratios as a function of the output load current (all
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Fig. 6. Chip micrograph and characteristics.
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Fig. 7. Measured SC power with respect to (a) varying load current (b)

varying output voltage.

the resources are allocated to Core-1). The power efficiency
of the power delivery network (SCC+LDO) as function of the
output voltage is measured at Corel (Fig. 7(a)) showing peak
efficiency of 87%, 81% and 67% for SCN ratios of %, %> and
Ya. Fig. 7(b) plots power efficiency by varying output voltage
for a constant load current of ImA. The graph demonstrates
typical behavior of a multiple ratio SC design. The three peaks
correspond to the three target ratios of %, 5 and 4. The output
voltage is measured as a function of the output load current
for the proposed design and compared with a baseline design.
The baseline design is created by allocating 1/4th of the SCN
resources (capacitance and switch area) for each core and no
adaptation is allowed. By doing this we have each core with a
dedicated and fixed SCC and LDO. The data for both baseline
and proposed design is obtained from the test-chip. In Fig. 8,
we note more than 2X increase in output current at iso-output
voltage and 64%, 50% and 43% increase in the output voltage
for SCN ratios of %, ¥4 and Y. As the load current is increased
the output voltage falls from the ideal output voltage value
(Vo, when load current is 0 mA) due to internal resistance of
the SCC. By design, the maximum drop tolerated, during test-
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Fig. 8. Measured output voltage of proposed vs baseline design vs varying
load current shows improvement of 43-64%.
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chip based measurement and analysis, is !5 of the ideal output
voltage. Below this the output voltage is too low for the correct
operation of the digital load. Power efficiency is measured as a
function of output power for the proposed and baseline designs
for all three ratios and the results are shown in Fig. 9. We note
2-2.7X increase in the output power as well as 68%-90% peak
increase in power efficiency in the proposed design. Similarly,
the output ripple of the SCN (which is indicative of the total
SCN losses) is measured for three ratios for the proposed and
the baseline designs and shows 43% to 52% reduction of ripple
(Fig. 10). Fig. 11(a) shows less than 600ns of wake-up time for
the SCC+LDO as the four cores are simultaneously enabled.
Oscilloscope capture of a full 1 mA load step for a design test-
point where the target dropout requirement across the PLDO
is of 300 mV shows droop recovery is 650ns through the dual-
loop SCC+LDO feedback (Fig. 11(b)).

As a result of the increased operating range from the

Work This Work [2] 4] (8] [71
Technology(nm) 130 180 65 65 28
Topology Step-down Step-down | Step-up/down | Step-down | Step-down
Number of outputs 4 3 2 2 2
Passive On-chip On-chip On/Off-chip On-chip On-chip
Vin(V) 1-12 0.9-4 0.85-3.6 23 1.3-1.6
Vour(V) 0.15-0.9 0.6,1.2,33 0.1-1.9 0.742-1.367 0.4-0.9
Total Capacitance(nF) 4 3 1000 NA 8.1
Power Efficiency(mpeak) 87% 81% 95.8% 70.9% 83%
Max load per Output(mA) 6.4 0.033 Iorl0 12 100
Regulation LDO Freq-mod Freq-mod Freq-mod Freq-mod
Multi-Ratio Yes(3 ratios) | Yes(3 ratios) | Yes(6 ratios) | Yes(2 ratios) No
Fully Integrated Yes No No Yes Yes
Elastic SC allocation Yes No Partial Yes Yes
Power density (uWW/mm?) 1800 250 N/A 550000 150000
TABLE L. COMPARISON TABLE WITH OTHER SC TOPOLOGIES.

QOESC converter, the voltage-frequency trade-off of a core
shows extended range of 18% in power and 2.5x in op-
erating frequency, thus enabling new DVES states per core
(Fig. 12(a)). To understand cross-domain noise behavior, the
following set-up is used. Core4 observes a current load step
of 2mA and consequently, a droop of 170 mV. Due to cross-
regulation, this impacts the other cores as well. The droop
measured on the other cores has been shown in Fig. 12(b) (blue
bars). Use of transient boosting i.e. increasing the switching
frequency of the SC power-converter during a voltage droop,
reduces cross-domain noise by as much as 85% as shown
in Fig. 12(b) (red bars). Table I shows competitive metrics
compared to state-of-the art designs.

IV.CONCLUSION

A quad-output elastic SCC with per-core LDO shows peak
efficiency of 87% and 2.5x increase in operating frequency
range, through dynamic allocation of SC and switch resources
through an all-digital FSM.
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