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For an on-chip or fully integrated microprocessor power-delivery system, the
on-chip power converter must 1) be designed using the same technology as the
microprocessor, 2) deliver high power density to supply a microprocessor core
with small area overhead, 3) achieve high efficiency, and 4) perform fast 
regulation over a wide voltage range for dynamic voltage and frequency scaling
(DVFS). On-chip switched-capacitor (SC) converters have gained increasing
popularity for this application due to their ease of integration using only 
transistors and capacitors readily available in the chosen technologies [1-6].

Historically, on-chip SC converters have been perceived as low power converters
with output powers below  150mW [1-5]. However, the scalability of output
power with chip area does not limit SC converters to being low power; the 1.65W
maximum output power in [6] and the 840mW maximum output power 
presented in this paper exemplify the feasibility of high power on-chip SC 
converters. SC designs [1-4] utilize reconfigurable power stages for increased
output and/or input voltage ranges as well as interleaving techniques to minimize
the output voltage ripple, e.g., in [1], where 3.8mVpp output ripple is reported for
a 41-phase interleaved SC converter. Using bulk CMOS, designs are limited in
efficiency to 81% in [1] and in power density to 0.19W/mm2 in [2]. Regarding
on-chip capacitor technologies, MIM capacitors are used in a 22nm tri-gate 
technology in [3], and 93% efficiency is reported using ferroelectric capacitors
in [4], but both designs achieve low power densities (<0.1W/mm2). Employing
deep trench capacitors has shown superior efficiency and power density 
performances, e.g., 4.6W/mm2 at 86% efficiency for a single phase unregulated
on-chip SC converter [5]. Furthermore, multi-GHz sampling frequencies are
used in hysteretic control loops to achieve fast response times to transient
events, e.g., 3-to-5ns response time in [3] and <1ns response time in [2]. In this
paper, we utilize the deep trench capacitor and thin-oxide transistors available in
32nm SOI CMOS to design a high power (840mW) and fast response (<1ns) 
16-phase interleaved reconfigurable on-chip SC converter that achieves 86.4%
maximum efficiency at 2.2W/mm2 in the 2:1 configuration and 90.0% maximum
efficiency at 3.7W/mm2 in the 3:2 configuration.

The overall system diagram of the implemented SC converter is depicted in Fig.
4.7.1. Two capacitors can be configured to provide either a 2:1 or a 3:2 ideal
voltage conversion ratio by toggling between a charging and a discharging state
at 50% duty cycle. A 16-phase interleaving technique is employed to reduce the
input current and output voltage ripples, thereby omitting the need for a 
dedicated output decoupling capacitor. The on-chip load consists of a 
programmable resistor array, which can be externally programmed by the digital
configuration interface. Also the gear signal, which sets the power stage in the
2:1 or 3:2 configuration, is externally controlled. The clocked comparator 
compares Vout with Vhys and produces a clock signal clktrig for the digital clock
interleaver, which generates the clock signals clk0-15 for each SC converter unit.
The 250ps sampling period (4GHz) of the comparator ensures <1ns response
time to transient events.

The power stage implementation shown in Fig. 4.7.2 consists of 2 capacitors and
12 switches, and it can be reconfigured between the 2:1 and 3:2 ideal voltage
conversion ratios [2]. A gate driver generates the gate signals vg1-9(s) for the
charging and discharging states for each transistor as shown in the table in
Fig. 4.7.2. In recent works, the generation of vg1-9 depends on several internal
nodes and/or additional external voltage supplies [1,2]. However, this design
proposes a simplified gate driver implementation that only depends on Vin, Vout,
and gnd. The level-shifted non-overlapping gate signals vg,(n/p)(H/L) are generated
as in [5], and multiplexers controlled by the gear configuration signal are used
to change the clock feeds for vg(4,5,7,7s). All transistors M1-9(s) are thin-oxide
devices (Vmax≈1.2V) for low on-state resistance and fast transition times. Since
transistor M5 should always be off in the 2:1 configuration, M5s is implemented
to protect the gate-source of M5 in the charging state against overvoltage 
(gnd–Vin). With a nominal input voltage of Vin=1.8V and an output voltage range

of 0.7 to 1.1V, node VX approximately equals Vout/2 in the discharging state of the
3:2 configuration, thereby exposing the drain-source of M6 to overvoltage 
(Vin–Vout,min/2=1.45V). The stacking transistor M6s effectively protects M6 against
this overvoltage situation. Due to symmetrical transistors, M7 undesirably turns
on in the discharging state of the 3:2 configuration due to a positive gate-drain
voltage (Vout/2); M7s ensures that M7 remains turned off. 

The 16-phase digital clock interleaver, of which a 4-phase example 
implementation is shown in Fig.  4.7.3, produces 16 time-interleaved clock 
phases. Every second output of the shift register is inverted to average out 
dissimilar currents delivered in the charging and discharging states of the 3:2
configuration, thereby keeping the output voltage ripple Vripple low. The 
comparator clock frequency ftrig is determined by the number of interleaved
stages N and a specified maximum switching frequency fsw,max of each converter
unit following the equation in Fig. 4.7.3. Furthermore, ftrig is upper limited by the
total loop latency tlat (combined latency of the comparator, the digital controller,
and the gate driver) to ensure that the SC converter has time to react on a trigger
signal before the next comparison event. Having 16 phases in this design,
ftrig=4GHz results in fsw,max=125MHz; furthermore, the loop latency is minimized
to tlat≈200ps.

The on-chip programmable load, which is implemented as an array of 31 
switchable resistors (resulting in 32 different load values including the no load),
can provide a load step between any two load levels within 50ps. Such fast load
steps are used to evaluate the <1ns response under worst-case conditions. In
Fig. 4.7.4, the measured transient responses when stepping between 0.1x and
1x nominal load, corresponding to 30mA and 365mA output current, are shown.
As observed, the output voltage is maintained several nanoseconds after the
transient event, verifying the <1ns response of the regulation loop. The output
voltage droop is caused by the large input voltage droop, which is due to 1) the
slower response of the external input power supply and 2) the parasitic 
capacitances and inductances of the power distribution network connecting to
the chip.

The measured efficiencies and power densities are shown in Fig. 4.7.5 for three
different load levels, where resistances and voltages are measured using Kelvin
contacts. For Vin=1.8V, the efficiency is >70% over the specified output voltage
range of 0.7 to 1.1V with maximum efficiencies of 86.4% and 90.0% in the 2:1
and 3:2 configurations, respectively. For high loads, the maximum power 
density, and thereby the maximum output voltage Vout,max, is limited by the 4GHz
comparator clock frequency, whereas for Vout<Vout,max, the maximum power 
density is limited by the maximum on-chip load.

Figure  4.7.6 shows how this design compares to prior art, revealing >9×
improvement in power density while providing <1ns response time and 90% 
efficiency. An output ripple of 30mVpp is achieved without using a dedicated
decoupling capacitor, and the 840mW maximum output power verifies the 
feasibility of high power on-chip SC converters.

The on-chip SC converter micrograph is shown in Fig. 4.7.7. The total converter
area including gate drivers and the digital controller is 0.15mm2.
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Figure 4.7.1: Overall system diagram of the on-chip SC voltage regulator

showing the reconfigurable SC power stage with digital controller.

Figure 4.7.2: Reconfigurable SC converter power stage with gate signals

shown for the 2:1 and 3:2 configurations.

Figure 4.7.3: Example 4-phase digital clock interleaver and timing diagram.

The presented converter implements a 16-phase clock interleaver following

the same principles.

Figure 4.7.5: Measured efficiencies and power densities for Vin=1.8V over the

full output voltage range.
Figure 4.7.6: Performance summary and comparison with recently published

on-chip SC voltage regulators.

Figure 4.7.4: Transient responses for Vin=1.8V and Vout=840mV.
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Figure 4.7.7: Chip micrograph. The total active converter area is 0.15mm2.
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