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Figure 6.4. Measured DVS performance at the 5™ output with all the other outputs at their full
loads: (a) with 45-mA freewheeling current, and (b) performance comparison with different
freewheeling current settings.



70

The overall measured and simulated efficiency of the converter versus output voltage and
load current under various conditions are shown in Figs. 6.5, 6.6 and 6.7. These measurements
do not include the power consumption of the 2-MHz and 120-MHz input and output clocks as
they are provided externally as shown in Fig. 6.10. However, a 120-MHz clock is relatively slow
in a technology such as 45 nm, and its power consumption (<100 uW) is very small to make any
noticeable difference in the efficiency. Additionally, high-frequency clocks are readily available
in many target SoCs, which can be used for the power converter without any additional power
overhead. The measured peak efficiency, which occurs at full load, is 73%, while the expected
peak efficiency from simulations is 83.5%. The difference between the simulated and measured
efficiency at full load is dominated by the excessive parasitic resistances of the on-chip input and
output power routing (~0.82 Q) and ~0.25 () respectively), which caused substantial additional
conduction losses as outlined in the loss breakdown in Table 6.1. This can be significantly
reduced in order to approach the simulated values with better power bus layout and placement of
the input/output power switches, which have not been done as well as they should due to tight
fabrication deadline and last minute layout changes to meet the metal density rules. However, if
this 10% difference in simulated and measured efficiency is simply caused by excessive
conduction losses across the power routing, then we should see that this difference in efficiency
shrinks at lighter load currents because conduction losses drop as the load current drops (I? X R),
which is exactly what we can observe comparing the two simulated curves (schematics only vs.
schematics with routing resistances) in Fig 6.7. But why the measurement results do not agree
with this hypothesis? The reason is that the routing resistances only explain 8% of the 10%
difference in efficiency at full load, while the remaining 2% is because of the additional

switching and transitional losses across the power switches due to the degraded rise/fall times of
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the control signals post layout. Now, as the load current drops, these additional switching losses
are not scaling with the load and start to have a more significant contribution to the difference in
efficiency as the conduction loss portion scales down. So essentially it offsets the benefit of the
drop in conduction losses across the routing resistors. And this is why the difference between
simulation (schematics only) and measurement continues remaining more or less the same at

lighter load conditions.
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Figure 6.5. Measured and simulated overall efficiency of the converter versus the output voltage
of the 5™ output while all other outputs are at their maximum power, and versus the output
voltage of the 3™ output while all other outputs are at their maximum power.
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Figure 6.6. Measured and simulated overall efficiency of the converter versus load current when
the load current of either the 5™ or the 3™ output at 0.6 V is varied while all other outputs are at
their maximum power.
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Figure 6.7. Measured and simulated overall efficiency of the converter versus load current when
the load current of either the 5" or the 3™ output at 1.2 V is varied while all other outputs are at
their maximum power.



Table 6.1. Losses breakdown at maximum rated power.

Losses and their relative percentage of total loss

Input stage Output stage Control Total
Inductor circuits T]:::I output |Efficiency
FETs FETs  [*Routing DPCR FETs FETs  [*Routing|(Quiescent power
switching loss|conduction loss| loss (37 mQ2) switching loss|conduction loss| loss loss)
Simulated 0.7 mW 3.7 mW 0.6 mW 8.4 mW 10.6 mW 32 mW o
(Schematics only) (2.6%) (13.7%) 0 (2.1%) (30.8%) (38.8%) 0 (11.9%) 273 mW| 138 mW | 83.5%
(Ssi';lulﬁ,ted_ » 0.7 mW 47mW  |13.8mW| 0.6mW | 84mW 105mW | 4mW | 33mW |0l
chematics, including 0
ot &t uins | (1.6%) (102%) | (30%) | (13%) | (18.3%) (22.8%) | 87%) | (7.1%)
212 mW 0.8 mW 6.9 mW 19 mW 3mW 0
Mcasured (41.6%) (1.6%) | (13.5%) (37.3%) (5.0%) |1mW [138mW] - 73%

* Includes on-chip power routing, and package parasitics

VL
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The measured input stage switching node, inductor current, and output stage switching
node in steady-state operation are shown in Fig. 6.8 for 2-MHz and 50-MHz input and output
switching frequencies respectively. The reason I had to reduce the output switching frequency is
because the probes I have available for doing the measurement have only 200-MHz bandwidth as
shown in Fig. 6.9. Although this is enough bandwidth to accurately capture all the nodes in the
converter (including the outputs), it is not enough for getting a clear waveform of the output
switching node because that node has sharp transitions between the various output levels (much
higher frequency components than the fundamental 120-MHz switching). With only 200-MHz
probe bandwidth, the output switching node looks like a distorted sine-wave because all the
higher frequency components of the signal that correspond to the sharp transitions are filtered
out. To circumvent this limitation and to get an output switching node waveform that is
illustrative of the theory and is clear enough to show the transitions, I had to drop the output
switching frequency to 50 MHz for the purpose of this particular measurement ONLY. All other
measurements in this chapter are done with 120-MHz output switching frequency. Nonetheless,
the waveform clearly shows the expected behavior at the output switching node. Unfortunately,
this is the best I can do at this time to address this measurement because purchasing a higher
bandwidth probe to enable capturing this node with its sharp transitions while keeping 120-MHz
frequency is not possible for me at this time. Table 6.2 summarizes the key performance metrics

of the converter, along with a comparison with previous literature.
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Figure 6.8. The measured input switching node, inductor current, and output switching node
with 2-MHz input switching frequency and 50-MHz output switching frequency.

b

":-w -.P ....m B

Figure 6.9. Agilent N2792A 200-MHz differential probe used for measurement.



Table 6.2. Performance summary & comparison.

This Work

ISSCC 2014 [18]

ISSCC 2012 [17]

ISSCC 2010 [15]

JSSC 2008 [16]

Technology 45-nm CMOS 0.35-pum CMOS 65-nm CMOS 0.35-pym CMOS 0.5-pm BiCMOS

Topology DF-SIMO (Buck) SIMO (Buck) SIMO (Buck) SIMO (Buck) SIMO (Boost)

# of Qutputs 5 4 5 [§] 2

Input Voltage Range 1.6-20V 275V 3443V 5V 2745V
0.6-1.2 'V (3 outputs) 09V, 1.2V 1.2V. 15V 1V. 13V, 16V AV 48V

Output Voltage Range 1-1.2 V (1 output) 1L.5V. 1.8V 1.8V.25V.28V 2V, 19V, 3V (Ran. e i ot r orted)
1.2-1.6 V (1 output) (Range 1s not reported) (Range 1s not reported) (Range is not reported) g =P

Maximum Load (Total) 110 mA 1.6 A 1.L15 A 698 mA 200 mA

Switching Fr i 2 MHz (Input stage) 1 MHz 1.2 MHz 2 MHz 0.8 MHz

witching Trequency 120 MHz (Output stage) | (Single frequency) (Single frequency) (Single frequency) (Single frequency)
Inductor Range 10-15 uH 4.7 uH 22 pH 4.7 uH 10 uH

Output Capacitors

2 nF/output (3 outputs)
2.5 nF (1 output)

10 uF/output

4.7 pF/output

10 uF/output

10 uF/output

4.5 nF (1 output) Off-Chip Off-Chip Off-Chip Off-Chip
All On-Chip
3.04 mm?
Silicon Area (2.64 mm? of that is for 5.4 mm- 1.86 mm’ 7.5 mm’ 3.22 mm’
the oufput capacitors)
Maximum Output Voltage Ripple 80 mV 30 mvV 40 mV 25 my 100 mV
o p g pp N (500 mV with spikes)
. i 73% (Measurad) -0 o - o
Peak Efficiency §3.5% (Simulated)* 8§7% 8§3% Not Reported 81%
DVS igz 22?2 I‘:jz igg 1;2 ijz Not Reported Not Reported Not Reported
. Half-to-Full Load 1/4-t0-7/8 Full Load | ~1/4-to-7/8 Full Load ~1/4-to-Full Load No-to-Full Load
Load Step (AIr) - . 5
(AIL = 7.5 mA) (AIL = 250 mA) (AIL = 150 mA) (Al = 81 mA) (Al = 100 mA)
Load . ,
Overshoot / e Tt ) - - . 5 -
Transient Undershoot None was observed 40 mV 40 mV Not Reported 120 mV
Response
Settling Time 0.03 us 7 us 100 s 150 us 20 us
Cross Regulation None was observed* 0.04 mV/mA 0.067 mV/mA Not Reported Not Reportad

* See chapter 6 for details regarding the simulated versus measured efficiency, as well as the load transient response of the converter.

LL
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This work is packaged with 100-pin TQFP for testing, but better packages (e.g. QFN)
could be chosen to reduce the parasitics and further improve the performance. Fig. 6.10 shows
the measurement setup and the test board. The model numbers of all the test equipment I used
are also indicated. In the current design, If,, rof is simply provided to the chip by the test
equipment (a reference current generator) so I can manually change it to test the design with
various freewheeling current levels. In an actual product, this reference current will likely be
generated by a bandgap and a reference resistor. Moreover, as I discuss in section 3.2.2, it is
possible to have If,, .. adapted to anticipated load changes to improve transient response, but
this is not something that I implemented in this particular testchip. As for the input and output
switching frequencies, it is important to note that there is no special timing requirement on the
relationship between them when f, is much larger than f;,,. In this implementation, both
switching frequencies are actually provided from two off-chip clock sources (test equipment). In
an actual product, the output switching frequency may be generated from a simple oscillator, or a
PLL if readily available in the SoC, and then it can be divided down as necessary to obtain the
input switching frequency. Although this will synchronize the two frequencies and ensure an
integer multiple between them, this is not a requirement of the DF-SIMO, but it is one simple
method to implement the clocks. Besides, the reason I can have the rough losses breakdown in
Table 6.1 is because a testmode is built in the design, where the control circuits and the output
switch drivers can be powered either internally or externally from the optional off-chip power
supplies. By measuring the power consumption from these optional off-chip power supplies, |
can roughly separate the switching losses of the output stage from the conduction losses, and I

can also separate the power consumption of the control circuits.
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Figure 6.10. Measurement setup used to characterize the proposed DF-SIMO buck converter.
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CHAPTER 7

CONCLUSION AND FUTURE EXTENSION

This thesis introduces a first-ever DF-SIMO topology, where the output switching
frequency is higher than the input switching frequency. Along with output comparator-based
control and freewheeling current PWM control, the topology yields improved dynamic and cross
regulation behavior and reduced output capacitors compared to conventional single-frequency
SIMO topologies. For output switching frequencies beyond 100 MHz, the output capacitors can
be integrated on-chip. Although a low-power DF-SIMO buck converter is demonstrated, the
dual-frequency idea can be used to implement low/high-power single/multiple-output buck/boost
converters with different control schemes for any applications. The following subsections will

suggest some possible designs for future extension.

7.1 Battery-Connected DF-SIMO Power Converters

A common power scheme for mobile applications is to first generate intermediate shared
power supplies from battery, and then use subsequent switching converters or low-dropout
regulators (LDOs) to provide the large number of low-voltage power supplies required by the
SoCs. As the system depicted in Fig. 1.1 in chapter 1, this 1.8-V supply is actually came from
another inductor-based power converter. Since this scheme is fundamentally a two-step
regulation approach with an intermediate voltage rail, the overall efficiency is the product of the

individual efficiency of each regulation step. Therefore, extra losses due to cascading power
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supplies are inevitable. However, although the DF-SIMO implementation in chapter 5 is
powered by the 1.8-V supply to demonstrate the proposed topology, it can be easily modified to
connect to battery directly with minimum design efforts and efficiency impacts because of its
low switching frequency characteristic on the input stage as explained in section 3.2.3. Thus a

higher overall efficiency is reasonably expected for this one-step regulation approach.

7.2 High-Power DF-SIMO Converters with Bondwire-Based Output Filters

As discussed in section 3.2.1, there is a tradeoff between the output capacitors and
voltage ripple for a given output switching frequency. In order to provide higher full-load current
and maintain similar voltage ripple, the size of the output holding capacitor should be scaled up.
However, to implement a high-power DF-SIMO buck converter may require significant die area
simply for the output capacitors which offsets the purpose of integrating them to reduce the
overall cost. For example, if a maximum load of 200 mA is required for one output with a 100-
MHz output switching frequency, based on Eq. (3.2), an output capacitance larger than 30 nF is
needed to maintain around 50-mV output voltage ripple. A 30-nF 1.8-V rated MOS capacitor
occupies more than 7 mm? die area, which is not cost-effective and practical for nanometer
technology nodes. Hence, to improve the power density, two possible options are suggested here
for future extension. First, these output capacitors can be made with higher density, lower
leakage and lower cost on a conventional technology, and then stacked and connected to the
lower chip made on an advanced technology like 45-nm CMOS. This stacked-chip
implementation for output filter is already demonstrated in [39] for a conventional single-output

buck converter. Another method is to utilize the standard package bondwire intrinsic inductance
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to form the additional energy storage components for output filtering. Similar idea is presented in
[40] as the main power inductor for single-output cases. However, since the inductor current
delivered to each output is discontinuous for multiple-output cases, an enhanced fully-integrated
bondwire-based output filter structure is proposed here as shown in Fig. 7.1. This low-pass filter
is designed to further attenuate the voltage ripple at the output switching frequency. With this
configuration, high power density and low overall cost can be achieved at the same time for DF-

SIMO converters.
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Figure 7.1. Multiple-output buck converters with bondwire-based output filters.
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