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ABSTRACT

Performance-Driven Energy-Efficient VLSI
by
Wei-Hsiang Ma

Chair: Marios C. Papaefthymiou

Today, there are two prevalent platforms in VLSI systems: high-performance and
ultra-low power. High-speed designs, usually operating at GHz level, provide the
required computation abilities to systems but also consume a large amount of power;
microprocessors and signal processing units are examples of this type of designs. For
ultra-low power designs, voltage scaling methods are usually used to reduce power
consumption and extend battery life. However, circuit delay in ultra-low power de-
signs increases exponentially, as voltage is scaled below Vth, and subthreshold leakage
energy also increases in a near-exponential fashion.

Many methods have been proposed to address key design challenges on these two
platforms, energy consumption in high-performance designs, and performance /reliability
in ultra-low power designs. In this thesis, charge recovery design is explored as a solu-
tion targeting both platforms to achieve increased energy efficiency over conventional
CMOS designs without compromising performance or reliability.

To improve performance while still achieving high energy efficiency for ultra-low
power designs, we propose Subthreshold Boost Logic (SBL), a new circuit family

that relies on charge recovery design techniques to achieve order-of-magnitude im-

XV



provements in operating frequencies, and achieve high energy efficiency compared
to conventional subthreshold designs. To demonstrate the performance and en-
ergy efficiency of SBL, we present a 14-tap 8-bit finite-impulse response (FIR) fil-
ter test-chip fabricated in a 0.13um process. With a single 0.27V supply, the test-
chip achieves its most energy efficient operating point at 20MHz, consuming 15.57pJ
per cycle with a recovery rate of 89% and a figure of merit (FoM) equal to 17.37
nW /Tap/MHz/InBit/CoeffBit. In comparison with a static CMOS-based implemen-
tation derived by synthesis of the same FIR architecture and automatic place-and-
route, the SBL-based FIR consumes 40% to 50% less energy per cycle in the 17MHz
- 187MHz range.

To reduce energy consumption at multi-GHz level frequencies, we explore the
application of resonant-clocking to the design of a 5-bit non-interleaved resonant-
clock flash ADC with a sampling rate of 7GS/s. The ADC has been designed in a
65nm bulk CMOS process. An integrated 0.77nH inductor is used to resonate the
entire clock distribution network to achieve energy-efficient operation. Operating at
5.5GHz, the ADC consumes 28mW, yielding 396fJ per conversion step. The clock
network accounts for 10.7% of total power and consumes 54% less energy over CV?2.
Operating at its maximum sampling frequency of 7.0GS/s with a 0.1V increase to
each supply, the ADC dissipates 45mW. At this frequency, 11.1% of the total energy
consumption is clock-related, and the ADC yields a FoM of 683fJ per conversion step.

By comparison, in a typical flash ADC design, 30% of total power is clock-related.

xXVi



CHAPTER 1

Introduction

Energy consumption has become a major design constraint in today’s VLSI de-
signs. For the last several decades, Moore’s Law [3] has been the main driving force
to reduce the size and energy consumption of silicon devices. However, this scaling
does not reduce power consumption per unit area. As more devices can fit into a
given area, and the heat generated increases. Heat removal at the package level lim-
its further integration. Moreover, starting with 65nm, supply voltage no longer scales
with device sizes, remaining essentially constant over past several years and foresee-
able future. To make matters worse, leakage current increases due to the smaller
device sizes. Therefore, one of the largest issues facing designers nowadays is energy
and power dissipation. Their main challenge is to achieve energy efficient computing,
extracting the maximum possible performance under a given power constraint.

Voltage scaling is one of the most effective methods for reducing energy consump-
tion in digital circuits [4, 5, 6]. The energy consumption decreases quadratically when
the supply voltage Vpp decreases, providing energy efficient operation. However, this
energy-efficient operation comes at the expense of performance degradation. When
voltage is scaled while remaining well above subthreshold (Vpp >> Vj;), perfor-
mance degradation is in approximately linear relationship with supply. When voltage

is scaled deeper in the subthreshold regime (Vpp<Vyy,), circuit delay increases expo-



nentially with Vpp, and becomes more sensitive to process variation. Leakage current
also increases in a near-exponential fashion in the subthreshold regime. This rise in
leakage energy eventually dominates total power consumption and creates a minimum
energy operating point [4]. Further scaling beyond this minimum energy point re-
sults in total energy consumption increasing and yields diminished energy efficiency.
Moreover, voltage scaling has its limitation on different applications. For example,
in applications with constantly high workloads, voltage scaling can only help to a
limited extent.

Charge-recovery is an alternative design approach that can reduce energy con-
sumption by gradually charging/discharging capacitance and recycling the charge at
the end of each cycle [7, 8, 9, 10]. The energy dissipation of a traditional CMOS
circuit that goes through a charge or a discharge cycle is governed by the equation
E.ony — switching activity x C'V?, while the corresponding energy dissipation of a
charge-recovery system is governed by Enarge—recovery = (K/T)CV?, where T is the
duration of the transition and K is a constant proportional to the RC' constant of the
system. Similar to voltage scaling, charge-recovery exhibits a trade-off relationship be-
tween energy consumption and computation delay, but this trade-off relation is linear.
A large volume of previous work has been proposed based on this trade-off, improving
the energy efficiency at the cost of system performance, focusing on achieving high en-
ergy efficiency in relatively low-performance designs. However, this trade-off dose not
limit the design scope of charge-recovery techniques. In fact, charge-recovery design
techniques can enable different design points compared to conventional static CMOS
techniques. In principle, these design points could lead to better energy/performance
trade-offs than conventional CMOS design.

This thesis argues that charge-recovery techniques can be used to design VLSI sys-
tems that achieve both high energy efficiency and high performance. To support this

proposition, two charge-recovery systems operating at different frequency points are



demonstrated. Both designs provide high performance at their corresponding supply-
levels and achieve higher energy efficiency than their conventional CMOS designs
counterparts. For ultra-low energy consumption with high performance, we present a
novel fine-grain charge-recovery circuitry that uses a single subthreshold-level supply.
By amplifying the internal subthreshold-level signals with a two-phase power-clock,
this charge-recovery circuitry relies on gate overdrive to enable fast operation while
improving robustness to the variations. In addition, it can share the same supply
with the clock generator, allowing operation with a single DC supply level. An 8x8
bit 14-tap finite impulse response (FIR) filter is used to demonstrate the high energy
efficiency of this logic, across the 5SMHz-187MHz frequency range with a subthreshold
supply ranging from 0.16V to 0.36V. This design achieves a higher Figure of Merit
(FoM) than previous implementations of the same architecture in charge-recovery
logic and in static CMOS.

For high performance and high energy efficiency, we present a coarse-grain resonant-
clock flash ADC structure. In this design, resonant-clocking is used to decrease the
energy consumption of the network that distributes the clock signal to the analog and
digital circuitry of the flash ADC. A 5-bit non-interleaved flash ADC that achieves a
sampling frequency range of 4.5GS/s-7GS/s is used to demonstrate the high energy
efficiency of resonant-clocking techniques. An integrated inductor is used to resonate
the capacitance of the entire clock distribution network at a target operating fre-
quency range. This work achieves a lower FoM than all previously published ADCs

operating above 2.2GHz.

1.1 Principles of Charge-Recovery Design Techniques

This section describes the principles of charge-recovery techniques as applied to
digital circuit designs. In digital circuits, a MOS transistor is usually used as a

switch with one node connected to supply (Vpp) / ground (Vss) and the other node



connected to a capacitive load C. By observing the voltage level of the load, we
can determine the logic state of a gate. By turning the transistor on, we can charge

(discharge) the voltage level of the load and thus change the logic state of a gate.
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Figure 1.1: Charging and discharging load capacitance using conventional and charge-
recovery techniques: (a) First-order RC' network with DC supply. (b)
First-order RC network with n-step supply.

For simplicity, we can model digital circuits as first-order RC networks, as shown
in Figure 1.1(a). In such a network, a capacitive load C}, is charged and discharged
through transistors which are modeled as a resistor R. By turning on switch S1 and
turning off switch S2, supply Vpp starts to charge the load C7, from Vgg to Vpp, and
the voltage level at node V,,, ramps up as an function of Vpp(1 — e ¥/fY), where ¢
is the transition time. The total energy dissipation in the circuit can be obtained by
integrating the instantaneous power dissipation on the resistive device, I?R, over the

charging time of C7:



o)

E= /ic(t)vout(t) dt

0
o)

AV,
= / C’L Ttvout dt

0
1%
= CL /Uout dvout
0

2
CLQV . (1.1)

The total energy drawn from the supply during charge is equal to the sum of the
energy stored in C7p, %CLVQ, and the energy loss on the resistor R, %CLVQ.

Figure 1.1(b) illustrates how to charge and discharge C in a charge-recovery
manner. In this figure, an n-step voltage source is used as an example. In practice,
a supply could be a resonant source capable of reclaiming charge and re-using it
for subsequent charging. This n-step source has a voltage of Vpp/n for each step
and time interval of T/2n. While charging the capacitor, we assume that the time
constant RC7, is much smaller than the time interval 7'/2n. This means that the
output C7 can be charged to the same level of the supply during each time interval
T/2n. To calculate the energy consumption in Figure 1.1(b) during charging, we

apply Equation (1.1), and total energy dissipation is found to be

E = Energy Dissipation per Step x n
Cr(y)?

= T
%

2

;I»—‘

(1.2)

The total energy drawn from the supply during charging phase is equal to the sum



of the energy stored in Cp, 3C,V?, and the energy loss on the resistor R, 1C V2 -
L. Unlike conventional CMOS circuits, energy loss for the circuit in Figure 1.1(b)
decreases by a coefficient of %

When discharging the capacitive load ' with the same n-step source, the charge
stored in the capacitive load C, flows back to the source, and the amount of energy
loss on resistor R is the same as when charging C7. A typical voltage supply will shunt
any returned energy to ground, dissipating it across some resistance, and rendering
the charge-recovery discharging no more energy efficient than the conventional case.
However, if the supply is, for example, a resonant source, it will be able to reclaim
the returned charge and use it for subsequent charging. This discharging method is
called charge recovery because the energy transferred to the capacitor is recovered
and reused by the supply.

As the number of steps n approaches infinity, the dissipation approaches zero; how-
ever, large n also means small charge time 7/2n. If T/2n is small enough compared
to the time constant RC, of the circuit, the switching event may not be completed
and the result in Equation (1.2) is no longer valid. Since n is related to the energy
savings of the circuit, we conclude that there is a trade-off between time (7') and
energy dissipation (£). This energy-time trade-off forms the basis of charge-recovery
techniques.

Equation (1.2) implies that gradual transitioning is the key to achieve energy-
efficient charge-recovery operation. Gradual transition reduces the potential differ-
ence across the resistive element, results in a low-level current flow, and thus minimizes
energy dissipation.

It should be noticed that in most charge-recovery systems, the power supply per-
forms a dual role, providing charge to internal circuit nodes, and synchronizing the

computation of the gate. For this reason, such a power supply is usually referred to

as a Power-Clock (PC).



1.2 LC Oscillation and Power-Clock

Energy transfers from C'to L
L o t)

time

Energy transfers from L to C
(a) (b)

Figure 1.2: Practical implementation of power-clock using an inductor: (a)
Schematic. (b) Waveform.

One realization of a power-clock generator with energy recovery ability is shown
in Figure 1.2. Here, an inductor L is employed to store the energy of the charge
returned from capacitor C' in the form of a magnetic field. Periodic energy transfer
between the inductor L and the capacitor C results in a sinusoidal waveform. The
only energy losses in the system are due to the parasitic resistance of the circuit. To
compensate for these losses, a shunt switch driven by pulse p is used to inject current
into the inductor, replenishing energy in each cycle. The natural oscillation frequency

fn of the ideal LC' system is

1 /1

where C' is the total capacitance of LC' oscillation system.
During practical design, the inductance value for L is chosen to meet a target
frequency f, with a given extracted load C'. For example, with a load C'y and a

target frequency f,, the inductance is chosen as L = 1/(2x f,)*C, = T?/47*Cy,. The



waveform of the forced LC oscillation is a sinusoid-like waveform, and the energy

consumption can be derived as

1 2
E =2 || RT
1| v/2 ?
~ 2 |1/jwC
1wV
“3' %
_ %(wfVC)QRT

_1(71'201?
2V T

C)’RT

)CV2, (1.4)

Using Equation (1.3), Equation (1.4) can be further simplified to obtain an expression

of energy dissipation in terms of circuit parameters:

= —CV2 (1.5)

With the quality factor defined as Q = —V]L%C, a direct energy dissipation comparison
can be drawn between a charge-recovery system and a conventional CMOS one with
the same load. As a result, () is an important metric and is often used to evaluate

the efficiency of a charge-recovery system.



1.3 Power-Clock Generator

Figure 1.3 shows a single-phase power-clock generator, which uses an inductor L
and parasitic capacitance C, to form an LC oscillation. This clock generator provides
a single-phase sinusoidal clock waveform, and an inductor L is chosen to achieve a

target resonant frequency for a given load C'.

Figure 1.3: A single-phase power-clock generator with two supplies.

The clock drivers (M1 and M2), similar to the one used in [9], periodically re-
plenishes the energy losses in the resonant system through current injection in the
inductor. As the clock approaches its minimum, pulse a causes the pull-down switch
to conduct, discharging the output clock voltage to 0V, and causing an RL current
build-up in the inductor. At the falling edge of pulse a, the system continues oscil-
lating freely with an initial condition V(PC) = 0V and I(L) = I,, where I, is the
current flowing in the inductor at that time. Similarly, when the clock reaches its
peak, pulse b causes the pull-up switch to conduct, resulting in a similar RL current
build-up in the inductor. At the rising edge of b, the system once again resumes a
free oscillation, with an initial condition V(PC) = Vpp and I(L) = I,, where [, is
the current flowing in the inductor at that time.

The current build-up in the inductor at the crest and trough of V(PC') enables

the supply to provide energy to the system periodically, which is stored in the form



C‘__|__|_
L| L|

1/2fn 1/f,

Figure 1.4: A single-phase power-clock generator with single supply and a voltage
divider.

of a magnetic field in the inductor. The amount of replenished energy required to

maintain stable oscillations is thus governed by the equation:

1 2 1 2
Ereplem'shed = 5[/[” + §pr (16)

Notice that, in this driven power-clock generator, the natural frequency of the
oscillation is determined by Equation (1.3), and the actual frequency of the generated
sinusoid waveform is determined by the frequency of the pulses. If this frequency is
too far away from the natural frequency of the oscillation, the generated waveforms
will be distorted.

Instead of the two-supply scheme in Figure 1.3, Figure 1.4 uses a single supply
with a capacitive voltage divider to achieve a similar functionality. Large capacitors
are used in the divider to provide stable voltage sources at the cost of capacitor area.

Various circuit topologies for power-clock generators have been proposed for dif-
ferent charge-recovery logic styles and for different applications. Figure 1.5 shows an

H-bridge clock generator that generates a two-phase power-clock with cross-coupled
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Figure 1.6: (a) Basic scheme for a four-phase power-clock generator. (b) Circuit
schematic related to C'1 — C3.

pairs of NMOS and PMOS transistors. It generates complementary power-clock wave-
forms using only one inductor.

A four-phase power clock generator has been presented in [11], and the schematic
is shown in Figure 1.6. This circuit uses only one inductor to generate all four
clock phases. The idea of using a single rotating inductor is shown in Figure 1.6(a).
Rotation of inductor to transfer the energy between various clock phases is achieved

by sequentially switching the transmission gates (TG), as shown in Figure 1.6(b) for

11



loads C'1 and C'3. One of the issues of this generator is that the power dissipation

overhead of the controller circuit restricts its use to drive relatively smaller systems.

1.4 Charge-Recovery Systems

Charge recovery can be deployed various ways. The main two broad classifications
are charge-recovery logic and resonant-clocked designs. Charge-recovery logic belongs
to the class of fine-grain design, which employs charge-recovery techniques at the gate
level to recover energy from load capacitance driven by all gates in a design. Resonant-
clocked design is an example of coarse-grain design and recovers energy from the clock
network in the design. Depending on the specific implementation of resonant-clocked
designs, charge-recovery techniques may also be extended to the internal nodes of

pipeline registers.

1.4.1 Fine-grain Systems

A fine-grain charge-recovery system is inherently gate-level pipelined with charge-
recovery logic. This logic utilizes the idea of current-steering to conditionally charge or
discharge load capacitance based on the outputs of its proceeding stage. To illustrate
the structure, operation, and design of logic in a fine-grain charge-recovery system,
we will use an early charge-recovery logic gate, 2N-2P [12| as an example. Even
though the detailed implementations of various charge-recovery logic families differ ,
the underlying objectives, trade-offs and basic circuit topologies are quite similar.

Figure 1.7(a) shows an inverter implemented in 2N-2P with idealized power-clock
waveforms, ¢1, @2, 3, and @4, shown in Figure 1.7(b). The gate utilizes cross-
coupled PMOS transistors to steer the current from the power-clock generator to
one of the (ideally) balanced output nodes, out or out. The initial resolution at
output nodes is determined by the complementary pull-down evaluation trees. The

losses in such a charge-recovery system are due to steering devices and parasitic

12



wiring resistance through which the load current flows. For simplicity, we consider
the operation of the gate with two non-overlapping idealized power-clock waveforms
shown in Figure 1.7(c), and ignore the effect of the threshold voltage Vi, on the
operation of the gate.

The operation of a 2N-2P gate can be divided into four phases: evaluation, hold,
reset, and wait. For correct operation, all gates are cascaded in a way that gates driven
by ¢1 connect to gates driven by ¢y and so on, until gates driven by ¢4 connect to
gates driven by ;. At time t = 0, the gate connected to ¢ is at the beginning of
its evaluation phase. At this point, the input signal in, at its hold phase, provides
full level inputs to transistor M1 and holds node out firmly to Vgg. Since in is low,
transistor M2 is off, node out is floating during this time. As ¢; begins to ramp up,
transistor M4 conducts more strongly. Since out is held to Vg, increasing V,, of M4
causes out to track ¢; closely. At the end of the evaluation phase, out reaches the full
rail, while out remains at 0V. In the hold phase of the gate, out and out provide full
level driving voltage to the next logic gate. Subsequently, as ¢, ramps towards Vg,
the outputs of the gate reset. Note that when the gate is in reset phase, input nodes
in and in are already in the reset phase, and M1 and M2 are both off. Consequently,
out tracks the power-clock through M4 and discharges to Vsg gradually. Eventually,
both outputs reach 0V and remain stable until the next evaluation phase.

In resonant systems, presenting a constant capacitive load C' is important to pro-
vide a stable oscillation frequency, and the dual-rail property of 2N-2P logic can
provide a near-constant load capacitance when looking into the ¢ node of the gate.
As long as the effective capacitors at the 2N-2P output nodes are equal, the value
of C in a resonant system is independent of the output state of gates, and stable
LC oscillation is maintained. This is one of the salient advantages of using dual-rail
logic in a fine-grain charge-recovery system. However, dual-rail logic has its limita-

tions. One such limitation is the constant switching activity of each gate, which is
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Figure 1.7: (a) Schematic of 2N-2P inverter. (b) Four-phase power-clock waveforms.
(c) Operating waveforms of 2N-2P inverter.

50%, independent of the switching probability of the output state, since one of the

two output nodes switches in every cycle. As a result, a fine-grain dual-rail charge-

recovery system could cause low-switching activity gates to dissipate more compared

to their conventional CMOS counterparts. A significant portion of energy savings is

thus given up when applying fine-grain charge-recovery techniques to designs with
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low switching activity.

The need of multiple clock phases for 2N-2P logic also increases the complexity and
reduces the energy efficiency of the design. Use of multiple-clock phases requires more
clock network broadcasting in physical design and thus increases design complexity.
GGate cascading needs to follow a fixed phase order in 2N-2P operation, and only gates
driven by specific phase-pairs can be connected. Furthermore, additional buffering
is often required to phase-delay noncritical paths, balancing the paths so that they
arrive at the same time as critical paths. This buffering results in additional power
dissipation and affects the extent to which a design can be efficiently implemented
using fine-grain charge-recovery techniques.

Fine-grain pipelining enables greater throughput but limits the range of designs
that can be efficiently implemented. Charge-recovery techniques involve a fundamen-
tal trade-off between energy dissipation and latency, as suggested by Equation (1.4);
however, they do not affect system throughput, since fine-grain systems are inherently
gate-level pipelined. Moreover, the maximum number of evaluation stack height in
each charge-recovery logic limits the function that can be implemented in each gate.
As a result, deeper pipelining is sometimes needed compared to a traditional CMOS
datapath. Fine-grain charge-recovery is therefore advantageous in systems that are
throughput intensive and can tolerate increased latencies.

Implementing fine-grain charge-recovery techniques in sequential circuits with
feedback is also a challenge, since both latency and throughput are adversely af-
fected. With feedback loop in a design, no further computation can occur until the
previous one is completed, so throughput and latency become correlated.

Although the majority of work in charge-recovery design has focused on fine-grain
systems, these techniques are not limited to such logic gates. Charge-recovery tech-
niques are particular effective in applications which involve nets with large switching

activity. Regular datapath structures without feedback loops are also well-suited
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to fine-grain charge-recovery implementations. In the next section, we will discuss
designs that implement charge-recovery techniques on specific nets, leading to coarse-

grain charge-recovery design.

1.4.2 Coarse-grain Systems

Unlike fine-grain designs, which employ charge-recovery techniques throughout
the design, coarse-grain designs employ charge-recovery selectively in part of of the
design, where the application of these techniques is more effective. In this section,
a resonant-clocked pipeline is discussed as an example of coarse-grain system. In
particular, resonant-clocked pipeline designs apply charge-recovery techniques on the
parasitic capacitance of clock distribution network and in some cases, may extend to

the internal capacitance of pipeline registers.
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Figure 1.8: Resonant-clocked pipeline example.

Figure 1.8 shows an example of a resonant-clocked design where the timing ele-
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ments (pipeline registers) are specially designed and clocked by a single-phase resonant
clock, and combinational logic is identical to conventional CMOS design. An inductor
L is used to resonate the capacitance of the entire clock network C'in the system. Due
to the high switching activity of the clock distribution network, substantial dynamic
power reduction can be achieved with special pipeline register designs. In contrast
to a fine-grain gate-level pipelined system, such designs are pipelined at a coarser
level, which is similar to the conventional CMOS datapath with multi-stage pipelines.
Consequently, coarse-grain systems can be designed to exhibit identical system-level
timing properties with traditional clocked designs such as latency, throughput, and
cycle time.

Unlike fine-grain charge-recovery systems, coarse-grain charge-recovery systems do
not require additional buffers to balance delay, greatly increasing the range of designs
that can be implemented in an energy manner. Furthermore, since logic gates in this
system can be implemented with conventional CMOS logic, the design of resonant-
clocked pipelines is more amenable to commercial tools, especially for synthesis and

place-and-route.

1.5 Contributions

This section outlines the contributions of this thesis. The main motivation of
this thesis is to apply charge-recovery techniques on designs and achieve better en-
ergy /performance trade-offs than conventional CMOS design. We demonstrate charge-
recovery techniques on two systems with different frequency points. Both designs pro-
vide high performance at their corresponding supply-levels and achieve higher energy

efficiency than their conventional CMOS designs counterparts.
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1.5.1 SBL and SBL-Based FIR Filter Design

In this work, we present Subthreshold Boost Logic (SBL), a new circuit family
that relies on charge-recovery design techniques to achieve order-of-magnitude im-
provements in operating frequencies while still achieving high energy efficiency using
subthreshold DC supply levels. Specifically, SBL. uses an inductor and a two-phase
power-clock to boost subthreshold supply levels, overdriving devices and operating
them in linear mode. Charge-recovery switching is used to implement this boosting
in an energy-efficient manner.

To demonstrate the performance and energy efficiency of SBL, we also present a
14-tap 8-bit finite-impulse response (FIR) filter test-chip fabricated in a 0.13um tech-
nology with Vi nmes = 400mV. The energy-efficient operation of the SBL-based FIR
test-chip has been experimentally verified for clock frequencies in the 5MHz-187MHz