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CHAPTER 1

Introduction

As CMOS technology developed rapidly in the last few decades, various systems on chips
(SoCs) have been implemented across different applications due to reduced area and power re-
quirements. Digital signal processing (DSP) algorithms are frequently employed in these systems
to achieve more accurate estimation or faster computation. However, CMOS technology scaling
started to slow down recently and relatively large systems consume too much power to solely rely
on the scaling effect while system power budget such as battery capacity improves slowly. In addi-
tion, there exist increasing needs for miniaturized computing systems including sensor nodes that
can accomplish similar operations with significantly smaller power budget [1][2].

Due to continuous technology scaling and advances in circuit design techniques, various gen-
eral purpose cores now provide significantly improved energy efficiency while still providing flex-
ibility necessary for versatile systems (Fig. 1.1). In addition. application-driven optimizations
such as instruction set selection and architecture modification have been successfully applied to
complex SoCs [4]. However, the need for supporting even more complicated algorithm is grow-
ing in multimedia and wireless communication applications [5]. For instance, references [6] and
[7] propose energy-efficient reconfigurable accelerator designs aimed for multimedia applications.
Authors in [8] describe a LDPC decoder design with fine-grained dynamic clock gating that re-
duces switching energy. Significant amount of energy savings shown in these works mainly result
from architecture optimization and circuit techniques. This dissertation will expand the scope into
multiple design levels ranging from circuit technique to algorithmic modification and study various

energy efficiency improvement techniques.
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Figure 1.1: ARM Cortex-M4 processor architecture optimized for digital signal processing appli-
cations [3].

1.1 Voltage Scaling

There have been many research activities on different circuit techniques to enhance power ef-
ficiency, but voltage scaling is one of the most widely used low power techniques since it reduces
switching power consumption dramatically. However, leakage energy consumption increases si-
multaneously due to longer clock period and there exists theoretical limit on obtainable energy

efficiency due to increasing leakage power consumption [9].

-16 -
- 1.0x10 20.0f Eoct
1.0x10™" - — Eact 47 — Ejeak
_Eleak - 9.0x10 15.0f ca
14 =L
_ 8.0x10 " L 8.0x10™"7 - o
2 eoxto™ L70x10"7 & B 10.0f -
S 0. X Ox’ £ :l-) .
w i [=
14 | Lg.ox10"7 — W
4.0x10 5.0 |
17 )
L 5.0x10
2.0x10™ -
: : : : . 4.0x10™"7 0.0 . ; . .
06 07 08 09 10 11 1.2 0.2 0.3 0.4 0.5
vdd (V) vdd (V)

Figure 1.2: Simulated energy as a function of power supply voltage [10].
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Figure 1.3: Process variation in SRAM hold noise margin in super and sub-threshold operation
regions [11].

Fig. 1.2 shows simulated energy consumption of an inverter chain as a function of power supply
voltage. The left plot confirms that as the supply voltage drops leakage energy starts to increase
fast at some point while switching energy reduces continuously at the same rate. The total energy
dissipation per operation is simply the summation of leakage and switching energy integrated over
each cycle and its trend is described in the right plot. The total energy reaches the minimum point
below 0.3V and increases again after that. This minimum point (or optimal point) represents the
minimum possible energy consumption one can achieve for the given system.

In addition, low supply voltage incurs significant amount of PVT variation, which requires
additional compensation circuitry and design overheads. In Fig. 1.3, it is observed that the dis-
tribution of SRAM hold noise margin becomes significantly wider as the supply voltage changes
from 1.2V (super-threshold) to 0.3V (sub-threshold). This issue makes it difficult to design a ro-
bust SRAM operating at lower operating voltages and various variants of SRAM bitcell such as
8T, 10T and 12T have been proposed to achieve better reliability. It also affects the operation of

digital logic circuits and the variation translates to the fluctuation in the critical path delay, which
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Figure 1.4: Basic Razor flip-flop [13].

necessitates larger amount of timing margins to guarantee correct circuit operation [12].

1.2 Timing Error Management

To mitigate increased variability in low operating voltage and remove consequent timing errors
of the system, various error correction circuit techniques have been proposed in the last decade.
Fig. 1.4 shows a basic Razor flip-flop that can detect a timing error caused by tight timing margin.
The shadow latch observes the incoming data based on the delayed clock signal and checks if
there is any data change in the observation window. This simple circuit can detect a timing error
effectively without causing large hardware overhead.

Error correction circuitry such as variants of Razor [13][14] can detect certain amount of timing
errors and force entire system to halt and re-perform that operation, which leads to operation at
lower operating voltage than conventional optimal point. Although it guarantees correct operation
by correcting all errors, generally only small amount of voltage margin may be achieved since the
overhead from error correction starts to exceed the benefit of reduced energy. In other words, the
amount of savings that can be achieved from timing error correction circuit is still limited since the

correction overhead exceeds the benefit of deeper voltage scaling when the error rate is high.
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Figure 1.5: Algorithmic noise tolerance technique [15].

Alternatively, it is also possible to take advantage of error correction scheme by decreasing
operating voltage even further below nominal operation range for better energy efficiency, which
is called “voltage overscaling”. Voltage overscaled systems usually employ architecture or algo-
rithm level techniques to deal with significantly increased timing error rate. Since reduced clock
period causes timing errors mainly in critical paths, it is important to ensure correct operation and
outcome in those paths. The block diagram in Fig. 1.5 shows an example of architecture and algo-
rithm level technique called ANT (Algorithmic Noise Tolerance). Instead of detecting all timing
errors in the critical paths and correcting them at the expense of additional operations, it has an
additional estimator block that produces similar, but lower accuracy results than the main com-
putation block. The decision block observes the outputs from the main block and the estimator,
and if the difference exceeds a pre-defined threshold value, it takes the estimator output instead,
which guarantees operations with certain accuracy. This allows large amount of energy savings by
compensating for relatively high error rate. However, this technique can be applied only to certain
type of digital signal processing hardwares with simple architecture and few dominating blocks in

terms of energy consumption.

1.3 Architecture and Algorithm Optimization

A large amount of efficiency improvement may be also obtained by optimization techniques
in architecture and algorithm levels. Reference [7] proposes an efficient hardware architecture
that targets computational photography such as High-Dynamic Range (HDR) imaging and Low-
Light Enhanced (LLE) imaging. This provides a good example of architecture optimization with

the given algorithm (Fig. 1.6). On the other hand, algorithm optimization may enable substantial
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Figure 1.6: An example of application-specific efficient hardware architecture [7].

improvement in overall energy efficiency. Many systems allow small amount of accuracy or quality
degradation where it introduces large amount of energy savings. Reference [16] proposes a motion
estimation processor with algorithm and architecture co-optimization. It successfully demonstrates
significant amount of power savings along with performance improvement. Due to low sensitivity
of human eye to small color or brightness changes, especially computer vision and video codec

algorithms have the potential of large energy savings.

1.4 Dissertation Overview

This dissertation seeks to mitigate excessive power consumption of conventional DSP algo-
rithm implementations by proposing various DSP hardware design approaches targeted for power-
constrained systems. First, a fast fourier transform (FFT) accelerator is studied as one of the key
parts in various DSP algorithms in Chapter 2. Along with energy-efficient FIFO for subthresh-
old operation, various FFT hardware architectures are analyzed in terms of energy efficiency. A
parallel-pipelined architecture is proposed, which suppresses leakage energy by ensuring full uti-

lization of functional units and reduces memory size. These techniques are applied to a 16-b



1024-pt complex-valued Fast Fourier Transform (FFT) core along with low-power first-in first-out
(FIFO) design and robust clock distribution network.

Chapter 3 takes a closer look at the properties of pipelining in ULV regime and search for the-
oretical limit of energy efficiency for the given operations. Energy savings from deep pipelining
is promising in ultra-low voltage (ULV) regime, but as scaling down continues its benefit starts
to saturate and implementation overheads may increase rapidly depending on hardware topology.
Energy efficiency gains in the subthreshold regime are limited by exponentially increasing cycle
times, and hence leakage energy. Voltage overscaling lowers circuit operating voltage aggres-
sively, leading to an overall improvement in energy efficiency in applications that can tolerate
errors. Based on simple and intuitive mathematical model, a design methodology for voltage-
overscaling of ultra-low power systems in ULV regime is proposed. First, a probabilistic model of
error rate increase is proposed for basic arithmetic units, and it is validated using both simulations
and measurements. This model allows the estimation of energy savings for the given amount of er-
ror tolerance. The model is then applied to a modified K-best decoder that employs error tolerance
to reveal the potential benefit of the framework. With simple modifications, the conventional K-
best decoder is improved to obtain noticeable error tolerance of child node expansion modules with
minimal SNR degradation while the resulting design does not require additional error-correction
circuits and employs only simple timing error-detection circuitry.

Chapter 4 proceeds to higher level approach for energy efficient hardware design. For recent
highly complicated DSP algorithms, there still exists a large room for further energy reductions.
In other words, hardware-oriented algorithm optimization may provide significant savings while
maintaining identical or similar algorithm quality. This chapter presents an energy-efficient feature
extraction accelerator design aimed for visual navigation. The hardware-oriented algorithmic mod-
ifications such as circular-shaped sampling region and unified description are proposed to minimize
area and energy consumption while maintaining feature extraction quality. A matched-throughput
accelerator architecture employs fully unrolled filter architectures and single stream descriptor ar-
chitecture enabled by algorithm-architecture co-optimization. This provides significantly larger
headroom for aggressive voltage scaling with the given throughput requirement and reduces the
hardware cost of description processing elements. Due to a large number of FIFO blocks required,

a robust low-power FIFO architecture for ULV regime is also proposed. Based on shift-latch de-



lay elements and balanced-leakage readout technique, it achieves noticeable energy savings and
delay reduction. These techniques are applied to feature extraction accelerator which can process
30fps VGA video in real time and it is fabricated in 28nm LP CMOS technology. The resulting
design provides significantly better energy efficiency than current state-of-the-art while extracting
features from entire image.

Chapter 5 moves the focus to a system level energy optimization and describes a highly power-
constrained ECG monitoring system. Recent complicated SoCs often include both analog and
digital domain components and the energy consumption of each block should be considered alto-
gether to maximize energy efficiency. This chapter shows that the system level noise optimization
and circuit techniques in the analog front end enable 31nA current consumption and minimum
energy computation approach in the digital back end further reduces the energy by 40%. Duty
cycling is studied as an alternate approach to reduce power consumption in the digital processing
block when original performance-driven minimum frequency and voltage operating point are be-
low minimum energy point (MEP). To mitigate various types of noise and irregularity in the ECG
signal, two different algorithms are implemented while each can be power-gated independently
depending on the environment. The proposed system achieves more than 100X power saving over
prior works.

Finally, Chapter 6 advances both architecture and circuit techniques. This chapter proposes
a single-chip solution for face detection and recognition problem. Machine learning algorithms
including SVM (Support Vector Machine) are transformed into feasible forms for hardware imple-
mentation. Since the memory blocks occupy most of the area and dominates the systems in terms
of power consumption, a write-once read-only memory based on a new 5T bit cell is proposed.
The resulting hardware can process 5fps HD video with a low clock frequency of 81MHz while

consuming only 21.7mW power.



CHAPTER 2

Energy-Optimized FFT Processor

2.1 Introduction

Recently, voltage scaling has been widely applied to highly energy-constrained systems such
as battery-powered sensor nodes to minimize energy consumption. Voltage scaling enables en-
ergy efficient computation by quadratic (or greater) reductions of switching and leakage power
dissipation. Although voltage scaling increases gate delay and thus degrades performance, it is
still advantageous for many applications with relaxed performance requirements [1][17] and the
supply voltage may be scaled down to, or below, the device threshold voltage V,,. However, leak-
age energy consumption per cycle increases due to enlarged stage delay as voltage scales and this
overhead starts to exceed the switching energy savings below the optimal operating point V,;,
producing optimal energy consumption E, ;. Therefore there exists a fundamental limit for energy
savings from voltage scaling in the subthreshold regime regardless of V,; [9]. To enhance energy
efficiency beyond this point, leakage energy must be suppressed by elimination of idle gates or
other techniques to boost the utilization of each gate or module in the system. Since ultra-low volt-
age operation incurs high process/voltage/temperature (PVT) variation [18], variation tolerance
should also be considered in designing these low voltage systems. Such an energy-optimal design
methodology is demonstrated on a FFT (Fast Fourier Transform) accelerator in this chapter.

The Fast Fourier Transform (FFT) is a key digital signal processing (DSP) algorithm and is
widely used in digital communication and sensor signal processing. Aided by technology scaling,

FFT accelerators have become feasible, offering higher energy efficiency than general purpose pro-



cessors even for volume-constrained systems such as sensor nodes [17][19]. Such an FFT core is
used as a demonstration vehicle for circuit and architectural techniques aimed at reducing V,,; and
E,p:, while achieving unusually high throughput for a subthreshold circuit. Past work in power
efficient FFTs include [20], where the authors propose a cached-memory FFT architecture that
processes intermediate results within cached data sets to minimize the number of main memory
accesses. In [19], the authors employ voltage scaling to improve energy efficiency. They use stan-
dard cells and memories optimized for subthreshold operation and target their design at the optimal
energy operating point. However, the body of prior work in this area has not investigated the key
role of leakage energy in the subthreshold regime, and it will be shown that energy efficiency
can be improved beyond the conventional optimal energy operating point by suppressing leakage
effectively.

This chapter describes the use of circuit techniques with an architectural study focused on ex-
tending voltage scalability and enhancing performance in the design of 1024-point complex-valued
FFT core. A parallel-pipelined FFT architecture is proposed to maximize computational element
and memory utilization, while reducing memory size and overall leakage energy. Such an ap-
proach is ideally suited to subthreshold design where leakage energy is significant, in contrast to
traditional superthreshold design paradigm where dynamic energy and performance are the pri-
mary metrics. An energy-efficient FIFO block targeted for robust operation in subthreshold regime
is also proposed. Combining these techniques, the parallel-pipelined FFT core with pipelined CEs
(computational elements) is fabricated in a standard 65nm CMOS process. The resulting design
achieves 15.8 nJ/FFT operating at 30 MHz with V44 = 270 mV, enabling throughput of 240 Msam-
ples/s.

As a joint project with Mingoo Seok, he proposed a power saving technique called ”super
pipelining” that employs significantly more pipelining stages than conventional low voltage de-
signs to suppress leakage energy by shortening clock period. Computational blocks including
adders and multipliers are implemented using this technique, which also contributes to power sav-

ing.

10



INPUT

_— N-words | 192 12 K4
Memory
ouTPUT
— CE 128 CE1 [ 3 CE3 >
T 64 ] E} >
I Controller H ROM I 12 _)
(a) (b)

Figure 2.1: (a) Memory-based architecture and (b) R4MDC pipelined architecture.
2.2 Energy-optimal FFT Architecture

Contrary to nominal voltage operation, leakage energy limits energy efficiency in the ultra-
low voltage regime. Conventional FFT architectures mainly focus on reducing dynamic power
and hardware cost while meeting a performance target, and energy efficiency can be simply cal-
culated from the number of required computations such as complex multiplications and additions
[31]. Idle cells or modules, while contributing to hardware or area overhead, are not seriously
explored for improving energy efficiency for these reasons. As voltage scales, however, idle cells
consume significant leakage energy per cycle while the switching energy of arithmetic units is re-
duced. Therefore it is critical to eliminate idle cells or modules as much as possible, enabling high
utilization and improving energy efficiency.

The best-known FFT architectures are the memory-based and pipelined architectures. The
memory-based architecture is one of the simplest ways of implementing the FFT algorithm. It
consists of a large memory divided into several banks storing initial input data and intermediate
results for the next butterfly operation, as depicted in Fig. 2.1(a). The computational element
(CE) pulls one set of data from memory and stores results into the same memory space after
processing. While the CE is processing data, the unaccessed memory cells simply store their
previous values and consume leakage energy. Although the CE is fully utilized, memory utilization
is very low and only 0.8% of total memory is accessed every cycle for 1024-pt radix-4 FFT. SPICE
simulations indicate that 85% of overall energy is dissipated in memory at 300 mV for a radix-4
memory-based architecture, implying this architecture is not appropriate for highly energy efficient
operation in subthreshold regime. In addition, it requires the use of a ping-pong type input buffer,
increasing memory size, to perform successive FFT of incoming data for applications such as audio

processing or OFDM [32][33].
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The pipelined architecture comprises several stages connected in series with CEs and multiple
FIFOs to store and re-order intermediate values. It leads to higher dynamic power since multiple
CEs switch simultaneously. However, CEs only access FIFOs of the previous stage, and these
FIFOs are relatively small compared to the large memory in a memory-based architecture. This
significantly reduces the average number of memory cells per CE, enabling high memory utiliza-
tion and in turn reducing memory leakage energy.

The most straightforward pipelined architecture is MDC (Multi-path Delay Commutator), shown
in Fig. 2.1(b) [34]. Each stage corresponds to one segment of the signal flow graph and the CE
performs butterfly computation in the same way as in the memory-based architecture. The com-
mutator consists of switching network and FIFOs, and re-orders the data flow for CE of next stage.
However, this architecture suffers from CE utilization as low as 25% for R4MDC (radix-4 MDC)
architecture since it accepts only one input per cycle, then waits for several cycles to build a full
set of data required for a butterfly operation. This drawback becomes worse in higher-radix FFT
algorithms since more data is required for a butterfly operation. In addition, for an N-point FFT
this architecture requires 3(logsN-1) complex multipliers and 5SN/2-4 memory cells, making the
hardware costs higher than other pipelined architectures.

A widely used pipelined architecture is R22SDF (Single-path Delay Feedback) [31]. This
approach introduces a feedback path composed of local memory beside each CE to temporarily
store intermediate values rather than a large memory in the commutator module of the R4AMDC
architecture. R22SDF requires logsN-1 complex multipliers and only N-1 memory cells, achieving

75% utilization of complex multipliers.

2.2.1 Modified R4MDC architecture

The conventional R4MDC architecture accepts only one input per cycle while processing 4
input data concurrently per cycle, and thus the CEs performing radix-4 butterfly operations are
activated partially to match throughput with input data rate. This incurs significant leakage energy
overhead due to low CE and memory utilization. However, if four inputs from a single channel are
obtained in one cycle, full CE utilization can be achieved, which also minimizes memory leakage

energy since the number of cycles required to perform one FFT is reduced.
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Figure 2.2: Modified R4AMDC architecture for 1024-pt FFT.

This modified R4MDC architecture with 4 inputs per cycle is depicted in Fig. 2.2. In altering
the original R4MDC architecture to achieve full utilization, several changes are made:

- Altered data scheduling within a commutator

- Different configurations for each FIFO

- Process four input data per cycle

While the original R4MDC architecture employs large input buffers to convert serial input to a
parallel data stream for the first CE, the modified architecture allows the input re-ordering buffer to
be half as large since four input data are fed into the FFT core per cycle. Therefore data scheduling
within a commutator had to be changed from the original R4MDC architecture, which results in
smaller FIFO configurations as shown in Fig. 2.2. The switching network remains the same as
the original R4MDC and a look-up table for twiddle factors is embedded in each CE along with a
controller.

In addition to full CE utilization, this architecture requires fewer memory cells for commu-
tators. Specifically, modified R4MDC contains 7N/4-4 memory cells compared to 5N/2-4 in
R4MDC, reducing memory size by 30% for a 1024-pt FFT. Although a CE accesses memory
every cycle, implying full memory utilization, this does not reflect the actual number of activated
versus idle cells. Instead the average number of memory cells per complex multiplier can be
used as an alternate metric in energy-constrained applications. For a 1024-pt FFT, the modified
R4MDC requires 149 cells per complex multiplier while R2>SDF needs 255.75 cells (72% more).
Taken together, modified R4MDC achieves 4 higher throughput and more energy efficient opera-
tion than R22SDF with smaller hardware cost. Simulation results indicate that modified R4MDC
and R2?SDF consume 52% and 68% of their total energy in memory at 250mV, respectively, with
modified R4MDC consuming 43.2% less energy with 2.6x better performance than R22SDF at

their respective energy-optimal points.
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Figure 2.3: FFT core architecture with 2 processing lanes.
2.2.2 Parallel-pipelined architecture

The improvements above significantly increase memory utilization and suppress leakage en-
ergy. However, even the modified R4MDC architecture consumes 52% of its total energy in mem-
ory, indicating that further room for improvement exists in memory utilization. This section shows
that FFT architecture parallelization reduces energy consumption per operation and improves per-
formance simultaneously.

Fig. 2.3 shows the modified R4MDC architecture with 2 processing lanes in parallel. Eight
in-order input data are fed into the FFT core every cycle and each processing lane processes data
within its own data set until the 2nd stage from the last, after which intermediate results are ex-
changed followed by independent processing in each lane. The proposed design in Fig. 2.3 requires

4N/7-8 memory cells, similar to the 1-lane version. Thus, the average number of memory cells per
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Figure 2.4: (a) Energy breakdown and (b) energy-area tradeoff of parallel-pipelined architectures.

multiplier is reduced by more than 50%, translating directly to memory leakage reduction. The
proposed design improves performance by 2x through parallelism while consuming only 35% of
its total energy in memory, indicating a greater degree of voltage scalability and potential E,,,
improvements.

Area-time-energy optimization has been applied in a FIR filter [35] previously to improve en-
ergy efficiency with fixed throughput. The proposed FFT architecture differs from this work in that
it focuses solely on achieving minimum energy consumption with emphasis on the role of leak-
age current in the subthreshold regime. Since ultra-low voltage (subthreshold) FFT architectures
consume most of their energy in memory as leakage, the enhanced memory utilization from the
proposed architecture provides significant energy savings.

The FFT core can be further parallelized to achieve continued benefits. However, hardware
costs increase while the benefit from parallelization saturates as the CE active energy starts to
dominate. Fig. 2.4(a) shows energy breakdowns of modified R4MDC architectures with different
degrees of parallelism. With the CE already fully utilized, its energy consumption remains un-
changed while memory energy decreases with additional parallelization. The energy-area tradeoff
shown in Fig. 2.4(b) clearly indicates that energy reductions from aggressive parallelism saturate
while incurring large area overhead. Although the minimum energy will be achieved when entire
signal flow of FFT algorithm is implemented without any memory modules, increased numbers

of multipliers and other modules results in higher PVT-induced variability and lower maximum
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operating frequency, translating to more leakage energy per cycle. In addition, higher parallelism
incurs wire overheads including the switching network and input/output interfaces. Based on this
and available silicon area constraints, the 2-lane version was implemented.

Simulation results show that the proposed design with 2 lanes consumes 27.5% less energy
with 2 higher performance than a 1-lane version, translating to 2.4 x better energy efficiency and

5.2x higher throughput than the conventional R22SDF architecture.

2.3 Robust Subthreshold FIFO Design

The First-in First-out (FIFO) is a key module in commutators, and the proposed architecture
employs a large number of these modules. Simulations of the 2-lane modified R4MDC architecture
show that FIFOs consume up to 29% of total energy, making it necessary to explore energy efficient
FIFO design.

The most straightforward FIFO implementation is a shift register-based FIFO [36]. For an N
delay FIFO, N registers are connected in series and all of them switch every cycle, sending data to
next stage. Although this is very robust due to its negative hold time property, registers toggling
every cycle have significant switching power overhead, making them less attractive for low power
designs. Another possible candidate for a low-power FIFO is an SRAM-based design [37], which
uses conventional SRAM for storing data and reads data from each word successively, writing
subsequent data into the same address. For nominal voltage operation, a simple 6T SRAM can
be used for high density with lower switching power than shift registers while retaining sufficient
speed to match the data rate. However, a 6T SRAM is not suitable for the subthreshold regime
due to its susceptibility to process variability and resulting small read/write margins, and variants
such as 10T [38] are preferred for robust operation. The maximum operating frequency of robust
subthreshold SRAM designs is typically below 1 MHz [39][40], making it impossible to meet
performance requirements of the target FFT design.

To mitigate these performance and variation issues, a latch-based memory is used. Although
latch-based memory as described in [19] increases read/write margins and offers potential perfor-
mance improvements, additional address generator or decoder is necessary for read/write address

signal generation. In addition, MUX-based readout paths are slow and suffer from leakage energy
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Figure 2.5: Proposed 8-word FIFO design with commutator architecture.
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Figure 2.6: Readout delay distributions from 100k Monte-Carlo SPICE simulations.

overhead due to the correspondingly long cycle time. For improved energy efficiency, a latch-
based memory with dedicated address generator and logic-based readout path is proposed. The
entire FIFO architecture is described in Fig. 2.5.

The proposed design contains a cyclic address generator consisting of a single chain of regis-
ters, producing both write and read enable signals. While one of the latches is enabled for write
operation based on the enable signal from address generator, the data stored in the next latch is
read through the NAND gate using the same signal. This cyclical access pattern reduces energy by
sharing one address generator for read and write operation rather than using a separate decoder for
write operation as in conventional SRAM designs. The logic-based readout path operates faster
than the MUX-based option, allowing the FIFO to match the performance of the deeply pipelined
CEs. Fig. 2.6 shows Monte-Carlo simulation results of readout delays of MUX-based and logic-
based readout scheme. The logic-based design is 33% faster on average than the MUX-based
one, indicating that the proposed design effectively reduces leakage energy by shortening stage
delay while improving throughput. Simulation results further confirm that the 32-word FIFO with
proposed logic-based design consumes 12% lower energy with 20% higher performance than the
MUX-based design.

For robust read operation, hold time issues must be avoided between the write enable and write

data signals. If write data changes while write enable of previous cycle is still asserted, the stored

18



CLK T ot

write[0] i )
WEJ/RE,| &\ rite
WE,/RE, '>/§( g \

out[0]

Figure 2.7: Positive-edge read and negative-edge write scheme.

data of previous latch will be corrupted. To avoid this hold time issue, it utilizes a negative-edge
write scheme. As described in Fig. 2.7, the write data signal remains unchanged for a half cycle
after the previous write enable signal is disabled to provide large write operation timing margin and
guaranteeing timing violation-free write operation. Since the readout path is critical for this FIFO
module, this increased timing margin for write operation does not impact overall performance. 8-
word and 32-word FIFOs are first implemented, and larger FIFOs are obtained by connecting them

in series.

2.4 Clock Distribution Network

Clock tree distribution networks of large integrated circuits are generally composed of several
levels with local clock buffers to suppress RC delay of long wires. In the nominal voltage regime,
clock buffer gate delay is small compared to the RC delay of global clock networks and inserting
a large number of clock buffers is used to reduce clock skew. In the subthreshold regime, however,
exponentially increased gate delay dominates while RC delay no longer contributes appreciably
to clock path delay mismatches. In contrast, buffer mismatch significantly impacts clock distri-
bution delays and adding more buffers leads to higher clock skew. Mismatch can be effectively
suppressed by employing only a small number of large buffers, since they are robust to random
process variations [18][41].

In this design, the clock network was designed with only 3 levels and a small number of rela-
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Figure 2.10: Measured (a) energy consumption and (b) performance of the FFT core.

tively large buffers to suppress clock skew incurred by clock buffer mismatch. RC delay mismatch
is also minimized by matching wire lengths of each level. Fig. 2.8 shows the complete clock dis-
tribution network. The lowest and middle level networks, which have relatively small RC delays,
are implemented with minimum width lower level metallization for low power consumption while
the top level is designed in a fish-bone network using top thick metal layers to minimize RC delay.
Worst-case RC mismatch from simulation is less than 150ps or 0.14 fanout-of-four (FO4) delays
at Vgg = 270 mV. Fig. 2.9 also indicates that simulated 2 clock skew due to buffer mismatch is

0.68FO4, which is 2% of the clock cycle at 270 mV.

2.5 Measurement Results

The FFT core is designed using the described circuit and architectural techniques. Fig. 2.10
provides measured energy and performance results for the proposed FFT core. The core con-
sumes 15.8 nJ/FFT at a measured maximum clock frequency of 30 MHz at 270 mV, yielding 240
Msamples/s. This throughput is 10 100 higher than typical ULV designs [17][19]. At 600 mV the
proposed design consumes 35.0 nJ/FFT at a clock frequency of 290 MHz; this energy efficiency is
a 2x improvement over the high performance design in [42] at the same throughput. Fig. 2.11 re-

ports the measured performance and energy efficiency as a function of temperature, demonstrating
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Figure 2.11: Measured performance and energy consumption as a function of temperature.

functionality across a wide temperature range, which is often a challenge in subthreshold designs.
Also, note that higher operating frequencies due to fast operating frequency may cause tempera-
ture increases, pushing leakage energy up exponentially. However, since the proposed FFT core
consumes only 3.7 mW at 270mV and 30MHz, power density is very low (0.043W/cm?) and there
are no self-heating effects that could compromise energy efficiency at low V4.

The average energy consumption and clock frequency at Vdd = 300 mV are 17.1 nJ/FFT and
41 MHz, respectively, as measured across 60 dies (Fig. 2.12). This figure also shows modest
frequency and energy spreads of only 7% and 2%, respectively, in terms of 6/u. Table 2.1 shows
performance characteristics from recent publications along with the proposed FFT design normal-
ized to technology, FFT size, and bit width using the expression in [42]. The proposed design
shows 2.4x better energy efficiency than the previous state-of-the-art. Fig. 2.13 shows the die
photograph of the fabricated FFT core with core area of 8.3 mm? (2.66x3.12mm) in 65nm CMOS
technology.
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Proposed 2] [28] [29]
Technology 65nm 180nm 90nm 65nm
1024-point  ]128~1024-point 256-point 128-2048pt
FFT mode
complex-valued] real-valued |complex-valued|complex-valued
word width 16 bit 16 bit 10 bit 16 bit
Vdd 027~10V 0.18~09V 0.625~1.0V 05~1.0V
area 2.71x3.15 mm’ | 2.6x2.1 mm” |2.26x2.26 mm’| 1.375mm’
. . 1024-point CV | 1024-point RV | 256-point CV | 1024-point CV
design point 0.27V, 30MHz | 0.35V, 10KHz |0.85V, 300MHz | 0.43V, 10MHz
240MS/s N/A 2.4GS/s 80MS/s
Energy/FFT 15.8nJ 155nd 12.8nd 37.3nd
Normalized Energy/FFT| 15.8 nJ 111.9 nJ 71 nJ 37.3nd

Table 2.1: Characteristics of published FFT cores and the proposed design.

2.6 Conclusions

This chapter describes circuit and architecture techniques that enhance energy efficiency in the
subthreshold regime, with application to an FFT module. A parallel-pipelined architecture max-
imizes CE and memory utilization, enabling greater voltage scaling range and further enhancing
throughput. In addition, an energy efficient and robust FIFO design and variation-tolerant clock
distribution network are employed. The proposed FFT design is fabricated in 65nm CMOS and
measurements indicate that it successfully operates at an optimal operating point of 270 mV at a
clock frequency of 30 MHz. Its energy efficiency is 2.4 x higher than previous state-of-art FFT

designs, while performance is more than 10x higher than past ULV designs, demonstrating the

feasibility of very low voltage design for moderate to high performance systems.
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CHAPTER 3

Design Methodology for Voltage Overscaled Ultra-Low Power

Systems

3.1 Introduction

Continuous technology scaling enables complicated DSP algorithms to be implemented in
highly energy-constrained systems such as wireless sensor nodes. Along with technology im-
provements, voltage scaling has also been applied in a wide range of applications to further reduce
power consumption. Although this effectively boosts energy efficiency by reducing dynamic en-
ergy, it also increases stage delay, translating to significant leakage energy per cycle in the near
and subthreshold regimes. Therefore a lower bound on energy per operation is reached in these
operating regimes [11][44].

However, the worst-case critical path in a design is not always activated and supply voltage can
be further scaled while maintaining fixed performance if the system can tolerate timing errors. This
enables improved energy efficiency beyond the lower bound described above via removal of the
timing correctness assumption. To reduce margins in conventional error-free systems, some cir-
cuit techniques [45] can detect and correct timing errors. While this allows for aggressive voltage
scaling, the energy overhead of error correction eventually exceeds energy savings from voltage
scaling beyond some error rate. On the other hand, some DSP systems have innate algorithmic
error-tolerance or can be modified to achieve error tolerance without significant quality degrada-

tion as shown in [15][46]. These types of systems show much larger benefit from VOS (voltage
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overscaling) compared to error-free computing systems with additional error correction circuitry.

In voltage overscaled error-tolerant systems, it is critical to understand the tradeoff between
energy savings and quality degradation in order to estimate headroom during the design phase and
select an appropriate design point. Therefore an accurate timing error model for digital systems is a
key enabler to design using voltage-overscaling. One approach to building such a model is through
exhaustive search with simulation tools. However, the required time increases impractically as
the system grows. A preferred alternative would be a simple probabilistic timing error model that
provides reasonable accuracy, and makes the design of large DSP systems targeted at extreme
energy efficiency feasible.

In this chapter, a practical design framework using an analytical timing error distribution model
is proposed. Starting from the analysis of a simple ripple carry adder, a normally distributed error
model for more complex circuits is derived. The model fits reasonably well to typical circuit
building blocks using simulation and measurement results of pipelined Baugh-Wooley multipliers.
Then the proposed model is applied to an error-resilient K-best decoder to obtain an optimal design

point for peak energy efficiency.

3.2 Related Work

3.2.1 Error-tolerant DSP applications

The computation quality of many DSP systems can be measured as SNR performance. Gener-
ally such systems are allowed to incur a reasonably low SNR degradation (often less than 1dB) to
achieve a given power budget or performance target. In [47], the authors perform intensive simu-
lations of different adder types and investigate the benefit of VOS in a FIR filter. The work mainly
focuses on the average error magnitude without architectural modification to suppress timing er-
rors. However, error correction is not considered and performance degrades sharply as voltage
scales.

More advanced approaches that incorporate error correction schemes were proposed in [15] and
[46]. An estimator that is a simpler version of the main computation block produces approximate

calculation results, which are then compared with the result from the main block to detect timing
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errors. If the difference exceeds a pre-decided limit, the estimator result is chosen and sent to the
next stage. The authors claim up to 71% power savings with coding gain loss of 0.8dB relative to

error-free systems including PVT variations.

3.2.2 Design approach for voltage overscaled systems

Design approaches to enhance or estimate the effect of VOS have been previously proposed.
Reference [48] suggests a design flow to redistribute slack for maximizing the amount of VOS. The
method is effective in improving VOS, but requires intensive simulations to determine the degree
of improvement. In [49] a similar flow is proposed with additional weight assignments including
a detailed analysis on adders and CORDIC processor.

In [50], the authors assume that the delay of a single gate follows the Gaussian distribution and
estimate error rate of a given circuit using simulation. They use clock skew scheduling based on the
importance of each signal to improve voltage scalability. Although this provides a simple design
approach for voltage overscaled systems, it may not be feasible to carefully control clock skew in
ultra-low power designs given that the corresponding low operating voltages lead to heightened
PVT variation. In addition, the approaches above use empirical models that do not directly extend

to other systems without significant recharacterization.

3.3 Error Analysis in Voltage Overscaled Systems

The conventional error analysis methods described above are based on extensive simulations.
They can reveal an error model underlying the circuit topology and enable prediction of the benefits
of voltage scaling. However, upon design modification (e.g., changing the pipeline stage assign-
ment and redistributing timing slacks), the analysis must be performed again with mostly different
variables, making it challenging to determine the optimal design point. To mitigate this exhaustive
search problem, this chapter proposes a simple timing error model that can be applied to general

complex circuits with acceptable accuracy to provide design guidance.
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Figure 3.1: Critical path and an example activated path in a 32-bit ripple carry adder.

3.3.1 Ripple carry adder starting point

The adder is a basic element in typical DSP systems and even larger modules such as multipliers
are frequently implemented with multiple adders. By first finding an accurate error model for
adders, the model can be extended to the analysis of larger complicated modules. Here a ripple
carry adder is chosen as a testbench since it has a simple critical path and makes it possible to
understand the nature of timing errors and hence build an intuitive model.

The worst-case critical path of a ripple carry adder is well known to be the carry propagation
path from the LSB to the MSB, as shown in Fig. 3.1. For error-free computation, the pipeline
stage should be designed to accommodate this worst-case delay. However, the full critical path
is activated infrequently given the probability of appropriate input vectors. Using this, one can
calculate the probability of timing errors across the input vector space. Since the path from LSB to
MSB is the longest, it is assumed that the packet error rate can be approximated by the MSB error
rate. Then the probability that the length of the activated path culminating at the MSB is exactly N

in terms of the number of full adders is given by

py=p"(1-p) (3.1)

where p is the probability that the carry input of the full adder propagates to the next stage.
Then the error rate is given by the probability that the length of the activated critical path is larger
than the clock period N, which is the sum of pk for all k>N. If p is 0.5 and the clock period is T,
then the probability E7 that a timing error occurs is given by
32

Er= Y py=057/40 (3.2)
N=T [dgq
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Figure 3.2: Error rate of RCA from simulation and proposed equation.

where dy, is the delay of a single full adder. Fig. 3.2 shows the error rate of a ripple carry
adder from simulation in 65nm CMOS technology as well as estimated using Eq. 3.2. The results
confirm the model accuracy in predicting error rates.

While an accurate error model for the simple RCA can be easily found, an extendable prob-
abilistic model that can apply to larger systems is needed. As system size grows, there are more
critical and sub-critical paths in the module and the error pattern starts to behave more probabilis-
tically in contrast to the relatively deterministic model in Eq. 3.2. Given a system with N critical

paths following independent delay distributions, the error rate at the clock period T is given by

N

Esystem;T =1- H(l - Ek,T) (3.3)
k=1

where Ey 7 is the error rate of the k" critical path.

To simplify, it is assumed that all critical paths have distributions identical to Eq. 3.2 in order
to represent a complex system with multiple critical paths of the same delay. Then the CDF (Cu-
mulative Distribution Function) and the PDF (Probability Density Function) are obtained as shown

in Fig. 3.3. Rather than increasing continuously as the timing slack shrinks, the behavior of the
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Figure 3.3: Error rate considering multiple critical paths.

error rate is similar to a Gaussian distribution. Although the PDF in Fig. 3.3 is slightly skewed
rightward, it is fitted to a Gaussian distribution. This is pessimistic in modeling voltage overscaled
systems since the long tail of Fig. 3.3 will push the zero-error point farther right, and lead to more
achievable gains through VOS (i.e., larger margins to be exploited via VOS) than would be found

with a traditional Gaussian decay in the delay PDF.

3.3.2 Generalized critical path delay model

As the supply voltage reduces at a fixed clock speed, or clock period reduces at a fixed voltage,
timing slack of the module also shrinks and at a specific point critical path delay will exceed the
clock period depending on the input vectors. For a system with tight timing distributions, other
sub-critical paths will impact the error rate. However, this chapter focus on the primary critical
paths and assume that they dominate timing errors at relatively low error rates for simplicity and
practicality.

If the delay of a critical path is modeled as a Gaussian random variable over the input vector

space with worst-case delay of N FO4, it can be viewed as an inverter chain of length N. Each
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inverter delay also follows the Gaussian distribution with mean u and standard deviation 6. There-

fore the delay of entire critical path becomes the sum of random variables as in

N
Dpath =Y Dimej ~ N(Nu,NG*) (3.4)
k=1

where D, and Dy, are the delays of the entire critical path and single inverter, respectively.
Then the timing error rate is the probability that D, exceeds a given timing constraint, which
can be calculated with the CDF of a normal distribution.

Although this simplified model trades off some accuracy compared to exhaustive search, it
greatly simplifies error rate prediction, making it easier to tailor the design a voltage overscaled
system. If the values of u and ¢ are known, then distributions of the various pipeline stages and
modules in a large system are estimated with this simple equation. Furthermore, timing slack

redistribution or tuning of pipeline depth may be performed without costly iterative simulations.

3.3.3 Model verification with pipelined Baugh-Wooley multipliers

This section investigates the accuracy of the simple model described above in predicting error
rate behavior of larger digital modules. Since the multiplier is one of the key components in
DSP systems and is usually significantly larger than an adder, it is selected as a testbench. In
the subthreshold regime, exponentially increased stage delay contributes to large leakage energy
per operation and limits achievable energy efficiency. This leakage energy consumption can be
suppressed by pipelining (increasing overall circuit activity and making dynamic energy dominant
over leakage energy for a wider range of supply voltages) and pipelined multipliers may achieve
better energy efficiency than un-pipelined multipliers [21]. However, added pipeline registers incur
switching power overhead and there exists an optimal number of pipeline stages that gives the
lowest energy per operation. In this section, the proposed model is used to find the optimal pipeline
depth for a voltage-overscaled multiplier.

Pipelined Baugh-Wooley multipliers with various pipeline depths are implemented and Fig.
3.4 shows fabricated un-pipelined and 5-stage pipelined versions. These designs were fabricated
in 65nm CMOS technology as a testbench to compare the prediction model with simulation and

measurement results. To validate the proposed delay model, it should be determined whether the
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Figure 3.4: Fabricated un-pipelined and 5-stage pipelined multipliers in 65nm.
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Figure 3.5: Error rate quantile-clock period plot from measurements of the un-pipelined multiplier.
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actual error rate distribution follows the Gaussian assumption. Measured error rate of un-pipelined
multiplier is shown in Fig. 3.5 and the plot indicates the linear relationship between clock period
and error rate quantile, therefore the proposed model reasonably reflects the behavior of error
probability.

Given an un-pipelined multiplier with critical path delay of N FO4 that follows the normal
distribution N(u,c?), a K-stage pipelined multiplier will have a critical path delay of N(u/',c")

with the relationships:

v =u/K,6' =c/VK (3.5)

based on the model in Eq. 3.5. In addition, pipelining may increase the number of first-order
critical paths, which this should be included in error rate calculations. Then the error rate of a

K-stage pipelined multiplier at a given clock period T is given by

Epurr =1 —{F(T;1 ,6")}¢ (3.6)

where F is the CDF of a Gaussian distribution and C is the number of critical paths. For voltage
overscaled systems, the effect of voltage scaling translates to increased gate delay and T effectively
becomes shorter when normalized to FO4 delay at the new voltage. Therefore it is directly reflected
by T in this equation.

To measure the quality of the Gaussian-based prediction model, both un-pipelined and pipelined
multipliers with pipeline depths of 2, 4, and 5 stages are implemented. The exact values of u and
¢ for each multiplier are chosen by fitting Eq. 3.6 to simulation results as shown in Fig. 3.6. The
expected values of u and ¢ can be calculated by using Eq. 3.5, where K is defined as the ratio
of worst-case critical path delays between the differing pipeline implementations, rather than the
number of pipeline stages to compensate for sequential overhead and stage delay mismatch. The
results from simulation and Eq. 3.5 are depicted in Fig. 3.7 showing that the proposed model
successfully predicts u and ¢ with errors less than 8.4% and 15.5%, respectively.

Fig. 3.8 shows measurement results of un-pipelined and 5-stage pipelined multipliers along
with simulated values and model predictions. The proposed model accurately predicts the mea-

sured error rates. Since the model calculates the probabilistic delay over the input vector space,
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there exists a lower limit of error probability. For example, if the worst-case critical path of a 16-bit
RCA is activated with only one set of input vectors, then the lowest possible error rate is 2732, As
the multiplier is pipelined more deeply and includes more critical paths, the probability of critical
path activation increases significantly, raising the lower limit on error rate. In Fig. 3.8, the error
rate of the 5-stage pipelined multiplier drops very quickly above 300mV since the critical paths of
CSA trees are not activated and timing errors only occur in the carry skip adder with its slightly
longer critical path delay. At 305mV, both multipliers have zero error rates.

Fig. 3.8 also shows the margins for VOS with a maximum error rate tolerance of 0.1. As also
seen in Fig. 3.6, this margin reduces continuously for increasing pipeline depth. From this obser-
vation, the optimal number of pipeline stages in a voltage overscaled multiplier can be calculated.
Detailed analysis of the tradeoff between error rate and energy efficiency is given in Fig. 3.9. Al-
though a 4-stage pipelined multiplier is the most energy efficient at error-free operation, a 2-stage
pipelined multiplier shows better efficiency at error rates of 107> 10~* due to the sharper increase
in error rates in more heavily pipelined systems. Similarly, the proposed model can be applied to

other systems to determine an energy optimal design for a given error tolerance.

3.4 Case Study: Error-Resilient K-Best Decoder

For modern and next-generation communication standards, MIMO (Multiple-Input and Multiple-
Output) technique is a key feature. Although sphere decoding or other ML (Maximum Likelihood)-
like decoding schemes can achieve maximum decoding performance, the K-best decoder has been
proposed to mitigate fluctuating throughput and high hardware costs without significant SNR
degradation [51]. K-best decoding is based on the breadth-first search algorithm. It accumulates

the Euclidean distance from received symbols to candidate symbols and selects the fixed num-
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ber of candidates with minimum distances at each search stage. The K-best decoder consists of
computational elements (CE) and sorters. The CE calculates the Euclidean distance to the most
promising child nodes of candidate lists from the previous stage and sends this information to the
sorters. The sorter then sorts the child nodes based on distance and builds a new K-best candidate
list. Fig. 3.10 depicts the K-best decoder architecture with received signal y, channel information
R, and output symbol s.

To avoid an iterative search for the most promising child node and increase performance, the
CE is modified to expand only n child nodes of each candidate node on the list simultaneously
using the best child node decision scheme in [52]. The K-best candidate list from the previous
stage is already sorted and the lower nodes on the list have lower probability to survive until the
last stage since they have relatively larger distances than the upper nodes on the list. This implies
that even if an error occurs during node expansion of lower nodes, it may not noticeably degrade
the overall decoding performance. Therefore, if two separate CEs are used for the upper half and
lower half nodes on the list one can obtain error-tolerance by employing a voltage overscaled CE
to the latter case as shown in Fig. 3.11. A simple circuit-based timing error detection only scheme,
such as in [44], can detect errors and set the calculated distance to infinity to remove erroneous
results, eliminating overhead from error-correction modules such as in [45]. SNR degradation due
to voltage overscaled CE in a practical K-best decoder design with K=10 and 1=3 is described
in Fig. 3.12. This plot indicates that the proposed error-resilient K-best decoder can tolerate
a calculation error rate of CE module as high as 0.3 with SNR degradation less than 0.4dB at
BER=10"3.

The described CE module was synthesized using 65nm CMOS technology and the detailed
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architecture with critical paths is shown in Fig. 3.13. In this figure, a critical path consists of two
adders and a multiplier in series and can be pipelined more deeply to improve performance. Fig.
3.14 shows two pipelined critical paths with different number of stages, and the remaining part
of the CE is also pipelined accordingly to match the performance in both cases. As shown in the
pipelined multiplier analysis of the previous section, a 3-stage pipelined design allows for a shorter
stage delay and lower leakage energy. At the same time, the pipeline registers incur sequential
energy overhead and the error rate of entire module increases much faster due to reduced critical
path delay in Eq. 3.6. The exact error rate at a given voltage can be calculated with the prediction
model of the previous section. The critical path delay of a 1-stage CE (un-pipelined) is expressed
as the sum of three random variables, two adder delays and one multiplier delay, and that of 3-stage
pipelined one is dominated by the un-pipelined multiplier since its error rate increases much faster
than the adder. Fig. 3.15 shows the calculated error rate increase. In Fig. 3.16, the relationship
between energy consumption and CE error rate for two different pipeline depths is shown. At the
error-free operating point where Vdd=300mV, a more deeply pipelined CE consumes less energy.

However, as the voltage scales the error rate of the 3-stage pipeline CE increases rapidly and the
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energy per operation becomes the same for the two cases at an error rate of 10~!. For the given
error tolerance of 0.3, the un-pipelined CE consumes 1.4% less energy per operation. In addition,
since the un-pipelined design has a longer stage delay, it may achieve greater tolerance to PVT
variations thanks to averaging effects, making it a better design choice for subthreshold operation.

The total energy savings from VOS in this design is 22.5% at 12.1% VOS, as shown in Fig. 3.16.

3.5 Conclusions

This chapter investigated the effect of voltage overscaling and proposed a framework for volt-
age overscaled DSP system design in the ultra-low voltage regime. Starting from simple rip-
ple carry adder simulations, it is found that the error rate can be modeled using probabilistic
critical path delays and subsequently proposed a generalized Gaussian distributed critical path
delay model. This model enables rapid design decisions with reasonable accuracy, and was con-
firmed with silicon measurements and simulations of pipelined Baugh-Wooley multipliers in 65nm

CMOS. An error-tolerant K-best decoder architecture that can tolerate CE error rate as high as
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0.3 with SNR degradation less than 0.4dB was also proposed as a case study. By applying the
proposed framework, the optimal pipeline scheme for higher energy-efficient operation of CE in

error-resilient K-best decoder is achieved, which provides 22.5% saving using voltage overscaling.
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CHAPTER 4

Energy-Optimized Feature Extraction Accelerator

4.1 Introduction

In the last decade, computer vision has been widely applied to many different fields. In medical
imaging such as MRI or CT, images are analyzed using computer vision techniques to realize fully
or partially automatic diagnosis [53][54]. Recent advanced surveillance camera systems not only
record video, but also provide functions including facial recognition and motion detection [55].
Automobile manufacturers incorporate various cameras on vehicles and analyze their external en-
vironment to improve driving safety or achieve self-driving functionality [56]. Although computer
vision algorithms typically require substantial computing power, conventional applications such as
those mentioned above have rather large power budgets and hence supporting these computational
requirements has been feasible.

Recently, mobile battery-powered systems such as cellular phones, micro-robots and millimeter-
sized sensor nodes have gained significant attention. Due to technology scaling and the develop-
ment of new low-power techniques, these application areas continue to flourish, incorporating
more functionality with time [2][57]. Computer vision techniques can add significant value to
these classes of systems, providing various useful features such as object recognition in phones or
navigation and surveillance in micro-robots. However, the tight power constraints of these systems
prevent practical implementations of computer vision algorithms. This chapter therefore seeks to
significantly reduce hardware cost and power consumption associated with such algorithms.

This chapter describes a highly energy-efficient feature extraction accelerator design for visual
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Figure 4.1: An example of object recognition using extracted features [58].

navigation of micro-autonomous vehicles. A modified feature extraction algorithm that improves
energy efficiency while maintaining feature extraction quality is first proposed. Then architectural
and circuit techniques including a robust low-power FIFO for subthreshold operation are applied

to reduce power consumption further.

4.2 Proposed Visual Feature Extraction Algorithm

4.2.1 Visual feature extraction

Visual feature extraction is a key step in many computer vision algorithms. Essentially it ex-
tracts useful information from a visual source such as a n image, and this information can be used in
a variety of applications including object recognition and pose estimation. Fig. 4.1 shows an exam-
ple of the widely-used SIFT (scale-invariant feature transform) algorithm [58]. Feature extraction
is performed on the original image (left), and small rectangles depict extracted features with differ-
ent scales and orientations. These are then compared to features already stored in the database and
finally some objects are recognized (right). Generally feature extraction should provide scale and
rotation invariance for reliable extraction under different circumstances or viewpoints, as shown in
Fig. 4.2.

SURF (Speeded-Up Robust Features) is a well-known variation of the SIFT algorithm. The
authors of [59] claim it achieves identical or even superior extraction quality while reducing com-

putational cost significantly, making it attractive for low-power applications. SURF consists of two
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Figure 4.2: Two key constraints of feature extraction algorithms: (a) rotation and (b) scale invari-
ance.
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Figure 4.3: Original feature vector generation process consisting of (a) orientation assignment and
(b) feature vector generation [59].
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distinct stages: detection and description. In the detection stage, an input image is first processed
with multiple filters at different scales. Filter responses calculated simultaneously at different
scales provide the scale invariance property. The algorithm then searches for interest points (lo-
cal maxima) in 3-D scale-location pyramids. Although local maxima points can be extracted using
simple digital comparators, the actual maxima point can reside somewhere between adjacent pixels
and matrix-based equations are used to interpolate the maxima point in 3-D space. The description
stage is responsible for describing each interest point and generating a corresponding final feature
vector . For rotation invariance, the orientation of each interest point must be determined first. It
collects filter responses around it and searches for an angle which has largest filter responses using
rotating sampling window as depicted in Fig. 4.3(a). After choosing orientation, a rectangular
sampling region is rotated by that angle and filter responses are again collected in that region (Fig.
4.3(b)). This guarantees that collected responses around each interest point remain unchanged in
images rotated by any angle. The sampling region is divided into small rectangles and a summation
of sampling responses in each sub-region constitutes each dimension of the feature vector. Finally,
this vector is normalized such that vectors extracted from different scale images have identical

magnitude.

4.2.2 Proposed hardware-oriented feature extraction algorithm

The SURF algorithm is applied to the design target, a MAV (micro air vehicle) with visual
navigation shown in Fig. 4.4, where feature extraction is a key function and a dominant power
consumer . The MAYV is designed to fly and navigate in indoor environments using various sensors
to recognize obstacles and a camera for location search. Fig. 4.5 provides an overview of the
visual navigation system [60]. First, an on-board camera captures 30 fps VGA video , which is fed
into the proposed feature extraction accelerator. The feature extraction accelerator then extracts 64-
dimensional SURF features that are compared to location database storing features from previously
visited locations. If any match is found, it can be concluded that the test vehicle has returned to a
location visited before and a loop closure is declared. Finally, this loop closure information is used
in an algorithm called SLAM (Simultaneous Localization and Mapping). SLAM continuously

monitors the environment to determine current location and generate a map. Physical sensors such
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as gyroscopes, accelerometers, and lasers provide primary information on vehicle movements,
but small errors accumulate over time and cause localization to fail at some point. Loop closure
information from previous steps is used in this SLAM algorithm to compensate for these errors. In
this class of system, feature extraction is one of the most computationally expensive steps, and this
work therefore focuses on the design of a corresponding accelerator.

Since MAVs can move rapidly, they must perform both accurate and fast feature extraction. In
addition, location monitoring should be done continuously, however a direct implementation on an
X86 embedded processor consumes more than 1W while processing only 1 fps (frame per second).
Related work on custom-designed hardware for similar applications also report > 50mW power
consumption [61][62][63][64] for processing partial images based on ROIs (Regions of Interest).
However, this system has a tight power budget of 10mW for digital processing due to a minimum
required operation time without recharging. This power budget includes feature extraction as well
as other functions such as feature mapping and navigation.

One widely used technique to reduce power consumption in image processing is the extraction
of ROIs. A low-cost pre-processing stage is inserted before the actual feature extraction step to
search for small regions believed to have meaningful information or targeted objects. An input im-
age is divided into many smaller tiles and only a subset of these are chosen for further processing.
Although this can significantly reduce power consumption, the performance of the pre-processing
algorithm dictates the overall quality of feature extraction. Furthermore, the target application
compares each captured image on a scenery basis (not individual objects), necessitating feature
extraction from the entire frame.

To achieve low power while performing full-frame feature extraction, the original SURF al-
gorithm is optimized with the goal of an energy-efficient hardware implementation without using
an ROI-based approach. First, the detector uses a single-octave scale space (Fig. 4.6(a)). Since
the target resolution is 640x480, only a small portion of extracted features reside in the second
or higher scale pyramids. It chooses the first octave among them but employs an additional filter
with size 33 to compensate for lost features. The resulting algorithm extracts more than 99% of
originally extracted features while reducing filter power consumption by 38%. After local maxima
detection, the exact original location of the maxima is typically be calculated using matrix-based

arithmetic operations. Instead, a fast localization technique is used for interpolation as described
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in Fig. 4.6(b).

In the description stage, a large and variable number of interest points marked by the detector
must be processed. Previously a multi-core architecture has been proposed to deal with the vari-
able throughput of this step [61][62][63]. As discussed in the previous section, for each interest
point two separate filter response sampling steps are required for orientation assignment and actual
description, respectively. In other words, the complete filter responses around each interest point
should be transferred to a description core responsible for describing that point. These responses
also have to be stored temporarily in data memory within each core for later steps. This necessitates
a large buffer in each description core, which incurs a large area and power overhead .

Instead, the proposed design has a circular-shaped sampling region that unifies orientation
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Figure 4.8: Unified description process consists of (a) filter response calculation; (b) summation
in circular-shaped sampling region; and (c) reordering and normalization of feature vector.

assignment and description into one step as shown in Fig. 4.7. The authors in [65] compare polar
grid samplings and a rectangular grid, shedding light on the possibility of using a rotation invariant
sampling region. However, to avoid two separate sampling methods and use all available sampling
points within a circle, the proposed sampling region is still based on the original rectangular grid.
Instead, it is divided into 32 subsections and a vector representing an interest point is generated
based on the summation of filter responses in each subsection. Since the number of points in
even- and odd-numbered subsections are different, the k' angle is composed of filter responses
gathered in both k* and (k+1)/" subsections such that all angles have the same number of sampling
points. The interest point orientation can be easily determined by the subsection with the largest
summation value.

Since the shape and coverage of a circular-shaped sampling region do not change when rotated
by the assigned orientation, filter responses do not need to be re-collected for actual description.
Furthermore, by restricting orientation angles to discrete values represented by each subsection,
final feature vectors can be generated by simply re-ordering vector dimensions as seen in Fig. 4.8.
Although this technique provides only discrete step rotation, the use of 32 subsections translates
to a small rotation step of only 11.25. As a result, each description processing element does not
have to store entire filter responses and instead just accumulates them into 32-dimensional vectors
in real time, reducing memory requirements in each core by 89% and entire core area by 80%.
This technique also enables other hardware design simplifications that are discussed in detail in
the Section 4.3.

The proposed modified SURF algorithm was tested using actual videos captured by a robotic
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Figure 4.9: (a) Rotation; and (b) scale invariance performance comparisons.

test vehicle. Fig. 4.9 demonstrates the measured feature extraction quality, defined by the ratio
of the number of correctly matched features to the number of all matched features between orig-
inal and re-scaled or rotated images. These plots confirm that the scale and rotation invariance

performance of the proposed and original SURF algorithms are very similar.

4.3 Energy-Efficient Hardware Architecture

4.3.1 Accelerator architecture

Voltage scaling is a widely used and effective power-saving technique [24][9][19], but it incurs
large performance penalties that are unacceptable in high throughput systems. Feature extraction
algorithms are generally computationally expensive and SIFT/SURF algorithms require through-
put on the order of GOPS or higher. In addition, the number of features in each frame varies
widely and hence peak performance requirements can be much higher than typical performance.
Therefore, a feature extraction accelerator must be designed carefully to effectively incorporate
aggressive voltage scaling while also meeting high performance requirements.

Fig. 4.10 shows the overall architecture of the proposed accelerator design. To deal with the
low clock frequencies associated with deep voltage scaling, the accelerator is uniquely designed

to take only one pixel of input image per cycle at the low speed of 27MHz. In addition, the entire
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640 Pixels

Figure 4.11: Overlapped image subsections are processed successively to allow for proper feature

extraction at boundaries.
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accelerator operates at the same clock frequency, resulting in a matched-throughput system. A
640x480 8-bit grayscale input image is divided into 11 subsections, as shown in Fig. 4.11, and
they are processed successively. Subsections are partially overlapped to allow the accelerator to
extract features from the entire area including borders between subsections.

Each subsection has 640 x 124 pixels. In each cycle, only one pixel of the input image is fed into
the proposed accelerator. It is first integrated in 2-D and Gaussian box filters with different scales
are applied. Filter responses form a 3-D scale-location space and a local maxima detector searches
for the interest points in this space. Finally, an interpolator determines the exact location of maxima
using the proposed simplified maxima detection technique. While the detector is searching for
interest points, the input image must be delayed temporarily. Therefore, the input image is delayed
by a 7067-entry FIFO at the input stage of descriptor shown in Fig. 4.10. Then it is integrated in 2-
D in the same way as in the detection stage. Although the input image is integrated identically in the
detector and descriptor, the use of separate integrators actually reduces silicon area by minimizing
FIFO size. Since the original 8-bit input image becomes 18-bit after integration due to larger
dynamic range, FIFO area is reduced by 95,000um2 (56%) while overhead from the additional
integrator is only 9,700um?.

The integrated image goes through Haar wavelet filters in different scales, which provides the
necessary filter responses for feature description. While the interest point information from the
detector is passed to descriptor processing elements in real time, one of the idle processing ele-
ments is assigned to it. Each processing element captures the Haar wavelet filter responses around
each point and generates feature vectors. The proposed design uses 40 processing elements in
total, and they are power-gated when not in use. The number of processing elements is chosen to
provide more than 2 margin compared to the maximum number of features being extracted simul-
taneously at one location in actual test images. Finally, a post processor reorders, normalizes, and
rotates generated feature vectors and produces the final output. Additional hardware techniques are
applied to further optimize each component, and these will be described in the following sections.

Reference [66] presents an early effort to adopt a similar dataflow and architecture. How-
ever, it is not fully matched-throughput system and remains partially based on the use of reconfig-
urable cores, which requires > 3 x faster clock frequency for the same video throughput (increasing

power). In addition, a large buffer memory of 2.8Mb (compared to 56kb FIFO for delaying the
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Figure 4.13: Image summation calculators based on (a) a single datapath with memory and (b)
multiple arithmetic units with different delay elements.

image in the proposed design) is required before the descriptor due to multi-stage description, and

peak performance is limited to 890 interest points per frame.

4.3.2 Parallelized filters and arithmetic blocks

Two different types of filters are used in the detector and descriptor, but their operation is
very similar and is based on simple arithmetic operations on the integrated image. Both Gaussian
box filters and Haar wavelet filters are based on the summation of an image, which can be easily
achieved by 2-D integrated image and simple arithmetic operations such as addition and subtraction

as shown in Fig. 4.12. In conventional multi-core architectures, this can be calculated using a single
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arithmetic unit and processing one (or a few using a SIMD architecture) set of data in each cycle
(Fig. 4.13(a)). However, the entire image must be stored in a large memory and power overhead is
incurred in accessing this large memory every cycle. In addition, multiple operations are required
to obtain filter responses at one point and, therefore, the system must operate at a much higher
clock frequency, limiting aggressive voltage scaling. Although each summation over a rectangular
region requires only 4 data read and 3 arithmetic operations, the current approaches still consume
significant power when applied over an entire frame.

However, the proposed design has a fully unrolled and parallelized architecture for those filters
as depicted in Fig. 4.13(b). First, the input image is delayed by differing numbers of cycles using
different size FIFOs. As the input image continues to be processed, images with varying delays
appear at the FIFO outputs and they are used for filter response calculation at this point. Once all
FIFOs are completely filled with data, 3 arithmetic operations can be performed simultaneously
using a 3 lower clock frequency. This architecture allows for a single clock domain over the entire
accelerator and provides greater headroom for voltage scaling. In addition, each cycle data is
generated by relatively small FIFOs instead of a large memory, which reduces energy consumed in
data readout as well. Different size filters can be easily implemented using the same architecture
with adjusted delays.

Similarly, the 2-D image integrator can be implemented using only two adders and one 124-
entry FIFO, which produces one pixel of the integrated image per cycle in real-time (Fig. 4.14). A
3-D local maxima detector applied after the Gaussian box filters searches for local maxima in the
333 location-scale space. A total of 26 subtractions must be calculated in each cycle to determine
if a given point is larger than all neighboring points. However, the amount of computation can be

reduced significantly by reusing previous results. In each cycle, the lower 3 pixels of each scale
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Figure 4.15: (a) Original and (b) proposed local maxima detection schemes. In (b), maximum
point of each row is already stored and only one comparison per row is required.

Max

are processed and the location of the maximum value among them is attached to the lower middle
pixel as an additional 2 bits. Each target point can then be compared to only 8 pixels (maxima of

each row) rather than 26 (Fig. 4.15), reducing the number of comparisons by 69%.

4.3.3 Single stream descriptor

Interest points extracted by the detector are continuously passed to the descriptor with each
point assigned to an idle processing element (PE). Based on responses of Haar wavelet filters, the
set of PEs must simultaneously process a large number of interest points depending on the input
image. Therefore, the descriptor must offer high peak performance while maintaining low power
consumption. This is handled through the use of many PEs, however this incurs high hardware
cost, particularly for data memory used to temporarily store filter responses around an interest
point. A conventional design uses a multi-core architecture as shown in Fig. 4.16(a). An inde-
pendent controller manages filter responses stored in a large central data memory, and the entire
sampling region around an interest point should be passed to a PE once the controller makes a PE
assignment. When the number of interest points is high, significant data is transferred through a
shared data bus, which requires a high-speed data bus operating at a high clock frequency [63].
Furthermore, overlapping regions sent to multiple PEs incur further overhead. After each PE re-
ceives sampling responses and stores them in local memory, it calculates feature vectors through
orientation assignment and the actual description step.

However, the proposed circular-shaped sampling region discussed in Section II.B unifies these
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ously through shared data bus and each core reads in only its required blocks.
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two steps while removing the need for storing responses in local memory. This algorithm-architecture
co-optimization enables the proposed single stream descriptor in Fig. 4.16(b). In this architecture,
filter responses continuously flow through a shared data channel at a fixed low speed such that all
processing elements see the same data stream. Since interest points are assigned in advance, PEs
can easily identify the proper filter responses and capture data from the channel at the appropriate
time interval. Since entire filter responses are transferred through a shared data channel (regard-
less of the number of interest points), this channel can be realized with a fixed-throughput low
speed data bus, which allows lower power consumption with more aggressive voltage scaling. In
addition, this removes redundant data transmission for overlapped sampling regions, eliminating

unnecessary switching.

4.4 Latch-based Low-Power and Robust FIFO Design

The proposed accelerator architecture requires a large number of delay elements across all
sub-blocks. In particular, the 7067-entry FIFO at the input stage of the descriptor can consume
appreciable leakage and switching power, and both the Gaussian box filters and Haar wavelet
filters have many smaller FIFO blocks. It is therefore critical to choose a low-power FIFO block
that also offers robust behavior at near- or sub-threshold regime to facilitate aggressive voltage
scaling. This last requirement is challenging as there are several known problems in low-voltage
memory design.

First, very low on-off current ratios significantly degrade read and write margins, impeding
robust operation. Second, the impact of process variation at low voltage is magnified, causing
problems for large memory arrays where any single storage element could fail. Conventionally,
FIFOs are implemented with shift registers or 6T SRAM and a cyclic address generator [36][37].
SRAM is an attractive solution in the super-threshold regime due to its small area and low power
consumption. However, under aggressive voltage scaling its operating margins nearly disappear
with common failures below some V..,min value. Furthermore, SRAM bitcells suffers from large
variability due to small device sizes and read/write tradeoff and their relatively slow access time can
become a bottleneck at the system level in throughput-constrained applications. Robustness issues

can be overcome by adding more transistors (e.g., 8T or 10T), at the cost of area and power, while
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slow access speeds remain [67]. On the other hand, shift registers are both very fast and robust
even at very low operating voltages. However, the density is several times worse than SRAM since
each storage cell consists of 2 latches. Master and slave latches switch every cycle and, therefore,
a shift register approach also consumes much higher switching power, exacerbated by the need to
propagate data in every cycle.

To overcome these issues in conventional FIFO designs, a new FIFO architecture based on
latches is proposed. The approach starts with a conventional shift register and replaces all storage
cells with latches; hence this approach is called shift-latch. It is impossible to move all data
simultaneously since latches are level-sensitive such that enabling all latches would lead to the
entire path becoming transparent. However, data can be propagated using a one-hot encoded enable
signal that moves in the opposite direction each cycle, as depicted in Fig. 4.17. Initially only the
4th latch is enabled and the value from the previous latch is written into this latch. As a result,
both the 3rd and 4th latches now have identical values with the 3rd latch becoming a redundant
cell called a bubble. In the next cycle, the enable signal is asserted at a location one stage earlier,
1.e., the 3rd latch is enabled in Fig. 4.17. This latch then accepts data from the 2nd latch, which
then becomes the bubble. In the following cycle, enable signal is staggered again and the 2nd latch
is enabled. As a result, data moves forward and the bubble moves backward again. Finally, the 1st
latch is enabled and input data is written to it. At the same time, data stored in the last latch is read
out through the output port and it becomes the bubble.

After N cycles all data values have propagated forward by one entry and one output is produced
from the last latch, completing one period. After N-1 periods, the value initially stored in the first
latch is shifted to the last latch and can be passed to a readout circuit. Therefore, this can be
viewed as a single FIFO lane with N(N-1) total FIFO delay and throughput of one output per
N cycles. Hence, a conventional one output per cycle FIFO is built by arranging N identical
lanes in parallel and connecting their enable signals diagonally (Fig. 4.18). In each cycle, exactly
one output is generated from different FIFOs and a conventional 1 output per cycle throughput
can be obtained by adding additional readout circuitry to choose the appropriate output among N
FIFO lanes. Fig. 4.19 shows an example of an 840-entry FIFO based on the proposed shift-latch
FIFO architecture. A cyclic address generator automatically generates the one-hot encoded enable

signals shared across all lanes. In the final design, each lane is activated only every other cycle
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Figure 4.20: (a) Worst-case scenario for leakage current affecting bitline pull-down with and with-
out leakage compensation technique. (b) Proposed 2-transistor AND gates.

to avoid overlap in enable signals of adjacent cycles and enhance robustness. This FIFO has 21
latches in each lane and 42 lanes in total and they are connected to a shared MUX readout circuitry.

In the near- and sub-threshold regimes, significantly lower MOSFET on-off current ratio de-
grades read operation reliability and limits the number of storage cells that can be tied to a single
bitline [18]. Fig. 4.20(a) (top) shows the worst-case scenario where an activated driver tries to
pull a bitline down while all other disabled drivers exhibit pull-up leakage currents. To mitigate
this, the proposed FIFO design utilizes a leakage compensation technique that minimizes the effect
of leakage current, as shown in Fig. 4.20(a) (bottom). Inactive cells are preset to have an equal
number of ones and zeros at the input, resulting in roughly balanced pull-up and pull-down leakage
currents on the bitline. This can be implemented by adding additional AND gates before access
transistors to force values feeding into the readout driver to pre-determined values. Two distinct
2-transistor AND gates (Fig. 4.20(b)) are used to minimize this overhead, which is enabled by
guaranteed pre-charge and pre-discharge of output nodes arising from the sequential readout prop-
erty of FIFOs. This technique suppresses the impact of PVT variations and improves readout delay

variation (6) by 34% with 4% speedup despite the added AND gate delay.
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Figure 4.23: A microphotograph of the fabricated feature extraction accelerator and summary
table.

The proposed FIFO design was simulated and compared against prior work in low power
queues. The baseline design is a latch-based memory with a logic-based readout [21], represent-
ing one of the most energy efficient and robust designs at low voltages. It uses a cyclic address
generator and each storage cell is accessed through a logic-based readout path for fast and robust
readout. Fig. 4.21 provides simulation results that show the proposed shift-latch FIFO improves
readout delay and energy efficiency with smaller area compared to the baseline. For a 1k-entry
FIFO, the proposed design is 37% faster, 49% smaller, and consumes 62% less energy due to en-
ergy savings from shared address generator and readout circuitry. Fig. 4.22 shows detailed energy
savings in each component. Although more energy is consumed in storage cells because of shifting
data, energy savings from read and write circuitry dominate due to the slow logarithmic increase

of interface size for the proposed shift-latch FIFO.
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4.5 Measurement Results

A feature extraction accelerator based on the proposed hardware and algorithm techniques is
fabricated in 28nm LP CMOS technology. Fig. 4.23 shows a microphotograph of the fabricated
design along with a summary table. It operates at the design point of 470mV with a clock speed
of 27MHz to process 30fps VGA video input. While continuously processing input video, the
accelerator consumes only 2.7mW with 149.3 GOPS performance, yielding a 55.3 TOPS/W energy
efficiency. Fig. 4.24 shows measurement results over a range operating voltages. This design can
operate down to 280mV, which represents the deep sub-threshold regime in this process, largely
due to robust FIFO design and careful standard cell selections. As voltage scales down, energy
efficiency starts to decrease at some point due to dominating leakage power and increasing cycle
time [9]. A peak efficiency of 67.2 TOPS/W is obtained at 375mV. The accelerator design can
process 4 fps at this operating point.

Fig. 4.25 presents a sample image from a camera on the robotic test vehicle, along with 1421
features extracted using the fabricated accelerator. Detected points near frame edges have sampling

regions overlapped with image borders and they are ignored for reliable extraction in this case. A
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Figure 4.25: A sample image marked with 1421 extracted features from measurements.

Proposed [11] [12] [13]
Technology 28nm 65nm 130nm 40nm
Design Target Featw:e Objec_;t_ Obje(.:t. Obje(.;t.
Extraction Recognition Recognition Recognition
Base Algorithm SURF SIFT SIFT Haar-like
Extraction Scope | Entire Frame ROI only ROI only ROl only
Input Video 640x480 1920%x1080 1280%720 1280%960
Core Voltage 470mV v 0.7~1.2V 0.9v
Power 2.8 mwW 52.5mW 320mwW 69.3mW
Scaled Efficiency | 55.3TOPS/W* | 12.4TOPS/W** | 6.6TOPS/W** | 15.7TOPS/W**

Scaled Efficiency = Reported Efficiency * (Technology/28nm) * (Voltage/470mV)?
*Average efficiency with equivalent number of operations **Peak efficiency

Table 4.1: Comparisons of prior works and proposed design.

Table 4.1 provides comparisons between this work and recent prior works. The proposed ac-
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very similar orientations, confirming proper feature extraction operation.

part of the image in the red box has clear parallel patterns and extracted features in this region have

celerator is targeted solely for feature extraction and extracts features from the entire frame in
contrast to other ROI-based designs. Although it was designed for VGA input video, the proposed
accelerator architecture does not vary with video size and it can be adjusted to process 1280x720
HD video with 81MHz clock frequency and 12mW power consumption at 600mV. For compari-
son, energy efficiency was scaled with respect to operating voltage and technology, and OPS/W

was used for comparison against other works with different functionalities. The proposed design




achieves 3.5 x better energy efficiency over prior work.

4.6 Conclusions

This chapter proposed various hardware and algorithm techniques to realize a highly energy-
efficient feature extraction accelerator. Hardware-oriented algorithm optimizations reduce hard-
ware cost (e.g., area and power consumption) significantly while maintaining extraction quality.
The proposed accelerator architecture is focused on maximizing the benefits of deep voltage scal-
ing while meeting high throughput requirements. A new shift-latch FIFO architecture provides a
practical and efficient solution in the near- and sub-threshold regimes. A feature extraction acceler-
ator using these techniques is fabricated in 28nm LP CMOS technology and measurement results
confirm that it processes 30fps VGA video at supply voltages as low as 470mV at a low clock
speed of 27MHz. Overall, the design provides 3.5 x higher energy efficiency than prior state-of-art

and offers full-frame feature extraction.
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CHAPTER 5

Implantable ECG Monitoring System

5.1 Introduction

Electrocardiography, abbreviated as ECG or EKG, is a record of the electrical activity of the
heart. An electrical signal starts from the top of the heart and spreads out toward the bottom. As
the signal travels, each part of the heart generates different types of waves such as P, QRS and T
waves that provide various information regarding the status of the heart. ECG is a critical source
of information for the diagnosis and study of many heart disorders.

Arrhythmia is one of the most common heart disorders. Due to a disorder of a part of the heart,
an irregular rthythm can appear in the heartbeat. Arrhythmia is common in older adults and 2.7
million people had atrial fibrillation in 2010, making it the most common type of arrhythmia. The
number of people impacted is continuing to increase. Although real-time arrhythmia monitoring is
critical to those patients, there are still some challenges. Even if there is a chronic problem with the
heart, arrhythmia can occur infrequently. It may happen only a few times a day, and each time it
can last only seconds to minutes. Therefore, long-term observation is very important in arrhythmia
monitoring. To achieve this, a waveform may simply be recorded for a long time and arrhythmia is
detected later but the recorded data will become significantly large in this case. Instead, arrhythmia
can be detected in real time and only the waveform of irregular activity can be recorded for a short
period of time, reducing data storage requirement.

In ECG monitoring, body-wearable systems are widely-used solutions. A pair or more of

patches are attached to the skin and connected to a body-wearable host device. The device then
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monitors ECG continuously and stores the waveform if necessary while typically being powered
by a battery. It is relatively easy to implement such a system due to relaxed size constraints and
hence the battery can be large enough to power it for a long time. It can be also easily placed on
the body, but there are some drawbacks to such an approach. Since the system is relatively large, it
also impacts on patient’s everyday life. In addition, physical contact between patches and the skin
can suffer from impedance change due to body movement, which degrades signal quality.

On the other hand, implanted systems can be an attractive alternative solution. Since these
devices are inserted under the skin or deeper, they do not have any impact on patient’s daily life
once installed. They also provide stable physical contact by being connected directly to the tissue,
and suffer less from external noise such as 50 or 60Hz noise. Although the distance between
electrodes is much smaller than the ECG patches on the skin, the proximity to the heart provides
similar signal quality to wearable devices [68].

However, the major drawback of implanted systems is the requirement of surgery, which can
be expensive and risky. The device must also survive for a long time once implanted, typically
several years, and hence a large battery is required. This chapter proposes a system design that
resolves these issues. First, a very small form factor system that can be implanted using a syringe
without surgery is described. Due to its small size, the internal battery is also severely limited
in its capacity. Therefore, the system is designed to be a rechargeable device; nightly wireless
recharging can also be used to read out the stored data. The proposed system consumes less than
100nW to meet the lifetime constraint, which is 100 less than recent prior works.

This work was a joint project with fellow student Yen-Po Chen. He designed the analog signal

acquisition block of the proposed SoC and this project made possible through his contribution.

5.2 Proposed ECG Monitoring System

Fig. 5.1 is an overview of the proposed syringe-implantable system. The device must have
a width less than 1.5mm to pass through a 14-gauge syringe needle. However, the length is less
constrained and two electrodes can be attached to both sides of the device with 2cm distance which
is still small but compensated by being near the heart for large enough signal amplitude. Then the

device is injected under the skin near the heart using a syringe needle and can be easily retrieved

69



L 2cm

l"l Ll

Electrode| Monitoring SoC |Electrode < 1.5mm for
#1 + Peripherals #2 Injection

Figure 5.1: Overview of syringe implantable ECG monitoring system.

Figure 5.2: Monitoring device implanted near the heart.

if necessary as shown in Fig. 5.2.

Due to the very small device size, the embedded battery capacity is also severely limited.
Therefore, it is assumed that while the patient is sleeping at night a host station near the bed
recharges and retrieves the stored data through a wireless channel as described in Fig. 5.3. The
lifetime between recharging should be at least 5 days to provide a safety margin in case that the
patient forgets to recharge. Assuming a SuA xhr, 3.7mm? Li battery, which matches the device
size, the system should consume less than 167nW on average.

The proposed 1.4mm-wide ECG monitoring SoC consumes only 64nW total power while con-
tinuously monitoring arrhythmia. It consists of the analog signal acquisition and digital back end
blocks. The input signal is amplified and converted to digital in the analog front end. The digital

back end detects arrhythmia automatically and stores the waveform of abnormal activities. It is
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Figure 5.4: Proposed SoC in a 14 gauge syringe needle.

also compatible with other ultra-low power sensor node peripherals. A system integration test that
includes other blocks such as a processor, low leakage memory, power management unit, and wire-
less module is also conducted. Fig. 5.4 shows that the proposed SoC fits into a 14-Gauge syringe

needle for implantation.

5.3 Hardware design and optimization techniques

5.3.1 Analog front end optimization

The analog front end block amplifies the input ECG signal and converts it to digital domain
using a SAR ADC. The digitally converted signal from the ADC is then passed to the digital back
end. Since the signal amplitude may change over time due to environmental changes, it detects
the signal amplitude and tunes the amplifier gain automatically to utilize maximum signal range.

Although the analog front end is powered by 0.6V supply voltage and the low supply voltage may
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Figure 5.5: Tradeoffs between (a) input referred noise and current consumption, and (b) detection
accuracy and input referred noise.

incur non-linearity to the final output signal, it does not change the peak intervals and the detection
algorithm can still successfully detect an arrhythmia.

The total power consumption of the analog front end is largely dominated by the first stage of
the low noise amplifier and it is directly related to the input referred noise [69]. In order to reduce
the total power, the performance of the amplifier is optimized by observing the impact on the final
arrhythmia detection accuracy in simulation. Typical ECG designs usually target a very low input
referred noise level of around 3uV for the best signal quality. However, this leads to >100nA
current consumption (Fig. 5.5 (a)). The optimization uses a database consisting of waveforms
collected from arrhythmia patients at the University of Michigan hospital. Then the arrhythmia
detection algorithm is tested on this database and it is observed that the proposed algorithm suffers
from no performance degradation with up to 15uV input referred noise as shown in Fig. 5.5 (b).
Note that specificity of X-axis is true negative rate and sensitivity of Y-axis is true positive rate.

As the noise constraint relaxes, the power consumption of the analog front end reduces signif-
icantly but the detection accuracy drops as well. 15uV input referred noise is chosen as a design
target in order to maintain 100% detection accuracy. In the final design, the amplifier is tuned
to have about 9uV input referred noise to compensate for ADC noise. This optimization reduces

amplifier power by 6.7 x compared to typical ECG designs that target 3uV input referred noise.
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Figure 5.6: Arrhythmia detection in a moving 10-second window.

5.3.2 Digital back end design

In the digital back end, arrhythmia detection is performed in a 10-second moving window.
If arrhythmia is detected in the window, that 10-second waveform is temporarily stored in the
memory and an interrupt is sent out to the other parts of system such as a processor or wireless
module for further processing (Fig. 5.6).

In order to search for an irregular rhythm or rate caused by arrhythmia, two different algorithms
are implemented in the digital back end based on peak detection and frequency spectrum analysis.
The first detection algorithm is the conventional time domain detection. It first detects the largest
QRS peaks and calculates peak-to-peak distances. In normal condition (Fig. 5.7, top), the peaks
are generated regularly with constant intervals. However, in arrhythmia such as atrial fibrillation
(Fig. 5.7, bottom), abnormal peaks have varying intervals and the variance of intervals is used to
detect arrhythmia.

On the other hand, a similar detection can be achieved in the frequency domain as well. This
is a less common approach that offers a better energy efficiency. In normal condition, peaks are
generated with the constant intervals. They translate to clear dominant frequency and its harmonics
in the frequency spectrum (Fig. 5.8, top). However, abnormal rhythm does not have a single
dominant frequency and the frequency spectrum has vague or no peak (Fig. 5.8, bottom).

Fig. 5.9 shows an overview of the digital back end based on the two detection algorithms

described above. First, input samples from the ADC in the analog front end pass through a moving
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Figure 5.9: Overview of the proposed digital back end design.

average filter with 600ms window to remove slow baseline shifts. At the same time, the input
signal peak is detected and the amplifier gain is tuned accordingly. Then there are two processing
paths, one each for the frequency domain and time domain algorithms. A user can choose one of
the two algorithms exclusively to save power or use both for better reliability.

The FDM (Frequency Dispersion Metric) block detects arrhythmia in the frequency domain.
The input is first down-sampled by 10, and then stored in one of two 0.6kB ping-pong buffers.
The 512-point real-valued FFT accelerator calculates the frequency spectrum and the ARM Cortex-
MO+ core performs the actual dominant frequency detection algorithm. The instruction memory
can be user-programmed to provide added flexibility such as changing peak detection algorithm in
the frequency spectrum or frequency monitoring window.

Fig. 5.10 describes the proposed FFT accelerator design in more detail. The 512-point real-
valued FFT is implemented using a 256-point complex-valued FFT and an additional post-processing
step. The FFT accelerator uses a radix-4 butterfly, which provides a good tradeoff between design
complexity and power efficiency. The butterfly is partially activated to process the final post-

processing step for real-valued FFT. In the Ist stage of FFT, the butterfly reads the values from the
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Figure 5.10: Proposed 512-point real-valued FFT accelerator.

ping-pong buffers and stores the results into a scratchpad memory on the right side. The remaining
stages are performed only in this memory. The ping-pong buffers make it possible to continue
arrhythmia detection while temporarily storing previous abnormal activity.

In addition, a technique called minimum energy computation is applied to the power-gated
part of the FDM block to reduce energy consumption further. As the supply voltage goes down,
both leakage and dynamic power are reduced. But it also slows down the system significantly
more and the leakage energy per cycle actually increases. Eventually the leakage energy increase
overwhelms the dynamic energy savings and the total energy also starts to increase at some point.
Therefore, an optimal point exists where each computation consumes minimum possible energy,
which is the minimum point of the plot in Fig. 5.11.

Since arrhythmia detection should be done only once in a 10-sec window and each detection
only takes about 500 cycles, an existing S00Hz clock frequency used for input sampling is sufficient
to meet this performance constraint. The minimum supply voltage for this clock frequency is
shown as V,,;, in this plot. However, it lies below the optimal point and hence consumes a large
amount of leakage energy due to long cycle time. Instead, the system uses a significantly faster
clock frequency of 10kHz. The detection is performed in a burst-mode and after each detection
is completed the entire block, which includes the FFT accelerator and ARM Cortex-M0+ core, is
power gated. Although it requires a higher operating voltage to follow this faster clock frequency,

the leakage energy per computation is greatly reduced and each computation consumes minimum
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Figure 5.11: Proposed minimum energy computation technique applied to the FDM block.
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Technology 65 nm
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Figure 5.12: Die photo of the proposed SoC and summary table.

possible energy. An NMOS header with a boosted enable signal is used to minimize leakage
current when power-gated. This technique increases supply voltage by S0mV and reduces energy
by 40%.

The R-R block detects an arrhythmia in the time domain. The input signal goes through the
bandpass filter based on an 80-tap FIR filter. Then the signal is differentiated to obtain the slope.
If it exceeds a threshold, a QRS peak is declared. The variance of R-to-R distances is directly used
as a decision value in arrhythmia detection. The bus interface can program the algorithms and
retrieve the stored data when an arrhythmia is detected. The data is passed to peripherals on the
other chips through the data bus.

Fig. 5.12 shows the chip microphotograph of the proposed SoC and its performance summary
table. It is fabricated in 65nm CMOS technology and the design size is 1.45x2.29mm. The digital
back end operates at 0.4V with a clock frequency of 10kHz. The total power consumption is 45

or 92nW, depending on the detection algorithm used. The power consumption is balanced well
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Figure 5.13: Measurement results from ECG simulator test.

between the analog front end and digital back end.

5.4 Measurement Results

The proposed SoC was first tested using the ECG simulator as shown in Fig. 5.13. The bottom
left figure shows the amplifier output captured by an oscilloscope. The waveforms on the right
are the retrieved waveforms from the digital back end under different heart conditions. The pro-
posed system successfully detects an arrhythmia in a 10-second window and stores the irregular
waveform in the memory. This experiment was performed with a higher sampling rate to show the
waveforms more clearly.

Next, two electrodes are put on the human chest with 5cm distance (Fig. 5.14. The waveform
on the right side is the output of amplifier, which shows clear peaks without large noise.

Finally, the proposed SoC was tested using an isolated live sheep heart (Fig. 5.15). The live
sheep heart is immersed into conductive fluid to mimic the implantation environment. The elec-
trodes connected to the analog front end are separated by 2cm and located near the heart. The

bottom figure shows a measured normal sinus rhythm retrieved from the digital back end.
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Figure 5.14: Human body test.

Wriiane 3 l|H||L||ﬂ“|||J|u||llul;uﬂ'q.uupm]m|]|r|uqm:Ir41ﬂ;;;;rf'rrilmulrﬁrﬁm‘ﬂm iy

.............

ItlllmI! il ull hm’r
l =

————————————————————————————
Measured Normal Sinus Rhythm

Figure 5.15: Implantation environment test with live sheep heart.
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This Work Zhang, ISSCC 12 Hsu, VLSI 12 Kim, ISSCC '13
Target Signals ECG ECG, EMG, EEG ECG, VCG, PCG ECG, Bio-Impedance
Technology 65 nm 130 nm 90 nm 180 nm
Voo 06V 1.2V 05V 18V
Gz 31nA 4 pA (8-Bit, it Sp:mpling) -
Gain 51~96dB 40~78dB 40 ~ 64 dB 40~ 64 dB
AFE Bandwidth 250 Hz 320 Hz 0.5~1kHz 0.5~ 1kHz
Input Referred Noise 253 nVi{Hz - - 200 nV/{Hz
ADC Bits 8 Bits 8 Bits 8/12 Bits 9.3 Bits (ENOB)
ADC Sampling Frequency 500 Hz - 250 Hz ~ 100 kHz -
Voo 04V 03~12V 0.5V (1.0V for SRAM) )
DSP Power Consumption 45 nW 2.1 uyWw - (Analog Signal
Clock Frequency 10 kHz 2kHz ~ 1.7 MHz 25 MHz Processing)
System Total Power Consumption 64 nW 6.9 pWw 22.6 pW 11.3 pw
_ - AFE +DSP AFE + DSP AFE (BSI) + DSP + |AFE (3ch ECG + RA) +
Power Calculation Configuration Arrhythmia Detection R-R Extraction QSC _ ASF‘_+ 0sC _
(FDM) Arrhythmia Detection | Arrhythmia Detection

Table 5.1: Comparisons of prior works and the proposed design.

Table 5.1 shows comparisons to recent prior work. The digital back end operates at significantly
slower clock frequency of 10kHz at 0.4V. The total system power consumption is about 100x
smaller than other prior works.

To build a complete implantable system, several other peripherals are needed, such as a power
management unit and wireless module (Fig. 5.16). Lee et al. [2] previously published a highly
modularized sensor node system and the proposed SoC is designed to be compatible with those
blocks. The proposed SoC can be stacked on the other dies and they are wire bonded together for
power supply and data communication. The other layers consume only 11nW in the default moni-
toring mode and the wireless module is activated only when needed during nightly recharging and
data retrieval. During wireless data readout, the wireless module consumes about 20uW. Currently
the system does not have an RF harvesting block, and it is planned to be implemented in the next
version.

The proposed SoC was tested along with other layers to demonstrate a complete macro-scale
system configuration (Fig. 5.17). The system includes a decap layer, radio layer and control layer
which has a processor and memory. After programming the proposed SoC, other layers go into

sleep mode and consume only 11nW. When arrhythmia is generated by the ECG simulator, the
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Figure 5.17: Macro-scale test setup with control, decap and radio layers.

83



proposed SoC sends an interrupt to the control layer. Then the control layer wakes up to retrieve
the waveform and store it into the main memory. It also wakes up the radio layer, which sends out
an RF transmit signal at 915MHz. After this is done, all layers except the proposed SoC return to

sleep mode and the SoC continues to monitor input signal.

5.5 Conclusions

This chapter described a syringe-implantable ECG monitoring system. It achieved more than
100x power saving over prior works. The system level noise optimization and circuit techniques
in the analog front end enable 31nA current consumption and the minimum energy computation

approach in the digital back end further reduces energy by 40%.
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CHAPTER 6

Low-power Face Detection and Recognition Accelerator

6.1 Introduction

Recent mobile systems such as cellular phone provide various enhanced features based on
computer vision. As high-resolution cameras have been integrated into such devices, face detection
and recognition became one of the common features, which enables auto tagging or auto focusing.
Face detection and recognition have been studied for several decades already, and there exist good
algorithms that work well especially with upright and frontal faces. Authors in [74] first shed
light on practical face detection algorithm by proposing a competitive but simple cascade detector
architecture. Since the number of surviving windows shrink significantly as moving into later
stages whereas the first few stages have only a few checking conditions, it is also suitable for
low-power hardware implementation. Reference [75] proposes a recognition processor that can
process different types of data using cascade classifiers. As the classifiers consume large memory
space, authors in [75] implement a relatively small on-chip cache memory while storing most data
in off-chip SRAM. By choosing the optimal point, the proposed cache may minimize both off-
chip memory access and on-chip cache size. However, the design is not a standalone accelerator
and still needs to access off-chip memory repetitively for each classification. In addition, it only
performs the face detection and lacks the face recognition step.

Even if faces are detected correctly in the image, it is more difficult to identify the person using
the extracted faces. A machine learning hardware has to be trained using example images of each

person that it needs to identify, and is then used to recognize the input faces. For instance, SVM
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Figure 6.1: Applications for real-time face detection and recognition system.

(Support Vector Machine) provides stable recognition or classification performance across differ-
ent application areas [78][79]. However, raw face image still occupies hundreds of dimensions,
which makes it impractical to run SVM on it directly due to excessive hardware cost. Therefore,
dimensionality reduction is required to transform raw faces into low-dimensional vectors. One
of the most common techniques for the reduction is using “Eigenfaces” [76][77]. First, common
characteristics of faces in the train set are extracted and a subset of them that can represent the
variation among known face images are selected by PCA (Principal Component Analysis). The
input face is then projected onto the space consisting of those vectors. Finally, SVM processes
them to identify the person.

There exist some prior works that demonstrate fully-integrated object recognition system [64][80].
However, face recognition requires more accurate algorithms than general object recognition since
basically it is the process of distinguishing among the objects sharing many same properties. It
would be worthwhile to implement a single-chip solution for both face detection and recognition
with minimal energy consumption. This section proposes a low power fully integrated face detec-
tion and recognition system that can be used in various applications as shown in Fig. 6.1.

The proposed design was implemented as a joint project with Prof. Yu Hao, Xiaolong Wang
and Shuai Chen at Nanyang Technological University, Singapore. They provided help in exploring
face detection and recognition algorithms. Another fellow student Qing Dong also provided help

in the physical implementation of the proposed SRAM.
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Figure 6.2: Proposed face detection and recognition system flow.
6.2 Face Detection and Recognition Algorithm

Fig. 6.2 describes the proposed face detection and recognition algorithm. The system takes HD
(1280x720) images as input and applies the face detection algorithm based on cascade classifier
[74]. A search window starts at the top left corner and moves horizontally until it reaches the right
border. Then it returns to left corner and continues search in the next row. In each search window,
22 cascade classifier stages in total are processed to detect a face. Since the detection algorithm
has some amount of resilience to displacement of the face, a face may be detected in multiple
search windows. Those windows are then averaged and merged into a single window representing
accurate position of the face.

After detecting all the faces in the input image, the detected faces are passed to the face recog-
nition part. The proposed system is designed to identify one person among 32 people stored in
thejF8;, database, which translates to 32-class classification. The detected faces must be normal-
ized first since they are compared against already normalized sample faces stored in the database.
Each face is normalized to 2025 size image. This normalized image can be considered as a sin-
gle 500-dimensional vector whose element represents each pixel. SVM may perform classification
directly on this raw vector, but it requires tremendous amount of computation and corresponding
large memory space to store support vectors due to large number of dimension. Therefore, the

system applies PCA for dimensionality reduction. The PCA part extracts 50 eigenfaces from the
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Figure 6.3: Proposed face detection and recognition system architecture.

database and the detected faces are projected on those eigenfaces, which reduces the dimension of
each vector down to 50. The recognition algorithm is trained and tested on the LFW (Labeled Faces
in the Wild) funneled database [81]. The proposed recognition method successfully identified 32

different people with the accuracy of 70% (F-score).

6.3 Proposed Hardware Architecture

The proposed hardware architecture is described in Fig. 6.3. Each face is temporarily stored
in an external memory, and the face detection and recognition blocks need to access it. A bus
arbiter is implemented to negotiate connections to the external memory between the two blocks.
The external memory must store 2 consecutive frames so that face recognition block retrieves

faces from the previous frame while the face detection block processes the current frame. The
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face detection block reads out one pixel per cycle and each pixel goes through normal and squared
2-D image integrators. The integrated image buffers store the integrated image within the current
search window. Once the detection is done in the current window, the search window move to
the next position and the buffer is partially updated to accommodate the difference. The cascade
classifier performs face detection on the integrated images using features stored in the feature
memory. A face normalizer merges multiple windows corresponding to the same face to calculate
accurate coordinate, and then normalizes the face image to 20x25. The recognition block takes
the normalized face image and stores into a face buffer. The PCA block reads out the eigenfaces
from the eigenface memory and calculates the projection of the face onto them. Finally, the SVM
block performs 32-class classification using support vectors read from the support vector memory.
The SVM block identifies the person and also provides confidence level based on the number of
votes to that person.

As shown in Fig. 6.3, the proposed hardware requires a large amount of memory space
that totals 318kB. Therefore, memory blocks occupy most of the area and become dominant in
terms of power consumption. In order to reduce hardware cost and improve energy efficiency, an
application-specific SRAM with 5T cell is proposed. The colored blocks in the Fig. 6.3 denote
the memory blocks implemented using the proposed SRAM. More details will be discussed in the
next section.

Fig. 6.4 describes architecture optimization techniques applied to the proposed design. In the
original face detection algorithm the search window sweeps all the pixels in the frame, resulting in
numerous search locations. Instead, the proposed hybrid search scheme uses coarse search step in
the initial search process. Due to the resilience of the detection algorithm, a face is usually detected
in multiple adjacent windows. Therefore, one can still detect a face with a similar accuracy by
using coarse search steps. When a face is detected in the window, more searches are performed in
the neighboring windows with fine steps. The system looks at the number of positive results among
9 windows in total and applies thresholding to obtain the final result. The plot in Fig. 6.4 (lower
right) shows the optimal threshold value that provides minimal false negative and false positive
rates.

Feature memory is accessed very frequently during face detection. However, most of the search

windows are rejected in the first several stages and the features of later stages are needed less
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Figure 6.4: Proposed architecture optimization techniques.

90



VDDCL VDDCR
RBL
PU PU
I"I I_I
0 1 ||R°
]
PD PD RWL
_|['I HVT

VSSCL @ VSSCR
VDD —— VDD I:: SVT
L vooL -l

VSSH
VSsS —I_ VSsS

Figure 6.5: Proposed ST bit cell and basic write operation.

frequently. In the proposed system, the feature memory space is separated into two parts storing
stages #1 5 and #6 22, respectively (Fig. 6.4, lower left). The one storing earlier stages has
significantly smaller size and, therefore, consumes less amount of energy per each access. The plot
in Fig. 6.4 (lower center) shows that 99.4% of search windows are rejected only after calculating

5% of entire features.

6.4 Write-Once Read-Only ST SRAM

As shown in Fig. 6.3, the proposed system requires a large amount of memory space, which
translates to large area and high power consumption. This section proposes a write-once read-only
memory based on a new 5T bit cell that can resolve those issues. Fig. 6.5 shows the proposed 5T

bit cell and its basic write operation. The cell consists of 4 transistors for the storage part and one
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additional access transistor. The access transistor is used only for read operation, which is similar
to 7T design [82]. To write a value in the cell, this design utilizes 4 power ports; VDDCL, VDDCR,
VSSCL and VSSCR. Assuming left and right internal nodes are storing 0 and 1, respectively, in
order to change the stored value it lowers VDDCR and raises VSSCL simultaneously (Fig. 6.5,
bottom). Since the output of the left inverter increases following VSSCL and the output of the right
inverter decreases following VDDCR, the internal values are eventually flipped. Note that high-V;
devices are used to suppress leakage power consumption.

Fig. 6.6 shows the layout of the proposed bit cell. Since the design has isolated read and write
paths, the size of PD and PU transistors does not have an effect on read operation and hence can
be minimized. The read transistor (RD) is also directly connected to the next bit due to isolated
read path. The resulting design occupies 12% less area than conventional 6T when both are drawn
using logic rule. However, write operation using power rails requires isolated power rails for each
bit, which incurs area overhead. As shown in Fig. 6.6, VDD and VSS rails have to be shared
with the other cells in the same column and row, respectively. To resolve this issues, the proposed
design has a unique write scheme based on the fact that all the memory blocks need to be written
only once at the beginning or very infrequently.

Before write operation, the proposed memory must be initialized to specific values through the
reset scheme shown in Fig. 6.7. First, all the VSS lines are raised to VDDL. Then, starting from

the bottom VSS rails are lowered back to VSS one by one, which guarantees that all the even rows
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are set to all-zero while all the odd rows have all-one values. Once the reset process is done, the
actual write operation is performed. Starting from the top, values are written into one row at a
time. The write operation is basically the process of flipping specific bits in the row selectively.
The process uses both raising the bottom VSSC rail and lowering one of the VDDC rails as shown
in Fig. 6.8. Since the VSSC rail is shared with the next row, raising it affects the next row as well.
However, the next row is already initialized to the opposite value and hence it does not have any
effect. For the other bits in the same row that must not be flipped, both VDDCL and VDDCR
remain unchanged and raising VSSC alone is not sufficient to flip the values in those cells.

Fig. 6.9 shows the read energy consumption of the proposed 5T and conventional 6T memory
designs in simulation. The proposed 5T consumes 33% less power than 6T at 0.5V with 100MHz
clock frequency. Since the proposed design achieves similar read margin with only one read bitline
due to isolated read path the read bitline is discharged with only 50% probability, which signifi-

cantly reduces read energy consumption.
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6.5 Implementation

The proposed face detection and recognition accelerator is implemented in 40nm CMOS tech-
nology. Fig. 6.10 shows the layout of the implemented accelerator. The area of the core is 5.51mm?
and the system operates with 81 MHz clock frequency at 0.5V, which translates to 5 frames per sec-

ond throughput. The power consumption in this operating condition is only 21.7mW.

6.6 Conclusions

This chapter proposed a low power face detection and recognition accelerator targeted for
mobile applications. The proposed algorithm and architecture optimization techniques enabled
a feasible single-chip system that performs both detection and recognition and provides enough
performance for real time operation. Since the design requires only 16MHz/fps clock frequency, it
can take advantage of deep voltage scaling for even better energy efficiency in case of low through-
put requirement. The proposed 5T memory design utilizes the property of the system that it only
requires rare or one-time write operation. While maintaining smaller size than 6T, the proposed
memory shows better read operation margin due to isolated read path. The resulting accelerator

design consumes only 21.7mW while processing 5fps HD video input.
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CHAPTER 7

Conclusions

In modern large scale SoCs, various digital signal processing algorithms are incorporated in
order to provide better user experience across different application areas. Technology scaling
has enabled hardware implementation of more complicated algorithms by having more transistors
in the same area, but it caused noticeable increase in power consumption and heat dissipation.
Furthermore, recent advances in signal processing (e.g., machine learning algorithms) necessitate
significantly more hardware resources, making it infeasible to rely solely on CMOS scaling ef-
fect. While algorithm and circuit designers can attempt to individually optimize in their own areas
to reduce hardware cost, considering multiple levels of design simultaneously may offer a better
opportunity. This dissertation studies various optimization techniques in different design levels
ranging from circuit techniques to algorithmic modifications using DSP hardwares as a test vehi-
cle. Chapter 2 proposes an extremely energy-efficient FFT processor based on proper architecture
selection that takes into account leakage energy in low operating voltage. Also, latch-based mem-
ory contributes to save energy consumption by lowering minimum operating voltage. In Chapter
3, voltage-overscaling is studied and a simple but accurate timing error model is proposed. De-
signing voltage-overscaled system often requires many iterations and numerous simulations. How-
ever, by combining algorithm or system level error management with the proposed simple model,
a low-power K-best decoder is implemented with a simple timing error detection circuitry. In
Chapter 4, co-optimization technique advances further, where circuit, architecture and algorithm
are considered altogether. A low-power VGA full-frame feature extraction processor is realized

using shift-latch FIFO and modified SURF algorithm. Chapter 5 describes system level optimiza-
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tion that minimizes energy consumption to achieve the given operation in the system including
both analog and digital processing blocks. This chapter proposes an implantable ECG-monitoring
mixed-signal SoC that consumes only 64nW in the continuous monitoring mode. Finally, Chap-
ter 6 focuses more on circuit technique and proposes a single chip face detection that employs an
application-specific SRAM design and architecture optimizations.

Although several optimization techniques across different design levels are considered in this
dissertation, there still exist many other areas in need of further studies. A complete and unified
design framework for hardware and algorithm co-optimization that can be applied to general DSP
applications will make huge progress toward realizing more advanced signal processing algorithms
in hardware. In addition, digital processing blocks are mainly studied in this dissertation, but most
of modern SoCs also have a lot of analog blocks such as radios, sensors and sensor interfaces.
Frequently power consumption in those domains exceed the one in the digital domain; therefore,

integrating them into the optimization flows covered in this dissertation is another important step.
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