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Abstract

A full custom integrated circuit design of a serial bitstream processor is proposed for
remote smart sensor systems. This dissertation describes details of the architectural
exploration, circuit implementation, algorithm simulation, and testing results. The
design is fabricated and demonstrated to be a successful working processor for basic
algorithm functions. In addition, the energy performance of the processor, in terms
of energy per operation, is evaluated. Compared to the multi-bit sensor processor,
the proposed sensor processor provides improved energy efficiency for serial sensor
data processing tasks, and also features low transistor count and area reduction
advantages.

Operating in long-term, low data rate sensing environments, the serial bitstream
processor developed is targeted at low-cost smart sensor systems with serial 1/O
communication through wireless links. This processor is an attractive option because
of its low transistor count, easy on-chip integration, and programming flexibility
for low data duty cycle smart sensor systems, where longer battery life, long-term
monitoring and sensor reliability are critical.

The processor can be programmed for sensor processing algorithms such as delta
sigma processor, calibration, and self-test algorithms. It also can be modified to uti-
lize Coordinate Rotation Digital Computer (CORDIC) algorithms. The applications
of the proposed sensor processor include wearable or portable biomedical sensors for

health care monitoring or autonomous environmental sensors.
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1

Introduction

Continious monitoring wireless sensor system or sensor networks, can
enable real-time detection and remediation of health or pollution prob-
lems that currently hard to autonomously detected for decades. As
shown in Figure 1.1, the smart sensor systems usually contain sen-
sors and interfaces, analog-to-digital converters, and microprocessor
or microcontroller-based signal processors. In this dissertation, a serial
bitstream sensor processor is proposed, fabricated, tested. The proces-
sor is shown to work and is valuable for the miniature and portable
wireless sensor systems-on-chip. The performance of the processor is

evaluated in terms of transistor count, area and energy per operation.

This dissertation assumes small, light weight, low cost and self
powered smart sensors or sensor network systems that can operate

autonomously for an extended time period (months to years), and
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FiGUurE 1.1: Smart Sensor Systems-On-Chip and a Proposed Bitstream Proces-
sor: (a) Sensor examples, (left)optical interferometric chemical sensor [1], (right)
heater-thermal sensor [2]; (b) Prototype of a Delta-Sigma ADC [3]; (c) Sensor signal
processor, prototype of the proposed bitstream processor; (d) Conceptional graph of
a complete miniature smart sensor system-on-a-chip; (e) Test setup of the fabricated
bitstream processor CMOS chip; (f) Test results of the proposed bitstream processor.

are suitable for monitoring medical conditions via wearable individual
health care devices [4] [5] or analyzing environmental conditions such
as water pollution or air quality [6]. Thus the key design issues for
sensor systems are focused on optimizing sensor size and power con-
sumption. In addition, aging and process variations can modify the
sensor response. Therefore, on-chip self-test and in-field calibration
methods are also necessary for these types of sensor systems.

An individual remote smart sensor node communicates with a host
station through low power radio technology, normally operating at a

low data rate in a serial data transmission environment [7]. In ad-



dition, it is assumed that smart sensor systems need Analog/Digital
and /or Digital/ Analog converter modules to process data, or to control
the sensor systems. Delta-sigma analog-to-digital converters (ADCs)
will be used due to superior accuracy at low conversion rates and small
sizes required for integration in sensor systems [8]. A delta-sigma ADC
generally consists of an analog front-end, which produces a serial bit-
stream as digital output, followed by a digital filter that produces a

multi-bit result [9].

O
Digital Multi-bit Interface |« o
Filter Processor h -
Wireless
Communication
(@
O
Bitstream
Processor [¢ >
Wireless
Communication

(b)

F1GURE 1.2: Comparison of Two Sensor Processor Architectures with delta-sigma
(A-X) ADCs and Serial Wireless Communication. (a)A-3 ADC with filtered multi-
bit output, multi-bit processor, and multi-bit to serial data conversion transmission
interface; (b) Proposed A-¥ ADC with customized bit-stream processor.

Figure 1.2(a) utilizes a multi-bit data processor with additional cir-
cuits to interface between serial input and output and the multi-bit

processor data bus. The input to the multi-bit processor is the filtered



and parallelized short bitstream output from the delta-sigma converter.
An interface is added to serialize the output of the processor for serial
wireless communication. The additional circuits enhance the overall
power efficiency of the system by eliminating the need of performing
serial tasks with the parallel microprocessor.

In low power remote sensor applications, the level of computation
required at the sensor is perhaps not well matched to the computational
capabilities of the multi-bit processor. Typically these processors run
for a very short time and then are placed in power saving modes for
most of their life. The area and cost of the multi-bit processor is wasted
in this application.

The proposed serial architecture as in Figure 1.2(b) deletes the
multi-bit processor in Figure 1.2(a) and expands the serial process-
ing capabilities of the delta-sigma ADC filter and the communication
interface to create a general purpose bitstream processor capable of
performing both the ADC filtering and sensor signal processing tasks.
This proposed architecture will be examined in this dissertation. The
bitstream processor will be generalized to perform any sensor signal
tasks required. However, it will be significantly slower than multi-bit
processors for parallel processing tasks. For remote sensor systems,
processing speed is not an issue, allowing more than enough time for
serial computation to replace the multi-bit architecture. The follow-

ing discussion will show that the proposed bitstream processor uses



comparable energy consumption to the multi-bit processor for ADC

filtering and serial sensor processing tasks, but is vastly smaller.

1.1 Proposed Bitstream Processor

Input Output
it 1t
— Sensor Element Memory
— Sensor Front-end
LL Central Signal Processor
Power | | | Analog-Digital
& 1 Data Conversion II
Control i L
Interface
— Digital Signal Processor II
Wireless |, | Wireless
L =\
Node Memory & Interface  (—) Module | 1 Module
Sensor Node Host Station

F1cURE 1.3: Block Diagram of a Conventional Wireless Smart Sensor System.

Figure 1.3 shows the typical block diagram of many current sen-
sor systems integrated onto miniature-sized chips. The complete sen-
sor systems include sensor, sensor front-end, an analog-to-digital con-
verter, a digital signal processing module and wireless networking mod-
ule. The sensor converts the physical signal into an electrical signal.
Then after driving and signal conditioning circuitry, the analog signal
is converted into the digital signal for further signal processing. An
individual sensor node works as a stand-alone system that can process

the sensor signal and transmit to the host base station via wireless



links like Zigbee [10], Bluetooth [11], or Ultra Wideband (UWB) [12].
The sensor node should also be capable of self-test and self-calibration
for robust sensor elements. The host station can be a microcontroller-
based system, a digital signal processing (DSP) block or a micropro-
cessor based signal processing unit able to monitor the operations of
the sensor node and carry out complex data processing tasks.

As described above, the delta-sigma modulator utilizes digital fil-
ter circuits optimized for processing the serial data stream [13]. The
following discussion will be based on a smart sensor node system with
such a delta-sigma modulator.

The analog circuitry for a delta-sigma ADC is relatively small com-
pared to the digital block [14]. The digital block primarily consists
of bitstream processing elements for implementing a digital filter to
filter bitstream data coming from the analog front-end. Since this dig-
ital processing element already exists in the delta-sigma modulator,
there are advantages of expanding it to be a general purpose bitstream
processor. The digital circuitry is expanded and redesigned to be a
programmable sensor node processor, as a general-purpose processor
capable of performing data processing, self-test and on-chip calibra-
tion. This dissertation will discuss this architecture, which can reduce
area and cost for the sensor system within an inherently serial data
communication environment.

Figure 1.4 displays the block diagram of a sensor system with the
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F1GURE 1.4: Block Diagram of a Proposed Wireless Smart Sensor System.

proposed general purpose bitstream processor replacing the main pro-
cessor. Compared to the conventional sensor node architecture, the
digital processing module in the delta-sigma ADC is redesigned and
expanded to be a serial bitstream processor, capable of bitstream data
processing and advanced signal processing for sensor applications.

In order to examine if the serial processor is adequate for performing
sensor processing tasks, the following discussion includes an initial pro-
cessor architecture design for basic algorithms like digital filtering, and
a modified architecture design for efficient implementation of advanced
algorithms like calibration, self-test, and the CORDIC algorithm for
complex general purpose computing. Hence, the proposed low tran-

sistor count serial bitstream processor can be more area efficient for

7



smart sensor applications.
1.2 Objective

The objective of this research work is to design a low complexity and
low cost sensor interface and sensor signal processor system while re-
main comparable energy consumption than the multi-bit processors
for serial sensor processing applications. Furthermore, the compact
area of the processor will allow easy integration on the same silicon
substrate with sensor systems such as solar cell system-on-chip. In the
following chapters, low cost, low transistor count signal processing ar-
chitectures are presented, which can perform well on serial processing
tasks, such as delta-sigma Analog-to-Digital converter(ADC) filtering
algorithms, but remain general purpose capabilities to perform such

sensor data signal processing tasks as self-calibration, self-test algo-

rithms and CORDIC algorithms.
1.3 Innovative Method

The primary advantages of the proposed processor are the low area con-
sumption, the circuit simplicity. These characteristics are due to the
one-bit-at-a-time serial processing architecture and the off-chip mem-
ory for data and instruction storage. The challenges of processor design
are to implement a working processor that achieves adequate sensor

signal processing performance in serial processing environment, but



also remains general purpose capabilities for complex sensor process-
ing algorithms with the tread-off speed, making it suitable for wireless
smart sensor systems featuring low power, long sleep time, and low

data transfer rate.

1.4 Broader Impacts

The low transistor count processor architecture is ideal for low cost and
portable sensor SOCs, such as drug testing, environmental pollution
and disease detection sensor microsytems. It may also be useful for
the future implementation of low cost but small production volume
technologies such as polymer integrated circuits.

Sensor systems integrated with control and analysis circuits should
result in an economical, stand-alone system for long term medical and
environmental analysis. The ability to self monitor and self calibrate
is highly powerful tool that has not yet been developed. This prop-
erty could enable real-time detection and remediation of health and
pollution problems that currently go undetected for decades. Finally,
the proposed design’s compact size helps make the sensor node system

easily portable.

1.5 Dissertation Organization

This dissertation is organized as follows: Background information is in-

troduced in Chapter 2, including the presentation of smart sensor sys-



tems, possible applications and design theory. Chapter 3 introduces
the algorithms for bitstream processing, such as on-chip calibration,
self-test, and the CORDIC algorithm, and corresponding architectures.
Chapter 4 describes the detailed implementation and simulations of the
proposed bitstream processors. Test results are illustrated in Chapter
5. Next, Chapter 6 outlines architectural comparisons and the advan-
tages and limitations of the proposed processor architectures. It also

describes future research works, and finally concludes the dissertation.

10



2

Background

2.1 Smart Sensor Systems

A smart sensor system is a data acquisition system that acquires and
processes information as shown in Figure 2.1. Because the material
compatibilities, research efforts are focused on integrating the com-
plete system of sensors and microelectronic circuits on single silicon
chips. A traditional type of smart sensor system features sensors, a
sensor front-end, a delta-sigma analog to digital conversion module,
and a microprocessor or microcontroller-based digital signal process-
ing microsystem. The sensor converts the physical sensing signal into
the electrical signal, then after driving and signal conditioning cir-
cuitry, the analog signal is converted to the digital signal for further

conditioning and processing by the sensor processor [15] [16].

11



Signal: Physical | Electrical Analog Digital

Input Sensor Dd te- Processor Output
Sensor —>| front Sigma —> + Memory
end Converter or (LC)

FIGURE 2.1: Signal processing chain of a traditional smart sensor system.

2.1.1 Sensors

A wireless smart sensor can be deployed for environmental monitoring,
which involves collecting environmental data such as humidity, pres-
sure, motion, vibration and temperature. The sensors are waked up
periodically for a very short period of sensing time, and then become
inactive most of time to save energy [6] [12].

Body sensor network systems can be wearable or even implantable
for health care monitoring of patients. For example, a glucose sen-
sor can continuously monitor the blood sugar level; Organ monitors
use gas sensors to detect the levels of carbon dioxide, and oxygen to
heart viability; Sensors that can check nitric oxide of cancer cells act
as cancer detectors; General health monitor non-invasive sensors like
electrocardiography (ECG), electromyography (EMG), and electroen-
cephalography (EEG) systems play a key role in measuring heart, mus-
cle, and brain activity [5] [17] [18].

The common characteristics of stand-alone smart sensor systems

are:

12



e Limited size for portable and miniaturized integrated CMOS chips;

e Limited energy consumption due to a hard-to-replaced or a recharged

power source;

e A low duty cycle, low power data processing, and wireless com-

munication;

e Low price (preferably under one dollar), allowing large numbers

of sensors to be deployed;
e Running autonomously for a long lifetime(up to years);

e Some sensors can even self-calibrate or self-test for system relia-

bility and robustness.

2.1.2  Delta-Sigma Analog-to-Digital Modulation

For the type of sensor applications discussed above, the sensor sampling
rate of most sensors is often at a low frequency (sometimes less than
100KHZ). For example, the infrared temperature sensor, and the pulse
oximeter can detecting signal frequencies under 1KHZ, or near DC
frequency. Therefore, the ADCs for such sensor systems should feature
low input-referred noise at a low frequency [19]. In this dissertation, a
first order Delta-Sigma(A-3) ADC is chosen because it meets sensor
application requirements, and also because it meets the area, power,

and cost constraints.
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Delta-sigma modulation techniques are popular oversampling tech-
niques for data conversions demanding high resolution and are widely

used in system-on-a-chip sensor designs [20]. Figure 2.2 shows a first-

Integrator Comparator

pigital Filter | X,

A 4

M odul ator

FI1GURE 2.2: Block Diagram of a First Order Delta-Sigma ADC Modulator.

order delta sigma ADC modulator with x(n) as the oversampled analog
signal input and y(n) as the digital signal output. It consists of a noise
shaping modulator with 1-bit quantizer, and the input signal passes
an integrator and quantized output is fed back and subtracted from
the input. The quantization noise is dramatically removed by the low
pass filter circuits. The in-band rms noise of the 1-bit A/D converter
is shown as in Equation (2.1) [21]. Where ny is the in-band quan-
tization noise, e,,s is the rms quantization voltage and OSR is the

oversampling ratio.

ng = s (2.1)
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2.1.3 Sensor Processors

Inside the smart sensor node, the digital signal processing module plays
an important role in the system. There are several popular design
approaches for the sensor node signal processors: the full-custom in-
tegrated circuit design, the microcontroller-based design, the hybrid
design of custom logic and a microcontroller, and Field-Programmable-
Gate-Array (FPGA) based sensor platforms are also available [22] [23] [24].

However, DSP [25] or FPGA based sensor processors [26] require
more integration on-chip and power consumption, making them un-
suitable for low power and portable sensor system-on-a-chip applica-
tions. Full custom VLSI designs require considerable design efforts
and are application-specific. Most popular sensor processors are mi-
crocontroller based designs, but on-chip microcontroller systems of-
ten have memory and power consumption problems [27]. Therefore,
the ideal architecture of programmable custom sensor node processors
is still worth exploring, particularly in sensor systems for biomedical
analysis or remote environmental sensing applications, in which area,
cost, and power consumption limitations supersede processing speed
requirement.

Currently, microcontroller and microprocessor-based integrated wire-
less sensor systems are the main research trends in structuring small
scale sensor nodes [28]. The Berkeley Mote Mica2 [29] and UCLA
Medusa MK-2 [30] use the ATMegal28L 8-bit microcontrollers. Rock-
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well WINs [31] and MIT pAMPS [32] choose the StrongARM SA1100
32-bit RISC processor. Other commercial sensors include Intel mote
[33], Moteiv [34], Microstrain [35] and Crossbrow [36]. One example
of full custom sensor node system is the Spec platform [37], integrated
on a single 5 mm? chip.

Table 2.1 summarizes the energy efficiency of several wireless sensor
node systems [38]. Please refer to [39] for a more complete survey of

current wireless sensor node systems.

| Sensor Node | Processor | Speed(MIPS) [ Memory | Voltage(V) | Energy/Instruction(uJ) |

MICA2 8-bit Atmel | 4 4-8KB 3 1.5

Mote [40] Megal28L

Rockwell 32-bit Intel XS- | 200-400 16-32MB 1.3-1.65 0.89-1.028

WINS [41] cale ARM pro-
cessor

Dynamic Volt- | 32-bit ARMS 7-84 16KB 1.8-3.8 0.54-5.6

age Scaled Pro-

cessor [42]

CoolRISC [43] 8-bit XE88 mi- | 1 22KB 2.4 0.72
crocontroller

Lutonium [44] 16-bit 8051 200 8KB 1.8 0.5

SNAP/LE [38] | 16-bit Event- | 240 SKB 1.8 0.218
driven ISC

Processor

Table 2.1: Examples of WSN Sensor Nodes.

However, most of the sensor node processors discussed above uti-
lized commercial, off-the-shelf (COTS) components, which are hard
to integrated with silicon sensors and waste energy in a low duty cy-
cle processing data pattern. Some of custom designed processors also
have large transistor counts and silicon area consumptions. Further-
more, they are not optimized for the serial bitstream processing and
serial data communications with wireless links. Thus, we proposed in

this dissertation a sensor node processor architecture featuring a small
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area, low transistor count, and adequate energy efficiency for integra-

tion with serial bitstream sensor data processing environment.
2.1.4 Wireless Link

In sensor node, the radio frequency(RF) transceivers convert the bit-
stream to/from radio frequency waves. The power consumption of
radio transceiver is considerable larger than computation. The low
duty cycle wireless transmission is the result of long idle time and
low data rates of the sensors [45]. ZigBee(IEEE 802.15.4) is targeted
at low-cost, low-data rates wireless sensor networks with transmission
speeds of 20, 40, and 250 Kb/s, over a range of 10m to 100 m. ZigBee
networks consume considerably less power than Wi-Fi(IEEE 802.11) or
Bluetooth(IEEE 802.15.1). Practical RF operating frequencies for sen-
sor applications are 868MHZ(Europe), 914MHZ, and 2.4GHZ [46] [47].
Popular, inexpensive commercial Zigbee transceivers are available from

Chipcon [48], RFM [49], and Semtech [50].
2.1.5 Power Supply

Batteries are the main power source for most wireless smart sensor
nodes. Additional energy resources like solar power and thermal vi-
bration [45] are used to extend the operational time of the sensor nodes.
This is called energy scavenging, where ambient energy in the environ-
ment is converted into electrical forms, which are stored and utilized

by the sensor nodes [51] [52].
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One possible application of the proposed bitstream processor is envi-
ronmental energy harvesting sensor systems like a solar panel powered
sensors [53] [54] [55]. Such systems can improve the sensor’s lifetime
and be self-powered from the environmental energy. The solar cells
can provide 100 mw/cm? outdoors for the sensor node system. Sensor
systems powered by solar panels can run for months to years. They
should also be able to calibrate and self-test since they will run re-
motely. The sensor node systems sleep as much as necessary to collect
and save energy, and then when ready, will transmit measured data or

sensor status via wireless links(Zigbee) whenever ready.

2.1.6  Serial Interface

There are several popular serial interfaces for smart sensor systems.
Serial Peripheral Interface Bus (SPI) is a synchronous serial data link
standard, and has a four-wire bus: Serial Data In(SDI), Serial Data
Out(SDO), Serial Data Clock(SCKL), and Chip Select(CS), mainly
used for high data rates communication. The Inter-Integrated Circuit
I?’C, contains a 2-wire bus, SDA(dataline), SCL(clock line), and is
terminated with pull-up resistors. It is often used for low data rate
transfer. Another serial interface is the 1-wire interface from Maxim.

Table 2.2 shows a comparison of these serial interfaces [56] [57].
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Interface | Advantages Disadvantages
Speed Larger number of bus line connections
SP No pull up resistors required Individual chip-select lines required
Full-duplex operation No acknowledgment of received data
Noise immunity
Fewer bus line connections Speed: limited to 3.4MHZ
20 Multiple devices share the same bus | Half-duplex operation
Received Data is acknowledged Open-drain bus lines require pull up resistors
Reduced noise immunity
two contact with chips lower data rate
. powered by signal Half-duplex
1-wire
low cost Asynchronous
Multi drop capable

Table 2.2: Comparison of Several Serial Interface Protocols: SPI, 12C, and one-wire.

2.1.7 Memory

In addition to the processor, the serial instruction memory contains
operational codes and the serial data memory provides 1-bit serial
data inputs and outputs. The main memory of the proposed pro-
cessor would be two off-chip serial EEPROM memory modules such as
the M45PES80 8 Mbit byte-alterable chip from ST-Microelectronic [58]
for data memory and the M25P64 64 Mbit chip for instruction mem-
ory. These two memory chips offer distinct high speed advantages and
can be accessed at maximum clock rate of 33MHZ for M45PES0 and
50MHZ for M25P64, with a serial peripheral interface (SPI) bus.

The M25P64 is a 64Mbit serial flash memory chip available with
128 sectors, 256 pages in each sector and each page is 256 bytes wide.
The M45PES0 is a page erasable, byte alterable serial flash memory;,
organized as 16 sectors, 4069 pages. All instructions, addresses and

data are communicate with the memory serially, and present with most
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significant bit (MSB) first. The serial input sequence is a one-byte
instruction following a 24-bits initial address of read or write. The
internal address counter will automatically increase and roll over if the

highest value reached.

2.2 Sensor System Design Issues

Recent technology development allows the integration of silicon sen-
sors, sensor interfaces, sensor signal processing circuitry and wireless
interface onto the sensor system-on-a-chip (SOC). However, the SOC
chip area is often dominated by its microsensors, which leaves limited
space for other electronic circuitry. Furthermore, in very low cost sen-
sors microsytsems, it is not feasible to fabricated though the state of
the art technology but rather the conventional cheaper and larger fea-
ture size CMOS processes. Therefore, it is obvious there are significant
research incentives for creating a tiny, inexpensive sensor processor to
be used in sensor systems-on-chip. In addition, because of the demands
for extended battery lifetime, and low power performance wireless sen-
sor system, the sensor node processor’s energy aware becomes more
critical.

Sensor systems have been implemented in a variety of platforms.
Small types of sensor systems are designed to be inexpensive, small
form factors, and low power consumption with limited processing capa-

bility. The following is the discussion about various design perspectives
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for such wireless sensor systems (WSN).

2.2.1 Cost Analysis

For systems-on-chip with integrated optical [59], microfluidic [60], or
MEMS [61] based sensors, the sensor technologies tend to be large
(in cm scale) and thus high cost fine line CMOS IC processes are too
expensive to use in building very low cost system-on-a-chip. Examples
like biomedical applications, where the sensor chip must be portable
and have a one-time usage. Therefore, to achieve a dollar price for
the whole sensor system chip, the electronic circuitry should only cost

around 10 cents since the sensors are sometimes quite expensive.

CMOS IC 1cm?Die Cost timeline

$5.00 -+
$4.80 A
$4.00 o
$3.00
$3.00 A

$2.50 A

Cost

$2.00 o
$1.00

$1.00 A

$0.50

$0.00

1880 1985 1840 1985 2000 2008 2010

Year Introduced

FiGUre 2.3: CMOS IC Costs With Year Introduced, volume under 15,000.

The costs of a 1 cm x 1 cm die during recent decades, not including
non recurring engineering (NRE) costs for reducing feature sizes, are
shown in Figure 2.3 [62]. From the price curve, it is obvious that
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during 10 years the 0.5 um CMOS is as cheap as the 2.0 um CMOS.
The cheapest available process shown on the diagram is the 2 um
CMOS, which is under a dollar. One important factor to consider is
the price for the number of chips per die in certain technologies. For
example, the 2 um process needs 200,000 chips for it to cost 10 cents
over ten years. However, for the 90 nm CMOS, it needs 5 million chips
and is thus not feasible in terms of total cost. Therefore, to build the
sensor SOC for less than a dollar, the old long channel length CMOS
processes can be used instead of the state of the art technology for cost

reduction.
2.2.2  Area Analysis

In modern sensor-on-a-chip microsytem designs, the sensor processing
element, control and bus interface digital circuits usually occupy a large
portion of the silicon chip area, which is clearly shown for a CMOS
temperature sensor chip as an example in paper [14]. The analog
circuitry for a delta-sigma A /D converter is relatively small compared
to the digital block for interface and control which consumes half of
the chip area.

Another important design requirement for the processor is keeping
the circuit simple and the transistor count low. Since the large fea-
ture size CMOS technology is used for sensor SOCs, the area will be
dramatically larger if adopt modern microprocessor architectures (over

10,000 transistors) are used, as shown in Figure 2.4 [63]. These multi-
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bit processors or digital signal processors (DSPs) are too large to be

integrated with the sensor system for signal processing.
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FIGURE 2.4: Moore’s Law of Intel Microprocessors.

2.2.3 Energy Efficiency

The individual sensor node in a wireless sensor networks can process
the sensing data locally and communicate with the central control sta-
tion through a wireless link. However, in the applications where the
sensor nodes are placed remotely for environmental monitoring or im-
planted devices for biomedical applications, the on-chip batteries are
not easy to access and replace. Therefore the smart sensor nodes need
to remain functional as long as possible due to limited available power,
and may need to access renewable energy sources scavenged from the
ambient environment to power the sensor nodes [51]. The energy con-

sumption of the sensor node consists of sensing, data processing and
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wireless communication. More energy is required for wireless communi-
cation than for sensing and processing energy consumption. Dynamic
Power Management(DPM) techniques are used to shut down inactive
parts of the sensor node. For CMOS sensor systems, the power con-
sumption is approximately proportional to the product of the switching
frequency, the area of the transistor (due to device capacitance), and
the square of the supply voltage. Therefore, methods to reduce energy
consumption includes reducing the supply voltage (Dynamic Voltage
Scaling) [64]. The wireless transceivers consume more of the power

than computation power.

2.3 Turing Machine

Following portable size constraints and sensor lifetime requirements, a
bitstream processor architecture expanded from the delta sigma dig-
ital processing circuitry, and following the theory concept of Turing
Machine is explored in this dissertation. The theoretical model for the
proposed processor design was inspired by the Turing Machine invented
by Alan Turing in 1936, which is an idealized theoretical computing
device for mathematical calculations. It is a very simple but powerful
computer that can perform like modern digital computers. Conceptu-
ally, a Turing machine can be described as a finite state machine with
finite states, alphabets, symbols and instructions and infinite storage

space. Physically, it consists of a read/write head moving along an
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infinite long tape which is divided into cells. FEach cell is blank or
contains a symbol from a finite alphabet. The instruction directs the
head to move from current state and value to new state and value. The
Church-Turing thesis, proposed by Alonzo Church and Alan Turing,
states that Turing machines can perform any possible computation if
sufficient time and storage space are available [65].

A Turing machine (TM) can simulate any processor on the market
today if given enough tape length. Instructions (series of opcodes)
are considered as the symbols on the input tape. The data in the
memory and memory addresses are also stored on the tape. Random
Access Memory (RAM) communicates with the processor sequentially,
and internal registers are also considered as special memory locations
and contents. Based on the opcodes and after finite operations, the
processor can perform read/write data from/to memory or registers,
arithmetic computations, fetch and execution instructions.

In Figure 2.5, the Turing machine simulating the designed processor
is an m auxiliary-work-tape Turing machine M. It consists of a finite-
state control, an input/output tape, a read/write head, m (m=1 for
proposed) auxiliary work tapes with m read/write auxiliary work-tape
head. M is a seven-tuples [66]: M = ( Q, X, ', d, so, B, F ), where:
Q) = {s0, 51, S2, S3, S4} is the finite state set,

Y = {a, b} is the alphabet set of M,

I' = {a,b, B}, refers to the auxiliary work-tape alphabet, contains the
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F1GURE 2.5: One Auxiliary-Work-Tape Turing Machine.

auxiliary work-tape symbols of M,
B € @), is the blank symbol,
sg € @ is the initial state,
F = {s4} is a states subset of Q, denoting the final states of M,
{¢,$} ¢ X, and ¢ is a symbol called left endmarker,
and $ is a symbol called right endmarker,
The ¢ is called the transition table of M,
0:Qx(X2Ud) xI' =@ x{-1,0,1} x (I' x —1,0,1),
The transition rule is in the form of (¢, a, by, p, dy, c1, dy), where {p, q} €
Q,a€ X {b,} €l {dy,di} € {-1,0,1}.

Figure 2.6 illustrates the transition diagram of the Turing machine.
The Turing transducer M has five states and 16 transition rules.
6 ={(s0,a, B, s1,1,a,1),(so,b, B, s1,1,b,1), (50, %, B, 54,0, B, 0),
(s1,a,B,s1,1,a,1),(s1,b, B,s1,1,b,1), (s1,a, B, $9,0, B, —1),
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(s1,b, B, $2,0, B, —1), (s9,a,a,s,0,a,—1),(s2,b,a,s2,0,a, —1),
(s2,a,b,89,0,b,—1),(s2,b,b,89,0,b,—1),(s9,a, B, s3,0, B, 1),
(s2,b, B, s3,0,B,1),(s3,a,a,ss3,1,a,1),(s3,b,b,83,1,b,1),
(83,98, B,s4,0,B,0)}.

al b1 a0 b0 a0 b al b1
Bl/al,B/b1l aa-1,aa-1, b/b-1,b/b-1  aal, bbl

al b1 al0
B/a1, B/b,1 B/B,-1, B/B 1 B/Bl B/Bl

FI1GURE 2.6: Transition Diagram of The One Auxiliary-Work-Tape Turing Machine.

The computation process is as follows: In the beginning state, the
initial data are stored in the tape with head pointed to the start loca-
tion. The auxiliary work tapes contain blank symbols B at the start
state. Then, M begins to compute functions by moving the head along
the tape and the auxiliary work tape simultaneously, The finite state
controller determine the head movement, modifies the new state and
value under the heads of the tape and the auxiliary work tape, by
current state and current symbol under the heads of tapes. The move-
ment of heads and the modification of values process one cell on the
tapes at a time step. First, the heads move forward in all the tapes si-
multaneously, symbols are read and copied from the tape and write to

the auxiliary work tapes. Next, the auxiliary work tapes are scanned
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and processed in a backward direction. Finally, M scans and reads the
auxiliary work tape forward, and at the same time, writes to the tape
backward.

As described above, the design concept of the proposed bitstream
processors are derived from the Turing machine, which is considered
as an abstract computer, consisting of a theoretically unbounded ex-
ternal memory as input and output tape(memory), an input program
(opcode) on its tape, and coordinated with the finite state machine
as the control unit (instruction register). The head’s sequential move-
ments on the tape can be modeled as a 1-bit serial data path from/to
the memory. The auxiliary-work tape is regarded as the internal reg-

isters for the vector data buffer.
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3

Architecture and Algorithm

The initial proposed architecture (denoted as bitstream processor I) is
a modified Harvard architecture with 1-bit ALU and 1-bit data bus.
Actually, it is a serial data processing unit (one bit at a time). The
instructions are executed in serial pattern and programs are running
in deterministic time. The elimination of instruction decoding sim-
plifies the circuit. The separation of data and instruction memory
provides flexibility in programming for different applications. The in-
struction control flow follows the fetch and execute, and store cycle. It
first fetches the instruction from instruction memory to the instruction
register, then obtains data from data memory and feeds it to two data
registers through the serial I/O port. Next, it feeds the data to the
processor for sequential execution, controlled by the operational code

from the instruction register. Finally the result is stored in the data
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memory.

Due to the single binary bitstream output nature of the delta-sigma
modulators, the digital filter circuitry can be naturally designed for
bitstream processing. Figure 3.1 shows a typical FIR (Finite Impulse
Response) filter for delta-sigma(DS) modulated bitstreams. When the

filter coefficient is 1, it becomes a comb filter [67] [68].

dff
lSEL DS modulator
ks
c
- p—
s adder filter coeff.

shift register
P

0
{}o readout
DRV

RST

F1cURE 3.1: Block Diagram of a FIR Filter for Delta-Sigma Modulation.

The data input can be single bitstream or short-bit streams from
the delta-sigma modulator. The internal registers and data output are
normally multi-bit presentations. Due to the serial IO environment and
the limited area requirement for digital signal processing in the remote
sensing environment, the proposed one-bit-at-a-time serial processing
bitstream processor can be obtained by converting the multi-bit data
bus to single bit bus. Therefore the accumulator becomes 1-bit. The
internal registers are kept as n bit serial-in serial-out registers, reading
and writing to the memory with serial interfaces. The concept block

diagram is presented in Figure 3.2.
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FicURE 3.2: Block Diagram of a Bitstream Processor with Serial 10 and 1-bit
Accumulator.

The processor’s bit-serial design enables it to continue to perform
the digital filtering algorithms of the raw output data stream from the
delta-sigma modulator but sacrificing the processing speed due to the
serial computing procedures. It can also be designed and turned into
a more general purpose computing unit, capable of more algorithms
beyond delta sigma data processing. It provides the advantages in-
cluding area reduction, circuit simplicity, and easy integration to the
sensor system.

In this chapter, several bitstream processor architectures and algo-
rithms for different sensor applications are reviewed [69]. First, bit-
stream processor I showcases a customized architecture to process bit-
streams from delta-Sigma ADC digital filter. It can also be utilized for
general purpose computation, featuring hardwired controls and funda-
mental registers. In addition, bitstream processor I can perform sensor
calibration algorithms. Next, another architecture, bitstream proces-

sor II, is modified for sensor self-test algorithms. Finally, a CORDIC
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bitstream processor III architecture is conceptually presented for com-

plex arithmetic computations.

3.1 Bitstream Processor for General Purpose Computation

3.1.1 Bitstream Processor I Architecture

An initial sensor processor architecture design (Bitstream Processor
I) as in Figure 3.3 is presented to perform basic arithmetic functions
and is well-suited to bitstream processing tasks, such as delta-sigma
ADC filtering algorithms. To enable complex algorithms for sensor
data signal processing tasks, this bitstream processing architecture will
be enhanced in later sections. The architecture design is intended to
be a general purpose processor with Turing Machine like capabilities,
given sufficient time and memory availability. Several previous archi-
tectures [70] [71] explore the concept of such a bitstream processor but
do not provide a detailed algorithm exploration on the general pro-
cessing possibilities. The detailed processor architecture of the initial
sensor signal processor is demonstrated in Figure 3.4, and consists of
the following modules: a one-bit arithmetic logic unit (ALU), shift
registers, an instruction register, I/O interface and off-chip memory.
The key design feature of the serial architecture is the processing of
bitstream data inherently and rapidly. All of the internal registers are
constructed as shift registers, the serial input data is processed one-bit-

at-a-time in one clock cycle through the one-bit ALU, and the output
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Ficure 3.3: Block Diagram of Sensor Node Processor I for Delta-Sigma Digital
Filter Algorithms.

of the ALU can be selectively stored into shift registers or output. For
applications using one-bit serial input bitstream data processing, the
serial processor’s speed is the same as the multi-bit processors, but
it will be slower for other data-processing algorithms. However, it is
suitable for low data rate, serial input and output bitstream processing

sensor environments. The modules are described in detail below.

3.1.2  Modules Description

One-bit Arithmetic Logic Unit

The main processing components of the ALU include a 1-bit full-adder
for arithmetic functions and combinational logic gates for logical func-
tions. Basic ALU operations are selected by the 4-bit ALU_Op in-
struction codes. The carry out bit from the full adder is connected to
the carry register and fed back to the carry in bit for the next stage

calculation. It can perform multi-bit binary data serial manipulation
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FIGURE 3.4: Architectural Diagram of Sensor Bitstream Processor I for Delta-Sigma
Digital Filter Algorithms.

along with multi-bit shift registers. Input ports A and B are invertible,
allowing more logical functions such as OR (NOR), AND (NAND) and
XOR (XNOR), implemented with the ALU opcode.
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Shift Registers

Two shift registers, ASR and BSR, provide storage space for input
data and also serve as accumulators for results. The data length is m
(m=16 bits), which includes a sign bit in signed binary format. The
data length is chosen based on the following issues: First, buffering
capability should be provided for the delta-sigma bitstream. Second,
the processor should have an easy implementation for general purpose
computing and reduce memory access as much as possible. Finally,
more register bits consume more area, and shift register cells dominate
the processor power consumption and limit the processor’s speed. A
trade-off must be made between ease of implementation and use of
limited resources in the processor architecture. Therefore, the 16-bit
shift register length is adopted for accurate sensor data processing.
The identical register design enables flexibility in complex comput-
ing functions like shift with zero, rotation shift and multiplication. The
shift register input selection signals choose either data from memory or
from the ALU result. Other control signals include shift register enable
and output enable. The least significant bit (LSB) first scheme is uti-
lized during shifting in and shifting out. During logic and arithmetic
operation periods, the shifters always shift out the LSB for calcula-
tion, and store the result back to the most significant bit (MSB) into

a chosen shift register.
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Instruction Register

The control unit in the processor is reduced to an instruction register
(IR), which is a serial-in parallel-out shift register. The outputs are
hardwired, controlling the operations of ALU and shift registers. The
IR provides a very long instruction word (VLIW) operation code (op-
code) for all the control signals. The opcode is also expandable and
programmable in complex algorithm applications. It is imported from
the instruction memory serially, directed to control logic, and executed
one clock cycle at a time. Hardwiring control mechanisms eliminate an
area-consuming decoder or counter, and thus simplifying the control
hardware and reducing area significantly.

It also controls the reads/writes of serial data from/to the data
memory, and dispatches operational code from the IR register to the
shift registers for load and store operations with data memory. During
serial input stage, the LSB of data comes first, with the sign bit be-
coming the last input. Similarly, the first output data is the LSB bit
of data while the new sign bit is followed by the most significant bit
(MSB).

Memory

Another component of the signal processing system is memory, which
can be on-chip or off-chip. Due to size limitations of on-chip ROM or

RAM, off-chip commercial EEPROM memory was chosen for its low

36



cost and large storage capacity. The proposed design downsizes the
processor area without significantly affecting the memory requirement.
The operational codes are stored in the serial instruction memory, and
the serial data memory contains one-bit serial data inputs and outputs.
Serial EEPROM devices offer a lower pin count, smaller packages, lower
voltages, as well as lower power consumption [40].

Examples of two commercial serial EEPROM memory chips that
can be used for design are the ST-Microelectronic M45PE80 8 Mbit
byte-alterable memory for the data memory and the M25P64 64 Mbit
memory for instruction. The data format in data memory is signed
digit representation, and data memory reads or writes the LSB bit of
data first and shifts to the shift registers for further processing.

The 1/0 interface, which reads/writes serial data from/to the data
and instruction memory, dispatches operational code from instruction
memory to IR register or serial data input/output between shift reg-
isters and data memory. During serial input, the LSB of data comes
in first, and the sign bit is the last input. Similarly, the first output
data is the LSB bit of data. The new sign bit is followed by the most
significant bit (MSB).

Protocol for the memory connection is the serial peripheral inter-
face (SPI), which refers to a 4-wire master-slave mode for serial device
communications. It connects the processor and the external EEP-

ROMs with four wires like serial clock, serial data input and output,
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chip select.

3.2 Bitstream Processor for Delta-Sigma Digital Processing

3.2.1 Comb Filter

A comb-filter of length N is a FIR filter with all N coefficients equal
to one. It is a simple accumulator performing a moving average, and
contains no multiplications and no storages for filter coefficients. For
delta-sigma signal processing, a second-order comb filter is normally
used. It is defined as in Equation (3.1) [20], where x is the input
sequence and y is the output sequence. The transfer function taking

the decimation factor OSR into account is Equation (3.2) :

vy = 32 aln i (3.1)
H(7) = [5gm % 7] (32

It is also called a sinc filter because the frequency response approx-
imates to a sinc function. For delta-sigma modulated bitstreams, the
data throughput has been decimated by a factor of OSR, the input
data x is accumulated and the resulting output is available for every
OSR input. No filter coefficients storage is required for the comb fil-
ter, and it is mainly based on accumulation calculations. Higher order
of COMB filters offer better stop band attenuation. In this disserta-

tion, a second order comb filter is studied. Figure 3.5 [72] shows the
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mathematical structure of the second order comb filter. Figure 3.6

and Figure 3.7 show the second order comb filter simulation in terms

of time domain and frequency response.
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F1GURE 3.5: Block Diagram of a Second Order Comb Filter.

Magnitude Response of a Second Order Comb Filter
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FIGURE 3.6: Frequency Response of a Second Order Comb Filter.
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FI1GURE 3.7: Second Order Comb Filter Matlab Simulation in Time Domain, OSR
= 16, fs =61.44KHZ, fwave = 2.15KHZ. (a) Original Sine Wave; (b) Delta Sigma
Modulated Digital Bitstream; (c) Delta Sigma Bitstream Filtered after Second Order
Comb Filter.

3.2.2  FIR Digital Filter

One digital bitstream signal processing capability is to maintain the
function as a finite impulse response (FIR) filter for the delta-sigma
ADC.

As shown in Figure 3.8 [67], the delta-sigma modulator converts
the input analog signal into a one-bit data stream at a high sampling

rate. To process the bitstream, the digital filter down samples the data
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F1GURE 3.8: Block Diagram of a FIR Filter for a First Order Delta Sigma ADC.

rate and extracts information from the data stream by low pass FIR
filtering. A K-Tap FIR filter is described as in Equation (3.3),Where
x is the input signal, y is the output signal, and h contains the filter

coefficients.:

ym) = h(i)-a(n i) (3.3)

A Remez-based, 50-tap FIR filter frequency response is shown as
an example in Figure 3.9, with a 61.44KHZ sampling frequency, 2KHZ
pass band frequency, 2.5KHZ cutoff band frequency, 0.5 passband rip-
ples, 0.05 cutoff band suppression, and the OSR is 16.
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FIGURE 3.9: Frequency Response of a Remez-based 50-tap FIR Filter, with a
61.44KH7Z sampling frequency, 2KHZ pass band frequency, 2.5KHZ cutoff band fre-
quency, 0.5 passband ripples, 0.05 cutoff band suppression, and the OSR is 16.

3.3 Bitstream Processor for Calibration

3.3.1 Sensor Calibration

More advanced algorithms for smart sensor systems are needed for
such infrequently-used complex computations, such as self-test and
self-calibration. Since most chemical or biological sensor systems nor-
mally operate in a multivariate, autonomous environment, reliability,
auto-correction and self-calibration capabilities are essential sensor sys-

tem design requirements.
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The nonlinear response problem, which can produces unexpected
measurement results, is the most critical limitation of integrated sen-
sors. In addition, circuit aging and process variations also affect the
sensor response. Therefore, these factors necessitate on-board calibra-
tion methods. There are two types of calibration methods. One ap-
proach is analog calibration, in which an analog signal is adjusted with
negative feedback circuitry to compensate for sensor errors. However,
this method requires complex circuits and has limited resolution. An-
other approach is digital calibration. A lookup table method or a cal-
ibration function method is implemented and offers the advantages of
flexibility, accuracy and programmability but needs large memory [73].
This section focuses on digital calibration methods implemented by the
SEeNnsor pProcessor.

In previous research, a smart sensor interface was introduced to
cancel nonlinearities with programmable calibration. It was based on
an oversampling ADC and a small ROM storing calibration coeffi-
cients [74]. The advantages of this architecture are its small area,
long-term stability and programmable flexibility. Nonlinear function
is obtained by piece-wise linear interpolation with the lookup table of
coefficients stored in the ROM.

Another microcontroller based calibration method was presented is
an 8-bit microcontroller with mathematical calibration functions, in-

terfaced with the smart sensor system [75]. The sensor system can

43



perform self-calibration coefficient calculations and measurement cor-
rections. Plus, the microcontroller provides programming flexibility
and the ability for user-controlled error reduction.

Instead of the off-chip microcontroller or the fixed and area-consuming
ROM calibration approaches, we propose using the general purpose
sensor node processor for on-chip and in-field calibration. This pro-
cessor can be programmed to implement self-calibration algorithms
consisting of two cycles: the calibration step to obtain the calibration
coefficients and the measurement step to correct sensor output values
by referring to the calibration coefficients [15].

The simplest calibration method is to refer to the look-up table in
the memory and calibrate the measurements by linear interpolation.
This is easy to implement in the current processor architecture, but
it requires a large memory unit. Two classes of calibration methods
are discussed below: the point by point calibration method, which
demands less memory and the matrix-based multivariate calibration,
which is more complex and computationally intensive. Normally, the
calibration matrix can be calculated by the host station processor.
The calibration coefficients, which perform only sensor data correc-
tions (mainly matrix multiplications), are transferred to the sensor

processor.
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3.3.2  Point Calibration Method

The sensor system can be modeled as a stand-alone measurement sys-
tem [76]. The physical sensing object is a measurement entity which
can be characterized by two variables: a measurand and a general-
ized influence quantity. Variable can be a scalar quantity, a vector
x = [x1,22,...,2n]! or scalar or vector functions. For example, it can
be temperatures/pressure/analyte concentrations for sensors. Calibra-
tion includes two procedures: deriving relations by measurement of the
input and output of sensors and correction of transfer functions using
the references [15].

Depending on influence factors, there are one-point, two-point, or
multi-point calibration methods may be used to correct the zero off-
set, scale factor and sensor nonlinearity, as explained in detail in [77].
The calibration algorithm can be applied as a point-by-point calibra-
tion method. At a given calibration point, the actual sensor output
is matched to the desired output, by an offset calibration. Then the
matching process is repeated at another calibration point with previous
equalization preserved. After number of reference signals calculations
are repeated, a polynomial correction curve is built and can be applied
to correct the sensor output signal. In stead of collecting complete
measurement data, each calibration measurement can be used directly

to calculate one coefficient in a correction function, adjust sensor out-

put immediately, and apply it to the next calibration process. When
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performing each correction, previous calibration is preserved. If the
error reduction is not satisfactory, a new calibration point can be cal-
culated for further corrections of sensor response [75].

Table 3.1 describes the algorithm for the one-dimensional progres-
sive polynomial calibration method, which can be implemented in the
sensor bitstream processor. x is the sensor input variable, and y = f(x)
is the uncalibrated and measured output response. vy, = g(x,) denotes
the desired value of the sensor response, which is a linear function of x,
a,, is the calibration coefficients, and the corrected sensor transfer curve
is hy,(x), which is calculated after each calibration measurement. y,, is
the calibrated output, and f(x,) is the n-th calibration measurements.
The calibration process is repeated until the desired error reduction

e(x) = hy(x) — g(x) is obtained [78].

‘ steps ‘ Calibration Function ‘ Calibration Coefficient ‘
step 0 y = f(z) -

step 1 hi(z) | f(z) +a ar =y — f(z11)

n—1 m—hn_1(xn
step 1 by () | hnei(x) + a [ [0 (hi(x) —vi) | @ = W&g_y)ﬂ

Table 3.1: One-dimensional Progressive Polynomial Calibration Method in Steps for
Sensor Processor Point Calibration Algorithm.

3.3.8  Multivariate Calibration Method

Multivariate calibration methods have been widely applied for analyses
of multiple sensing signals. For example, in Near-Infrared Reflectance

(NIR) spectroscopy, samples are in mixed-component liquid or gaseous
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form, depending on changing environmental conditions (i.e. temper-
ature). It requires multivariate data analysis, which can enable the
handling of non-linearity calibrations [79].

Multivariate calibration is an analytical method originating from
Chemometrics. To analyze complex sensor-array measurements, Chemo-
metrics provides an optimal analytical procedure for the purpose of
obtaining maximum useful information extracted from data. Dating
back to the mid 1980’s [80], it is a subdiscipline that applies statisti-
cal and mathematical analysis methods in chemistry. The analytical
process for sensor calibration is described in Figure 3.10. The first
step is data acquisition from measurement results such as spectrum or
chromatogram. After numerical processing techniques, the calibration
model is built, and after validation, the best model should be applied
to accurately predict the unknown data samples. This procedure is pe-

riodically repeated to improve the calibration models as necessary [81].

Data N Calibration N Model N New Data L
Acquisition Generation Validation Predication

FI1GURE 3.10: Chemometrics Calibration Flow Chart.

The composition of known mixtures from sensor-array data can be
quantitatively analyzed and evaluated with several popular Chemo-

metrics multivariate-calibration methods. These methods include Mul-
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tiple Linear Regression (MLR), Principal Component Regression (PCR),
Partial Least Squares (PLS), Nonlinear Partial Least Squares (PLS2)
regression and Artificial Neural Networks (ANN) [82] [83].

Data from sensor arrays can be presented in vector or matrix form.
The measured data, which are independent variables, is called x-block
data. The properties to predict are dependent variables, called y-block
data. After preprocessing and normalization, various data analysis
techniques can be applied to identify and extract the intrinsic proper-
ties of the multi-sensor system, as shown in Figure 3.11. Considering N

_ Target variable
Known properties (to be predicted) Estimated Target
] A

Actual Target

\4

Y /

\
-
Multivariate
model

F1GURE 3.11: Concept of Chemometrics Multivariate Calibration Methods: Multi-
variate models are built from know properties, and used to predict target variables.

sensors, M number of measurements, P sets of experimental data and

assuming a linear relationship model, the sensor response is written as
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in a matrix form defined as in (3.4):

Yixn = KpxnXnxp + Enxp (3.4)

Where E is the error matrix, K is the model parameter matrix, X is
the model sample matrix, and Y is the sensor response matrix. Us-
ing NIR spectroscopy measurements as an example, we can use the
Beer-Lambert theory model Y= K X, where Y is the concentration
matrix with a corresponding NIR wavelength through testing compo-
nents, K is the calibration coefficient matrix, and X is the absorbance
matrix of the component. New Y-block data can be predicted after
the calibration matrix models are built with the training data set [84].

For modern processor architectures, multivariate calibration algo-
rithms are sophisticated in operation and time-consuming. Therefore,
there are trade-offs between calibration quality and algorithm com-
plexity. The recommended procedure is to calculate the calibration
matrix through the host station main processor, store this matrix in
the memory, and only implement the sensor data correction step on
the sensor node processor [85].

The proposed bitstream processor can read sensor data from the sen-
sor interface, and use the coefficients from memory to perform matrix
calculations for the calibrated output. The processor is programmed
to implement self-calibration algorithms, which consists of two steps:
The first step is calibration to obtain the multivariate calibration coeffi-

cients computing by remote host station main processor and loading to
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memory via wireless communication modules in the sensor system. The
second step is the on-chip sensor data autocorrection to calibrate the
sensor output values, referring to calibration coefficients [15]. The fol-

lowing is a brief discussion of three popular regression techniques [84].

Multiple Linear Regression (MLR) 1t is a simple regression approach used
to predict the dependent variables from a linear combination of the
sensor responses. Assuming the number of sensors N is less or equal
to the number of samples P, the first step is to calculate in Equation

(3.5) from linear algebra:

K=YX'[xx"! (3.5)

The sum of the squares of errors is minimized for the entire calibra-
tion set. An unknown sample matrix is then predicted with calibration
matrix. In Equation (3.6), Y is the new response from unknown sam-

ple matrix, X is the prediction matrix. Therefore,

V =KX (3.6)

However, it must be stated that the MLR method suffered from the

correlation and collinearity problem in the data set.

Principal Component Regression (PCR) An alternative solution to MLR is

Principal Component Regression, which consists of two steps: The
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first step is to perform Principal Component Analysis (PCA) to ex-
tract the latent variables from the direction of maximum variance in
the sensor matrix. Therefore, this step reduces variables and preserves
only a few of the principal components (PCs) as regression matrix. The
PCs are orthogonal to each other and to maximize the data variance in
descending order. The second step is to perform a linear least square
regression on the new data set. The project matrix after eigenvector

rotation is shown in Equation (3.7):

X,=V'X (3.7)

Where V is the eigenvectors matrix. The regression matrix F' is:

F=YX][X,X} ] (3.8)

Then, the unknown matrix Y can be predicted as:

Y = FVTX (3.9)

Partial Least Squares (PLS) The difference of PLS and PCR is as follows.
For PLS, the projection of the X-data block factor is directly propor-
tional to the projection of the Y-data block. To finding the directions
of maximum correlation sequentially, the first PLS latent variable is
obtained by projecting along the eigenvector, which corresponds to the

largest eigenvalue. The second and the following latent variables are
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acquired similarly by repeating the prediction process from the cur-
rent PLS latent variable and the eigenvalue-analysis. The stopping
point for such a sequential prediction process is determined by cross-
validation, which is a necessary step for PCR and PLS. It identifies the
optimum number of principle components by error parameters such as

prediction error sum of squares parameter (PRESS).

3.4 Bitstream Processor for Self Test

3.4.1 Sensor Self-Test Techniques

Given enough time, an initial processor architecture design can real-
ize most algorithms. To improve the performance and efficiency, some
enhancements are made in this and next section by moderately increas-
ing the area, while shortening the processing time. Additional circuits
such as shift registers, ALU and instruction registers are added without
fundamentally changing the architecture data flow but still providing
more efficient computing capability.

To ensure reliable operation over long periods of autonomous use,
sensor system networks need to be self-monitoring and, ultimately, self-
repairing. One way to achieve this goal of reliability is for each network
node to monitor itself during in-field operation and decide whether its
operation is correct. While self-test techniques exist for digital circuits,
similar techniques are not well established in the analog domain [86].

No broadly applicable low cost built-in-self-test (BIST) methodology
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exists, and self-test techniques for analog circuits tend to be highly
application dependent.

The proposed bitstream processor can be modified to be a pro-
grammable sensor interface circuitry, which can enable utilization of
a low cost built-in-self-test for sensor front-end for self-monitoring of
sensor functions. The main goal here is to ensure that sensors and
sensor interfaces on these systems function correctly after fabrication
correctly and continue to operate through extended period of times in
isolated environments. The proposed work will follow two parallel but

highly interwoven and dependent tracks:

1. Development and design of reusable and programmable sensor

interface modules;

2. Design of a programmable interface for a variety of BIST and

built-in-self-monitoring techniques, suitable for sensor front-ends.

3.4.2 Bitstream Processor II Architecture

Previous works [87] [88] on sensor design and mixed-signal built-in-
self-test development assume that once designed and optimized, the
attributes (i.e. clock frequency, resolution, and bandwidth) of the
digital-to-analog converter (DAC) and ADC are fixed. This paper pro-
poses a different approach to upgrade the programmable sensor node
processor, highlighting the ability to change the ADC, DAC, and sen-

sor interface hardware. This new combined and programmable sensor
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interface and digital-analog interface (or sensor-digital interface) will
support rapid design of built-in-self-tests for the sensor and senor in-
terface. Preprogrammed microcode can be selected for common test
strategies and for normal ADC and DAC operation. In addition, new
programs may be created in order to test innovative new sensors, at
minimal cost of new hardware design.

The design in self-testing and self-monitoring sensor interface front-
ends design features a loop-back connection including sensors and ap-
plying the analysis in the electrical domain. A block diagram of the
proposed programmable sensor-digital interface appears in Figure 3.12.
The interface operates in several selectable modes here: the normal
ADC and DAC modes, when used as an interface between the sensor
and the digital system; several pre-programmed test modes for sensor
and sensor interface testing and calibration; and a user programmable
mode for specialized sensor verification or calibration not supported
by the pre-programmed modes. The new interface hardware consists
of the sensor, sensor interface circuits, programmable analog filtering
for the DAC, a programmable second-order delta-sigma modulator (for
the ADC), and two serial-data signal processors.

Each processor contains microcode determining its operation modes
and controlling the filter and modulator appropriately. Processor 1
contains microcode for a delta-sigma DAC, along with test pattern

generators for the various test modes, while the other processor (Pro-
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cessor 2) contains microcode for digital filters for the ADC and test
signal analysis to determine if the sensor is faulty. To reduce or elim-
inate the user-defined programming needed to gain the desired test
coverage for many sensors and sensor interfaces, preprogrammed test
modes will be developed to cover a built-in-self-test of a wide variety

of sensors, with the aim

Processor 1 4
Normal A DAC mode ¢ /
Sine pattern —e > Analogf’/i:ilter Sensor
Multi-tone pattern e K Driver
Pulse pattern e '
User-defined pattern Y
Sensor Interface
Circuits Sensor
Processor 2 ‘
Normal ZA ADC mode —cy\ Anal\‘og SA Sensor
Min/Max detection  —s Modulator Amplifier
Bandpass FIR Filter —e \
Histogram algorithm —e v
User-defined algorithm —e

F1GURE 3.12: Block Diagram of Sensor Node Processor II for Self-Test.

A modified sensor processor architecture II is developed for higher
processing speed and self-test as described above. In the sensor system,
there are two identical processors which are programmed with different
microcodes. Processor 1 is programmed to generate test patterns and
normally works as a first order delta-sigma DAC with a semi-digital
analog filter. In test mode, it functions as a test pattern generator to

produce test patterns like square wave, precise sine wave and two-tone
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sine wave. Processor 2 works as the digital filter (e.g. comb?2 filter) for
the delta-sigma ADC in normal mode or as test pattern detection in
testing mode (e.g. min-max detection). Special instructions for testing
are also developed for sensor node processor II.

One of the processor II architecture is shown in Figure 3.13. It con-
sists of three internal shift registers, two one-bit ALUs and operation
code controlled multiplexer circuits. The opcodes are stored in the se-
rial instruction memory to control the processor. Serial data memory

provides input and output of the one-bit serial data streams.

Instruction Memory

> M | Register 1 M ALU 1 > M yi
u ) U U &
X Register 2 X X '
1 ) | ALU2 5 |
> ! Register 3 >
A4
Data Memory <

F1GURE 3.13: Block Diagram of Sensor Node Processor II for Sensor Self-Test.

Processor 1 can simulate:

1. A first order delta sigma DAC: One bit digital DAC bitstream
output is high or low, which represents the digital reference output
value. For signed binary 16 bit data representation, the input

range is from - 32768 to + 32767. The output should feed to an
56



analog low pass filter to produce analog output;

2. Test pattern generator: The test patterns, such as the square
wave, precise sine wave, and two-tone sine wave, are also emit-
ted by the pattern generator module within the processor. The
registers need to set initial values. For the two-tone test, the inter-
nal registers need to perform double rotations and thus one more
clock is added. User-defined patterns are also programmable in

the processor.
Processor 2 is specifically modified to process delta-sigma signals.

1. The comb?2 filter is used to remove the out-of-band quantization

noise for delta-sigma converter;

2. Algorithms for min-max test detection are used for square wave

test analysis;

3. The band pass FIR filter is used for the two-tone test signal anal-

ysis.
3.4.83 Semu-digital Filter

Figure 3.14 depicts the additional semi-digital filter that is one of the
possible analog filter design after the DAC stage, configurable to gener-

ate signals with varying pulse frequency, duty cycle and amplitude [89].
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FIGURE 3.14: A Semi-digital Reconstruction Filter for Delta-Sigma DAC.

3.4.4 Delta-Sigma DAC

A delta-sigma DAC can also be redesigned and programmed from
the initial sensor processor architecture to provide several basic test

modes [90]:

1. Low-frequency, precise sine wave generation to test gain and lin-

earity of the sensor front-end;

2. Low-frequency multi-tone sine wave generation for non-linearity

and filter roll-off testing;

3. Low-frequency ramp generation for histogram-based testing of

data converters and;

4. High frequency, low-precision pulse wave generation to determine

the bandwidth and to detect hard-to-detect faults.
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Precision single-tone sine wave generation and analysis

A precision sine wave can be used as a test signal for many specifi-
cations of the complete sensor front-end, including gain and linearity.
Extensive research has been conducted in the area of on-chip signal
generation using delta-sigma modulators [88] [91]. In our application
domain, large on-chip memories are not readily available. Therefore
we will focus on using techniques based on a delta-sigma digital oscil-
lator and a low pass filter, which are implemented with the proposed

bitstream processor II.
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F1GURE 3.15: Single-tone Sine Wave Generation Based on Delta-Sigma Oscillator.

Figure 3.15 demonstrates a technique to generate a precise single-
tone sine wave based on a delta-sigma oscillator [90]. Actually, it is
a digital resonator created from simulating a LC oscillator circuit and
modified with the delta sigma modulator. The 1-bit output bitstream
square wave will be fed to the pass filter to generate a single-tone wave

with an amplitude A and a phase ¢. The complexity of the analog
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low pass filter increases with the increasing oversampling ratio. The
oscillation frequency, amplitude, and phase can be independently set
by adjusting the coefficients, a12, as;. The oscillator works at oversam-

pling rate f,s, as in (3.10) and (3.11).

wy — foscos™H(1 — %) for 0 < as1aip < 2 (3.10)
fos™ — foscos™ (1 — #2) for 2 < agiayp < 4
(1—6112(121)(%1(0)-1-(312%2(0)
sin(wo T+
{ ¢ — +an ! ( 21(0)sin(wT) ) (311)
(1—azg1a12—cos(woT))z1(0)+aiaxs(0)

Output response analysis techniques depend on what information
must to be extracted from the circuit. At the simplest level, the single-
tone sine wave can be used for measuring the gain of the complete
sensor front-end. To enable this measurement, we need only to detect
the output signal amplitude, which is fairly straightforward using the
serial processor. However, in some cases, more detailed analysis must
be done, including analyzing distortion of the sinusoidal waveform.
We will develop low-overhead serial signal processing techniques to

determine the amount of distortion with reasonable accuracy.

Multi-tone sine wave generation and analysis

Multi-tone sinusoidal waveforms have been used in many test schemes,
including non-linearity and filter roll-off testing. Unlike single sinu-

soidal waveforms, multi-tone waveforms translate the non-linearity in-
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formation back into the bandwidth of the device. Figure 3.16 [92]
shows a two-tone sine wave testing structure obtained by modifying
the single-tone generation structure given in Figure 3.15. The time-
division multiplexing means interleaving the two different oscillation
frequency bitstreams into a single bit stream. This signal generation
technique can be implemented in an area-efficient manner. However,
the oversampling ratio and signal power are reduced by a factor of two,
reducing the resolution. As a result, the two-tone signal method is less

precise than the single-tone signal method.

I UL

A > _A LP
awv; p| >
1 clk/2
+aio
7 le— L | l
\ 4
Select (& -a,
D o,
A - 'b21
A 7 > 1 € b,
g MUX

FiGUuRE 3.16: Two Tone Sine Wave Generator with Time-Division Multiplexing
Implementation.

Analysis of the two-tone signal response is more complicated com-
pared to the single-tone case. Traditionally, the response in time do-
main is converted into the frequency domain using Fast Fourier Trans-
form (FFT) [88].

However, FFT requires extensive computation after the decimation

filter. Moreover, even a small amount of non-linearity can be damaging
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to the sensor operation and therefore must be detected, leading to the
need to precisely determine the weak-powered intermodulation compo-
nents, which increases the FFT complexity. While we cannot afford to
implement a full-blown spectral analysis, we can develop techniques to
extract the necessary information on the fundamental and intermodu-
lation components serially. In the test mode, luckily, we have full con-
trol over the frequencies of the input signal tones, and as a result, the
intermodulation tones frequencies. Therefore, we can focus on these
frequencies to extract the necessary information. For this purpose, we
will focus on the development of algorithms that can implement very
low bandwidth filtering of the 1-bit serial output. This kind of filter is
useful in zooming into various pre-determined frequency components
of the output signal. The advanced filtering algorithms will be based

on the basic decimation filtering algorithm.

Low-frequency ramp signal generation and analysis

Ramp signals have been used extensively in the histogram-based test-
ing of data converters [93] [94] [95]. The ramp signal is attractive for
histogram analysis because it ideally results in a uniform histogram
and does not skip any codes. Since we can generate the ramp signal
itself using the DAC and its linearity is a part of the system that we
are testing, the major challenge in the histogram analysis is the area
overhead. The time decomposition technique [93] has been proposed

as way to reduce the memory requirements. This technique reduces
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the required storage capacity but exponentially increases the test time

with the data converter resolution.
High frequency, low-precision pulse wave generation and analysis

While most sensor-on-a-chip systems operate at low frequencies, it
might be necessary to determine if the bandwidth requirements are
met. To generate signals that are at a higher frequency than the fre-
quency of operation, we will use the programmability capability of the
serial processor. To generate these high frequency tones, the serial
processor will output a square wave pattern with the fundamental fre-
quency at the edge of the band of interest. The COMB2 filter at the
output of the oversampling A /D converter will filter out all the higher
harmonics [96] with an appropriate choice of the decimation factor.
This filter will also be implemented using the sensor’s built-in serial
Processor.

With this distorted square waveform, it will not be possible to di-
rectly determine the bandwidth of the sensor front-end system. Here,
we will use an indirect test scenario wherein we infer the operational
health of the device based on its response to generated waveform using
a fault-based approach. We will first determine acceptable limits for
the measured response and compare these limits with respect to the
response of the circuit under various catastrophic and parametric fault
scenarios. Once we determine the fault coverage, we target hard-to-

detect faults and develop specialized input signals, using varying pulse
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frequency, duty cycle and amplitude, to detect these faults.

For a pass/fail decision, we can choose to determine several param-
eters of the output signal including signal power in selected frequency
locations (as in multi-tone testing), or the fundamental signal power.
We can also determine the DC level as well as the peak of the out-
put signal during its transient response to each square waveform. The
choice of which parameter to measure with and at what precision would
affect both the fault coverage and the complexity of the serial process-

ing algorithm.

3.5 Bitstream Processor for CORDIC Algorithm

3.5.1 The Original CORDIC Algorithm

One of the processor architecture upgrades for advanced general pur-
pose computing capability is modifying the sensor node processor to
implement coordinate rotation digital computer (CORDIC) algorithm.
The CORDIC algorithm was first proposed by Volder in 1956 [97]. Fur-
ther studies [98] extended the algorithm to a wide range of arithmetic
functions, including linear, trigonometric and hyperbolic functions, by
using only iterative binary shifts and additions. Three categories of
digital signal processing algorithms can be realized by CORDIC-based
processors [99]: They are linear transformations like discrete or fast
Fourier transform; digital filters including orthogonal digital filters and

adaptive lattice filters; and matrix based digital signal processing such
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as least square system solvers.
( 2[i + 1] = z[i] — mo 27 y]d]

& yli+ 1) = yli] + 0327 x[i] (3.12)

| z[i + 1] = z[i] — 040;

( 0; = m_%tan(m%Q_i)

$ K =TI VI +m2 (3.13)

o= sign(z;) — 7 - sign(x;) - sign(y;)

The CORDIC algorithm is based on vector rotations. A complex
vector [z, y]! rotates to a new vector on a 2-D plane by decomposing in
a sequence of elementary rotations along linear, circular or hyperbolic
curves. The unified CORDIC algorithm can be described as shown
in equations (3.12) and (3.13). In the equations, i indicates the ith
iteration step, the coordinate parameter m € {—1,0,1} denotes hy-
perbolic, linear and circular coordinate systems, and 6 is the rotation
angle. o; € {—1,1} is defined as the rotation direction, and it drives
variable y (rotation mode, r = 1) or z (vectoring mode, r = 0) to zero
during iterations to get the final result. Because of the varying mag-
nitude seen during rotation, the scale factor K, needs to be included
after the finial iteration for magnitude compensation.

Referring to Table 3.2, with only shifts and additions, the CORDIC

algorithm can directly or indirectly calculate many useful arithmetic
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Systems Rotation Mode (z—0) Vector Mode (y—0)
/Functions o= Sign(z) oi = - sign(x)sign(y;)
_ x= Ky (Xcosz—ysinz) x= Ky (5C+ y?)¥2
Circular yi= Ky (xsinz—ycosz) yi= 0
m=1 z=0 z=z+ tan’(y/ %)
0 =tan™ (2"
cosz: x= 1/ Ky, y=0 tan'z: x=1, z=0
snz: x=0,y=-1/Ky | cos’w: tan[ (1-w?)¥%/ wj
tanz: sinz/ cosz sn?w : tan[ w/ (1-wA)'
Linear X=X X=X
m=0 Vi=y+XZz yi =0
6 =2 z=0 z=z+ yiIx
Multiplication: y= 0 Divison: z= 0
x; = K1 (xcoshz—ysinhz) | x = K.q (3- y?)Y?
yi = Kq (xsinhz—ycoshz) |y:=0
2=0 z = z+ tanh™(y/X)
Hyper-bolic
m=-1 coshz: x= UK,y=0 tanh'z x=1,z=0
0i=tanh™(2) | gphz: x=0,y=-UKs | Inw 2tanh’™ (We1)/(w+1) |
tanhz: sinhz / coshz w2 [(wt 1/4)? — (w-1/4)]
¢ : sinhz + coshz cosh™w: In (w+ (1-w?)Y?)
W snhtw: In(w+ (1+wA)Y¥?)

Table 3.2: CORDIC Computation Functions.

functions, such as multiplication/division, square root, logarithmic, ex-
ponential and trigonometric functions. Note that in order to converge
y or z to zero, the magnitudes of input variables have to be restricted
to certain ranges for reasonable results. The limitations of the input

range for convergence and its expanding schemes are discussed in [100].
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FIGURE 3.17: (a) Example of a Multi-bit CORDIC (b) 1-bit CORDIC Processor.

3.5.2  Modified Bit-serial CORDIC Algorithm

Figure 3.17 compares the architectures of the conventional CORDIC
processor with a redesigned one-bit CORDIC processor. A typical
example of CORDIC system has three fixed-length variables, and con-
tains shift registers and parallel adders plus memory. Three addition
and two shift operations are performed for each iteration [101]. z, v,
z are input variables, and ’shift’ is a processor internal shift register.
The variables 6; and K, are fixed constants and can be pre-calculated
and stored in memory for reference.

To implement the CORDIC algorithm in the current sensor node
processor, the algorithm is directly mapped from the iterative opera-

tions to the proposed processor architecture, simulating the equivalent
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sequences of the algorithm steps. More internal registers might be
added to improve the performance by reducing memory access, but
then more area trade-offs occur.

Figure 3.18 shows the flowchart of the one-bit CORDIC algorithm.
Compared to the multi-bit based CORDIC processors, the proposed
design reduces hardware area but processes sequentially and consumes
more time. The new serial processing one-bit CORDIC processor con-
tains only one full adder, and two shift registers that can either shift
or hold the word-length x 1 vector variables as sequential input pairs:
{:ci, :t2_iy¢}, {yi, :t2_i:c¢}, {zi, £0;}. After each addition, the results
update the new x;y1, ¥;11, and z;11. o0; is updated by the sign result
of x;, y;, and z;, respectively. The 6; value is stored in memory and is
used for z; value calculations.

The signed binary values of x;, y;, z; or angle constants, i are se-
lectively shifted as a serial bitstream into the shift register A or B.
The one-bit full-adder performs the addition or subtraction accord-
ing to the updating sign indicator i. Obtained results are stored back
into corresponding registers after n iterations. Additional calculation
steps compute the final value by K factor scaling, but if m = 0 for
linear systems, then K = 1, and therefore no additional scaling step
is needed. The new algorithm possesses high latency since both shifts
and additions are operating completely in serial bit patterns. How-

ever, the final results can be derived from fixed-length iterations for
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[ Initial Xo, Yo, Zo and sign indicator o;

!

i=0
Shifter A= X Shifter A= 27x; Shifter A=z
Shifter B=2"y; Shifter B= y; Shifter B= 6,
oi =rsign(z) - oi =rs€ign(z) - oi = sign(z) —
r sign(x)sgn(y:) r sgn(x)sign(y:) r sgn(x)sign(yi)
Xu=A+sB | Yii=B+SA | za=A+sB

K factor scaling for X, y

l

Final Results xs, yr, z

FI1GURE 3.18: One-bit CORDIC-processor Algorithm.
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all CORDIC direct functions. As a result, the fixed-point hardware
implementation featuring a unified and simplified architecture has the
advantage of computing complex algorithms in constant time. Even
more important is the fact that there are applications in which area is
the dominant constraint; thus the proposed serial processing architec-

ture provides remarkably compact circuit area compared to the con-




ventional parallel or pipeline CORDIC processing architectures with

multi-bit structures.

3.5.8 CORDIC Bitstream Processor 111 Architecture

DATA MEMORY or Z-A bit stream
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F1GURE 3.19: Block Diagram of Sensor Node Processor III (CORDIC Processor).

Figure 3.19 is the block diagram of the proposed CORDIC pro-
cessor. For general purpose computing, the one-bit ALU contains a
full-adder and combinational logic gates for basic arithmetic and logi-
cal functions of ADD, NOR, NAND, XOR functions. It is the essential
core for the processor. The shift registers are denoted as SSR and ASR
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in this architecture. One data Storage Shift Register (SSR) provides
storage for one input variable and another Accumulator Shift Register
(ASR) functions as both data storage and accumulator for the one-bit
full adder, least significant bit (LSB) first scheme is utilized during
shifting. The control unit will includes more controls for SIGN module
and contains operational code (24bit).

A sign identification module (SIGN) and relative control signals are
added to convert the initial sensor node processor I to the CORDIC
processor III. Besides working as the interface between the shift reg-
isters, the ALU and I/O interface, it also conditionally inverts the
inputs by calculating the 2’s complement for addition or subtraction,
and keeps updating the sign registers for input and output data. Asin
Figure 3.20, multiplexers CORDA, CORDB, and CORDC are used for
2’s complement number conversion. Combinational logic CORD and
three more registers (SIGNX, SIGNY, SIGNZ) make the sign judgment

based on the input and the previous sign register value.

3.5.4 CORDIC Instruction Set

Due to the fixed-point implementation, numerical errors should be
considered when configuring the input word length. Because n iter-
ations provide n bits of precision, in order to suppress the finite word-
length truncation error and iteration approximation error, additional
guard bits (normally 3 bits) should be included in the data represen-
tation [102].
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F1GURE 3.20: Block Diagram of the SIGN Module for CORDIC processor.

Considering the input binary number as n bits of signed data includ-
ing the sign bit and guard bits, Table 3.3 illustrates the instruction set
and computing cycles for implementing the general purpose arithmetic
and logical functions as well as some specific CORDIC functions. The
computing cycles in the table involve no memory access overhead or

scaling cycles. As a result of the invertible input choices for both reg-
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isters, the general logical and arithmetic functions consume constant

time, dependent on the data word length.

‘ Operands ‘ Instructions ‘ Computing Cycles ‘
ADD, NAND, NOR, XOR, OR, AND, XNOR | Aop B n
NOT, COMP AorB n
SUB AopB/BopA | n
SHIFT i AopB i(1<n)
DIVIDE, m =0 X, V, 2 9n
SIN, COS, ARCTAN, m =1 X, V, Z 9n?
SINH, COSH, ARCTANH, m = -1 X, ¥,z 9n? + 18n

Table 3.3: Instruction Set for CORDIC Processor

The computing cycles in the table involve no memory access over-
head and scaling cycles. Because of the invertible input choices for
both registers, the general logical and arithmetic functions consume
constant time as the data word-length. For CORDIC algorithms, lin-
ear and circular functions have same constant total computing time,
which contains 3 X n addition cycles, 6 X n load and store cycles, 3 x ¢
cycles of 27 shift operations are combined with 3 x n addition cy-
cles, and there are n times repeating iteration steps. For hyperbolic
functions, double cycles are repeated at (3V+2) —1)/2 (j=1, 2, N) for

convergence Concerns.
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4

Design and Simulation

This chapter first introduces definitions of evaluation metrics for the
sensor node system and processor, followed by the bitstream proces-
sor I and IT designs. Schematic, layout and simulation of the essential
processor modules and instruction opcode are explained in detail. The
performance of the processors is evaluated with the following param-
eters including supply power dissertation, area, transistor count, and
prorogation delay, and energy per operation. An additional circuit
design of semi-digital filter design for self test and a first order delta-
sigma ADC integrated with sensor (photodetector) current input are
also discussed in Appendix A. Appendix B, Appendix C and Appendix
D include partial Matlab, Verilog and Hspice code for design simula-
tion. The design is fabricated on a 2.2mm x 2.2mm On Semiconductor

1.5um CMOS chip.

74



4.1 Evaluation Metrics

4.1.1  Energy Dissipation Model for Sensor Nodes

The total energy dissipation of sensor node systems is shown in Equa-
tion (4.1) [103]. Commonly, sensor node systems operate at on (active)

mode and sleep at off (idle) mode to cut the energy consumption.

inst
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+ bits_receive .P
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n_receive
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(

) (

Nipc
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Where: tgapitization 1 the sensor stabilization time, ¢,,cqsure 1S S€Nsing
time period, T, is the sensor node activity time period, Nrpc is
the number of instruction per cycle, Sy ocessor 18 the processor speed,
Nyt transceiver A0A Npit receiver are the number of bits to transmit and
receive, Dj,s is the instantaneous data rate, and tgeq, is the time

duration between transmission end and reception begin.

4.1.2  Processor Performance Evaluation Metrics

Assuming the processor contains m-bit instruction registers, and n-

bit data registers. The clock frequency is f.. The total computa-
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tional time(without final storage stage) for the processor to execute a
single instruction (Fetch-Execute Operation) is (m + n)/fc; The to-
tal energy dissipated for a single instruction operation is denoted as
Energycomp = Energyreien + Energyegecute; The E is depends on the
power supply voltage and capacitance toggled in processing instruc-
tions. The following factors are crucial in evaluating the processor

architecture performance [104]:

e Instructions pre second(IPS) = f./(m +n) ;
e Instructions per clock(IPC) = 1/(m+n);
e Throughput = 1/latency for 1-bit serial output;

e Power efficiency (PE): MIPS/W ATTS is the ratio of instruction
processing rate and energy consumed, and is commonly measured

as the power efficiency;

e Energy per instruction (EPI) is the average amount of energy

consumed per instruction. The unit of EPI is the reciprocal of

IPS /watts;

e Energy-delay product (EDP), which is Joules x second, taken the

latency performance into account;
e Power-density (PD) (watt/cm?) considers the area factor;

e Energy per Operation (EPO) is the average amount of energy
consumed for a certain processor operation.
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4.2 Essential Component Modules

The following section will discuss the detail design of individual mod-
ules such as 1-bit Full Adder (FA), Arithmetic Logic Unit (ALU), D
Flip Flop (DFF), Shift Register (SR) and Instruction Register (IR).
Because of the remote sensing systems’s low speed and compact area
constraints, the proposed processor’s design features the fewest pos-
sible transistors and simplest possible logic and controls. Therefore,
the minimal feature sizes of W and L are chosen in the design. Other

modules in the processor include multiplexers, buffers and basic logic

gates such as NAND, OR, and XOR.

4.2.1 One-bit FA

The one-bit Full Adder is the essential module for the processor. A
conventional one-bit Full Adder (28 Transistors) [105] is implemented
in this design as in Figure 4.1 Schematic, Figure 4.2 Layout, and Fig-
ure 4.3 Hspice simulation. The relationship between output (sum S,
carryout C,)with input (A, B, and C;) can be expressed as in Equa-
tion (4.8) and (4.9). The traditional full adder is implemented mainly
for architecture demonstration. Actually, there are a number of other
1-bit full adders with lower power and lower transistor count [106],
such as 12 transistor FA with 26% power saving [107] and 6-transistor

current mode FA with 20 % speed improvement [108].
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S=(A®B)aC; (4.8)

C,=A-B+C;-(A® B) (4.9)
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F1GURE 4.1: 1-bit Full Adder Schematic in Bitstream Processor 11 One-bit ALU.

T

FI1GURE 4.2: 1-bit Full Adder Layout in Bitstream Processor II One-bit ALU.
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FIGURE 4.3: 1-bit Full Adder Hspice Simulation in Bitstream Processor II One-bit
ALU.

4.2.2  One-bit ALU

The ALU contains the one-bit Full Adder for arithmetical computa-
tion, NAND, NOR, and XOR gates; along with corresponding com-
binational gates for logical and arithmetic algorithms. To compute of
two bitstreams of serial data with a one-bit full adder, the carry-out
of the FA is delayed by a flip flop and feedbacked to the carry-in bit.
An additional OR gate is used for 2's complement data conversion in
subtraction, the carry selection signal at the ORC gate is set high to

set the carry-in bit, and low to allow normal carry bits flow for addi-
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tion. The schematics, layout and simulation are as in Figure 4.4 and

Figure 4.5.
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FIGURE 4.4: 1-bit ALU Schematic in Bitstream Processor II.

cooo
o

FI1GURE 4.5: 1-bit ALU Layout in Bitstream Processor II.

The ALU Opcode is defined in Table 4.1. The ALU logical and
arithmetic operation truth table is shown in Table 4.2, Table 4.3 and

simulation as in Figure 4.7.
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ALU Functions | InvA_Sel | InvB_Sel | ALU_OpO | ALU_Opl | ALU_Op2 | ALU_Op3 | Carry_Sel |
NAND 0 0 0 1 0 0 0
NOR 0 0 0 0 1 0 0
XOR 0 0 0 0 0 1 0
AND 1 1 0 0 1 0 0
OR 1 1 0 1 0 0 0
XNOR 0 1 0 0 0 1 0
ADD 0 0 1 0 0 0 0
SUB 0 1 1 0 0 0 1
Table 4.1: ALU IR Control Bits.
| A| B | NAND | NOR | XOR | AND | OR | XNOR |

0 |0 |1 1 0 0 0 1

0O |1 |1 0 1 0 1 0

1 10 |1 0 1 0 1 0

1 |1 1]0 0 0 1 1 1

Table 4.2: 1-bit ALU Logical Operation Truth Table.

A | B | Ci| S(ADD) | Co(ADD) | S(SUB) | Co(SUB) |
olofo [o 0 0 0
001 |1 0 1 1
o1 ]o |1 0 1 1
0 [1]1 |o 1 0 1
1 ]o]o |1 0 1 0
L |o]1 [oO 1 0 0
L |[1]0 [0 1 0 0
1|11 |1 1 1 1

Table 4.3: 1-bit ALU Arithmetic Operation Truth Table.
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4.2.8 D Flip-Flop

Another important component of the processor is Digital Flip-Flop
(DFF). To minimize the area, a CMOS dynamic two-phase clock Flip
Flop (6 transistors) as in Figure 4.8(a) is used. Researchers often em-
ploy this clock design in pipelined data paths for microprocessors and
signal processors [109]. However, its output high level maybe degraded
to VDD-Vthreshold. Therefore, feedback pmos is added to restore the
right output signal as in another DFF design as in Figure 4.8(b), lay-
out in Figure 4.9, and simulation in Figure 4.10. The DFF requires

two non-overlapping clocks.

(b) Modified DFF Schematic.

FI1GURE 4.8: Two DFF Schematic Designs.
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4.2.4  Shift Register

As shown in Figure 4.11, the data stored in the shift registers can

be either unsigned or signed binary numbers. For signed n-bit data:

D = (d,_1d,,_s...dy), the number represents a data range . L |

to 21 —

bitstream input to the shift register, the LSB bit of the data is shifted

in first, and MSB bit is shifted in last.

Besides the series of DFF chained shift registers, additional com-
binational circuits for shift enable, output enable, and input data se-

lections are represented in shift registers are in Figure 4.12, layout in

Figure 4.13 and simulation in Figure 4.14.

dr\ dn-l
DFF 1 l ™ DFF2
Sign

do

DFF n

1 (-32768 to +32767 for 16 bit signed data). During the

FIGURE 4.11: Shift Register Block Diagram in Bitstream Processor II..
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FIGURE 4.12: Shift Register Schematic in Bitstream Processor II..
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FIGURE 4.13: Shift Register Layout in Bitstream Processor II..
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FIGURE 4.14: Shift Register Simulation in Bitstream Processor II..

4.2.5 Instruction Register

The instruction register features serial-in, parallel-out shift registers.
A 13-bit length design is adopted for the initial design as shown in
Figure 4.15 for the schematic, Figure 4.16 for the layout and Figure 4.18
for the simulation. The final bitstream processor design is changed

to a 32-bit length IR and with modified latched as in Figure 4.17 in
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the C5N 0.5um CMOS chip. The instruction code is shifted from the
instruction memory, and directly wired to ALU and shift registers. The
IR simulates the consecutive stages of instructions: fetch, execution
and store. Area is saved for decoding circuits as a result of hardwired

structure.

| | | | ; | | | | | | j

1T 5 1 111 11171711

! ! [ ! 1 I ! 1 1 ! ! 1 i

FIGURE 4.15: Instruction Register Schematic in Bitstream Processor I.

FIGURE 4.16: Instruction Register Layout in Bitstream Processor I.

4.2.6  Performance Evaluation Metrics

The design is simulated at room temperature with a 100KHZ clock
frequency, and a supply voltage of 5V, and the load capacitance being
100fF. The transient simulation is from lus to 100us. Table 4.4 shows
the characteristics of the design. PDP(power-delay product) is the
multiplication of average power consumption by delay.
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FIiGURE 4.18: Instruction Register Simulation in Bitstream Processor I.




Module Supply Energy(nJ)| Delay(us) | PSD(nJ) Transistor | Area(um X um)
Name Power (uW Count

FA 0.765 0.076 2.7e-3 2e-6 28 154.8 x 78.8
ALU 88.213 8.73 11 0.88 126 790 x 128

DFF 0.372 0.039 5.99 0.002 8 92.4 x 484

SR 8.71 0.862 227 1.97 166 900 x 122

IR 273.44 27 165 45 240 552.4 x 226.4

Table 4.4: Performance Evaluation Metrics for Individual Processor Modules.

4.3 Bitstream Processor [

4.3.1 Processor Design

Reflecting the characteristics of individual modules, an initial design of
the bitstream processor is proposed in schematic Figure 4.19 and layout
Figure 4.20. Besides a one-bit ALU, there are two identical shift reg-
isters working as accumulators and data storage, and the instructional
register provides control signals to ALU and shifter operations. Fig-
ure 4.21 shows the simulation of a basic arithmetic computation step:

The processor serially fetches instructions, reads from data memory to

one shift register, and then executes a two n-bit addition.

Table 4.5 demonstrated the performance evaluation metrics of the

design (100KHZ clock frequency, 100us transient simulation).

4.3.2  Performance Evaluation Metrics

Power 1.43 mW

Energy 0.44 uJ

Delay 0.25 ms

PDT 0.38 uJ
Transistor Count || 828

Area 2000 um x 300 um

Table 4.5: Bitstream Processor I: Performance Evaluation Metrics.
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FIGURE 4.19: Processor I Schematic.

F1GURE 4.20: Processor I Layout.

If clock frequency is simulated at 100KHZ, instruction register length
is m = 13, and the shift register length n = 16, the performance of the
Bitstream Processor I can be simulated and calculated as (no memory
read /write overhead): IPS = 3.45e3, IPC = 0.0345, Throughput =
4e3 bit/s, EP1 = 1.26 uJ/instruction, PE = 2.41 M IPS/watt, EDP
= 0.11 nJ - s, PD = 2.38 watt/cm?.
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FIGURE 4.21: Processor I Simulation, Shifter Data, Add Data to 0 and Store Data.

4.3.8  Instruction Set

Table 4.6 lists instruction register output bits and corresponding con-
trol functions. Based on the basic logic functions of ALU, combina-
tional logic circuits and IR registers, the processor can follow a set
of instructions containing sequences of operation codes for implement
general purpose computing algorithms. Note that A and B refer to the
two m-bits vector value in two shift registers.

Algorithms for the initial design of sensor node processor I are se-

quences of applied instruction codes. Each code is shifted from the
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‘ Number ‘ Name ‘ Value ‘ Description

0 ASROUT _Sel | 0 ASR(LSB) output disable
1 ASR(LSB) output enable

] Shift_Sel 0 Shift ASR disable
1 Shift ASR enable

5 ASRIN_Sel 0 ASR(MSB) input = Memory input
1 ASR(MSB) input = S

3 BSROUT_Sel | 0 BSR(LSB) output disable
1 BSR(LSB) output enable

4 Shift_BSR 0 Shift BSR disable
1 Shift BSR enable

5 BSRIN_Sel 0 BSR(MSB) input = Memory input
1 BSR(MSB) input = S

6 InvA_Sel 0 A
1 Invert A

. InvB_Sel 0 B
1 Invert B

ALU_Op 1000 A ADD B

811 0100 A NAND B
0010 A NOR B
0001 A XOR B

Carry_Sel 0 Carryin = Carryout

12 .

1 Carryin = 1

Table 4.6: Bitstream Processor I: IR Control Bit Definition.

instruction memory to the IR following specific clock cycles, depend-

ing on the operations. The instruction set is developed based on pro-

grammed sequences of control bits for the IR register.

A set of basic instructions containing sequences of opcodes is illus-
trated in Table 4.7 (m is the register word-length). Combinations of
the basic instructions and specific instructions can be programmed to

implement sophisticated algorithms, such as low pass filtering algo-

rithms for delta-sigma ADCs.
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‘ Instruction Types ‘ Descriptions Notes ‘ # of Ops ‘
NOT A, NOT B 1’s complement m
COMP A, COMP B 1’s complement m
ALU Logic Instructions A AND B, A NAND B | AND, NAND m
A OR B, ANORB OR, NOR m
A XNOR, B A XOR B | xor, xnor m
. . . A ADD B addition m
ALU Arithmetic Instructions A SUB B, B SUB A subtraction o
Memory Instructions LOAD A, LOAD B load data m
STORE A, STORE B | store data m
. . A EQL B, B EQL A A=8B m
Register Instructions SHIP(?T A(B), nQ shift A(B) (n < m) | n

Table 4.7: Bitstream Processor I: Instruction Set.

4.4 Bitstream Processor 11

4.4.1  Processor Design

The second version of processor was developed for self-test algorithms.

There are three shift registers and two one-bit ALUs, and more opcodes

to control the choice of the signal path. This version only simulates

the computation core; the 32-bit instruction codes are simulated input.

The internal shift registers are 16-bit. Figure 4.22 is the schematic, and

the layout is covered in Figure 4.23. A revised layout in C5N 0.5um

is shown in Figure 4.24. Figure 4.25 simulates the addition of two 16-

bit numbers. Special combinational circuits are also incorporated into

the system for special algorithm applications such as self-test. The

performance evaluation metrics are illustrated in Table 4.8.
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M EE:
FI1GURE 4.22: Processor 11 Schematic.
R R

F1GURE 4.23: Processor 1l Layout.
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FIGURE 4.24: Processor II revised layout in C5N 0.5um Chip.
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FI1GURE 4.25: Processor II Simulation, 16-bit addition with 0.

Power 0.12 mW

Energy 0.02 uJ

Delay 0.19 ms

PDT 0.024 uJ
Transistor Count || 904

Area 1250 um x 910 um

Table 4.8: Bitstream Processor 1I: Performance Evaluation Metrics.

96



4.4.2  Performance Fvaluation Metrics.

The processor is simulated at a 100KHZ clock frequency, 500 us tran-
sient analysis, m=16, assuming the separated instruction and data
memory can be accessed at the same time (without memory read /write
overhead), the computational core processor performance can be cal-
culated and measured as : IPS = 6.25e3, IPC = 0.0625, Throughput =
6.25e3 bit/s, EPI = 6.4 nJ/instruction, PE = 52 M1PS/watt, EDP
= 0.01 nJoules - s, and PD = 0.01 (watt/cm?).

4.4.8  Instruction Set

Since the bitstream processor II is intended for complex algorithms
such as self-test, and has more storage registers and ALU, the instruc-
tion set is redesigned for more flexible processor control. Table 4.9
contains the opcode for control signals generated from IR. Table 4.10
illustrates the basic instruction set, and a special instruction set is

presented in Table 4.11.
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Opcode ‘ Value ‘ Function

00 MUXinl/2/3_Dout = 0
. 01 MUXin1/2/3_Dout = ALU1_out
MUXinl/2/3-sell,0 | |, MUXin1,/2/3_Dout = ALU2_out
11 MUXin1/2/3_Dout = DmemIn
0 Result = ALU1_out
MUXout sel0 1 Result = ALU2_out
0 DmemOut = 0
MUXout._sell 1 DmemOut = Result
0 Shifter Disable
SR1/2/3-en 1 Shifter Enable
. 0 SR1/2/3 Dout = SR1/2/3_LSB
SR1/2/3.sign 1 SR1/2/3_-Dout = SR1/2/3_MSB
0 Shifter Output Disable
SR1/2/3-out 1 Shifter Output Enable
00 ADD
01 NAND
ALU1/2_0p1,0 10 NOR
11 XOR
. 0 ALUA = A
invA1/2_sel ) ALU A — A
. 0 ALUB =B
invB1/2_sel ) ALUB — B
0 CarryInl/2 = CarryOutl/2
Carryl/2.sel 1 Carrylnl/2 =1
Speciall sel 0 SP1_Dout = SR2_Dout
peciaii-se 1 SP1_Dout = SR2 Dout & SR_Dout
Specia0._sel 0 SP2_Dout = SR2_en
peclali-se 1 SP2_Dout = SR2_en & SR3_Dout

Table 4.9: Bitstream Processor II: Opcode.
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| Instruction | Description | Clock Cycles |

LOAD X, S1|2|3 load X to shift register 1, 2 or 3 | 16

STORE Y, S1/2|3 store Y from shift register 1, 2 or | 16
3 to memory

ALU_Op 12, S1|2|3, S1]2|3, S1|2|3 | ALU arithmetic and logical op- | 16
erations for 2 ALUs, ALU_Ope
(ADD, SUB, NAND, NOR,
XOR, AND, OR, XNOR , NOT,
COMP)

MOV 12, S1|2|3 Move among 3 shifter registers 16

SHIFT_ Op S1|2|3, N Shifter N<16 bit, with 0 or rota- | N
tion shift

Table 4.10: Bitstream Processor I1I: Basic Instruction.

| Instruction | Description | Clock Cycles |
MUL S1,52,S3 Special bitwise Multiplication 32
COMB S51,52,S3 2nd order comb filter 32
SMOV1 S1,52,S3 | Special Move 1 ALU1: S2 = S1 if S3(MSB) =1 16
SMOV2 83,51,S3 | Special Move 2 ALU2: S3=S1(MSB), S3(15..1) 16
SLOADI1 X,S2 Special load X to shifter 2, and clear shifter 1 16
SLOAD?2 X,S3,S1 | Special Load shifter3(MSB),X(15..1) to shifter 1 16

Table 4.11: Bitstream Processor II: Special Instruction.
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Test

5.1 Chip Test Procedure

The bitstream processor designs are fabricated in On Semiconduc-
tor ABN 1.5um CMOS technology, 2.2mm x 2.2mm chips, which are

tested as follows:

1. Test preparation: The first step was to build the testing PCB
board since the chip is unpackaged. The testing PCB boards have
4 mil line width and spacing and are gold-plated for easy wire
bonding. Next, the chip was wire bonded onto the PCB board.
Decoupled capacitors between VDD and GND were soldered onto
PCB boards. Afterwards, a complete setup as in Figure 5.1 was
built including chip holder, reconfigurable wire connecting blocks,
ribbon cables and connectors to the pattern generator producing

digital test patterns, the logic analyzer displaying digital output
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patterns, the oscilloscope for probing the output waveforms, and
the source measurement units, which supply voltage and current
bias. Test plans have been generated for each chip containing 1/0
tables, connection figuration tables, testing steps and expected

output values.

Ficure 5.1: Chip Test Setup: Wire bonded Chip on PCB board, Chip Holder, Re-
configurable Building Blocks and Ribbon Cables connecting Chip, Pattern Generate
and Logic Analyzer.

Test equipments include:

e A Tektronix pattern generator and a logic analyzer TLA7016
(Test bench controller TLATPC1) for generation and display
of input and output patterns of the processor, as the functions

of data and instruction memory;
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e A Keithley 4200 SCS semiconductor characterization system,
Keithley 236 and 238 source measurement units provide up

to 11 current/voltage sources for bias and supply;

e A Tektronix TDS 2022 oscilloscopes for output waveform dis-
plays;

e A West Bond 747677E wire bonder for wire bonding the chip.

2. Standard power up: The processor was tested initially following
the standard power up procedure. The VDD pad and ESD pad
are tested with small current or voltage to detect if any short
circuits exist. Next, increased voltage with restricted compliance
bias currents were applied to verify the transistor’s turning on
characteristics. If everything passed, the voltage of ESD pad and
the VDD pad was set to 5V, and other I/O pads were set in

floating states, measuring the leakage current.

3. Working Test: Then to verify that the chip was really working, we
performed basic instructions such as enabling the shift registers
and monitoring the supply current changes. The data output was
also viewed in the oscilloscope. Power and energy analysis are

performed here and in the following steps.

4. Basic Test: First, the processor was tested to see if it could per-
form general purpose computing. To verify the output, different

test patterns such as 16-bit addition and logical computations
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were produced and compared with simulation.
5. Algorithm Test:

(a) Delta-sigma signal processing: Signal processing of a delta-
sigma bitstream was performed. Test sequences on the signal
processor, which can act as a second-order comb filter and a

FIR filtering algorithm were generated.

(b) Calibration: Multiplication for matrix-based calibration algo-
rithms, and one-dimensional point to point calibration algo-

rithm were performed.

(c) Self test: The processor was programmed to generate test
patterns for self-test algorithm and the delta-sigma DAC al-

gorithm.

(d) Addition circuitry test: The first order Delta-Sigma ADC
with integrated photodector and a semi-digital filter were

tested.

Two fabricated chip micrographs of bitstream processors I and II

are shown in Figure 5.2 and Figure 5.3.
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F1GURE 5.3: Chip Micrograph: Bitstream Processor 11
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5.2  Energy and Power Consumption Equations

The total energy consumption of CMOS circuits is the sum of three
components as in equation (5.1): the dynamic energy FE; is due to
active switching of transistors (transient energy) and charging and
discharging of load capacitance(capacitive load energy), the short cir-
cuit energy Fj. is related to the direct current from supply voltage to
ground when both nmos and pmos are on, and static energy or the
leakage energy FE, results of the leakage current at static state. The
dynamic power normally dominates the energy dissipation. However,
leakage energy becomes important for deep sub-micron CMOS tech-
nology [109] [110].

Eiotal = Eq+ Es + E,, (5.1)

The energy and power relationship as in equation (5.2)
Energy(Joule) = Power(Watt) - Time(Second) (5.2)

The power dissipation of the three components can be calculated

105



using the following equations (5.3) [111]:

Piotar = Py + Ps + Py, (5.3)
Py=Pr+P; (5.4)
Pr=C,py-VDD?- fi - Ny, (5.5)
P, =Cp-VDD?*- f,- Ny, (5.6)
Ps = Licakage - VDD (5.7)
Pye = Lihorteircuit - VDD (5.8)

Where: P, is the total power dissipation, Pr is transient power
dissipation, f; is the input signal frequency, Ny, is the number of bits
switching (=1 in the proposed single-bit switching processor), Cpq is
the dynamic power dissipation capacitance, Py, is the capacitive load
power dissipation, (', is the output load capacitance, f, is the output
signal frequency, P is the static power dissipation, Py. is the power
dissipation due to short-circuit, and V DD is the supply voltage.
Equation (5.9) describes the general equations to calculate the power,

energy consumption and Cpy from supply current test results [111].

VDD - [\ i(t)dt

Ptest - T (59)
T
Em:PﬂT:VDDL/iwﬁ (5.10)
0
C7d::-———£ffi———-—-chkff (5.11)
g VDD ) fItest
B Jo
Cregs = Co* Now 3 (5.12)
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Where: P is the average power dissipation and energy dissipation,
FEies is the average energy dissipation, i(¢) is instantaneous current as
functions of time period T, Cr.yy is the effective load capacitance, and
Ii.s is the measured current.

From equation (4.17), the measured energy dissipation is derived

from the average VDD current tested as in (5.13):
Emeasured — Itest VDD -T (513)

Where I is the average of measured supply current, VDD is the
supply voltage, and T is the measurement time period. Equation (5.14)

is used for EPO(Energy per operation) calculation:
EPO = Iieet - VDD - T, (5.14)
Top - N/f (515)

Here N is the number of operation cycles for a complete operation and

f is the clock frequency, and T,, is the operation time.

5.3 Various Effects on Test

As described in the power dissipation equation, supply voltage, clock
frequency, switching frequency, and load capacitance are all factors
influencing the test results. Other factors such as light, temperature
can also have effect on chip test. Before analyzing the processor test
results, these factors have to be taken into account when testing energy
consumption, and are examined as follows:
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5.3.1 ESD Effect

The electrostatic discharge protection (ESD) pads are essential for elec-
trostatic protection. A simple reverse biased diodes ESD design is used
in the chip for area reduction and sufficient static protection, as shown

in Figure 5.4. However, ESD pads are sensitive to light changes as in

PAD

l&l

(a) ESD PAD drawing. (b) ESD PAD layout.

FIGURE 5.4: ESD PAD schematic and layout, which contains reverse biased diodes(4
A).

Figure 5.5. It is suggested the chip should be covered eliminate the

current bouncing due to light changes.
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x 10" VDD&ESD current drop due to reduced light exposure (25s-30s)
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F1cURE 5.5: ESD Effect on Testing: SMU measurements of VDD and ESD current
drop due to reduced light, VDD and ESD voltage = 5V.
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5.3.2  Probe Effect

The capacitance of test equipments such as oscilloscope and logic an-
alyzer testing probes will affect measurement accuracy as shown in
Figure 5.6. Therefore, it is suggested to remove the the testing probes,
but should not remove or attach to the DUT during testing. The oscil-
loscopes probes have of 1 MEG ohm resistance, and 20 pF capacitance

in parallel.

. x 107" VDD current drop due to detaching test probes (10s-22s, 33s-50s)
T T T T T T T

55 .

B
~ o
T T

Current(A)

w
&)
T

25 b

2 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time(Seconds)

FIGURE 5.6: Probe Effect on Testing: Current Drops due to detaching test probes.
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5.3.8 Supply Voltage Effect

As described above, the supply voltage (VDD) plays an important role
in energy consumption. Figure 5.7 shows the SMU measurement re-
sults for adding 16-bit numbers at different supply voltages and the
measured energy per operation vs. supply voltage close to quadratic
relationship is shown in Figure 5.8. The EPO is calculated from Equa-

tion (5.14) and the measured supply current.

x 107 VDD current measurement on VDD voltage = 4.5V, 4.75V, 5V
2 T T T I
— — —VDD=4.5vV
— — VDD=4.75V
18k VDD=5V
1.6 A
14 1
3
€
g
S5 121 _
© - ~ e - N -~ -~ v - N
N7 7N N~ N N N <7 N N~ N 7N
l — -
_ 7 7~ N _ /N s s Y o - - _ <~ _7~ _ N _ /N _ 7
0.8 i
0.6 i
1 1 1 1
0 5 10 15 20 25

Time(Seconds)

FiGure 5.7: Current measurement with different VDD supply voltage, e.g.: Per-
forming the addition of two 16-bit numbers, Clock = 10KHZ at (a) VDD=5V; (b)
VDD=4.75V; (¢) VDD=4.5V.
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" x 10" Tested EPO vs. Supply Voltage
T T T

Energy per Operation(ADD) (Joule)

2 1 1 1 1 1 1
45 4.6 4.7 4.8 4.9 5 5.1 5.2 5.3 5.4 55
Supply Voltage(V)

FIGURE 5.8: Energy per Operation vs. VDD (Performing the addition of two 16-bit
numbers at 10KHZ), VDD from 4.5V to 5.5V.
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5.3.4  Clock Frequency Effect

The clock frequency effect on energy consumption is examined based
on supply current measurement in Figure 5.9, and the EPO is calcu-
lated in Figure 5.11. The chip will stop working at very low clock or
high frequency. The working frequency (100HZ ~ 100KHZ) is outlined
in Figure 5.10. Though the supply current increases with higher fre-
quency, the EPO calculated from Equation (5.14) is actually decreased

as frequency rises, since the operation time is reduced.

x107° VDD current measurement at clock frequeny = 0.2KHZ, 2KHZ, 20KHZ, 200KHZ
T T T T T T T

6 — —
— — — clock=0.2KHZ
— - — clock=2KHZ

clock=20KHZ
clock=200KHZ

Current(A)

0 5 10 15 20 25 30 35 40 45 50
Time(Seconds)

FiGure 5.9: VDD current measurement: two 16-bit number’s addition at
(2)200KHZ (a) 20 KHZ (c¢) 2 KHZ (d) 0.2KHZ clock
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F1GURE 5.10: Oscilloscope measurement of output of two 16-bit number’s addition,
Clock frequency from 100HZ to 100KHZ.
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EPO vs. Clock Frequency in log scale
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FIGURE 5.11: Clock Frequency (log scale) vs Measured Energy per Operation: 16-
bit data(HEX5555)load.
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5.3.5  Signal Switching Frequency Test

The active switchings of transistors is caused by the signal transitions
between 0 and 1. Therefore, increased switching activities will also

cause increased dynamic power dissipation.

. X 10 EPO vs. Input Data Signal Switching
. T T T

N
&)

N

15

Energy per Operation (LOAD) (Joule)

0.5

O[ | | | | | | |
0 1 2 3 4 5 6 7 8
Number of Signal Switching Pulses

F1cURE 5.12: Signal Switching Frequency Test: Clock=10KHZ, load 16-bit input
signal at different number of switching pulses (a)HEX0000 (b)HEX0002 (¢)HEX0202
(A)HEX2222 (¢)HEXAAAA.
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5.4 Bitstream Processor Test

5.4.1 Shift Register

A test of shift registers is shown in Figure 5.13 and Figure 5.14. Mea-
sured energy during one instruction cycle for a 16-bit data (50 percent
of switching bits) loaded to one register is 34.4 nJ, and 50.4 nJ for
two registers, and 62.4 nJ for three registers. The estimated shifter
register-only energy consumption for 16-bit data (50 percent switching

duty cycle) is around 14 nJ at 10KHZ clock frequency.

LR N RN

FIGURE 5.13: Shift Register Test: LA: Load and store of 16-bit data (HEX 5555)
at 10KHZ clock frequency into one shift register.
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10 x10° Load data to shift registers
T T T

Current(A)

— — — 1 shift register
2 shift registers
2 3 shift registers

1 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Time(Seconds)

F1GURE 5.14: Shift Register Test: SMU: Load 16-bit data(HEX 5555) at 10KHZ
clock frequency into (a) one shift register, (b) two shift registers, and (c¢) three shift
registers.

118



54.2 ALU

A test of shift registers is shown in Figure 5.15. The energy for one ALU
to perform a 16-bit data (50 percent of switching bits) addition with 0 is
91.2 nJ, and the two 16-bit data (50 percent of switching bits) addition
is 176.8nJ. Two ALUs perform two 16-bit data (50 percent of switching
bits) additions consume around 240nJ. The energy consumption of
shifter register and other logical gates is also included. The estimated
ALU-only energy consumption for 16-bit data (50 percent switching
duty cycle) is around 66 nJ at 10KHZ clock frequency.

X107 Test ALU
4 T T
— — —1SR&1ALU
2SR & 1ALU
3SR & 2ALUs
35 -
3 —
<
g 251 -
5
o
2 — ]
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| | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time(Seconds)

FIGURE 5.15: ALU Test: Load 16-bit data (HEX 5555) at 10KHZ clock frequency
into (a) one shift register and add 0 with 1 ALU, (b) two shift registers and add with
1 ALU, and (c) three shift registers and add with 2 ALUs.
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5.4.8 Basic Operation Test

One of the basic operations of the bitstream processor is 16-bit arith-
metic and logical operations such as ADD, SUB, NAND, NOR, XOR,
AND, OR, and XNOR. Test results in Figure 5.17 and Figure 5.16
show such a complete instruction set of a basic two 16-bit number ad-
dition operation, using the following procedures:

LOAD A/ S1 (Load 16 bit data A to shifter 1)

LOAD B, 52 (Load 16 bit data B to shifter 2)

ADD S1, S2, S3 (Add A and B, result Y in shifter 3)

STORE S3 (16-bit data Y output from shifter 3)

The energy consumption of this operation is measured from supply

current and calculated as 209 nJ.
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x 107 VDD current measurement for 16—bit addition
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FIGURE 5.16: 16-bit data Operation Test: Two 16-bit data(HEX 5555 and HEX
4515) addition at clock frequency (a)1KHZ (b)10KHZ (c)100KHZ.
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FIGURE 5.17: Processor Basic Function Test: two 16-bit data computation (HEX
5555 and HEX 4515) ADD, SUB, NAND, NOR, XOR, AND, OR, XNOR
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5.4.4  Algorithm Test

Table 5.1 and Figure 5.18 demonstrate the processing time and en-
ergy per operation needed to finish several algorithms (for one stored
data output) at 10KHZ clock frequency. Multiplication consumes more
power than the serial processing tasks. For filtering algorithms to cal-
culate the total time and energy consumption, OSR and orders need
to be taken into account. For example, it takes 3.2 seconds and 0.3 mJ
EPO to process a 50-tap FIR (OSR=16) algorithm. Finally, Table 5.2
explains in detail of the instruction sets for several proposed sensor sig-
nal processing algorithms. From the EPO results of basic operations,
the EPO of more complex algorithms can be calculated and used to

estimate the energy consumption of sensor processor.

| Algorithm | Time (ms) | EPO (uJ) |
Two 16 signed numbers logical and arithmetic computation || 6.4 0.209
Two 16 bit numbers multiplication 56 9.52
Comb?2 filter 3.2 0.331
FIR filter 6.4 0.592
Min/Max detection 8 0.64
First order delta sigma DAC 9.6 0.88
Square wave test pattern generation 3.2 0.126
Single tone sine wave test pattern generation 14.4 1.211

Table 5.1: Bitstream Processor II: Algorithm Processing Time, clock frequency =
10KHZ.
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| Algorithm || Step | Instruction
. Load shifterl from Data input X=A(16 bit) LOAD AS1
Two 16 bit Load shifter2 from Data input X=B(16 bit) LOAD B,S2
gggsggztion Y — A ALU.OP B, and result in shifter 1 ALU.OP1,51,52,51
Store shifter 1 result Y to Data Output STORE S1,Y
. Load shifter 1 with multiplier A LOAD AS1
Two 16 bit Load shifter 2 with multiplicand B LOAD B,S2
nmuéﬁll)gﬁi ation Repeat Bitwise Multiplication A and B MUL S1,52,S3
Store shifter 3 result Y = A x B to Data Out- | STORE S3,Y

put

Comb?2 filter

Clear S1,52,S3

Comb2 filtering of input bitstream with
OSR=16

Store comb result Y to Data Output

CLEAR S1,52,S3
COMB2 S1,52,53

STORE S1,Y

Min/Max detection

Load shifter 1 with X
Load shifter 2 with MIN or MAX
subtract shifterl-shifter2

if shifter3 MSB=1, shifterl<shifter2, mov
shifter 1 to shifter 2, else shifterl >shifter2,
shifter 2 is MIN(MAX)

STORE shifter 2 to MIN

LOAD X,S1

LOAD MIN(MAX),S2
SUB 1,81,52,53
SMOV1 1,51,52,S3

STORE S1,MIN

Load shifter 1 with h(N-k) LOAD H,S1

Load shifter 2 with x(k) LOAD X,S2
FIR filter Special ADD S1 and S2 if x = 1 SADD S1,82,52

Repeat m+1, m is the filter order, then Store | STORE S2, Y

S2,Y

Load shifter 2 with X,clear shifter 1 SLOAD X, S2

Load shifter 2 with x(k) LOAD DDR,S3

First order delta
sigma DAC

Load shifter 3 with DDR=32767
Add shifterl, shifter2
shifter3=shifter1(MSB),shifter3
STORE shifter 3 to SUM

SUB 2,52,53,52
ADD 1,S1,82,S1
SMOV?2 2,83,51,S3
STORE $3,SUM

Square wave test
pattern generation

Load shifter 1 with square pattern
Rotate shifter shifter 1

LOAD PATTERN,S1
RSHIFTR S1

Processor I-single

tone sine wave test
pattern generation

Clear Shifter 1,2,3

Store shifter 1 to output

Load shifter3 MSB coefficient a2l to shifter 3
Add shifter 3 and shifter 2,result in shifter 2
Shift left, shifter 2 (a;2=2°) 6 bit

Add shifter 1,shifter 2, result in shifter 2
Load shifter 3 with DDR=32767

Sub shifter 2,shifter 3,result in shifter 2

Add shifterl, shifter2, result in shifter 1
shifter3=shifter1(MSB), shifter3(15..1)

CLEAR S1,52,53
STORE S1,SQUARE
SLOAD1 A21,83,S1
ADD 1,51,52,52
SHIFTL S2,6

ADD 1,51, $2,S2
LOAD DDR, S3
SUB 2,52,53,52
ADD 1,51,52,S1
SMOV1 2,53,51,S3

Table 5.2: Bitstream Processor II: Algorithms.
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1 x107° Energy Per Operation vs. Instructions
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FIGURE 5.18: Energy Per Operation at 10KHZ Clock Frequency.
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5.5 Analysis of Energy Consumption

5.5.1 Leakage Energy

The measured leakage current of the designed circuit at VDD=5V in
Figure 5.19 is around 0.78nA. The measurement-based leakage current
is exponentially related to the supply voltage VDD as shown in Figure
5.20 [112].

16 x107° SMU Measurement of Leakage Current
. T T T T T T

VDD current
14F ESD current | |

121

Current(A)

0.6 ,

0.4r T

0.2 T

0 ! ! ! ! ! ! ! ! !
0 5 10 15 20 25 30 35 40 45 50

Time(Seconds)

FI1GURE 5.19: SMU Measurements of VDD and ESD Leakage Current.

During normal operations, switching energy dominates the total
energy. However, the leakage energy becomes more important in the
low-duty cycle and high operating voltage scenarios for the sensor sys-
tem, the leakage energy per operation increases as the switching time
per operation increases [112].

The measurement-based leakage energy model introduced in this
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FI1GURE 5.20: Measured Leakage Current vs. Supply Voltage.

dissertation is shown in Equation (5.16). Here, the leakage energy can

be calculated from the measured leakage current.

Eleak;age =VDD-T. [leak; (516)
5.5.2  Switching Energy

The switching energy is described as (5.17):
Eqwiteh = Cpa - VDD? (5.17)

This equation is time independent. Figure 5.22 is the total measured
EPO (including switching energy and leakage energy), and shown to be
reduced quadratically by decreasing supply voltage as in Figure 5.21,
The switching energy consumption increases as the data switching duty

cycles increase [113] [45].
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Measured Energy per Operation vs. voltage and duty cycle.
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FIGURE 5.21: Measured EPO vs. Switching Duty Cycle (x100%) and Voltage.

Measured Energy per Operation vs. frequency and duty cycle.
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FIGURE 5.22: Measured EPO vs. Switching Duty Cycle (x100%) and Frequency.
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5.5.8 Total Energy per Operation

The power consumption of the processor is the sum of the static and
dynamic power consumption. The detail equations for power dissipa-

tion and energy per operation based on measurement results are:

Ptot - Pswitch + Pleak - CtotalVDD2f + VDD[leak'

N
EPO:Ptot'Top:Ptot'7

EPO = Euussor + Buskor = itV DD*N + VDDl

For the proposed processor chip, the energy consumption is domi-
nated by switching energy. Therefore Ciprgy = ILiest/ (VDD - f) is the
total capacitance due to the switched operation, N is the number of cy-
cles for a complete operation, I and Ij.q is the average of measured
VDD current and leakage current.

In the latency tolerance sensor node system, the energy saving tech-
niques reduce the supply voltage as in Figure 5.23. A lower clock rate
allows lower running voltage for the processor, In low duty-cycle sys-
tems or deep-sub micron CMOS technology, the leakage energy be-
comes more important in terms of total power consumption.

As shown in Figure 5.23, each bar represents the measured EPO
value at certain frequency and VDD. The zero EPO denotes that the
chip is not working at too low supply voltage and frequency due to

the dynamic circuit characteristics and leakage effect. The total EPO
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Measured Energy per Operation vs. Voltage and Frequency.

N

=
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F1GURE 5.23: Measured EPO vs. Frequency and Voltage.

(including leakage and switching energy) is reduced as VDD decreases,
and there is significant energy saving if using slightly lower supply volt-
age. However, the increasing of the clock frequency actually reduces
the EPO since the operation times also reduces, which means the en-
ergy dissipation is . It is shown in the graph that the best possible
operating supply voltage is at VDD = 4.3V, the frequency effect is
not significant (the EPO is slightly reduce with clock) but much less
energy consumed (compared with VDD > 4.4 V). The parasitic effects
of the circuits may cause the energy jumps in the graphs, and should

be explored with more testing and simulations on different chips and
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technologies.
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6

Conclusion

6.1 Design Comparison and Discussion

Smart sensor systems with serial-in serial-out wireless interfaces nor-
mally sample small amounts of data at a low data rate and occasion-
ally may need calibration and self-testing. Therefore, sensor processors
need to be small, cheap and power efficient. The proposed serial pro-
cessor is well suited for the serial processing and communication envi-
ronment and compares favorably with multi-bit processors in terms of
energy consumed when processing serial format data. It is also suffi-
ciently general purpose to process complex algorithms. The pros and

cons of this architecture design are discussed below.

6.1.1 Bitstream vs. Multi-bit Processing

It has been shown that to reduce static power consumption, a better ar-

chitectural methodology is to choose arithmetic that has fewer number
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of processing elements [114]. Bit-serial and digit-serial arithmetic can
reduce the number of units in a VLSI design and the static power con-
sumption. This methodology is especially useful for low and medium
rate data processing where the static power consumption dominates.
Sensor systems communicate with host stations using serial RF data
links, and it is acceptable to perform the computing tasks at a low rate
since applications do not reduce processing speed. Previous sensor
processor models and research have been focused on multi-bit signal
processing circuits with large numbers of logic gates and parallel sig-
nal buses. To reduce the circuit area and bus interface complexity,
a serial single-bit processor is more effective than a traditional multi-
bit processor in directly converting, processing and transmitting inside
the sensor systems. The processing circuits can be built from the
pre-existing digital processing elements in delta-sigma modulators by
adding a small number of logic gates, which significantly reduces logic

gates and routing area as compared to the multi-bit design.

6.1.2 Area

For smart sensor systems, chip area is a priority. In modern sensor
system designs, the chip area is often dominated by the sensors and
leaves limited space for other signal processing circuitry. The serial
processing architecture uses a much smaller die area than conventional
multi-bit parallel architectures, because the simple circuit structures

for serial processing and modules are crafted from fewer logic gates.
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Furthermore, the internal bus area needed for the circuits is much

smaller since the signals take the form of bitstreams.
6.1.3 FEnergy Consumption

Since the sensor node system may operate remotely on batteries for
a long period of time, power consumption becomes another impor-
tant factor in the processor design. Most bio-signal processing is com-
putationally heavy, with long operating delays, large code sizes, and
high power consumption. However, the wireless communication mod-
ule (the receiver and transmitter) consumes much more power for than
the data processor. Our processor’s architecture focuses on processing
serial data when compared to the existing parallel internal data paths
shown in the other two architectures as in Figure 1. Moreover, the
proposed design encapsulates most of the computing load inside the
sensor node processor, including bitstream processing, complex sig-
nal processing algorithms, and calibration and test procedures. This
design reduces the energy required to wake up the wireless data trans-
mission and to operate with the remote central signal processing unit,
which are much higher than the computation energy consumption.
Moreover, the low transistor count architecture also decreases power

consumption than the multi-bit processor in serial processing tasks.
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6.1.4 Self-Test

Most sensors on the market are not BIST (Build-In-Self-Test) capa-
ble. One of the important advantages of the proposed processor is that
it can work as a programmable sensor interface circuit, enabling low
cost BIST for the sensor front-end, and self-monitoring of the sensor
functions. The sensor system’s self-testability feature makes it a par-
ticularly good choice for reliable remote sensors and long-term health
monitoring sensors.

To ensure reliable operation over long periods of autonomous use,
sensor systems should be self-monitoring and, ultimately, self-repairing.
This feature requires that each sensor node monitors itself during in-

field operation and decides if it is operating correctly.

6.1.5 General Purpose Computing

Beside bitstream data processing, the sensor processor and interface
circuitry can interface and integrate with a wide variety of sensors. In
addition, sensor data usually needs some signal conditioning, such as
calibration. Previous sensor node processor architectures have been
proposed for specific-purpose signal processing tasks, but have not al-
ways proved useful for other applications.

Using the proposed programmable sensor node processor toward
more general applications, such as sensor signal conditioning and cal-

ibration, can reduce development costs, time and design efforts. In
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addition, signal processing capabilities for delta-sigma modulated data

streams will permit high resolution delta-sigma ADC integration.
6.1.6 Quantitative Comparison

The final processor design is fabricated with ON Semiconductor C5N
0.5um CMOS technology, including three 16-bit shift registers, two
ALUs, a 32-bit instruction register and SPI compatible interfaces (area
1080 um x 482 um, and 1202 transistors). Compared with sensors in
Table 2.1, it is vastly smaller in size and hence can be easily integrated
with sensors, RF modules, memory and the power supply module with
energy scavenging capabilities to form a low cost, tiny sensor system-
on-chip solution (area in mm? scale), which is small and lightweight
enough to be used in environmental sensing or is portable/implantable
for biomedical applications, in stead of the large board-based sensor
node system design.

To evaluate the energy performance of the serial bitstream processor
with the current popular multi-bit sensor architectures, it is compared
with a simplified parallel processor solution with 8-bit ALU and 16-
bit ALU. The input and output of both three architectures are still in
bitstream format, therefore, the parallel architecture needs a serial-in
parallel-out and parallel-in serial-out interface. By examining the sim-
ulated energy per operation of the two algorithms in Table 6.1, which
include delta sigma comb filtering, and 16-bit number’s multiplication,

it is shown that the proposed processor consumes less energy consump-
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tion than the multi-bit processor in serial computing tasks. However,
it does not perform comparably in multi-bit algorithms (like multipli-
cation) due to the longer serial processing latency. In addition, most of
these sensor processing tasks operate at low data rates, and algorithms
like self-testing and calibrations do not running often, but would im-
prove the remote sensor system’s operation if implemented on-chip.
Therefore, the speed is compromised for transistor count and area, the
serial architecture yields lower energy consumption than the multi-bit
architecture, yet still retains the general computing capabilities for

sensor applications.

Operation Bitstream Parallel Parallel
Processor Processor Processor
(8-bit) (16-bit)
Multiplication 9.52 uJ 1.5 uJ 2.76 uJ
2nd order Comb Filter | 0.331 ulJ 0.91 uJ 1.89 uJ

Table 6.1: Energy per Operation Comparison of Three Sensor Digital Processing
Architectures.

6.1.7 Case Studies on Sensor Applications

The simulation and testing results of the proposed bitstream proces-
sor can to used to estimate the energy consumption for specific sen-
sor applications. Examples of a temperature sensor for environmental
analysis and a glucose sensor for health monitoring are discussed as

follows.
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Temperature Sensor For typical temperature sensors, the output voltage
increases almost linearly with the temperature difference within the
temperature measurement range. The signal processor can be realized
with look-up table or point calibration methods. Figure 6.1 shows an

example reading of the temperature sensor output with a microcon-

troller (MAX1463) [115].

Temperature Sensor Output at 25C
18000

16000 .\ Statistics: ]
Sample size = 1040
Mean = 13890

14000 St = 301 .6
Min = 13435
Max = 14746
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VDD = 5V \
— .
10000 41— Sensitivity = -26.7 (LSB/C)

Sensitivity = 1,88 (mV°C) \
8000

-50) o 50 100 150
Temperature (C)

ADC Code

FIGURE 6.1: Example Temperature Sensor Output As a Function of Temperature.

Glucose Sensor One type of glucose biosensors are based on measure-
ments the enzyme glucose oxidase, which catalyses the oxidation of
P-D-glucose by molecular oxygen. The concentration of produced glu-

conolactone and hydrogenperoxide can be detected and is proportional
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to the glucose concentration. Figure 6.2 presents an example reading
compared to calibration curves of a continuous monitoring glucose sen-

sor operating in four different days [116].
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FiGURE 6.2: Example Calibration Curves of a Glucose Biosensor During Four Dif-
ferent Days of Continuous Operation.

The bitstream processor can be used for signal processing tasks of
these types of sensors. Signal processing algorithms and briefly es-
timated computation only EPOs based on previous obtained test re-
sults are illustrated as: (1) Pre-processing like scaling if needed, and
the EPO is around 10 uJ; (2) Delta-sigma digital filtering (COMB2
filter)(the EPO is around 0.4 uJ); (3) Data interpretation, convert-
ing the digital data into temperature reading or estimate the glucose
output level. Since the linear relationships of the sensor response, the
operations are like addition and multiplication and the EPO is roughly

around 10-20 uJ; (4) Data calibration. The calibration operations in-
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clude many multiplications, therefore the estimated EPO is several
tens of uJ; (5) The sensor can be periodically self tested to verify the
sensor reliability and consumes several uJ’s of EPO.

The proposed bitstream processor yields comparable energy con-
sumption, which is slightly higher (the range is with the power of 10)
in some operations and similar consumption for delta-sigma filter al-
gorithms, than the microcontroller or microprocessor based design as
in Table 2.1. The Energy per Instruction is listed in this table, and
the EPO can be converted by multiplying numbers of instructions for
certain operations. Please note that there are differences like technol-
ogy and supply voltage for these sensor processor systems. Therefore,
the detailed and normalized energy analysis should be conducted if

accurate comparison is needed.

6.1.8 Design Pros and Cons

Benefits always involve compromises. Advantages and disadvantages
of the design are listed below.

Pros:

e A significantly smaller circuit and routing area, a product of the

bitstream serial processing architecture;

e Fasy-to-design and simplified circuits with serial buses and inter-

faces;

e Can be programmed for delta-sigma data processing or general
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purpose computing for on-chip calibration or sensor data condi-

tioning;

e Re-configurable for built-in-self-test of sensor element and analog

front-end circuitry;

e Power saved through decreased communication requests to the

host station, and reduced number of transistors;
e Lower cost and improved yield.
Cons:

e Suitable for serial processing algorithms but not suitable for par-

allel processing algorithms;
e Unsuitable for high speed computing;
e Longer processing time due to serial computing;

e Decrease in hardware complexity but increase in programming

complexity;

e More memory storage for various sets of instructions including

general purpose instructions and application specific instructions.
6.2 Contributions and Future Works

The contributions and challenges of this research project are:
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1. Finishing architectural exploration of the serial bitstream proces-
sor as compared to the multi-bit sensor processors, implementing
of the full-custom circuit design, simulating and testing the work-
ing processor chip to validate the design concept and evaluate the
energy performance. A significant design challenge is to achieve
as a compact area design and reduce the transistor count to as

low as possible but still retain the processor’s functions.

2. Converting complicated multi-bit algorithms into serial digit pro-
cessing format and while keeping low hardware costs and perform-

ing sensor processing algorithms in the following categories:

e General purpose computing algorithms;

e The delta-sigma signal processing algorithm such as the Comb2

filter and FIR filter;

e The delta-sigma DAC algorithm, test pattern generation, and
analysis;

e The 1-D calibration algorithm;

e The CORDIC algorithm.

Specially designed instruction codes for serial processing algo-
rithms have been developed and various algorithms created with

combinations of the instruction sets.

3. Another major research effort involves testing the chips from dif-

ferent perspectives, including detailed test plans and test setup,
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transferring the instruction set into a pattern generator, various
methods of testing processor functions, and analysis of the test
results. Test results show that the processor functions correctly
for basic algorithms and the EPO obtained from basic operations
can be used to calculate the EPO for complex sensor processor
algorithms. The results will be useful in estimating sensor proces-

sor energy consumption for algorithms and sensor node battery

life.

The presented research work has been accomplished by implement-
ing the following detail research activities. Works have been done so

far in chronological order:

1. Concept and architectural design of the serial bitstream processor

for wireless sensor processor systems was implemented;

2. MATLAB models were constructed for algorithm implementation,
and the instructions for operational codes translation were also

generated with the matlab code;

3. The design was then translated into verilog for functional and
timing verification. The verilog code was implemented at the gate
level and simulated to estimate the hardware costs and to capture

any functional error at this early stage;

4. Schematic and layout are implemented in Cadence, and simula-

tions at all corners in Hspice;
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10.

11.

12.

13.

The processor prototypes were fabricated in On Semiconductor

ABN 1.5um and revised version in C5N 0.5um CMOS technology;

A first order Delta-Sigma Analog-to-Digital Converter (ADC) with

on-chip photodector as the optical sensor was implemented;

A semidigital filter for self test was designed for self test algo-

rithms;

The designed chips were fabricated at the MOSIS semiconductor
foundry;

Test setup and test processors with instruction code from the
pattern generator, analyzed the output from the logic analyzer
and measured supply current from the SMU, in terms of energy

consumption calculation;
A working processor with basic instructions was demonstrated;

The processing algorithms of comb2 and FIR filter algorithms

were demonstrated;

The Delta-Sigma ADC producing delta-sigma stream correspond-

ing to the light input was demonstrated;

The processor’s ability to be programmed for sensor signal pro-

cessing such as calibration was demonstrated;
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14. A demonstration of how the processor can generate test patterns

for sensor self-test was conducted;

15. The processor’s the energy efficiency like energy per operations of

the processor was evaluated.
Future research relating to this project worth exploiting includes:
1. Finishing testing the C5N 0.5um chip;

2. Revising the circuit design for low power and improving the energy

efficiency;

3. Integrating it with the commercial wireless communications inter-

face (Zigbee);
4. Integrating it with the commercial memory and interface;

5. Demonstrating the low power wireless sensor node system-on-a-

chip.
6.3 Conclusion

Current research interests focuses on building low cost system-on-a-
chip sensor technology with the addition of wireless networking capa-
bilities for biomedical and environmental in-the-field monitoring appli-
cations. Examples of such sensor-array systems are glucose sensors for
individual health monitoring, and ecosystem sensors that analyze air
quality or water pollution. The delta sigma signal processing technique
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has been popular for data conversions demanding high resolution, and
is widely used in system-on-a-chip sensor designs. In this disserta-
tion, a serial bitstream processor for such sensor system is proposed
and examined in detail from perspectives of architectural construction,
algorithm realization, and hardware implementation.

Previous researches tended to focus on multi-bit sensor processor
optimization for high speed applications. However, they are not well
matched to the largely serial environments of smart sensors in wireless
sensor networks. To preserve silicon area, reduce cost and limit the
number of 1/O pins on the small smart sensor chip, an area efficient
serial bitstream processor is proposed that can perform vector/matrix
based signal processing algorithms. By expanding the capabilities of a
delta sigma analog to digital converter processor and the serial com-
munication interface of widely used sensor architectures, the multi-bit
processor can be replaced by a general purpose bitstream processor
with not much energy efficiency lost or degradation of performance,
but better performance for serial processing tasks, and dramatically
reduce in transistor count and area used.

In this dissertation, both architectural exploration and customized
integrated CMOS design for the processor are presented. The energy
performance of the processor is evaluated and compared to other sen-
sor processor architectures with simulation and testing results. It has

a wide range of sensor applications in general arithmetic, digital fil-

146



tering, calibration and self-test algorithm. In conclusion, the proposed
processor architecture leads to promising applications for sensor signal

processing where chip area is limited.
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Appendix A

Additional Circuits

A.1 First Order A-> ADC

Figure A.1 and Figure A.2 are the schematic and layout of a first-order
delta sigma converter with photodetector current controlled input. It
is a first-order delta sigma ADC with a trans-impedance amplifier to
convert the photodector current input to voltage, and the capacitor as
reference integrator, and last stage is a comparator. The layout area
is 220um x 160um, and with power consumptions of 120uW.

The first order Delta Sigma ADC is tested with light as input source,
it generated a delta-sigma bitstream at the room light frequency of

60HZ as in Figure A.3 and Figure A 4.
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FIGURE A.2: Processor I: First Order Delta Sigma ADC with Photodetector Layout.
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FiGURE A.3: Test of First Order Delta Sigma ADC with Photodector: Oscilloscope
Image (a) Less Light (b) More Light

F1GURE A.4: Test of First Order Delta Sigma ADC with Photodector: LA Image,
the DSM stream changed due to light source.

A.2  Semi-Digital Filter

The Semi-digital filter is based on the design in [89], and it can be
used for current drive Delta-Sigma D/A(Simulated by the proposed
bitstream processor 1) interface, as in Figure A.5. The input of the
D/A interface is a bitstream signal, The analog tap weights works as
an analog filter. The semi-digital filter is called LPD, and a analog
low-pass filter(LPA) will be attached to the output. In order to reduce
the large coefficients requirement with FIR filters, a sinc approximated

filter is presented with only 25 coefficients as in Table A.1 to achieve

150



50dB stop band rejection of out of band noise. Equation (A.1) shows

the filter coefficients matching.

B— Shift registers

Bitstream :
||'<J : |
| |
bll

YOD

BIAS 'r*J

hll

"

| | |
L 10 l% Tout — : |
LPD LPA

F1GURE A.5: Semi-Digital Filter Block Diagram.

(W/L)i

L =a.ly = I
k= Qglo OX(W/L)O

(A1)

The actual design use a single-end architecture and the simulated
current matching to the coefficients are plotted in Figure A.8, Fig-
ure A.6 and Figure A.7 show the schematics and layout of the semi-
digital filter. The frequency response is in Figure A.9.

The semidigital filter is tested with the digital output following the
input square wave, output as in Figure A.10 or delta-sigma bitstream

in Figure A.11.
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Coefficients ‘ Theoretical Value ‘ W/L ‘

a0 1 83.25/6
al/a25 0.0054 45/6
a2/a24 0.0115 9.6/6
a3/a23 0.0181 15.15/6
ad/a22 0.0250 20.85/6
a5 /a2l 0.0319 26.55/6
a6/a20 0.0387 32.25/6
a7/al9 0.0452 37.65/6
a8/al8 0.0511 42.6/6
a9/al7 0.0562 46.8/6
al0/al6 0.0604 50.4/6
all/als 0.0635 52.95/6
al2/ald 0.0654 54.6/6
al3/al3 0.0660 55.05/6

Table A.1: Semidigital Filter Coefficients

BN DD DI D DD Wb
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FIGURE A.6: Semi-Digital Filter Schematic.
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Normalized Value

FIGURE A.7: Semi-Digital Filter Layout.

Theoretical Coefficients vs. Current Simulation
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F1GURE A.8: Semi-Digital Filter Coefficient Matching Simulation.

153



Magnitude (dB)

(degr

Phase

FIGURE A.9: Semi-Digital Filter Coefficient Matching Simulation, Frequency Re-
sponse.
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FicURE A.11: Semidigital Filter Test: Delta-Sigma Modulated Bitstream.
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Appendix B

Matlab CODE

ThlhhhhhhhhhhiProcessor I test Matlab code}lhikltstststststetolos

%two shifter register & 1 ALU to test ADD,AND,NAND,NOR,XOR,XOR,SUB
clear all;

J%Parameter List

reg_length=4; %16 bit signed register

clock_freq=100e6; %100MHZ clock

op_length=21;

ALU_op_length=7;

%Register initial value
%ci2=0;
shifterl=zeros(1,reg_length);
shifter2=zeros(1,reg_length);
%shifter3=zeros(1,reg_length);
opcode=zeros(1,op_length);
J%temp variable

sum1=0;

cil=0;

count=0;

%opcode

%MSB 1 2 3 4 5
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% ALU1_sel ALU2_sel shifterl_sel shifter2_sel shifter3_sel

h 6 7 8 9 10 11

% shifterl_op(1) shifterl_op(2) shifter2_op(1l) shifter2_op(2) shifter3_op(1l) shifter3_op(2)
% 12 13 14 15 16 17 18

% ALU_op(1) ALU_op(2) ALU_op(3) ALU_op(4) ALU_op(5) ALU_op(6) ALU_op(7)

% 19 20

% outputi_sel

%load

%datal=[0 011 00110011001 1];

%data2=[0 001 00010001000 1];

datal=[0 1 1 1];

data2=[1 0 0 1];

for j=reg_length:-1:1

%opcode assign

shifterl_sel=1;

shifter2_sel=1;

shifterl_op=[1,1];%opcode(1l:shifter_op_length);
shifter2_op=[1,1];%opcode(shifter_op_length+1:2*shifter_op_length);
%shifter3_op=[1,1];%opcode(2*shifter_op_length+1:3*shifter_op_length);
%ALU1_op=[0 0 0 O O O 0];%opcode(3*shifter_op_length+1:3*shifter_op_length+ALU_op_length);
%ALU2_op=[0 0 0 0 0 0 O]=%%opcode(3*shifter_op_length+1+ALU_op_length:3*shifter_op_length+2*ALU_op_length);
%shifteri

if shifterl_sel
[shift_outl,signl,shifterl_new]=shifter(datal(j),shifterl_op,shifterl);
shifterl=shifterl_new;

count=count+1;

end

%shifter2

if shifter2_sel
[shift_out2,signl,shifter2_new]=shifter(data2(j),shifter2_op,shifter2);
shifter2=shifter2_new;

count=count+1;

end

end

%display shifter value

disp(’shifter 1 value after load=’);
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disp(shifterl);
disp(’shifter 2 value after load=’);
disp(shifter2);

disp(sprintf (’operational cycles=}d’,count));

%add

%opcode assign

for i=1:reg_length

if opcode[op_length] 7 if clear = 1

cil=0;

ci2=0;

shifterl=zeros(1,reg_length);
shifter2=zeros(1,reg_length);
%shifter3=zeros(1,reg_length);

else

%add

%opcode assign

shifterl_sel=1;
shifterl_op=[1,1];%opcode(l:shifter_op_length);
shifter2_op=[1,1];%opcode(shifter_op_length+1:2*shifter_op_length);
%shifter3_op=[1,1];%opcode(2*shifter_op_length+l:3xshifter_op_length);
ALU1_op=[0 0 1 0 0 O 0];%ADD

%ALU1_op=[0 1 1 0 O O 0];%SUB

%ALU1_op=[0 0 0 1 O O 0] ;%NAND

%ALU1_op=[0 0 0 O 1 O 0];%NOR

%ALU1_op=[0 0 0 0 O 1 0];%XOR

%ALU1 _op=[1 1 0 1 0 O 0];%0R

%ALU1_op=[1 1 0 0 1 O 0];%AND

%ALU1_op=[0 1 0 0 O 1 O];%XNOR

%shifterl
[shift_outl,signl,shifterl_new]=shifter(suml,shifterl_op,shifterl);
shifterl=shifterl_new;

%shifter2
[shift_out2,signl,shifter2_new]=shifter(0,shifter2_op,shifter2);
shifter2=shifter2_new;

%ALU1
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[suml,co1]=ALU(shift_outl,shift_out2,cil,ALUl_op);
cil=col;

%result(reg_length+1-i)=suml;

end Y%end if

count=count+1;

end %end for

%shift out MSB

if shifterl_sel

shifterl_op=[1,1];
[shift_outl,signl,shifterl_new]=shifter(suml,shifterl_op,shifterl);
shifterl=shifterl_new;

count=count+1;

elseif shifter2_sel;

shifter2_op=[1,1];
[shift_out2,sign2,shifter2_new]=shifter(suml,shifter2_op,shifter2);
shifter2=shifter2_new;

count=count+1;

%elseif shifter3_sel

%shifter3_op=[1,1];
%[shift_out3,sign3,shifter3_new]=shifter(suml,shifter3_op,shifter3);
Y%shifter3=shifter3_new;

Jicount=count+1;

else

count=count+1;

end

%display shifter value
disp(’shifter 1 value after ADD=’);
disp(shifterl);

disp(’shifter 2 value after ADD=’);
disp(shifter2);

disp(sprintf (’operational cycles=}d’,count));

%store
%hopcode=[];
output_sel=1;

for k=reg_length:-1:1
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%opcode assign

shifterl_op=[1,0];%opcode(1:shifter_op_length);
shifter2_op=[1,0];%opcode(shifter_op_length+1:2xshifter_op_length);
%shifter3_op=[1,1];%opcode (2*shifter_op_length+1:3*shifter_op_length) ;
%ALU1_op=[0 0 0 0 0 O 0];

%opcode (3xshifter_op_length+1:3*shifter_op_length+ALU_op_length);
%ALU2_op=[0 0 0 0 0 0 0]=Y%

%opcode (3*shifter_op_length+1+ALU_op_length:3*shifter_op_length+2*xALU_op_length);
if output_sel %=1 shifter 1 data out =0 shifter 2 data out
%shifteri
[shift_outl,signl,shifterl_new]=shifter(0,shifterl_op,shifterl);
shifterl=shifterl_new;

count=count+1;

%disp(shift_outl);

else

%shifter2
[shift_out2,signl,shifter2_new]=shifter(0,shifter2_op,shifter2);
shifter2=shifter2_new;

count=count+1;

%disp(shift_out2);

end

end

%display shifter value

%disp(’shifter 1 value after store=’);
%disp(shifterl);

%disp(’shifter 2 value after store=’);
%disp(shifter2);

disp(sprintf (’operational cycles=}d’,count));

Totololohototototofotolels (Delta-sigma bitstream, comb and fir filter}hhlhhthhllsllhle

%fs = 3.072e6; Ysample rate
fs = le4; Ysample rate
t = 0:1/£s:0.005 %0.001 seconds

fwave=1e3; % wave frequency

x1 = sin(2*pix*fwavext);%Sine Periodic Wave
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x2

sawtooth(2*pi*fwavext) ;%Sawtooth Periodic Wave

x3 = square(2*pixfwavext);%Square Periodic Wave

% Created with Vim 7.0 command :TOhtml

% firstOrderDSM.m

% Implements a first order Sigma-Delta Modulator

% Copyright 2007 Brian R Phelps

% http://electronjunkie.wordpress.com/category/sigma-delta-modulation/

% modifiy auload to wavread

x=x1; %sin wave test

%x=x2; %sawtooth wave test

%x=x3;%, square wave test

figure;

subplot(311),plot(1:length(x),x), axis([0 length(x) -1.2 1.2]);
xlabel(’Time (sec)’);ylabel(’Amplitude’); title(’Original Periodic Wave’);
0SR=16; % The over sampling ratio

%NumSamps=2000;

NumSamps=length(x) ;

zlkmlq = O; % Initialize variables

zlkml = 0;

% Scale the data to 16 bit 7integers?, hardware

% in real life is integer or fixed point math

%returns scaled integers

RES=16; ’Signed binary 16 bit,including 1 bit sign

DREF=2" (RES-1)-1;%data range from -32768 to +32767

x=round (x*DREF) ;% DREF-1 32766 in the old version

for n=1:NumSamps
z1(1)=z1kml;
xn=x(n) ;
%disp (sprintf (’z1(1)=%d\txn=%d’,z1(1),xn)); %internal value display
for k=1:0SR 7% Each sample is Oversampled OSR times
% please see the diagram for an explanation for the following:
%disp(sprintf (’n=/d\tk=%d’,n,k)); ’internal value display
z1(k) = zlkmil;
%disp(sprintf (’z1(%d)=%d’,k,z1(k))); %internal value display

z1kml = z1(k) + xn - zlkmlqg;
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%disp(sprintf (’z1kml=Yd\tzlkmlq old=%d’,z1lkml,zlkmlq)); %internal value display

z1lkmiq = (zlkml > 0) * DREF - (zlkml <= 0) * DREF;

%disp(sprintf (’z1kmlq=7d’,z1kmlq)); ’%internal value display

y(k+(n-1)*0SR) = (zlkml > 0) - (zlkml <= 0);

%disp(sprintf (’y(%d)=%d’ ,k+(n-1)*0SR,y (k+(n-1)*0SR))); %internal value display
end

end

ty=y;

%FIR filter
%b=£fir1(121,1/(0SR*2)); ' A low pass filter is also an integrator (summer),
% either way it is neccessary to recover the original signal
%y=filter(b,1,y); % This gets rid of the noise, which
% most of which is moved out of the passband
%[b,al] = cheby1(15,0.5,1/(0SR*2));
%y = filter(b,a,y);

htty=y;

=

Second Order Comb Filter
m = 1; 7% Differential delays in the filter
n = 2; Y Filter stages

r = 16; % Decimation factor

ibits = 16; % Input

obits = 16; % Output

%bps = 16; % bits per stage 2°n

hm = mfilt.cicdecim(r,m,n,ibits,obits); % Expects 16-bit input by default.

sinc2y = filter(hm,ty);

sinc2y = sinc2y/240; % scaling

f%y=filter (fI,1,y);
%y=downsample (y,0SR) ; % Keep only 1/0SR samples to get the

% sample rate back down to original

subplot(312) ,plot(1:length(ty),ty), axis([0 length(ty) -1.2 1.2]);

xlabel(’Time (sec)’);ylabel(’Amplitude’); title(’Delta Sigma Modulated Bitstream’);

subplot(313),stem(sinc2y), axis([0 length(sinc2y) -1.2 1.2]);

xlabel(’Time (sec)’);ylabel(’Amplitude’);
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title(’Delta Sigma Decimated Bitstream after Sinc2 Filter, 0SR=167);

fvtool (hm) ;

axyis([-50 801);

% Spectrum

figure;
Hs=spectrum.periodogram;
psd(Hs,y,’Fs’,fs, ’NFFT’,4068) ;

%periodogram(y,window,nfft,fs);

Kbttt (Sinewave generator for self testYhhhhhlhhhlhhl

%Ref :http://www.mathworks.com/products/demos/shipping/signal/waveformdemo.h
%tml?product=SG

%wave generator

%1.5 seconds, 10KHZ sample rate

%a 50 Hz sawtooth

%a 50 HZ square wave

clear;

fs = 2.5e6; %sample rate

t = 0:1/£s:0.001; %0.001 seconds

fwavea=476.8/0.25; Y 4998HZ wave frequency

fwaveb=1621.2/0.25;

x1 = sin(2*pixfwavea*t) ;

figure;

subplot(311) ,plot(t,x1), axis([0 max(t) -1.2 1.2]);

xlabel(’Time (sec)’);ylabel(’Amplitude’); title(’Ideal Sine Periodic Wave a’);
x2 = sin(2*pixfwaveb*t+pi);

subplot (312) ,plot(t,x2), axis([0 max(t) -1.2 1.2]);

xlabel(’Time (sec)’);ylabel(’Amplitude’); title(’Ideal Sine Periodic Wave b’);
%A=x1;

%B=x2;

%hci=0;

Y%s=xor (ci,xor(A,B));

Yhci=s;

Yico=and (A,B)+and(ci,xor (A,B));

x3=0.5%(x1+x2) ;
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subplot (313) ,plot(t,x3), axis([0 max(t) -1.2 1.2]);

%for k=1:length(t)

%x3(2¥k-1)=x1(k) ;

%x3(2%k)=x2 (k) ;

%end

%subplot (313) ,plot((1:1length(x3)),x3), axis([0 length(x3) -1.2 1.2]);
%xlabel(’Time (sec)’);ylabel(’Amplitude’); title(’Ideal Sine Periodic Wave a+b’);
% Created with Vim 7.0 command :TOhtml

% firstOrderDSM.m

% Implements a first order Sigma-Delta Modulator

% Copyright 2007 Brian R Phelps

% http://electronjunkie.wordpress.com/category/sigma-delta-modulation/

% modifiy auload to wavread

%hoscillator

%x(1:txfs+1)=0;

a12=2"(-4);

a21=0.0003676707;

b12=2"(-4);

b21=0.0042501874;

fos=2.5e6; %oversampling freq 2.5MHZ

T=1/fos;

regal=0;%register 1 initial value
rega2=0.03067949825766; % register 2 initial value 0.6542 when A =1
%rega2=0.5; Y, register 2 initial value 0.6542 when A =1
if ((al2%a21>0) & (al2xa21<=2))
woa=fos*acos(1-a21*al12/2);

elseif ((al2¥a21>2) & (al2*a21<4))
woa=fos*pi-fos*acos(1-a21*al2/2);

else

disp(’warning:al2*al2 value should between 0 ~ 4°);

end

foa=woa/(2*pi); %oscillation frequency 4998HZ
Toa=1/foa;

phia=atan((regal*sin(woax*T))/((1-al2*a21-cos (woa*T))*regal+al2*rega2));
/phase related to initial registers value

Aa=((1-al2*a21)*regal+al2+*rega2)/(sin(woa*T+phia)) ;
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%sinusoidal amplitude related to initial registers value

regb1=0;%register 1 initial value

regb2=0.10430607541030; % register 2 initial value 0.6542 when A =1
%regh2=0.5; % register 2 initial value 0.6542 when A =1

if ((b12%b21>0) & (b12#b21<=2))

wob=fos*acos (1-b21*b12/2);

elseif ((b12xb21>2) & (b12xb21<4))
wob=fos*pi-fos*acos(1-b21%b12/2);

else

disp(’warning:b12*b12 value should between 0 ~ 47);

end

fob=wob/(2*pi); %oscillation frequency 4998HZ

Tob=1/fob;
phib=atan((regblx*sin(wob*T))/((1-b12*b21-cos (wob*T) ) *regbl+bl2*regb2)) ;
/phase related to initial registers value

Ab=((1-b12%b21) *regbl+b12*regb2)/(sin(wob*T+phib)) ;

%sinusoidal amplitude related to initial registers value

%NumSamps=2000; No need

0SR=1; % The over sampling rate

NumSamps= length(t);

zlkmlq = O; % Initialize variables

z1lkml = 0;

% Scale the data to 16 bit integers, hardware

% in real life is integer or fixed point math
%returns scaled integers

RES=16; %Signed binary 16 bit,including 1 bit sign

DREF=2" (RES-1)-1;%data range from -32768 to +32767

Jtempy=0;
xn=0;
for n=1:NumSamps
z1(1)=z1kmi;
for k=1:0SR 7% Each sample is Oversampled OSR times
% please see the diagram for an explanation for the following:

disp(sprintf (°n=d\tk=%d’,n,k)); %internal value display
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z1(k) = zlkmil;

disp(sprintf (°z1(%d)=%d’ ,k,z1(k))); ’%internal value display

z1kml = z1(k) + xn - zlkmlqg;

disp(sprintf (’z1kmi=%d\tzlkmlq old=%d’,zlkml,zlkmlq)); ’%internal value display
z1kmlq = (zikml > 0) * DREF - (zlkml <= 0) * DREF;

disp(sprintf (’z1lkmiq=%d’,z1kmlq)); %internal value display

y(k+(n-1)*0SR) = (zlkml > 0) - (zlkml <= 0);

tempy=y (k+(n-1) *0SR) ;

%dispy ((n-1)*floor(fs/(fo*2))+1:n*floor(fs/(fo*2)))=tempy;

disp(sprintf (’y(%d)=%d’,k+(n-1)*0SR,y(k+(n-1)*0SR))); %internal value display

%oscillator

Mux=tempy* (-a21) ;

treg2=rega2+Mux;

rega2=treg?2;

tal2=al2*treg2;

tregl=regal+tal2;

regal=tregl;

xn=round (treg1*DREF) ;’, DREF-1 32766 in the old version

disp(sprintf (’Mux=V,d\treg2=y,d\tregl=/d\txn=/d’ ,Mux,rega2,regal,xn)); ’%internal value display

end

end

ty=y;
yasys;
b=fir1(121,1/(0SR*2)); 7% A low pass filter is also an integrator (summer),

% either way it is neccessary to recover the original signal
y=filter(b,1,y); % This gets rid of the noise, which

% most of which is moved out of the passband
y=decimate(y,0SR); % Keep only 1/10 samples to get the

% sample rate back down to original
yi=y;

figure

subplot(311) ,plot ((1:1length(y)),y),axis([0 length(y) -1.2 1.2]);
xlabel(’Time (sec)’);ylabel(’Amplitude’);

title(’First order Delta Sigma Oscillated two-tone Sine Periodic Wave a after LP’);
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xn=0;
for n=1:NumSamps
z1(1)=z1kmi;
for k=1:0SR 7, Each sample is Oversampled OSR times
% please see the diagram for an explanation for the following:
disp(sprintf (°n=,d\tk=%d’,n,k)); %internal value display
z1(k) = zlkml;
disp(sprintf (’z1(%d)=%d’,k,z1(k))); ’%internal value display
z1lkml = z1(k) + xn - zlkmlq;
disp(sprintf (’z1km1=%d\tzlkmlq old=%d’,zlkml,z1kmlq)); %internal value display
z1lkmlq = (z1kml > 0) * DREF - (zlkml <= 0) * DREF;
disp(sprintf (°z1kmlg=%d’,z1kmlq)); %internal value display
y(k+(n-1)*0SR) = (zikml > 0) - (zilkml <= 0);
tempy=y (k+(n-1)*0SR) ;
%dispy ((n-1)*floor(fs/(fo*2))+1:n*floor(fs/(fo0*2)))=tempy;

disp(sprintf (’y(%d)=%d’,k+(n-1)*0SR,y (k+(n-1)*0SR))); %internal value display

%oscillator

Mux=tempy* (-b21) ;

treg2=regb2+Mux;

regb2=treg?2;

tb12=b12*treg2;

tregl=regbl+tbl2;

regbl=tregl;

xn=round (tregl*DREF) ;% DREF-1 32766 in the old version

disp(sprintf (’Mux=/d\treg2=/,d\tregl=/d\txn=/d’ ,Mux,regb2,regbl,xn)); ’internal value display
end

end

ty=y;

yb=y;

b=fir1(121,1/(0SR*2)); 7% A low pass filter is also an integrator (summer),

% either way it is neccessary to recover the original signal
y=filter(b,1,y); % This gets rid of the noise, which

% most of which is moved out of the passband
y=decimate(y,0SR) ; % Keep only 1/10 samples to get the

% sample rate back down to original
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y2=y;

subplot(312) ,plot ((1:1length(y)),y),axis([0 length(y) -1.2 1.2]);
xlabel(’Time (sec)’);ylabel(’Amplitude’);

title(’First order Delta Sigma Oscillated two-tone Sine Periodic Wave b after LP’);

y2=0.5%(ya+yb) ;
b=fir1(121,1/(0SR*2)); % A low pass filter is also an integrator (summer),

% either way it is neccessary to recover the original signal
y=filter(b,1,y2); % This gets rid of the noise, which

% most of which is moved out of the passband
y=decimate(y,0SR); % Keep only 1/10 samples to get the

% sample rate back down to original

subplot (313),plot ((1:length(y)),y) ,axis([0 length(y) -1.2 1.2]);
xlabel(’Time (sec)’);ylabel(’Amplitude’);

title(’First order Delta Sigma Oscillated two-tone Sine Periodic Wave at+b after LP’);

figure

Y=£ft(y1,1024%4) ;

figure, subplot(311), plot(20*log(abs(Y(1:200))));
Y=£ft (y2,1024%4) ;

subplot (312) ,plot (20*log(abs(Y(1:200))));
Y=£ft(y,1024%4);

subplot(313), plot(20*log(abs(Y(1:200))));
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Appendix C

Verilog CODE
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//
//
//
//
//
//
//
//
//
//
//
//
//
1/
//
//
1/
1/
//

File Name : ver_CPU.v
Description : a CPU block module
Author : Xin Cai
ECE, Duke University
Date : 8/15/06
Parameters:
Input
clk - clock
clr -- asychronous clear
Opcode -- 14 bit Operation Code Op[0]...0p[13]
address -- memory address
CPU_En - CPU Enable
Output
sign - sign bit, 1- Negative
zero - zero bit, 1 - zero
over - overflow bit, 1 - overflow
count - counter output for test
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//
// Notes:
//
//
//

//Include files

‘include "SSR.v"
‘include "decoder.v"
‘include "mux.v"
‘include "andgate.v"
‘include "orgate.v"
‘include "ALU.v"
‘include "register.v"

‘include "ASR.v"

‘include "ALUfulladder.v"

‘include "ALUlogicalunit.v"

‘include "ALUdecoder.v"

‘include "ver_ASR.v"
‘include "ver_SSR.v"
‘include "ver_ALU.v"
‘include "ver_CU.v"

‘include "ver_MEM.v"

//

module ver_CPU(sign,zero,over,count,clk,clr,Opcode,address,CPU_En,Data0Out,Dataln );

//=====—==———= parameters
parameter ADDR_WIDTH = 8 ;
parameter COUNT_WIDTH = 5;
parameter OP_LENTH = 14;

parameter DATA_WIDTH = 1 ;

parameter RAM_DEPTH = 1 << ADDR_WIDTH;

// inputs

input clk;

input clr;
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input [OP_LENTH-1:0] Opcode;
input [ADDR_WIDTH-1:0] address;

input CPU_En;

Ve outputs
output sign;
output zero;

output over;

output [COUNT_WIDTH-1:0] count;
//for debug
output DataQut;

output Dataln;

[/ m——m———————— registers

// wires

wire  [OP_LENTH-1:0] Op; // Op code

wire DataOut; //1-bit Data output from memor

wire Dataln; //1-bit Data input from memory

wire  signA; //sign bit for SSR

wire DinASR; //1-bit Data output to ASR

wire  signB; //sign bit for ASR

wire Result; //1-bit ALU result Output
wire  CarryOut; //Carry out bit
wire A; // ALU A port

wire B; // ALU B port

reg [DATA_WIDTH-1:0] mem [0:RAM_DEPTH-1];

wire [COUNT_WIDTH-1:0] count;

wire sign;
wire Zero;
wire over;

// code

y
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ver_ALU ALU(.Result(Result), .CarryOut(CarryOut), .DoutSSR(A), .DoutASR(B),

.clk(clk), .clr(clr), .Carry_Sel(Op[4]), .A_Sel(Op[5]),.ALU_Op(Op[7:61), .M_Sel(Op([13]),.DoutMEM(DataOut));

ver_SSR SSR(.DoutSSR(A),.signSSR(signA), .DinASR(DinASR),.clk(clk),.clr(clr),.

Shift_SSR(Op[3]),.DoutMEM(DataOut), .SSR_Sel(0p[2]), .M_Sel(0Op[13]1) );

ver_ASR ASR(.DoutASR(B),.DoutMEM(DatalIn),.signASR(signB),.clk(clk),.clr(clr),.Shift_ASR(Op[9]),.Shift_LR(Op[10]),

.Rot_En(0Op[11]),.DinASR(DinASR), .Result(Result),.ASR_Sel(0p[8]),.0utput_Sel(0p[12]));

ver_MEM MEM(.DataOut(DataOut), .clk(clk), .address(address), .DataIn(DataIn), .cs(0p[0]), .we(Op[11));

ver_CU CU(.0p(0Op),.sign(sign),.zero(zero),.over(over),.count(count),.CPU_En(CPU_En),.clk(clk),.clr(clr),

.Opcode (Opcode) , .address (address) , .signA(signA), .signB(signB), .Result (Result), .CarryOut (CarryOut));

endmodule

L1111 777777777777777777777777777777777777777777777777777777777777777777

/7

// File Name : ver_ALU.v

// Description : an ALU block module
// Author : Xin Cai

// ECE, Duke University

// Date : 8/15/06

/7

// Parameters:

// Input

// DoutSSR -- 1-bit input data from SSR(A)

// DoutASR -- 1-bit input data from ASR(B)

// clk --  clock

// clr -- clear for Carry register

// Carry_Sel --  Carry selection,

// 0: normal ALU operation,carry in= previous carry out bit
// 1: carry in = 1,when calculating 2’s complement
// A_Sel - ALU A port selection

1/ 0: A=0

/7 1: A = DoutSSR

// ALU_Op -- 2 bit ALU operation selection

// Alu Operations, 0p[0] Op[1]
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// ADD : A + B 00

/7 AND : Aand B 0 1

// OR : AorB 10

// NOT : not B 11

// M_Sel --  Multiplication Selection

// 0: disable, A-Sel-> ANDA

// 1: for Multiply, DoutMEM-> ANDA
// DoutMEM -- Data output from Memory,used when multiplication
// Output

// Result --  1-bit ALU result Output

// CarryOut --  Carry out bit

//

// Notes:

//

//

/7

// Include files
‘include "andgate.v"
‘include "orgate.v"

‘include "ALU.v"

‘include "register.v"

‘include "mux.v"

/7

module ver_ALU(Result, CarryOut, DoutSSR, DoutASR, clk, clr, Carry_Sel, A_Sel, ALU_Op, M_Sel, DoutMEM );

// inputs
input DoutSSR;
input DoutASR;
input clk;
input clr;
input Carry_Sel;
input A_Sel;
input [1:0] ALU_Op;
input M_Sel;

input DoutMEM;

Y outputs

output Result;
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output CarryQut;

[]——————————— registers -

// wires
wire Result;
wire CarryQut;
wire A;
wire DoutMUXA;
wire Cin;

wire Cout;

Ve parameters

// code -—-=

andgate andA(.out(A),.a(DoutSSR),.b(DoutMUXA));

orgate orC(.out(Cin),.a(CarryOut),.b(Carry_Sel));

register creg(.q(CarryOut),.d(Cout),.clk(clk),.clr(clr));
ALU ALU(.Result(Result), .Cout(Cout), .A(A), .B(DoutASR),

mux MUXA(.y(DoutMUXA),.a(A_Sel),.b(DoutMEM),.sel(M_Sel));

endmodule

.Cin(Cin),

.0p(ALU_Op));
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/7

// File Name : ver_ASR.v

// Description : a accumulator shift left register block module
/7

// Author : Xin Cai

// ECE, Duke University

// Date :8/15/06

/7

// Parameters:

// Input

// clk -- Clock input

// clr -- Asychronous clear

// Shift_ASR -- Logic Shift/Arithmatic Shift Enable, O arithmatic Shift/1 logic shift
// Shift_LR -- Logic Shift left/right enable, O right/1 left

// Rot_En -- Logic Rotation shift enable, O disable/1 enable

/7 En_Shift Shift_LR Rot_En
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//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//
//

//

0 0 0 shift disable
0 0 1 arithmatic shift right
1 1 0 Logic Shift left with O
1 0 0 Logic Shift right with 0O
1 1 1 Rotate Shift left
1 0 1 Rotate Shift right
DinASR -=- 1-bit Data Input from memory
Result -- 1-bit result from ALU
ASR_Sel -- Data Select
0: DinASR -> ASR serial input
1: Result -> ASR serial input
Output_Sel -— ASR out put selection
0: ASR serial output -> DoutMEM to Memory
1: ASR serial output -> DoutASR to ALU B port
Output
DoutASR -- 1-bit Data output to ALU B port
DoutMEM -- 1-bit Data output to Memory
signASR -- sign bit
Notes:
Include files

‘include "ASR.v"
‘include "mux.v"

‘include "decoder.v"

module ver_ASR(DoutASR, DoutMEM,signASR, clk, clr, Shift_ASR, Shift_LR, Rot_En,

DinASR, Result, ASR_Sel, Output_Sel );

//

inputs -

input clk;
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input clr;

input Shift_ASR;
input Shift_LR;
input Rot_En;
input DinASR;
input Result;
input ASR_Sel;

input Output_Sel;

Ve outputs
output DoutASR;
output DoutMEM;

output signASR;

Y — registers

// wires
wire DoutASR;
wire DoutMEM;
wire signASR;
wire DoutMUXASR;

wire DinDECB;

/)= parameters

// code -—

mux MUXASR(.y(DoutMUXASR),.a(DinASR), .b(Result),.sel(ASR_Sel));
ASR ASR(.SO(DinDECB), .sign(signASR),.clk(clk),.clr(clr),.En_Shift(Shift_ASR),
.Shift_LR(Shift_LR),.Rot_En(Rot_En),.SI(DoutMUXASR));

decoder DECB(.outO(DoutMEM), .outl(DoutASR),.in(DinDECB),.sel(Output_Sel));

endmodule

LI1177777777777177777777777777777777771777777777777177717777777111777717777

//

// File Name : ver_SSR.v

// Description : a Storage shift left register block module
//

// Author : Xin Cai
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// ECE, Duke University
// Date : 8/15/06
/7

// Parameters:

// Input

// clk -- Clock input

// clr -- Asychronous clear

// Shift_SSR -- Shift left enable

// DoutMEM -- 1-bit Data Input from memory
// SSR_Sel -- Data Select

// 0: DoutMEM->DinSSR(A)

// 1: DoutMEM->DinASR(B)

// M_Sel -- Multiplication Selection

// 0: disable, DoutMEM-> DinSSR
// 1: for Multiply, SSR rotate right, SSR[0]->SSR[17]
// Output

// DoutSSR -- 1-bit Data output to ALU A port
// signSSR -- sign bit

// DinASR -- 1-bit Data output to ASR

//

//

// Notes:

//

//

//

// Include files
‘include "SSR.v"
‘include "decoder.v"

‘include "mux.v"

1/

module ver_SSR(DoutSSR, signSSR, DinASR, clk, clr, Shift_SSR, DoutMEM, SSR_Sel,M_Sel );

// inputs
input clk;
input clr;
input Shift_SSR;

input DoutMEM;
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input SSR_Sel;

input M_Sel;

Ve outputs
output DoutSSR;
output signSSR;

output DinASR;

[/]m——m———————— registers

// wires
wire DoutSSR;
wire  SSRsign;
wire DinASR;
wire DinSSR;

wire DoutMUXSSR;

Ve parameters

// code -—

decoder DECSSR(.out0(DinSSR),.outl(DinASR), .in(DoutMEM), .sel(SSR_Sel));
SSR SSR(.S0(DoutSSR), .sign(signSSR),.clk(clk),.clr(clr), .En_Shift(Shift_SSR),.SI(DoutMUXSSR));

mux MUXSSR(.y(DoutMUXSSR),.a(DinSSR), .b(DoutSSR),.sel(M_Sel));

endmodule

//

// File Name : ver_MEM.v

// Description : 1-bit RAM module
// Author : Xin Cai

// ECE, Duke University

// Date 1 8/21/06

//

//

// Parameters:

// Input

// clk -- Clock Input

// address -- Memory address
/7 Dataln -- 1-bit Data input
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// cs -- Memory chip select
// we -- 1 Write Enable

// -- 0 Read Enable

// Output

// DataOut -- 1-bit Data output

//

// Notes:
//
//

//
// Include files
//
//

module ver_MEM (Dataln, clk, address, DataOut, cs, we);

[/ ==—————————e parameters -—
parameter DATA_WIDTH = 1 ;
parameter ADDR_WIDTH = 8 ;

parameter RAM_DEPTH = 1 << ADDR_WIDTH;

// Inputs -

input clk
input [ADDR_WIDTH-1:0] address
input cs
input we
input Dataln
// Outputs

output DataOut
/] === Registers -—=

reg [DATA_WIDTH-1:0] Data ;
reg [DATA_WIDTH-1:0] DataOut ;

reg [DATA_WIDTH-1:0] mem [0:RAM_DEPTH-1];

// Code

initial
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begin
$readmemb ("memory.dat", mem);

end

// Tri-State Buffer control

assign DataOut = ( cs && !we) 7 Data : 1’bz;

// Memory Write Block
// Write Operation : When we = 1, cs =1
always @ (posedge clk)
begin : MEM_WRITE
if ( cs && we ) begin
mem[address] = Dataln;

end

end

// Memory Read Block
// Read Operation : When we = 0, cs =1
always @ (posedge clk)
begin : MEM_READ
if (cs && !'we ) begin
Data = mem[address];

end

end

endmodule

LI11777777777771777777777777777777777717777777777771777717777777111717717777
//

// File Name : ver_CU.v

// Description : a Control Unit block module
// Author : Xin Cai

// Date : 8/15/06 created

// : 10/01/06 modified

//

// Parameters:

// Input

// clk --  clock

// clr --  asychronous clear

// Opcode -- 14 bit Operation Code
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//
//
//
//
//
//
//
//

//
//

ALU_Op1 | ALU_OpO | ASR_Sel

//

//

// sign -- sign bit, 1- Negative = signAsignB+CarryOut(signA+signB)
// signA  signB CarryOut | sign
//

// 0 0 0 | 0
// 0 0 1 | 0
// 1 1 0 |1
// 1 1 1 | 1
// 0 1 0 | 1
// 0 1 1 | 0
// 1 0 0 | 1
// 1 0 1 | 0
//

//

// zero --  zero bit, 1 - zero

// over -- overflow bit, 1 - overflow
// count --  counter output for test

//

// Notes:

//

//

//

module ver_CU(Op,sign,zero,over,count,CPU_En,clk,clr,Opcode,address,signA,signB,Result,Carry0lut);

Output

CPU_En
signA
signB
Result

CarryOut

CPU Enable 0/1 enable/disable
ASR sign

BSR sign

Result from ALU

Carry out from ALU

13-bit control signals

21 3 | 41 5 1 &6

Control Signal | Mem_En | Mem_Wr

| SSR_Sel | Shift_SSR | Carry_Sel | A_Sel |

| Shift_ASR | Shift_LR | Rot_en | Output_Sel| M_Sel
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parameter ADDR_WIDTH
parameter OP_LENTH
parameter COUNT_LENTH

parameter COUNT_VALUE

/7

—————— parameters -

1] 1] [}
ol = oo
. B

]
e
~

input
input
input
input
input
input
input
input

input

output
output
output
output

output

reg
reg
reg
reg

reg

inputs

clk;

clr;

[OP_LENTH-1:0] Opcode;
[ADDR_WIDTH-1:0] address;
CPU_En;

signA;

signB;

Result;

CarryQut;

[OP_LENTH-1:0] Op;
sign;
Zero;
over;

[COUNT_LENTH-1:0] count;

————— registers
[OP_LENTH-1:0] Op;
[COUNT_LENTH-1:0] count;
sign;

Zero;

over;

/7

wires

//
always@
begin

if(!

code -—=

(posedge clk or negedge clr)

clr)

begin

Op <=14°b0;
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sign <= 1’b0;
zero <= 1’b0;
over <= 1°b0;
count <= 5’b0;
end
else
if (CPU_En)
begin
Op <= Opcode;

count <= count + 1;

if (count COUNT_VALUE)

begin
zero <= ~ Result;
over <= CarryQOut;
//count <= 0;
sign <= (signA & signB) | (("CarryOut) & signA)
end
end
end
endmodule
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Yot lololototototofotolels (Processor I initial hspice simulation}%lihkhhhhhhhhsls

.include processorl_extract.sp

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

.PARAM

tp = 10E-6

thp = ’tp/2’

tlp = ’tp-thp’
tr = ’tpx0.001°
tf = ’tpx0.001°
td = 0

tpl= ’ tp’

thpl= ’tp1/10’

tlpl

’tpl-thpl’

tdc = ’tpx0.3’

ts = ’tp*x0.01°
tpi= ’ tp’

thpi= ’tpi/2’
tlpi = ’tpi-thpi’

tdi = ’4xtp’

.include ’IR_CLK.sp’
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.include ’IR_CLK_n.sp’

*0p0-0p12

*1110000001000 shifter A + O

V1 ImemIn O PWL 0 O +tdi O ’tdi+ts’ 5
+ tpi+tdi’ 5 ’tpi+ts+tdi’ 5

+ 72xtpi+tdi’ 5 ’2xtpi+ts+tdi’ 5

+ 23*tpi+tdi’ 5 ’3*tpi+ts+tdi’ O

+ 4xtpi+tdi’ O ’4*tpi+ts+tdi’ O

+ bktpi+tdi’ O ’b*tpi+ts+tdi’ O

+ ’6xtpi+tdi’ O ’6xtpi+ts+tdi’ O

+ 7xtpi+tdi’ O ’7xtpi+ts+tdi’ O

+ ’8*tpi+tdi’ O ’8*tpi+ts+tdi’ O

+ 29%tpi+tdi’ O ’9*tpi+ts+tdi’ 5

+ 210*tpi+tdi’ 5 ’10*tpi+ts+tdi’ O
+ 11xtpi+tdi’ 0 ’1lxtpi+ts+tdi’ O

+ 212xtpi+tdi’ O ’12*tpi+ts+tdi’ O

VO VDD! 0 5.0

V2 ImemIn_En O PWL O O ’4%tp’ O ’4*tp+tp*0.01’ 5 ’16.5%tp’ 5 ’16.5*tp+tp*0.01’ 0
V7 Clr_n O PWL O O ’2%tp’ O ’2tp+tp*0.01’ 5

V8 ImemQut_En O PWL O O ’16.5%tp’ O ’16.5*tp+tpx0.01° 5

V11 DmemIn O PULSE 0.0 5.0 O tr tf ’2%thp’ ’2xtp’

V16 ALU_Clk O PULSE 0 5 tdc tr tf thpl tpil

V17 ALU_Clk_n O PULSE 5 O td tr tf thp tp

V21 Shifter_Clk 0 PULSE O 5 tdc tr tf thpl tpil

V22 Shifter_Clk_n O PULSE 5 O td tr tf thp tp

* INCLUDE FILES

.1ib "mos.hsp" typ

* END OF NETLIST
. TEMP 25.0000
.0P

.save
.OPTION INGOLD=2 ARTIST=2 PSF=2
+ PROBE=0 DCCAP POST

.tran 1u 500u

*Measure delay
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* rising prop delay
.MEASURE tpdr
+ TRIG V(DMEMIN) val = ’2.5° fall=1

+ TARG V(DMEMOUT) val = ’2.5° rise=1

* falling prop delay
.MEASURE tpdf
+ TRIG V(DMEMIN) val = ’2.5’ rise=1

+ TARG V(DMEMOUT) val = 2.5’ fall=1

* average prop delay us

.MEASURE tpd param = ’ (tpdr+tpdf)/(2*1e-6)’

* Measure rise fall time
.MEASURE trise
+ TRIG V(DMEMIN) val =’2.5%0.2’° rise=1

+ TARG V(DMEMOUT) val =’2.5%0.8° rise=1

.MEASURE tfall
+ TRIG V(DMEMIN) val =’2.5%0.8’ fall=1

+ TARG V(DMEMOUT) val =’2.5%0.2° fall=1

* Measure power uW
.measure tran ivdd avg i(VO) FROM=1us T0=500us

.measure SupplyPower PARAM=’-ivdd*5/1e-6’

* Measure Energy pJ
.measure TRAN QE INTEGRAL i(VO) FROM=1us T0=500us

.measure Energy PARAM = ’-5xQE/le-12’

* Measure average power disserpation
.MEASURE TRAN avgpwr AVG POWER FROM=1us T0=500us

.MEASURE TRAN peakpwr MAX POWER FROM=1us T0=500us

*Measure PDP pJ

.MEASURE PDP PARAM = ’avgpwr*tpd/le-6’

*CLOAD Q 0 1fF
*.ALTER
*CLOAD Q O 10fF

*.ALTER
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CLOAD DMEMOUT O 100fF

.END

Yottt holotolotofototeh{Processor II initial hspice file}Ulhtthhtshtlotshlsts

.include ’processor2_ext.sp’

.PARAM tp = 10E-6
.PARAM thp = ’tp/2’
.PARAM tlp = ’tp-thp’
.PARAM tr = ’tpx0.001’
.PARAM tf = ’tpx0.001’
.PARAM td = O

.PARAM tpl= ’ tp’
.PARAM thpl= ’tp1/2’
.PARAM tlpl = ’tpl-thpl’
.PARAM tdc = ’tp*0.3’

.PARAM ts = ’tp*0.01’°

.PARAM tpi= ’ tp’
.PARAM thpi= ’tpi/2’
.PARAM tlpi = ’tpi-thpi’
.PARAM tdi = ’4*tp’

.PARAM tdl =’3.8%tp’

VO VDD! 0 5.0
V1 Clk O PULSE O 5 td tr tf thp tp

V2 Clk_n O PULSE 5 0 td tr tf thp tp

V3 Clr_n O PWL 0 O ’3.8*tp’ O ’3.8xtp+ts’ 5

*Data Memory Input File

.include ’DmemIn.sp’

*0Opcode File
.include ’Opcode.sp’

* INCLUDE FILES

.1ib "mos.hsp" typ
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* END OF NETLIST
. TEMP 25.0000
.0P

.save
.OPTION INGOLD=2 ARTIST=2 PSF=2
+ PROBE=0 DCCAP POST

.tran 1u 500u

*Measure delay

* rising prop delay

.MEASURE tpdr

+ TRIG V(DMEMIN) val = ’2.5° fall=1

+ TARG V(DMEMOUT) val = ’2.5° rise=1

* falling prop delay
.MEASURE tpdf
+ TRIG V(DMEMIN) val = ’2.5° rise=1

+ TARG V(DMEMOUT) val = ’2.5° fall=1

* average prop delay us

.MEASURE tpd param = ’ (tpdr+tpdf)/(2*1e-6)’

* Measure rise fall time
.MEASURE trise
+ TRIG V(DMEMIN) val =’2.5%0.2’° rise=1

+ TARG V(DMEMOUT) val =’2.5%0.8° rise=1

.MEASURE tfall
+ TRIG V(DMEMIN) val =’2.5%0.8’° fall=1

+ TARG V(DMEMOUT) val =’2.5%0.2° fall=1

* Measure power uW
.measure tran ivdd avg i(VO) FROM=50us TO0=210us

.measure SupplyPower PARAM=’-ivdd*5/1e-6’

* Measure Energy pJ
.measure TRAN QE INTEGRAL i(VO) FROM=50us T0=210us

.measure Energy PARAM = ’-5x%QE/le-12’

* Measure average power disserpation
.MEASURE TRAN avgpwr AVG POWER FROM=50us T0=210us

.MEASURE TRAN peakpwr MAX POWER FROM=50us TO0=210us
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*Measure PDP pJ

.MEASURE PDP PARAM = ’avgpwr*tpd/le-6’

*CLOAD Q 0 1fF
*.ALTER
*CLOAD Q O 10fF
*.ALTER

CLOAD DMEMOUT O 100fF

.END
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