An SRAD Image Processor as
a Recon gurable, Temperature-Aware SoC
Designed for Low-Power Operation

SRC/SIA Design Challenge { Team 28

Mircea R. Stan, Team Leader
Wei Huang, Garrett S. Rose, Yan Zhang, Wengian Wu,
Adam Cabe, and Zhenyu Qi

Charles L. Brown Department of Electrical and Computer Engieering
University of Virginia
(434) 982-2694
f mircea, whép, gsr4j, yz3w, ww3n, acc9x, zq@@virginia.edu

September 9, 2005



Abstract

A SoC implementation of an ultrasound-imaging system is preented. Achieving higher performance, lower
power consumption, greater reliability is the major goal of this design. In addition, a novel ultrasound image
enhancement algorithm is rst shown implemented in a SoC. The system has higher performance due to the fact
of less communication latency and application-speci ¢ digtal signal processing obtained by the system-on-chip
approach. The design consumes lower power is mainly due to ghimplementation of Dynamic Voltage Scaling
(DVS) based on the runtime DSP output|low power is achieved w ithout sacri cing the quality and the speed
of the output video stream. The system is more reliable is bemuse Dynamic Thermal Management (DTM)
techniques are implemented to prevent the system from potetial thermal hazards and at the same time make
the system less costly and more portable by using cheaper thmal package. Another factor that improves the
reliability of the system is due to the recon gurability fea ture, where faults and defects can be detected and
recon gured. Detailed design methodology is presented. Reliminary design, simulation results and testing plans
are shown. The system has been implemented and tested on an EA prototype.



Chapter 1

Introduction

Modern medical imaging technologies have been widely ap@d to varieties of clinical and research areas. Ultra-
sound imagery is one of the most frequently used technologiefor physiological diagnoses, routine examinations
and medical as well as biological research. However, contgrarary ultrasound imaging machinery always occupies
signi cant space and the patients have to be at the hospital vhere such equipment is located. For an isolated
mountain village where the nearest hospital is hundreds of riles away, the villagers will never receive timely
diagnose even though ultrasound imagery is cheap and reagilavailable in the outside world. Imagine a military
troop is deployed to missions in the Amazon jungle, carryinga humongous ultrasound imaging equipment is next
to impossible even if it is urgently needed. Also imagine an stronaut working in the space shuttle or even on
another planet, equipped with an ultrasound-imaging machne is truly luxury even if it is vital to the safety of
the astronaut, not to mention the fact that the machine needsto be accurately functioning and be costly powered
during the entire time span of his space mission. All these smarios illustrate the need for ultrasound-imaging
medical equipment that is portable and reliable and power-e cient . Not surprisingly, system-on-chip perfectly ts
in applications such as the portable ultrasound-imaging meical equipment.

This project targets a SoC design that implements a novel ultasound imaging enhancement technique with
thorough considerations of both low power operation and rehbility issues. Reliability concerns arise from the
aggressive technology scaling, resulting in potential themal hazards and low yield due to manufacturing process
variations. To be more speci c, the proposed SoC has the faliwing contributions:

1) A novel ultrasound-imaging enhancement technique is fothe rst time designed and implemented in SoC.
The Speckle Reducing Anisotropic Di usion (SRAD) algorith m is invented by Yu and Acton [1] to reduce
the speckles in an ultrasound image. Speckle, which is a formf multiplicative and locally correlated
noise, plagues accurate ultrasound image interpretation. The computationally intensive nature of this
algorithm requires it be performed in high speed in order to &hieve real-time video stream. Implementing
SRAD in a SoC is advantageous due to fact that the SRAD DSP cores application-specic and has
less communication latency to other on-chip peripheral unis compared to the case where a general-purpose
digital signal processor is used together with many other gearately packaged peripheral components. Other
advantages include great portability and lower overall power consumption.

2) In order to signi cantly reduce package cost and prevent he system from thermal hazards, di erent dynamic
thermal management (DTM) are implemented together with on-chip temperature sensors. Along with the
aggressive technology scaling that the IC industry has witressed, power density and hence cooling cost
rise signi cantly. IC packages can no longer be designed fothe worst case in future technologies. This
is especially true for future SoC designs that are extremelysensitive to the increase in cooling cost. The
increase in cooling cost is also usually accompanied by laggthermal package, hence poor portability. DTM
techniques have been proven to e ciently solve the problem vithout sacri cing much performance.

3) The third novelty of this design is the implementation of Dynamic Voltage Scaling (DVS) techniques that
are specic to the SRAD application. With precise control of the supply voltage according to the output



from the SRAD unit, signi cant amount of power is saved a ect ing neither the quality nor the speed of the
output video stream.

4) Part of the SoC design is recon gurable. This portion of the design methodology is primarily motivated
by the fact that more process variations exist in future CMOS technology and the direction toward re-
con gurable being taken by many emerging technologies, parcularly as device dimensions approach the
nano-scale. By make the design recon gurable, faults and dects can be detected on the y and the yield
of the system improves signi cantly. The price paid for recan gurability is potential lower performance and
larger area. But as the silicon integration keeps increasig, the advantage of recon gurability will override
the disadvantages.

This report is organized as follows. Chapter 2 is the system werview, where SRAD DSP core and other
control/peripheral units are explained in details. The int eractions among all system units are also presented.
Chapter 3 articulate our detailed design considerations ad design methodology is presented. The important
features of recon guability, dynamic thermal management, and application-speci c low power techniques are pre-
sented in greater details in this chapter. Chapter 4 presert the preliminary design together with the preliminary
simulation results and layout of some circuitry. Chapter 5 shows the testing plan for the SoC design and Chapter
6 concludes the report.



Chapter 2

System Overview
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Figure 2.1: Block diagram of the SRAD image processing system.

Fig. 2.1 shows the block diagram of the overall SoC design. Tdrsystem consists of one SRAD DSP core, one
8051 microprocessor, two dual-port SRAM modules, one NTSCnierface core along with an input bu er, one
VGA controller and video RAM.

The input video stream, which comes in NTSC format, is rst converted from an analog input signal to an
8-bit grayscale digital signal by the NTSC interface module The horizontal sync, vertical sync and eld signals
are also extracted and sent to the input bu er. After the processing of one single frame is completed, the data
will be stored in the display RAM and converted to 24-bit standard RGB output using the VGA controller. The
output of the VGA controller is then ready to be displayed on any VGA compatible monitor.

As shown in the block diagram, an address bus and a data bus arghared among the di erent blocks. The
microprocessor sends the address for either the dual port meories or the display RAM. It also generates the
control signals for storage elements to read the data from th data bus with correct timing.

In order to enhance the performance and increase the througdut of the design, two dual-port memories are
utilized. The external input NTSC data is received at a lower rate (13.5MHz) and is then loaded into one of the
memories (e.g., Mem. A). Meanwhile, the SRAD unit processethe previous frame, which has been stored in the
other memory (e.g., Mem. B) under the global clock (100MHz). During the iterations, the image values are read
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Figure 2.2: Timing scheme for the SRAD SoC.

from Mem. B and then stored back at a later time. Similarly, the next frame will be processed within the loop
of the SRAD unit and Mem. A. Meanwhile, the third frame will be loaded into Mem. A.

The timing of this scheme is shown in Fig. 2.2.

While processing an image, the data bus is occupied by the SRA unit for 6 clock cycles and then gives one
clock cycle to load new external data. For this process, coasponding memory addresses are generated by the
microprocessor to assure the data is stored in the correct pte. This pattern repeats until the second to last
iteration is nished. During the last iteration, the result from the SRAD unit is loaded into the display RAM
instead of Mem. B.

2.1 SRAD DSP Block

In [1], the SRAD software algorithm has been successfully iplemented in the MATLAB environment. Fig. 2.3
shows the SRAD enhancement of an ultrasound image of a mouse=art.

2.1.1 Window Generator

In order to generate an update pixel value (new), SRAD requires the old pixel value (loq4) along with it's
neighboring pixels. In this report, the neighboring pixels are labeled asly, Is, lw and Ig. All ve of these
values are fed into the "pixel level SRAD module" at the same tme. To generate such a "pixel window", we use
two FIFOs each of length m (the number of pixels in a row) to store data from Iy up to Is. During the time
interval for loading the rst 256 pixels into the rst FIFO, t he SRAD module does not run and no output is
generated. For the boundary pixels, one or two of it's neighloring pixels do not exist. In such cases, the current
pixel value is duplicated in place of the unavailable neighloring pixel.

2.1.2 Pixel level SRAD module

This is the most detailed unit in the design. Before the pixelvalues are fed into SRAD unit, all of them has been
transformed by X = exp(I=47). In addition, the "window generator" generates a group d ve pixel values as
inputs of SRAD unit.
(a) Calculate Ci (di usion coe cient) for pixel I:
h [
C?=Absfa 12 +12 +12+12 =(Iy + 1w + lg +15)® 1g (2.1)

h ., ih i
Ci= C2Z°+C2= C2°+C? (2.2)

C2 is calculated by selecting a uniform region in the picture:

C2 = [standard dev. (sample)=mean (sample)f
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Figure 2.3: MATLAB implementation of the SRAD algorithm to p rocess an ultrasound image of a mouse heart.
(a) Original noisy image. (b) Filtered image after 50 iterations. (c) Filtered image after 100 iterations. (d)
Filtered image after 200 iterations.

It's reasonable to considerC2 a constant for a given image. In a real time system, thisC?2 value will be xed
for a few frames till the user intervenes to change the sampleegion value. Hence this value can be calculated in
advance and saved in a register. These calculations are shovechematically in Fig. 2.5.

(b) Calculate the new pixel value | hey :

lhew = log +( =4) [Ci(In+1w 21)+ Cs (Is 1)+ Cg (Ie 1) (2.3)

where is aconstantand = 0:05 in this case. However, this equation is not suitable for hedware implemen-
tation. A good amount of work has been done to develop the corsponding hardware algorithm (See Appendix
A for details). A diagram of the complete calculation of I ,o,, can be seen in Fig. 2.6.

In summary, for each pixell, the hardware SRAD is implemented by:

1) Input Ig
2) Calculate C; for pixel |

a) C2= Absf4 [(12 +1Z +12+123)=(In + lw + I +15)?] 1g
b) Ci =[(Cd)?+ CZH(CI)? + C?]

3) Calculate/store | ey 1 for pixel |
4) Calculate/store |new 2 for pixel I, consideringl aslg

5) Calculate/store 1y for pixel 1y consideringl aslg
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Figure 2.4: High level block diagram of SRAD Algorithm.
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Figure 2.5: Schematic of the C; calculations necessary for the SRAD Algorithm.



Figure 2.6: Schematic of the Inew calculations necessary for the SRAD Algorithm.

6) Calculate/store updated | value for old Iy pixel

This procedure is repeated for every frame for 100 iteratios. The optimal iteration number depends on the
features in the original image and the requirements for furher processing. Fig. 2.3 shows that as more iterations
are completed the image becomes smoother and chunkier. Hower, a larger iteration number is not always better.
After a certain numbers of iterations, the image changes lesand less, because the speckles have been smoothed.
On the other hand, one more iteration requires 256 128 more clock steps, which essentially requires more time
for processing a single frame. This is not desirable as we gnhave 33ns to process each frame. It is also worth
noting that all components in this module are fully pipelined. Hence after 617 clock steps, one value is updated
by the SRAD unit in each clock cycle.

2.1.3 Post Processing Module

A post-processing algorithm has is used to make the image regnizable to the human eye. Final pixel values are
calculated with the following 3 steps:

p___
1) I[Temp = €Xp I'new
2) Find the maximum value and minimum value of the matrix of Itemp , which arelyax and lwin , respectively.
3) IDisp :(lTemp I'min ) =(I max I'min )

After this, the pixel values Ipisp are ready for display on a VGA monitor.

2.2 The 8051 Microprocessor Core

The 8051 IP Core used here design is an open source microcouiter [2]. The code for this core is compatible to
the original Intel 8051 device, which makes it easy to use. Tl design has been optimized from the architectural
level for the requirements of an SoC design ow and o ers fastr program execution compared to the original
8051 devices. The source code is written in a synthesizeabtardware description language (VHDL) and can be
easily modi ed and adapted to accommodate the SRAD processodesign.



The core is composed of submodules timer/counter, ALU, seadl interface and control unit. RAM and ROM
blocks can be generated corresponding to the selected tarigtechnology and instantiated in the highest design
hierarchy to be easily added at that level. The design is fuly synchronous with only a single clock. All commands
are executed in 1-4 clock cycles. 1/O in this core is exactlyike that of the original Intel 8051 microcontroller and
includes 4 bidirectional 8 bit ports.

The core o ers both conventional algorithm and fast parallel units for multiplication and division. Some of
the optional instructions can be skipped to decrease chip @a. The core can be parameterized to include more
timer/counter, serial interface and interrupt sources. Input and output timing constraints need to be placed
on the memory interfaces during synthesis as signals to anddm the memory blocks are not registered in the
optimized architecture.

2.3 Interface Cores & Other System Blocks

In order to decode the input image an NTSC video input decodelis integrated on chip. This decoder is able to
take in an S-video image of a particular resolution, and decde it into a digital format to be processed through
the SRAD unit. It is imperative for the decoder to hastily pro cess the analog image in order for us to meet our
projected frame throughput rate of 30 frames/sec.

The decoder found here [3] was selected as the NTSC decoder fhis chip. This decoder provides a 25 MHz
clock, meeting the demands for the desired frame rate, and ab allows for s-video stream inputs. This decoder
will be modi ed to support our own onboard memory source, andto eliminate any programming needed for the
decoder device. This particular decoder can decode an NTSCideo with a resolution of 720 486. Once the
image is decoded, the image processing will begin.

The VGA/LCD Controller core provided by OpenCores is used fa VGA output. More specically, it is a
WISHBONE revB.3 compliant embedded VGA core capable of drivng CRT and LCD displays. The core is open
source, written in fully synthesizeable VHDL [4].

The core can operate from a wide range of input clock frequeres and supports user programmable resolutions
and video timings, which are limited only by the available WISHBONE bandwidth, making it compatible with
almost all available LCD and CRT displays. In our design, the input is 8 bit gray-scale and the output is 24 bit
standard VGA interface.



Chapter 3

Design Considerations & Methodology
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Figure 3.1: Front-end design methodology for the SoC implementation of an SRAD processor.

3.1 Recon gurable & Fixed Logic Partitioning

Shown in the right half of Fig. 3.1 is the design ow for partit ioning the various system blocks into xed (i.e.,
non-programmable) and recon gurable circuits. This portion of the design methodology is primarily motivated by
the direction toward recon gurable hardware being taken by many emerging technologies, particularly as device
dimensions approach the nano-scale [5{7]. One feature of cen gurability making it worth exploring for future
scaled technologies (including deep sub-micron CMQOS) is #it it o ers a level of intrinsic fault-tolerance. If a
portion of the physical circuit is defective, one could simpy avoid faults by programming around the defects.
Thus, in addition to functionality, delay, area, and default densities must be included in the characterization
of the technologies that utilize such a xed/recon gurable design approach. Many of the ideas explored and
implemented here have also been considered for design of hyd CMOS/nanoelectronic circuits [8].



This design ow is an adapted version of a typical ASIC designmethodology, targeting scenarios where portions
of the circuit can be allocated as either xed or recon gurable. It is important to note that this partitioning
occurs after register transfer level (RTL) synthesis. In adlition to optimizing in terms of performance, power,
area, and fault-tolerance, an important metric is the possble overhead associated with interfacing recon gurable
blocks with xed ones. Depending on the form of programmablehardware used (i.e., PLA, FPGA, etc.), using
recon gurable components could slow performance and use argater amount of area in return for lower power
and improved fault-tolerance. With these considerations h mind, the technology characterization and logic level
representation obtained from synthesis are used to initia¢ the following four phases of the partitioning procedure.

Pass 1) Default Allocation{This initial pass allocates all system blocks and sub-bloks to xed logic representa-
tions in order to establish a baseline by which all future albcations are measured. It is also at this step in
the design process that the determination is made as to whiclblocks must be implemented with xed logic
and which could be recon gurable. For example, it is likely that no analog portions (e.g., ampli ers) would
be implemented using recon gurable hardware.

Pass 2) Global Allocation{In this stage of the design process design constraints andhjectives are considered
in order to determine which portions are inherently suited to either xed logic or programmable hardware.
Additionally, exibility may be gained by considering that blocks better suited for xed logic may be those
that are common to most image processing algorithms. Blockperforming some unique operation could
be implemented using recon gurable hardware, thus allowirg for further algorithmic improvements without
having to re-fabricate.

Pass 3) Local Allocation {This pass considers any interface costs as an aid to determe if circuitry near the
previously allocated portions should be located on the samenedium.

Pass 4) Final Allocation {The remaining system blocks and sub-blocks are allocatedd the more optimal medium
based on performance, power, area, and fault tolerance.

3.2 Dynamic Thermal Management (DTM) for the SRAD SoC

With power density and hence cooling cost rising signi canly, IC packages can no longer be designed for the
worst case in future technologies. This is especially truedr future SoC designs that are extremely sensitive to
the increase in cooling cost. The increase in cooling cost elso usually accompanied by larger thermal package,
hence poor portability.

In order to reduce packaging cost without unnecessarily linting performance, it has been suggested that (e.qg.
in [9]) \the package should be designed for the worstypical application. Any applications that dissipate more
heat than this cheaper package should engage an alternatiyeuntime thermal-management technique @ynamic
thermal managementor DTM)." [10] This can lead to drastic savings in cooling cog and maintain the desired
portability of the system.

A simple DTM scheme would be invoked whenever the operating émperature exceeds a safe temperature,
engaging global clock gating until the temperature returnsto a safe zone. According to [10], in addition to this
type of chip-level DTM scheme, DTM can also be carried out at hie architectural level by utilizing the run-time
knowledge of the application behavior and the current thernal status (through temperature sensors) of di erent
parts of the SoC to adjust execution and distribute the workload in order to control thermal behavior. See Fig.
3.2 for more details.

DTM schemes that we are planning to implement in this design:

a) Global DVS|whenever operating temperature exceeds a cetain threshold, the supply voltage is reduced
according to the output of a proportional-integral (PI) con troller, which is a feed-back controller comparing
the hottest temperature measurement during each samplingriterval against the threshold temperature.
DVS can be implemented either globally or locally.
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Figure 3.2: DTM mechanism (From [9]).

b) Migrating computation|we duplicate the hottest unit in t he design (e.g. the SRAD unit or part of the
SRAD unit). The spare unit is placed in the cold area. Workload is switched to the spare units only when
the primary unit overheats. Addition communication overhead associated with the workload switching
needs to be characterized in advance.

In the design methodology shown in Fig. 3.1, DTM has a higher piority than low-power DVS techniques,
because thermal management is crucial for the safe operatioof the system.

From the circuit simulations under typical workload of the SoC and preliminary layout, one can know in
advance the power and area of each block in the system. If thehermal package data is also known, we use
the thermal simulation tool, HotSpot, developed at the University of Virginia [10] to obtain relatively accurate
across-die temperature distributions. HotSpot simulations can provide important information such as where the
thermal sensors should be located, what the proper voltageshels should be used for DVS, which functional unit
should be duplicated for migrating computation, etc.

A preliminary HotSpot simulation gives the estimated temperature map of the designed system. Multiple iter-
ations may need to be carried out to nd the optimal placement scheme with proper tradeo between temperature
distribution and performance and/or routability. Alterna tively, we can use a pre-RTL oorplanning/placement
software developed also at the University of Virginia [11].

In summary, the previous research and software/harware deslopment in our group put us in an excellent
position to design and investigate thermal-related issueshat are crucial for future SoC designs.

3.3 Considering Parameter Variations (PVT)
for Future Technologies

Although parameter variations may not be a big concern for the designated @18 m process for this contest, SoC
designs at future technology nodes will face the serious plidem of dealing with parameter variations. Parameter
variations can be divided into three major categories: proess variations as a result of increasing di culty of
the manufacturing process to meet the nominal design; suppl voltage variation due to IR drop and L di=dt
uctuations; temperature variations caused by variations in power densities both in space and in time.

Process variations in this design for this particular Q18 m process are emulated by putting various types
of tiny testing circuits across the entire die. Example tesing circuit include inverters and ring oscillators with

11
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Figure 3.3: Block diagram of DVS scheme.

various design styles in order to isolate the systematic vaations and random variations. Process parameters
that will be investigated are e ective gate length, metal line width, gate oxide thickness, threshold voltage of
transistors.

Voltage variations can be estimated once the preliminary oorplanning and power estimations are done. We
have developed an architecture-level IR drop model here athte University of Virginia to obtain average voltage
drop for each functional units in the design.

Temperature variations have already been discussed in the DM section.

3.4 Low Power Optimization & DVS

Since power consumption has a quadratic dependency on suppVoltage (Vpp ), lowing Vpp is the most e ective
method of reducing power consumption. However reducing theupply voltage causes an increase in circuit delay,
hence a trade-o must be made between performance and powerDynamic voltage scaling (DVS) is a power
management technique to reduce energy by as much as possibldthout degrading application performance.
When the required performance of a given task is lower than te maximum performance, the system clock speed
and its corresponding supply voltage can be reduced to the lwest possible level while still meeting the task's
time constraint.

In this system, the time constraint is the frame rate of the output display unit. Currently the frame rate is set
at 30 frames/sec. The workload requirement is proportionalto the number of iterations of the SRAD algorithm.
For di erent input frames the required number of iterations may be di erent. For example, the frames with a
larger gradient will need more iterations to achieve the sara frame quality (S/N ratio) compared with frames
with a lower gradient.

The DVS technique implemented in this design makes use of thgaried workloads of the system blocks. For
the SRAD block, this begins by comparing the six most signi cant bits of the current pixel with those of the
same pixel from the previous iteration. If those six bits areidentical, the current pixel is good enough to display
and doesn't require further iterations. Since the pixel updates are essentially uniform across the entire image,
the only pixels that need to be checked are those in a 2020 window in the center of the image. If 80% of those
pixels (256 pixels) meet the criteria, it can be assumed thatertain S/N ratio has been achieved and the number
of iterations is enough for the current frame. Since the imag changes slowly over time, the same number of
iterations are used for the following N frames. In this design, the iteration count is reassessed ewy N = 150
frames. After completing N frames, the current and previous pixels are again comparedotdetermine a new value
for the iteration count. For di erent iteration counts, cor responding supply voltages and frequencies are selected.
A larger iteration count requires a larger supply voltage ard frequency to meet the frame rate deadline. Energy
can be saved by choosing a smaller supply voltage and frequey when the iteration count is low.

12



Fig. 3.3 shows a diagram of the DVS scheme implemented for thidesign. If the six most signi cant bits
of the current pixel are the same as those of the previous pixgthe 256-bit counter is incremented. Once the
counter reaches a number equal to 80% of the of the pixels in # center 20 20 window the iteration count is
stored and used for the next 150 frames. Along with determinig the numbers of iterations for next 150 frames,
a corresponding supply voltage and frequency are also set.

13



Chapter 4

Preliminary Circuit Designs &
Simulations

The total number of pins planned for this package is 100, i..25 pins on each side. The distribution of these pins
are listed in Table 4.1.

pin function number of pins needed notes
S-video input 2 NTSC format
VGA output 8 R, G, B, sync signals and one clock
8051 P 8 o -chip data bus
8051 P 16 addr. bus for up to 64K ROM
global clocks 4 multiple choices of clock source
Vbp 8 2 Vpbp on each side, for DVS
GND 4 one on each side
global reset 1 system reset
enable signals 3 for DVS, DTM, recon g control
scan chain 4 scan-in, scan-out, reset, and clock
SRAD data-in 8 for SRAD testing
SRAD data-out 16 for SRAD testing
pads testing 4 testing pads and ESD circuitry
sensor testing 6 4 sensor selection pins, enable, and output
Not planned 8 usage to be determined
total 100

Table 4.1: Planned pinout of the system

One crucial question that needs to be answered up-front is wéther the proposed design can t into the
5mm 5mm silicon area. Approximately 100M/cm? of transistor density for ASIC design at 180nm technology
is extrapolated from the ITRS 2003 reported data. This trandates into about 20 million transistors in total for
the proposed SoC design if the silicon area occupied by the pa is excluded.

The number of transistors needed for the SRAD as well as its aociated memories is estimated from the
resource utilization report from the Xilinx Virtexll-Pro F PGA. Approximately 15.1M transistors out of 25M
transistors that are available in the FPGA are utilized for t he SRAD computation and memory. As the SoC is
designed following an ASIC design ow and aggressive synttsés optimization can be performed during the design,
we expect the actual number of transistors needed for the SRB and peripheral memories to be much less than
those used in the FPGA prototype.

For the other peripheral units that are reusable softcoresthe synthesis-placement-routing results show that
the 8051 microprocessor core occupy about 40en 400 m for the four-metal-layer TSMC 180nm process, and

14



the number of transistors for the microprocessor core is appximately 150K. The area occupied by the VGA
controller is about 1500 m 1500 m after the optimized synthesis. The number of transistors reeded for the
VGA controller is about 300K. All the remaining peripheral u nits and control logic are all relatively small, thus
they do not contribute too much in term of silicon area occupacy.

From the above preliminary results, it can be seen that the poposed SoC design can be t into the given die
size for the 180nm process.

4.1 The SRAD System Implemented on an FPGA

Figure 4.1: Photo of the SRAD system implemented using an FPGA.

In order to verify the functionality of the hardware impleme ntation of the SRAD unit, as well as other parts of
the system, we have partially implemented our design on a Vitex-1l Pro XC2VP30 FPGA. The positive results
of FPGA veri cation are critical and necessary based on our @sign methodology. A picture of the Virtex-1l PRO
(V2-Pro) development board is shown in Fig. 4.1.

For each frame, the pixels are loaded into an on-chip memoryprocessed using the algorithm, and output to
the display unit, all with a hard real-time deadline based onthe de ned frame rate. In such a scenario, we use a
DVD player as the source of the video stream and display the pocessed video on a VGA monitor.

4.2 Synthesis of the 8051 Microprocessor & VGA Cores

We use Cadence Envisia Physically Knowledgeable Synthes{®KS) design tool to perform logic synthesis and
Silicon Ensemble (SE) to perform optimization place-and-oute. This SP&R (synthesis/place-and-route)) solution
is superior to heterogeneous IC design environments such &0C design, since it produces perfect correlation
through common timing, synthesis, placement, and routing egines used by both logic designers and physical
designers.

Envisia PKS is the physical synthesis product in the CadenceSP&R design ow. It is an enhancement to the
BuildGates synthesis tool to help designers create faster ekp-submicron integrated circuits in much less time.
Silicon Ensemble can read PKS databases that contain placeemt and actual global routing information and
perform further optimization.
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Figure 4.2: Schematic of the synthesized ALU for the 8051 Figure 4.3: Layout of the synthesized ALU for the 8051
microprocessor core. microprocessor core.

Figure 4.4: Schematic of the synthesized 8051 micropro- Figure 4.5: Schematic of the VGA core.
cessor core.

Fig. 4.4 shows the gate-level schematic of an 8051 micropressor generated using PKS. Fig. 4.2 shows
the schematic of ALU from the 8051 processor and its correspaling layout (Fig. 4.3) generated using Silicon
Ensemble. Fig. 4.5 shows the schematic of VGA controller gegrated using PKS.

4.3 A Programmable Logic Array for Recon gurability

This section details the PLA used in this system for recon gurability as well as the emulation of future technologies.
The emulation component of this design considers emergingeavices, such as molecular electronic switches and
magnetic memories, that are likely to su er from low yields and high defect rates. Such properties lead to a dire
need for the design and development of fault-tolerant circits and architectures. By using programmable circuits
for implementing logic, defects can easily be avoided by siply mapping around them. It is also worth noting that
as device dimensions continue to be scaled into the nanomateegime, limits in fabrication costs and capabilities
lead to physical structures consisting of a great deal of reglarity. Such properties, fault-tolerance and regularity,
are expected to be hallmarks of both novel nanotechnologieas well as scaled CMOS, motivating the design of
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programmable circuits such as those considered here.

Beyond considerations important to future technologies, econ gurable blocks also o er a great deal of ex-
ibility that may be desirable for system-on-chip applications. For the SRAD processing system described here,
the implemented algorithms are part of an ongoing research ject. That being the case, it is reasonable to
expect future developments for the implementation of thesesystems. By including some level of recon gurability,
such algorithmic changes can easily be included in the SoC thiout having to refabricate. While such capability
is obviously advantageous from the standpoint of prototyping, the ability to update commercial devices would
reduce user costs and add greater application exibility.

For the purpose of this project, the recon gurable logic block considered is a programmable logic array (PLA)
that in many ways emulates future technologies. While the sgci ¢ design may not be the optimal choice for
recon gurability using this technology, it does o er the ad vantages over xed logic of fault-tolerance and exibility .
This is in addition to the ability to allow for a more in-depth exploration of issues that may a ect the design of
future technologies.
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(a) Schematic of a4 4 NOR-Plane PLA. (b) Simulation of the top output from the NOR-Plane. The

implemented function is OUT = Ing + In 3.
Figure 4.6: Schematic and simulation of a 4 4 PLA.

As can be seen in Fig. 4.6(a), the PLA design is based on an aryeof reprogrammable fuses that could be
used for memory or logic. In this design, the fuses are simplyransmission gates connecting rows and columns
only when corresponding SRAM cells are storing logic high. Eing such recon gurable fuses in this way emulates
the behavior of hysteretic switches common to both moleculaelectronics and spintronics.

In addition to the row and column decoders required to progran the PLA, the outputs are all tied to ground
through transistors biased to function as pull-down resisbrs. These pull-down devices are required for proper
functionality but could lead to large power dissipation when the circuit operates in static mode. This potential
hit in power is crucial at the system level where trade-o s must be made in order to determine an optimal design.
For example, the PLA could operate dynamically to save powerbut this would introduce added timing and area
overhead.

Simulation results of the 4 4 PLA (OR-Plane) are shown in Fig. 4.6(b). These results showcorrect func-
tionality for the logic programmed into the array, slight si gnal degradation at the outputs due to the pull-down
transistors, and the nal improved output signals immediat ely after the inverters. Using inverters on the outputs
in this way serves not only to provide signal restoration but also to transform the PLA into a NOR-Plane. By
implementing NOR-NOR logic, such a PLA can be considered loigally complete.
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(a) Schematic of ring oscillator thermal sensor. (b) Layout of ring oscillator thermal sensor.

Figure 4.7: The ring oscillator thermal sensor.

4.4 Temperature Sensors for DTM

Several types of temperature sensors are to be implemented this design to dynamically monitor on-die temper-
atures at various locations.

The simplest and widely used temperature sensor is the ringszillator which utilizes the fact that the transistor
switching speed versus temperature is approximately linea Therefore, the output frequency of the ring oscillator
is a good proxy of operating temperature. The ring oscillate temperature sensor implemented in this design is
adapted from [12]. A schematic of this sensor can be seen indri 4.7(a). This ring oscillator consists of ve stages
along with a biasing circuit and output bu er.

The sensor was initially simulated at an earlier 025m process across the 2@ to 100 C temperature range.
The simulation and layout for the designated IBM7SF procesds currently in progress. The frequency output was
measured across this temperature range. From the compiledada presented in Fig. 4.9, good linearity was the
most observable characteristic of the sensor.

Another sensor scheme to be implemented on chip is the cascedli erential thermal sensor adapted from [13].
This sensor consists of three parts: a sensing transistor,iéis circuitry, and a high impedance output. Ideally, the
sensing transistor is placed far away from the rest of the cituit to create the temperature di erence needed for
correct output. In addition, the transistors in the three br anches are sized such that the bias circuitry creates
current mirrors across the branches (Fig. 4.8(a)). By sizim the transistors correctly and isolating the sensing
transistor, the sensor output voltages represent the di erence in temperature between the sensing transistor and
reference temperature of the bias circuitry.

The simulation results shown in Fig. 4.10 reveal a relativey good linear relationship between operating
temperature and the output voltage. The advantage of this thermal sensor is that it consumes less power ( 75/
for the 0:25m process) when compared to the ring oscillator thermal senso This is due to the fact that most
transistors are operating in the linear region. The disadvaitage is that the sensing transistor has to be placed
relatively far away from the rest of the sensor to obtain a nofceable temperature gradient, this adds additional
complexity to the layout of the overall system.

Multiple thermal sensors of the above types will be put near ach of the major functional units/cores of the
design and will be calibrated under various temperatures. Te sensors will also be placed as isolated circuits for
testing and calibration purposes.
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(a) Schematic of cascode thermal sensor. (b) Layout of the cascode di erential thermal sensor.

Figure 4.8: The cascode di erential thermal sensor.

Figure 4.9: Simulation results for ring oscillator thermal Figure 4.10: Simulation results for cascode thermal sensor.
sensor.
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Chapter 5

Testing Plan

Figure 5.1: Photo of the HP tester available at the University of Virgini  a.

To test the SoC design, an ad hoc method is adopted in the Desigfor-Test (DFT) phase. Since Cadence
PKS and Silicon Ensemble are used for softcore synthesis a®ivas physical placement/routing and optimization,
synthesis is available for boundary scan chain for each majdunctional unit in the design. Each functional unit
has been design in such a way that they can be isolated when afying test conditions by adding multiplexers to
both inputs and outputs. The test vectors can either be geneated from VHDL simulations for custom units (e.g,
SRAD) or provided by the open-source softcore developers fainits such as the VGA controller.

Also included in the testing plan is the IDDQ test. Test vectors that put the system into di erent levels of
guiescent states are rst generated. By measuring the stati (leakage) current under di erent states and utilizing
the fact that each unit can be isolated, most stuck-at faults should be detected. The IDDQ test can further be
enhanced by taking infra-red photos of the die. From the IR plotos, erratic leaky circuits and hence abnormal
hot spots can be detected.

Since most of our control circuits (e.g. thermal sensors, th DTM & DVS triggering circuits) are relatively
small, we plan to make replicas of them on a particular locatdbn of the die and assign to them speci ¢ pins for
testing. Since faults in these circuits can a ect the functionality of other system units, it is important to design
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for individual tests of them. Other stand-alone test structures include those characterizing process variations of
this particular 180nm process. For example, ring oscillators or inverters with dierent sizes and layout patterns
and directions.

This plan also includes using a simple inverter to test repreentatives for each of the four types of pads|input,
output, Vpp and GND . The associated ESD protecting circuitry for each pad are ao tested at the same time.
Also, error detection and correction circuitry can also be alded for busses and memory modules.

System-level testing has been preliminarily implemented hrough the FPGA prototype of the system. A
custom adapter board is to be designed so that the returned pekaged design can be placed on the HP tester
available here at the University of Virginia (see Fig. 5.1) a a LabView data acquisition board.

21



Chapter 6

Conclusion

As described in this report, the initial design steps have ben taken toward the implementation of an SRAD
processing system as an SoC. A great deal of the work accomgitied thus far consists of high level MATLAB
simulations to characterize the algorithm to be implemented in the SRAD DSP as well as to test an FPGA
implementation of this block. Results from such developmets have driven many of the design considerations
outlined and taken for the SoC. As has been mentioned in the ngort, the SoC design process includes both
synthesis from hardware description languages (e.g., VHDLas well as some custom design for circuits such as
the thermal sensors to be used. Phase Il of this project will iclude completion of system level veri cations
and an integrated layout to be submitted for fabrication. Upon completion of this project, the realization of a
novel system-on-chip for processing ultrasound images wimake for an important step toward bringing modern
medicine to even the most remote corners of the globe.
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Appendix A

To Calculate the new pixel value | pey :

lnew = low +(=4) [Ci(In +1w 21)+ Cis(Is 1)+ Ce (Ie 1)] (6.1)

we have to store m (pixel number in a row)C; values from Cig to Cis, as these are needed to update pixel
I, However, this accumulated sum scheme can be implemented moe ciently by looking at the equation from
another point of view.

Consider the | neyy €Xxpression rewritten as follows:

Inew1 = log +( =4) [Ci (In lw 2], (6.2)
Inew2 = lnew1 +( =4) [Ce (Ie D] (6.3)
lnew = Tnew2+( =4) [Cis (Is 1)] (6.4)

We next need to know how to evaluate these partial sums. Let ugonsider the scenario at the three pixeld ,
le and I s, respectively.
(1) At pixel 1:

Inew1 = low +( =4) [Ci (In lw 2]
=log +(=4) C [(In D+(Iw 1) (6.5)

(2) At pixel 1g:

lnew2 = lnew1 +( =4) [Ce (Ie 1)] (6.6)

Now, |g is the primary pixel being processed and hence becomésin this new frame of reference. The old
pixel (1) has become pixelly in this frame of reference. Hence the expression fdrey 2 in this new frame of
reference is:

lnew2 = lnew1 +( =4) [Ci (I Tw)] (6.7)
(3) At pixel Is:

lnew = Tnew2+( =4) [Cis (Is 1)] (6.8)

In this case, | s is the primary pixel being processed and id in this new frame of reference. The old pixel ()
has become pixell y in this frame of reference. Hence the expression fdre, in this new frame of reference is:

Inew = Thew2 +( =4) [Ci (I In)l (6.9)
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