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Abstract—This paper proposes a novel fault-tolerant human-
implantable artificial pancreas integrated circuit achieving high
dependability. The main objective of this work is to provide fault-
tolerance to this safety-critical application and extend its lifetime
similar to existing techniques such as Dual Modular Redundancy
(DMR) and Triple Modular Redundancy (TMR). The key idea
is to explore a hybrid-substrate with an FPGA-like fabric
attached to an Application-Specific Integrated Circuit (ASIC)
that leverages DMR on a per-module basis to detect transient
and permanent faults and ASIC and FPGA-like reconfiguration
for correcting faults. When fault-tolerance against permanent
faults is considered, the proposed architecture has 5,100x lower
failure rate per hour than DMR with 2.4x area overheads. In the
case where transient fault protection is required, our approach
achieves 83x lower failure rate per hour than TMR with 1.6x
area overheads.

I. INTRODUCTION

Biomedical systems such as an artificial pancreas are safety-

critical and need continuous and correct operation for long

periods of time as it is essential for the patient’s life. In the

particular case of implants, the targeted environment imposes

constraints so that low-power, low-area and resilience design

techniques are usually used.

Biomedical companies use significantly old and mature

semiconductor technologies to manufacture reliable systems.

However, relying on older technology nodes has an exces-

sive performance and energy cost compared to using recent

emerging technologies. Such cost is often prohibitive for future

medical embedded systems [1]. On the other hand, technology

scaling accelerates transistor ageing and degradation, causing

more permanent faults during the lifetime of an integrated

circuit. Transistor ageing is expected to be a significant source

of errors in technologies beyond 16 nm and will reduce

the lifetime of semiconductor devices [2]. For instance, by

the 16 nm generation, the failure rate will be almost 100

times that at 180 nm [3]. Nowadays, Field-Programmable Gate

Arrays (FPGAs) have a significant resource and performance

overhead compared to ASICs, however, this gap tends to

decrease as more building blocks such as SRAMs, adders
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and multipliers have dedicated hardware support [4]. The

advantage of FPGAs as compared to ASICs is that they can

be reconfigured in the field offering flexibility in applications

that require fault-tolerance [5].

Advances in semiconductor technology create a big threat

for the reliability of integrated circuits. Apart from transistor

ageing and degradation mentioned above, leakage currents,

temperature variation, wear-out phenomena and manufacturing

defects could potentially cause permanent faults leading to

a system failure [6]. Two types of faults could occur based

on the duration they have on the system, and might cause a

single failure: transient and permanent. The former disappear

when re-executing the same task (redundancy in time) while

the latter is persistent for the entire life of the system.

Existing architectures for fault-tolerance either suggest the

ASIC or FPGA implementation flow. Common techniques

for fault detection and fault masking that are being used in

the industry for both ASIC and FPGA circuits are the DMR

and TMR [7]. In the DMR scheme, two identical instances

of the same application are running in parallel having their

outputs connected to a comparator that can signal a mismatch

whenever a fault occurs. The TMR technique provides fault

masking by having three identical modules running in parallel

and a majority voter at their output that masks a single fault.

Both techniques do not correct faults when used as stand-

alone, but when they are used in combination with a fault

correction technique such as FPGA scrubbing [8], a complete

fault-tolerant system can be built.

A widely used technique for correcting transient faults in

both ASICs and FPGAs is the re-execution of the application

after the fault has been detected [9] or the rolling back to a

known and safe checkpoint [10]. Permanent fault correction

for an application mapped on an ASIC can be achieved

by isolating the faulty area using multiplexers for disabling

the faulty module and connecting the spare one. FPGAs

support partial reconfiguration which is a way of correcting

permanent and transient faults by rewriting a pre-defined

dynamically reconfigurable region with a new partial bitstream

as shown in [11]. An FPGA-based self-healing and self-testing

methodology is proposed in [12], that detects and isolates a

faulty component and replaces its functionality through partial
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reconfiguration. It should be mentioned, that when a fault on

an FPGA vanishes by applying partial reconfiguration, it is

considered to be a transient. However, when the fault remains

in the FPGA after reconfiguration, it is a permanent and hence,

bitstream relocation can be used to recover from the fault [13].

The contribution of the present work is the design of

a hybrid-substrate of an FPGA-like fabric attached to an

ASIC for mapping an artificial pancreas having fault-tolerant

features. Transient fault detection is supported via DMR, while

off-line testing is used to detect and identify a permanent

fault. Permanent fault correction is achieved by ASIC and

FPGA-like reconfiguration and transient fault correction is

accomplished by restarting the application. The evaluation of

the proposed artificial pancreas is based on the Failures Modes,

Effects and Diagnostic Analysis (FMEDA) procedure [14] and

follows the IEC 61508 functional safety standard [15].

The rest of the paper is structured as follows: Section II pro-

vides information about the functionality and the architecture

of the baseline artificial pancreas. Section III introduces the

fault-tolerant architecture and its features. The performance

evaluation of the results and the comparison of dependability

and application related metrics between the proposed artificial

pancreas and the DMR and TMR versions of the baseline is

discussed in section IV. Finally, section V concludes the paper.

II. BASELINE ARTIFICIAL PANCREAS

The artificial pancreas is responsible for the amount of

insulin that should be injected into the human body in order

to control its blood glucose levels. A baseline implementation

of the artificial pancreas is based on the Biostator II control

algorithm proposed in [16]. The input of the Biostator II

module is the glucose value along with some parameters and

the output is the insulin dosing rate. A set of mathematical

equations that explain how the algorithm works is presented

below. Let’s represent the glucose samples with G0 as the first

glucose sample and G5 the new sample that coming as an input

to the system. Equation 1 calculates the approximation of the

glucose derivative m based on the previous glucose samples

and the new sample G5.

m = (2 ·G5 +G4 −G2 − 2 ·G1)/10 (1)

The glucose estimate GY is computed in (mg/dL) by

Equation 2 based on the last five glucose samples and the

glucose derivative m.

GY = 2 ·m+ (G4 +G3 +G2 +G1 +G0)/5 (2)

The non-linear proportional action IR1 and the derivative

action IR2 are calculated by equations 3 and 4 respectively,

where R is the basal infusion rate in (mU/min), Q is the

the gain for the controller function, B is the glucose set

point in (mg/dL) and KR and KF are parameters that

are set appropriately in order to avoid hyperglycaemia and

hypoglycaemia respectively.

IR1 =

{
R · [GY −B

Q + 1]
2
, if [GY −B

Q + 1] ≥ 0

0, otherwise
(3)

IR2 =

{
R ·KR · m

1000 · (GY −B), if m ≥ 0

R ·KF · m
1000 · (GY −B), otherwise

(4)

Equation 5 computes the glucose value G30 30 minutes

ahead in time based on the glucose derivative m and it is a

threshold for the amount of insulin that should be injected. The

parameters used in this work are: B = 80, Q = 75, R = 4.5,

KR = 165, KF = 45, IRmax = 400 and were taken from

[16]. The output of the insulin rate dose is calculated by

Equation 6.

G30 = GY +m · 30 (5)

IRcalc =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0, if G30 < 70
IRcalc

2 , if 70 < G30 < 90

IR1, if GY −B < 0

IR1 + IR2, if GY −B ≥ 0

IRmax, if IRcalc > IRmax

(6)

Figure 1 shows the hardware architecture that has been

proposed by [16] and implements the above system. The

main modules are a shift register that stores the last five

blood glucose samples, a single precision floating-point adder

(ADD), a single-precision floating-point multiplier (MULT),

a Finite State Machine (FSM) that controls the inputs of

the arithmetic operators, four registers and a single precision

floating-point comparator that are not shown in the figure

but are included in the FSM module. The actual control of

the blood glucose is achieved within this hardware block by

reading and storing the last five blood glucose samples and

calculating the amount of insulin that should be produced

in order to keep the blood glucose under a certain level.

It should be noted that the application needs to have low-

power consumption but no tight real time constraints since

the insulin dose should be injected to the patient every 60

seconds in the worst case. According to [16], the execution of

the algorithm takes at the worst-case scenario 42 clock cycles

with a maximum frequency of 20 MHz, which leaves plenty

of time to test for faults.

III. FAULT MODEL AND SAFETY REQUIREMENTS

A fault model needs to be defined to highlight the specifi-

cations of the artificial pancreas. The hardware faults that are

considered, are classified into permanent and transient faults

based on their effect (duration) on the application. A Single

Stuck-at-Fault (SSF) model that includes stuck-at-0 and stuck-

at-1 faults is considered for the permanent faults. Several types

of physical faults can be represented through the adopted SSF

model such as ageing effects or flaws that are activated on

chip during its operation. On the other hand, transient faults
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Fig. 1. Block Diagram of the Baseline Artificial Pancreas

are considered to be temporal faults that are referred as soft

errors or Single Event Upsets (SEUs). Thus, the SEU fault

model is utilized to emulate the effect of transient faults in

this work.

The objective of this work is to design an artificial pancreas

where single transient faults would be detected and corrected

during the entire life of the circuit. In addition, the system

should be able to detect and correct a single permanent fault,

which leads to safe and correct operation for a long period of

time.

Safety related definitions, such as the Safety Integrity Level

(SIL), are defined in the functional safety standard 61508 [17]

and are adopted by automotive, rail and health-care industries.

SIL is a measure of the safety risk of a given process that

has four levels ranging from 1 to 4, with 1 being the lowest

safety integrity level and 4 being the maximum safety that

a system can have. SIL level depends on the Safe Failure

Fraction (SFF) which is the percentage of possible failures

that are safe and have no effect on the system and on the

Hardware Fault Tolerance of N (HFT-of-N) value that shows

how many faults could cause a loss of the safety function.

When the SFF value is greater than 90% and less than 99%

and the HFT-of-N is 1, the SIL 3 level is guaranteed [18].

Medical implants follow the IEC 62304 norm for software

safety [19]. The maximum level of safety in the IEC 62304

is Class III which is a one to one mapping to SIL 3 level

in IEC 61508 standard. For hardware safety, medical devices

follow the IEC 60601 norm which does not explicitly state the

required safety level [20]. However, prEN 50129 suggests that

a similar approach to IEC 62061 [21] should be followed for

medical implants. So, based on IEC 62061, SIL 3 represents

the integrity level required to avoid serious incidents involving

a number of fatalities and/or serious injuries. Therefore, the

targeted system should operate in SIL 3 environment with

respect to safety.

IV. PROPOSED ARTIFICIAL PANCREAS

A new architecture is proposed in order to make the baseline

artificial pancreas fault-tolerant to transient and permanent

faults and SIL 3 compliant. The proposed system architecture

is a hybrid substrate, where the ASIC part is dedicated to the

normal operation of the system, and the FPGA-like fabric can

be reconfigured in order to instantiate any possible part of the

architecture, providing further fault-tolerant capabilities to the

system.

A. The Hybrid-Substrate Fabric

The proposed architecture is depicted in Figure 2. The

proposed architecture duplicates each module of the baseline

artificial pancreas placed in the ASIC part: two MULTs, two

ADDs, two FSMs, two SHIFT REGs and they operate on a

DMR mode able to detect a fault. Apart from the modules

themselves, there are multiplexers in place to connect either

the two ASIC modules or the one ASIC module with the

module placed on the FPGA-like part. The select signals of

the multiplexers are controlled by a configuration register.

The multiplexers and the comparators are not protected in

the architecture, since they are smaller in size than the main

modules of the artificial pancreas. However, the impact on area

and failure rate that both the multiplexers and the comparators

have, is taken into account in the evaluation of the architecture.

The FPGA-like fabric is designed large enough, such as it

can accommodate the multiplier, which is the most resource-

hungry module. It is worth noticing that only one of the four

modules can be placed in the FPGA-like substrate at a time.

Allowing multiple modules to be instantiated on the FPGA-

like substrate would improve the failure rate of the system

but at the same time would cause excessive area and power

overheads.

B. Fault detection

The above architecture supports fault detection for both per-

manent and transient faults. All output signals of each module

of the application are compared with the DMR replica ones.

This technique according to [22], gives 99% fault coverage at

the expense of duplicating the circuit’s area. The identification

of the faulty module being damaged by a permanent fault, is

achieved by the off-line testing procedure.

Special care has been taken for the identification of the

faulty module of the arithmetic operators through off-line

testing. Figure 3 depicts the off-line testing hardware module

for the proposed artificial pancreas. The whole process is

executed when the pancreas application has been taken off-

line. Additional multiplexers have been added to the arithmetic

datapath, that place the arithmetic units under functional or test

mode in order to support the off-line testing.

More specifically, during normal operation the arithmetic

units, i.e. floating-point adders and multipliers, have their

inputs connected to the operand ports and their outputs con-

nected to the output ports. In this case, the verification mech-

anism is a comparator between the outputs of both arithmetic

units which implements DMR. This mechanism is able to

identify discrepancies between both units, but it’s unable to

identify the faulty unit. In the test mode, the arithmetic units

are disconnected from the datapath and connected to a Linear

Feedback Shift Register (LFSR), using a seed that has been

generated off-line, which generates two pseudo-random test

vector sets. The off-line testing circuit accumulates all the

results produced by the arithmetic units and compares both
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results with an expected result which has been computed off-

line.

C. Fault Correction

Fault correction of both transient and permanent faults is

supported by the proposed architecture. The level of correction

for transient faults is at the system-level (whole artificial

pancreas) since a restart of the application is required. The

permanent faults are corrected at the module-level (e.g adder)

through ASIC and FPGA-like reconfiguration.

Permanent fault correction is carried out in two steps and

is depicted in Figure 4. First, FPGA-like reconfiguration is

used to instantiate a new identical to the faulty one module

in the FPGA-like substrate by using the special hardware

module (HWICAP) that is reconfiguring partially the FPGA

via the Internal Configuration Access Port (ICAP). Secondly,

the static part (ASIC) is reconfigured in the sense that the

routing is changed that isolates the faulty ASIC module and

connects the new FPGA module. This is done by updating the

value of the enable signals of the multiplexers.

V. EVALUATION RESULTS

The proposed artificial pancreas has been designed in Very

High Speed Integrated Circuit Hardware Description Language

(VHDL) and has been prototyped on a Xilinx ML605 board

that contains a Virtex 6 FPGA. Figure 5 shows the block

diagram of the FPGA-based system prototype. A Microblaze

processor is used for testing purposes and is the master

on the AXI4lite bus with all the other blocks attached as

slaves on the same bus. The artificial pancreas is shown in

the figure as a hybrid-substrate with an FPGA-like fabric

attached to an ASIC, and is emulated on the prototype as
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a partially reconfigurable design with the static part emulating

the ASIC and the dynamically reconfigurable region emulating

the FPGA-like fabric. The HWICAP module is accessible

from the Microblaze to partially reconfigure the artificial

pancreas via the ICAP primitive. The test vectors and the

partial bitstreams are loaded on the FPGA from an external

memory that is protected with Error Correcting Codes (ECC).

Finally, an AXI Timer is added for the time measurements

and the entire system runs at 20 MHz given its low-power

consumption requirements.
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Fig. 5. FPGA-based system prototype

The proposed medical implant was evaluated under three

sets of metrics: a) hardware dependability b) timing de-

pendability and c) application-related metrics. The hardware

dependability metrics are the Diagnostic Coverage (DC) which

is the percentage of faults that have been detected by the

detection mechanism for a particular module of the application

or the whole application, the SFF that is defined as the total

ratio of safe failures over the total failures, and the Probability

of Failures per Hour (PFH) which is the number of failures

of the application per hour.

The second set of metrics consists of the Process Safety

Time (PST) which is the time budget in which the fault-

tolerance functions of the proposed system should be com-

pleted before a failure will be catastrophic for the system.

PST should be greater than the Worst Case Execution Time

(WCET) of the application, which is the maximum value of

the sum of the Detection Time Interval (DTI) plus the Mean

Repair Time (MRT). DTI is measured as the number of clock

cycles elapsed from the occurrence of a fault until the detection

of the fault while MRT is measured as the number of clock

cycles needed to repair the system. The third set of metrics

includes area and power measurements.

When considering permanent faults, the proposed architec-

ture is compared to a DMR version of the baseline pancreas

at the system-level. For transient faults, a comparison of the

suggested artificial pancreas is made with a TMR version

of the baseline at the system-level. This decision was taken

because the authors had these versions available. Hardware and

timing dependability metrics have been calculated separately

for the permanent and the transient faults.

It is worth mentioning that a constant elementary failure

rate per transistor or per flip-flop is assumed at 18 nm process

technology based on [23], [14] and [24]. When considering

permanent faults, the failure rate of a transistor is λperm el

= 1.91×10−6 FIT. For transient faults, the failure rate of a

flip-flop is λseu el = 1.53×10−3 FIT and the failure rate of a

transistor is λset el = 3.05×10−5 FIT according to [23], [14]

and [24], where 1 FIT is one failure in 109 hours.

A. Permanent Fault Evaluation

1) Hardware Dependability metrics: 1 The diagnostic cov-

erage (DC) for the permanent faults is 99% for all the modules

of the application [22]. SFF is 99%, since all the modules have

the same diagnostic coverage and it is assumed that every fault

occurred in the system is dangerous. The PFH is calculated

as the probability to not detect a permanent fault plus the

probability of detecting a permanent fault but not being able

to correct it. The probability of failure per hour caused by a

permanent fault was measured to be 4.96×10−14 considering

all possible configurations of the system for each one of the

ASIC modules being placed in the FPGA-like substrate.

2) Timing dependability metrics: The execution time of the

application is 42 clock cycles. Therefore, in the worst case

scenario a fault is detected at the end of the computation and

DTI is 43 clock cycles (one clock cycle is needed for reading

the comparator output).

However, the time spent for identifying the faulty module is

calculated by the off-line test which is based on fault injection

at the Register Transfer Level (RTL) level using Modelsim

simulation. The type of faults that were injected are stuck-at-

1 and stuck-at-0 faults. The size of test vectors used was varied

from 4,096 to 131,070. The identification coverage, that is the

probability to identify which of the two modules is faulty, was

found 88% and was achieved by using 65,535 samples test

vectors, sampled from a pseudo-random uniform distribution,

since further increase of the test vectors did not lead to higher

coverage. The whole process takes 65,535 clock cycles and is

limited by the size of test vectors that are being used.

MRT is the reconfiguration time that ranges from 192 ms

when FPGA-like reconfiguration is concerned to 1.3 μsec

when ASIC reconfiguration is performed. It needs to be noted

that the size of a partial bitstream for the FPGA-like substrate

is 345 Kbytes. Thus, the WCET for this case is 19,200,043

clock cycles.

For the pancreas application, each application-iteration has

a real-time deadline of 60 seconds to complete. Based on the
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20 MHz clock frequency, the safety mechanisms shall check

and repair the components in less than 1.2×109 clock cycles

PST. The WCET should be less than the PST in order to meet

the timing dependability requirement of the application, and

this condition is satisfied for the case of the permanent faults.
3) Application-related metrics: Area and power metrics

were obtained targeting the ST CMOS 65 nm process technol-

ogy because this was the most modern standard cell library

that the authors had available. The area of the proposed

artificial pancreas is measured in number of transistors, that

does not depend on the process technology. The total number

of transistors of the suggested architecture is 236,819 as

depicted in Table I. Half of the total area is required by the

ASIC modules and the other half by the FPGA-like substrate.

The ratio of the area of an FPGA-like module to its ASIC

counterpart for the same process node is assumed to be 5 [4].

Table I summarizes the breakdown of the ASIC area of the

proposed application in terms of number of transistors and

number of flip-flops.

TABLE I
BREAKDOWN OF RESOURCES OF THE ASIC PART OF THE PROPOSED

ARCHITECTURE

Sub-part # of transistors # of flip-flops
Multiplier 52,638 68

Adder 35,491 68

FSM 16,141 852

Shift register 14,318 754

Total 118,588 1,742

The power consumption of the proposed application is

measured following a different methodology for the ASIC

and the FPGA part of the application. For the ASIC part,

RTL compiler synthesizes the RTL of the application for the

targeted technology and by running a Modelsim simulation

assuming a 20 MHz clock frequency, a .VCD file is logged.

Then, the .VCD file along with timing constraints and the

technology library file are provided as inputs to the Cadence

RTL compiler to generate the power report.

For the FPGA part, the same RTL code is synthesized

for a Xilinx Virtex-5 FPGA and the post place and route

simulation via Modelsim is performed targeting a 20 MHz

clock frequency. A .VCD file containing the activity of the

signals is logged and is passed to the Xilinx Power Analyzer

tool together with the .NCD and the .PCF files to generate

the power report. Therefore, the total power of the proposed

solution was measured 12.77 mW.

A DMR version of the baseline pancreas is considered when

comparing against the proposed architecture for permanent

faults. The DMR pancreas has 99% DC and SFF while its

PFH is 2.53×10−10. It needs to be noted here that a DMR

system can only detect a fault with a 99% probability and it

can’t identify which of the two modules is faulty and therefore,

can’t correct a fault. Hence, the probability to correct a fault is

zero. Thus, our approach has 5,100x lower failure rate per hour

than the DMR pancreas mainly because the DMR is not able

to correct a permanent fault. The area of the DMR pancreas is

97,692 transistors and its power consumption is 5.27 mW. In

comparison, the proposed artificial pancreas has 2.4x the area

and 2.4x the power of the DMR version. Table II shows the

comparison of our approach for the permanent faults with the

DMR version of the pancreas application.

TABLE II
HARDWARE AND TIMING DEPENDABILITY METRICS FOR PERMANENT

FAULTS OF THE PROPOSED AND DMR VERSIONS OF THE PANCREAS

APPLICATION

Proposed DMR
DC 99% 99%

SFF 99% 99%

PFH (h−1) 4.96×10−14 2.53×10−10

DTI (clock cycles) 43 43

MRT (clock cycles) 19,200,000 N/A

Area (# of transistors) 236,819 97,692

Power (mW) 12.77 5.27

B. Transient Fault Evaluation

1) Hardware Dependability metrics: The DC for the tran-

sient faults is assumed to be 99% [22] for every module of

the application. For the same reason with the permanent faults

case, the SFF for the transients is 99%. The PFH for the

transient faults is 2.27×10−12 and has been calculated for the

possible modes of operation of the proposed architecture.

2) Timing Dependability metrics: DTI is 43 clock cycles

in the worst case scenario. In this case, there is no time spent

identifying the faulty module since the repair by reset of the

application will eliminate the fault if that was a transient. MRT

is the time the soft processor needs to reset the application

in order to correct the transient which is 130 clock cycles.

The WCET is 173 clock cycles and therefore the PST of the

applications is satisfied.

3) Application-related metrics: The area utilisation and the

power consumption of the proposed architecture has been

calculated in subsection A, and hence, the comparison with

the TMR follows. The area of the TMR is 146,538 transistors

and the power of it is 7.9 mW, meaning that the proposed

architecture has 1.6x the area and 1.6x the power of a TMR.

A comparison should be made with a TMR version of the

application to highlight the benefits of our techniques for

the transient faults. The DC and SFF of a TMR system

is 99% and the probability to correct a fault after it has

been detected is 99%. The PFH is 1.88×10−10 and thus, the

proposed architecture has a lower failure rate per hour of 83x

as compared to the TMR. Table III summarizes the comparison

of our architecture with respect to transient faults against the

TMR version of the pancreas application.

VI. CONCLUSION

In conclusion, a hybrid-substrate has been proposed in

this paper for providing fault-tolerance capabilities to a safe-

critical application, namely an artificial pancreas design. The
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TABLE III
HARDWARE AND TIMING DEPENDABILITY METRICS FOR TRANSIENT

FAULTS OF THE PROPOSED AND TMR VERSIONS OF THE PANCREAS

APPLICATION

Proposed TMR
DC 99% 99%

SFF 99% 99%

PFH (h−1) 2.27×10−12 1.88×10−10

DTI (clock cycles) 43 43

MRT (clock cycles) 130 N/A

Area (# of transistors) 236,819 146,538

Power (mW) 12.77 7.9

proposed architecture is able to detect and correct transient

and permanent faults, utilizing DMR on a per-module basis

along with ASIC and FPGA-like reconfiguration to correct

permanent faults. The implementation results show that in

terms of hardware dependability a total safe failure fraction

SFFtotal of 99% and total probability of failure per hour

PFHtotal that equals 2.32×10−12 can be achieved. The value

of SFFtotal means that the required SIL 3 level is achieved

for the particular application. In comparison to existing fault-

tolerant techniques, the proposed architecture achieves 5,100x

lower PFH than a DMR for permanent faults with 2.4x the

area of the DMR. In addition, the proposed solution achieves

83x lower PFH than a TMR with 1.6x area overheads when

considering transient faults. The reported overheads in area

is due to the FPGA-like fabric that is being used in the

proposed architecture. The current area ratio between FPGA-

like substrate and ASIC is 5 and if this ratio decreases in

the future the area and power overheads of the proposed

architecture will be reduced.
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