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ABSTRACT

Rapid and aggressivscaling of technologyinto the
deep submicron regimeis posng seriousthreatsto
the normal operation of a semiconductor devike.
deep submicron technologes unreliable operation
due to soft errors is considered to be one of the major
challengesbecauseof its sudden and unpredictable
impact on thefunctional behavior of a device This
paperfocusesnainly on the soft gors due todevice
level interaction with high energy neutrons and
investgates the effect of technologgaling onSoft
Error Rate (SER for a switchbased on-chip
interconnection outer. The analysigjuantifies the
SER trends for an RTL based design of an
interconnectiometwork from 90nmto 22nmCMOS
technology and projects SER valuesup to 11nm
technology. The preliminary findingsof the analysis
indicate that (a) routers aremore sensitive to soft
errors than protected memories and A&land (b)
the raw areascaled SER rate of a router at 22nm is
30.7% more than the same router at 90nm.

1. INTRODUCTION

Semiconductor deviee fabricated at nanoscale
technology suffer from various challengesthat
include not just devicelevel interaction with
atmospheric particlesut alsoin manufacturing the
device due to physical limits ithe semiconductor
fabrication technologySoft errors arerrorsinduced

by interaction of the device with atmspheric
particles or radiationThese errors not only lead
operational failure of the device but also chatiye
intrinsic device properties. These errors are highly
unpredictable in naturas very fewinteractions lead
to an observablefailure. Therefore, encountering,
analyzing and controlling these errors have become a
major hurdle inthe area of CMOS design and
fabrication

This paperprovides atheoretical analysis of Soft
Error Rate (SER) for an echip interconnection
network. The analysis considethe internal device
characteristics and stdiomic parameters to model
the SERA differentapproach for SER measurement
is by irradiating the device with enézgd particles
using a cyclotron and comparing thexperimental
observationsfrom the expectedresults Theoretical
analysisnot onlyrelates the experimentaibbtained
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SER values with the device characteristioat also
quantifies the rate of seé@rror for future
technologies

Prior works in the theoretical domain werenainly
targetedtoward SRAM, latches and microprocessor
that showed the SER dependencyomp three
principal factors: 1) critical charge, 2)harge
collected, and 3)sensitive eea. All these factors
decreas with reductionin devicesize which resuls
in an overall increaseni SER per unit area of the
device.However, die todevicesize reduction, there
is aquadratic decrease in arffar a given transistor
coun) that results iran overall decrease in SERor
bothn SRAM and microprocessor. This paper
implements a novel approda of determining the
critical chargefor registers atthe circuit level by
performing HSPICE simulation afpecific scenarios
that could arise during a bitflip situation thereby
choosing tofocus moreon thesituationsthat lead to
soft error rather than computirthe critical charge
throughprobabilityanalysis

The major contribution of this paper is an as#& of
SER trends for a switebased on-chip
interconnection router with decrease in device
featuresize Theresults show thatwith decrease in
device size, the SER for a router with constant area
increases linearly. These results asggnificant
because it givean estimationof SERvaluesfor on
chip interconnection netwoskwhich carry critical
data for ormchip communication in multicore
platforms, but are not prected because of area
concerns

The remaining section of the paper is organized as
follows. Section 2 presents a brief background
regardingthe natureand source®f soft errorwith
their effect onCMOS operationas well agheoretical
models to determine SER for semiconductor devices.
Section 3 focuses on the historical work deme&ard

soft error detection followed by contemporary work
both in the theoretical and experimental domain.
Section 4 presents a detailed discussion about the
design of therouter. Section 5 describes the
methodology for simulating the router anihe
techniqus for computing critical charge, collected
charge and the soft e rate. Section 6 discusses
obtainedresultwhile sction 7 concludes the paper.



2. BACKGROUND

2.1 Single Event Effects

Single EventEffects are theeffects observed dhe
circuit or architecturalevel operation due to
interactionof the devicewith an energizedarticleor
anelectromagnetiphoton[1]. These interactions not
only modify the intrinsic device characteristidsut
also affectthe functional behavior of the device
These effects are broadly classified as folow

a) Single Event Upset $EU) - SEU is defined as
Aitemporary errors
circuits when irradiated witkenergizedparticles

or radiation, that causes the medium to ionize

leaving behind a wake of electrtwole pairs
[1]. SEUsmay occur iranalog, digital, or optal
componentand are observed amnsientpulses
in logic orsupporing circuitry, or as bifli ps in
memory cells or registersThese are non
destructiveas areset or rewriting of the device
results in normal device behavior thereafter.

b) Single EventLatchup i Single Event Latchup
causes loss of device functionalitye to single

event induced current state. These are hard errors
that might lead to permanent damage if not

controlled earlyon. SEL results irhigh operating
currens (abovethe deviced specification3 that

can destroy the device, drag down the bus

voltage, or damage the power suppgyn SEL is
cleared by a poweasycling or powerstrobing the
device

c) Single Event Burnouti Single Event Burnout
is a condition thateads todevice destructiodue
to a high current in theower transistor. SEB
causes the device to fail permaneratyit might
lead to burnout of power MOSFETSs, gate

rupture, frozen bits, and noise in Charged

Coupled Devics.
2.2 Sources of Soft Error

a) Alpha particles i These are Hé ions emitted
during gradual decay of radioactive elements
present in CMOS packaginguch aslead or
traces of uranium andharium present in the
solder bumps These short range charged

particles interact strongly to deposit their energy

within the material, ionizingthe silicon by
generating electreholepairs P].

b) Cosmic rays - Cosmic rays arehigh-energy
particlesthat originatein spaceandbombardthe

earth's atmospheré&Cosmic raysconsistof 95%
energized neutrons with protons and pions
forming the remaindelf19]. These energized
neutron particle strike the semiconductor
surface and dislodgthe lattice atomdrom the
d e vi mterétial site, therebyaltering the
intrinsic property of the material These
dislodged atomsight combine with other atoms
to produce stable defectsr slip back to their
original vacancy or undergo radioactive
disintegrationwhich, in turn, prodiwces secondary
charged particles(alpha rays, electronsand
positrors) and radiation(X-rays or gamma rays

i nduc e dhatlbad tofuftieSohifitfoh Gttlebeviefp]. ©

c) Electromagnetic radiation i  Enerdgzed
radiation like gamma orX-rays present inthe
atmosphere or emitted froothersourceswithin
the device affect the semiconductor intwo
principal ways:

(i) Low Energy Radiation - When extremely
low-energy Xrays interact with the
semiconductqr the matter exhibits a
photcelectric effectonizing thesilicon atom
by expeling one of its innermost shell
electrons Another electronfrom a higher
energy sheltie-excites the atom by dropping
into the newly createdvacancyto emit the
energy difference as Bw energy photon
caled florescence radiation. Nén this
photon interacts withmatter, it propels the
weakly bound electron out of the atoria
the Compton Effect, thereby resulting in
further ionization of the devidg)].

(i) High Energy Radiation - High energy
gamma rays when interadhg with the
silicon device cause pair production by
completely annihilatingan atom into a
positron and arelectron This process not
only results in generation of holes and
electrons but alsomodifies the internal
composition of crystal lattice?].

2.3 Effect in CMOS

The ionization produced byinteraction of CMOS
device with the atmosphericparticles causesthe
generated charge carriersto drift toward their
respective electric fieldresulting inan increase in
leakage current anddditional powerconsumption

For an ntype MOSFETas shown in Fig. 1, when
gate voltagegreater thanthe threshold voltageis

applied, an inversion channel is created beneath the



gate. Duringthe cutoff state, when a neutron or
energzed photon strikes the semiconductor surface,
the sub@ate undergoes ionization generating
electronhole pairs. These generated electrons drift
toward the channel and intensithe channekffect
This servesnot only to increasethe drainrsource
current but also reducéhe threshold voltage. Hence
the logical state is pushed toward &N state
resulting into a SEU.
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Fig. 1: Soft Error forannFET

For a ptype MOSFET as shown in kg. 2, the
generated electronpyoducednearthe channeteduce
the channel effect bgombining with the holes of
alreadyformedp-channel This reduces the threshold
voltage tobemore negative and decreasesgbarce
drain currentHence the logial state isdragged t@an
OFF statethereby causingn SEU.
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Fig. 2: Soft Error for a pFET

Thereforedue to the devicéevel interaction with the
energizedparticles, theoutput of a CMOS circuit
either produces a transient pu(éar a combinational
design or leadsto a bit-flip (in the memory devic.
Ideally, the transient pulse gets attenuated while

3

traversing throug a long combinationalchain.
However, if the attenuated pulseaches theearest
latch input during the clock transition with sufficient
amplitude, the latch output might get flippeshd
would persistuntil the next clock cycleBecause this
error propagtes down the logic chaian SEUresults

in complete functional failure dhedevice

2.4 Models for Soft Error Rate

Soft Error Rate (SER defined as the rate at which
a device fails in a given interval of tindue tothe
effect of SEU SERquantifies the vulnerability of the
device toward SEU. High SER denotes greater
susceptibility of the device toward an SEU failure as
well as more frequent soft errorsvhile reliable
circuits exhibit low SER.S E Us diwagstead to
soft errors they @n be masked athe logical,
electrical latchrwindow, and architectural lev&|3].
SER therefore depends onnumerousfactors for
instance thdlux of the incident beam, energy of the
striking particles, sensitive area of the device exposed
to the inciegént beamdevicelevel immunity toward
failure, intrinsic device characteristics,and
probability that SEU might cause an observable
failure due taarchitecturalevel masking

Various models of SERtargeting different levels
have been proposed. SERetrics areFailures in
Time (FIT) or Mean Time Between Failures
(MTBF). One FIT indicates one error e billion
hoursof operationand is inverselyelated to MTBE
At the architectural level, SERs are expressed in
effective FITrate whichestimates ta probability that

a soft error at theircuit level would eventually lead
to an observable sysn failure. It is expressed as the
product of raw circuit FIT rate anithe Architecural
Vulnerability Factorof the systemwhich indicates
the probability that an inputvoltage spike would
result hto an unacceptable variatiom final output

[4].
2.5 Hazucha Model of SER

Hazucha and ersson devised a model for
estimating SERin FIT) for CMOS circuits[5]. This
model depends principally upon critical charge
(Qcrir) and charge ollected Qs), and considers
atmospheric neutrons with energy > 1MeV for a
range of submicron featureft is based upon the
empirical model for the 600nm technology and can
be scaled for successive future generations. This
model is expressed as .

"OY=0 x"Ox 8 x exp U%YO(
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where,

K is a constant independent of device
technology with the value 2.2*10

F is the neutrorilux with energy >1 MeV,
in particles/(cris)

A is the area of the circuit sensitive to
particle strikes, in cf

QcriT is thecritical charge, in fC

Qs is the collectedftarge, in fC

2.5.1 Critical Charge

Critical charge (Qcgrrr) is defined as the minimum
charge required to be depositedtta sensitive node
of a CMOS device such that the@ncreasedvoltage
due to charge depositias sufficient tocausea soft
error either by generating a transient pul$leat
might not be consided to be a validlogic statg or
bit-flip in memory elements. For arple in an
inverter, critical charge would be theinimum
charge depositedt the input nodéhatis sufficient to
drag the inverterinto the metastable region.
Similarly for an SRAM cell (implemented a6T-
crosscoupled invertes), Qcgrr IS the minimum
charge thaforcesthe SRAM to cross its Static Noise
Margin (SNM), resultingin a bitflip.

Thus critical chargedetermineshe immunity ofthe

device tosoft erors Smaller criticacharges increase
the tendencyof the deviceto undergasoft aror, and

vice versa. Criticalcharge depends onnumerous
factorssuch as thewidth of the transistor, channel
length, supply voltage, load capacitandeedback
topology, threshold voltage, getoxide materialand

device technology, among others

When an eneiiged particle strikes the semiconductor
surface electrons and holeare generatedthereby
changingthe electricpotentialat the incidenend At
the circuit level, the change ininput voltage ( qu./
requiredto induce a soft errocan beobtainedfrom
the DC noise marginConsider the device as a simple
capacitor ith capacitanceC), the charge deposited
at the inputdue toelectrorhole pair generation will
lead to an increase in voltge at the incident end
(sincepQ = .Gfdh¥ Icrease in voltage exceeds
@\, it would result intca soft error.

As the size of theactive devicedecreasg the
capacitancelecreasesjuadraticaly, and sodoesthe
critical charge necessary to induS&U for the same
. Assumingthe deviceis sized to belL x L, the
critical charge for state change is proparébto the
square of the feature si®crr UL?) [1]. Robinson
et al.[6] proposed a mathematical model to compute

QcriT @
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This paper however relies uporHSPICEsimulation
for Qcrir computationas equation (2) doesnot hold
true for deepsubmicron feature sizes. This is because
g\ and Cchanges with technolggscaling that not
only include scaling in device features but also in
operating voltages.

2.5.2 Collected Charge

Collectedcharge(Qsg) is the charge deposited when a
semiconductor device undergoes ionizatiohhe
number of charge particles generatedin the
substrate depends upon the stogppower of the
substratdo preventfurtherpenetration of théncident
beam. This stopping power is referremas Linear
Energy Transfer (LET) and is definedthe energy
loss per unit distance travedsby a neutromarticle
(dE/dX). When theneutron beam strikes the silicon
substrate, the energy loss ihgr its traversal is
utilized to generat an equivalent number of charge
carriers. If the totalnumber of charge carriers
exceedScrT, the devicdapsednto asoft error.

Collected chargeapends not only upon the physical
interaction between neutron amdbstrate material
but alsouponthe angleof incidence ofthe neutron
particle. The greater the LET, tlegher theenergy
loss per unit dignce,therebyresultingin generation
of more chargel particles per unit distance of
traversal Similarly, the greater the incident angline
longer the ionization patwill be (as shown in Fig3)
and a greaternumber ofcharge particleswill be
generated
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Fig. 3: Charge Collected due to neutrstnike

The collecteccharge Q can beexpressed as
O-y= G "MAE'QCHNAA & x 0TYx

cos—
-3
where
d is the incident angle with which, the
neutron particle strikes
t is the thickness



Since the ionization potential to generatne placing a test device in a particle stream at a

electronhole pair is 3.6eV[15], 1MeV of energy cyclotronand measuring the rate at which the device
would generate 44f6 of charg. With the output differs from that of ideal oneHeidel et al.
assumption that theubstrate ismade up of pure examinedthe SEU effects inBM circuits due to
silicon and nointeractionlevel energy lossequation strikes of alpha particleemitted by radioactive decay
(3) can bewritten ag[7], of Lead (Pb210) present in the gsié¢r bumps of

device @mckaging [13. Sandaet al. analyzed the Soft

Bz 445 x HTYx Error Resilience for IBM POWERG6 processor
= 44.

cos— through proton and neutron beaimduced fault
-(4) injection method, and observed it8gh tolerance to

Hazucha and ¥&rsson usecequation(4) to compute SEU due t o t Bror dptectioe @argls or 0 s
Qs for 0.8em to 0.Em CMOS technology8]. They correction capabilityat the architectural levdll4].
used TRIM P] software to extract 1 LET values by Benderet al. measured the seéirror rate for the I/O
gimullgltinlg6 '[hze0 i$i002r5'1 dev izsc' eds withn'tleg 1 a ¢ gubsygstem ofBM POWERGprocessoby measuring
Be, *°C, 70, “Ne, “Mg, and“*Si particles produced the error ratefor various cases ranging from idle to
by silicon-neutroninteraction with a tack radius of high 1/0 bandwidth and utilizatiofi5].

0 . Om Shivakumarprojectedthe Qs values(from
Hazuchaodos S BRSRAMstandmavisedo n In contrast to the abovwexperimetal methodologies,

thefollowing expressios[3]. academicresearcherdocused upon the theoretical
analysis of SERs by modeling the physical level
G-‘\éwy = exp(0.77 x log "Q + 4.3) interaction of silicon surface withthe energized
G‘Wﬁm'y = exp(1 x log "Q + 4.2) particles. Georgakoset al. reported anincrease in
- (5) multi-bit _failures due to neutroninduced SEU. in
where g is the channel | @ﬁwgttrﬁple\{ve}.l egigdded SRAMs [16] while
Toyabe proposed a SER model for Dynamic RAMs

by usinga solution of the equationsrfdiffusion and
collection of aphaparticle inducedexcesselectrons
[17]. Ramamrayananet al. measured the SER for
various latch designs implemented at 70nm CMOS

This paper uses @agtion (5) to computeQs values
required for SER analysis of the routesith the
assumption that it holds truep to 22nm CMOS

technology technology by evaluating the critical charge at the
3 PRIOR SOFT ERROR EXCOGITATION sensitive nodes and proposed methods to increase the
overall robustness of the circuit by reducing power
The pesibility of Single Event Upset (SEWasfirst and area werhead [18 Hazucla and Svensson
postulated by Wallmark and Marctis 1962 by proposed a theoreuc_a_l model for SERicidating its
observing the physical limit in device sizes and  dependency upon critical charged chargecollected
packing density due to the crystavel defects [5], and reported the SER trend for a SRAM with
produced by atmospheriamsmic rayg10]. The first scaling in CMOS Technolgy8]. Shivakumar and

anomalies were reported by Binder in 1975, in which ~ KistlerusedHa z u ¢ h a Gosanafyzededrénd of
he observed various environment induced anomalies SER contribution by combinational elemerits a
in Combined Release and Radiation Effects Satellite ~ Multiprocessor desigwith scaling in device sizes

produced bySEUs differential surface charging and (3], while Mukherjee et al. modeled the effective
discharging, and interal dischargeg11]. Some of SER for a Itanium2 level processor in terms ain

the early pionering work was by May and Woods Architedural Vulnerability Factarby consdering the

dynamic RAM's and Charged Coupled Desickie to an observabltailure of the entire device [4

to the passage of alpha particles through the memory
array ared[12]. In their work, the source of alpha 4. WORMHOLE ROUTER DESIGN
particles was not from space but rather from the
natural decay of trace concentratiofppm) of
uranium and thorium present in integrated circuit
packaging materials.

A wormhole puter is a type of routethat routesa
packet flit by flit, occuging the channel in its
entirety till the packetis routed completely{20].
Until the routing is complete, th@uter buffers other
incoming flits for the same output port, and
relinquishes the control oncthe routing of the
current packets completed. This sectiondiscusses

Since then, several studies have attempted to
experimentallydetermine SEU's and mitigate their
effects through error correctiolBM has played an
important role in determining SER fdBM chips by



the key features dherouter architecture andesign
level implementation details.

4.1 Architecture

The wormhole outer, as shown in Figl, has three
major componentsa switch to routethe packet from
the input port tothe output port,a Switch Alocator
(SA) to resolveresourcdevel conflicts for sharing
the common switchand input mdules to controhnd
coordinatethe arrival and departure of incoming flits
[21].
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Fig. 4: Wormhole Router Architecture

4.2 Key Design Modules

The key design units of the wormhole router

elaboratedelow

a)

b)

Interface T The router containfve inputoutput
ports (north, south, east, westchl), with each
port having anarrow channel for header fiihd
wider channel for bodwnd tailflits. It hasfive
input/output enable lireto inform the router that
the data appeig through the input port is valid
and ha to be processed. The routaiso has
ON/OFFflow control lines for boththeinput and
output port rguired for proper flow control. The
entirerouter operation isynchronized by alock
and is sensitive only téhe positive transition
(rising edge)f the clock

Input Module T Each 1/O port enters its
respectiveinput module The input modulehas
following submodules described as below,

(i) FIFO i Each nput module has two sstof
FIFOs (queues)to buffer the header and
body flits separatelySince the header flit is
smallerthan thebody flit, the header queue
is narrover in size buhasthe same number
of slotsto buffer eight flits Whenthe queue
is full, the controllerclearsthe flow signalto
inform the upstream routeregarding its
inability to accept further flits.

are

(i) Route Computation (RC) Uniti The RC
unit takesthe destinatiomode addresasan
input and computes the route based tba
currentroute information The RCuses XY
routing to route the packeespectivelyin
the X or Y direction if the destination is
placed horizontally or vertically. If the
destination is a diagonal node, iftitially
routes the packetin the X diredion before
routing it in the Y direction. It uses look
ahead routingo computethe routefor the
next router from the currentoute
information, thereby eliminating the
dependency between RC and SA.

(iii) Controller i Thecontrollerunit governs the
entire functionality of the router. Initially
the controlleris in the IDLE state, and
attempts to read the header qudae the
header flit When the headdlit is available
the controllergoesinto the ROUTING state
and sends thecurrentroute information to
RC and SAOnce theouteis computed and
the grant is made, the header is modified by
replacing the currefoute informationwith
theroute for the downstream routeeforeit
passesthrough the switch The contrder
also multiplexes theeommon routing path
inside the switcHor transmittingthe header
and the body flits. Once the headdlit is
modified and transmitted to its intended
output port, the immediate body flits
corresponding to theecently routecheader
flit aretransmitted through the switalsing
the precomputed routing infonation After
thetail flit is routed, the controllemgoes back
into the IDLE state awaiting for the arrival
of next header flit.

c) Switch Allocation (SA) i The SA unit is
responsible for resolvingthe resource level
conflicts that arise while sharing the common
switch. The svitch-alocation mechanisnallows
the input ports to send their respective flits to
their desired output ports withit any contention
The SAreceiwes?25 request lineffive from each
input module) and sends theespectivegrant
signals to the switch. Since RC uses XY routing,
the SA only needs to resolve conflidisr the
output ports thereby having five set of
arbitrators for each output port akown in Fig.

5.



d)

Switch Allocator

Fig. 5: Switch Allocator Design

Eacharbitratorworks with Least Recently Used
(LRU) priority such that it prioritizes the least
recently granted request over other incoming
requestg20]. It receives five requests as input
and outputsfive grant lines ashown inFig. 5.
Based upon the request lines, it ensures mutual
exclusion by asserting one and only one grant
line at a time.

The LRU priority mechanismvasimplemented

by having fiveset ofregisters namely HI, M1,
M2, M3, and LO wih descending priorityEach
register stores the index of the corresponding
request linebased upon the priorityDuring
arbitration, the arbitrator initially checks whether
the request corresponding to the index stored in
the highest priority register iset and grants it
before checkig other incoming requests. If the
request corresponding to the index stored in high
priority register is not setthen same check is
repeatedfor other registers in the order of
decreasingriority. After granting the regest, it
moves the registry entrfrom the high priority
registercontaining theindex ofrecently granted
request taits immediate lower priority register

in a circular fashiorfi.e. M1to HI, M2toM2 &
HI to LO), such that the recently granted request
line has the least priority over others during next
arbitration.

Switch T The switch was implementedas 5x5
crossbar switch with the grant signa(soming
from SA) as selection lines. These grant signals
provide a unique pathfor the flit to traverse
through the switchto the desired output port
without any contention Internally, it was
implemented aa series oimultiplexers [20] [21]
with control signals in on@iot encoded fornfso

as to have smallercombinational path by
avoiding an additional ender circui}, as shown
in Fig. 6.

Fig. 6: Crossbar switch implementation

4.3 Router Specification

a) Flow Control

The router pipeline uses ON/OFHofv control to
instruct the upstream router to stop sending flits.
When the input buffer of the router fills up aotted
space bybuffering incoming flits it sendsan OFF
signal to the upstream router. The SAlo upstream
router on receiving # OFF flow-signal forbids
assertinghe grant to that particular porgsulting in
no transmission of flg. When the downstream router
develops sufficient spacehe controller sets the
signalto ON to allow flit arrival. This way, proper
flit-flow is maintainedacross the network.

b) Flit Format

Each packet starts withteeadefflit followed by body
flits in betweenwith atail flit at the end.The header
is differentfrom body and tail in terms ddize and
contents The headers smaller in size andontains
the destination address andecessary routing
information for the next route while the body and
tail largely contains the paylodd1l]. The header and
the body flit sizearell and 16 bits respectively with
the flit-format as shown ifig. 7.

Header 'I:‘I;L D;“ | D:"“ Current route info. Flittype - 11
“23>€e)>e)re— 5 —>
Body Ti';; ‘ Payload Flit type - 00
2> 14
Tail 'I:-I;E ‘ Payload Flit type - 10
2> 14

Fig. 7: Flit Format



4.4 Optimized Router Pipeline

The routerpipeline is shown inFig. 8. When the
header arrives at one of thiedicatedinput portin
clock cycle 1, the header gets queued inhbader
queue.

RC
BW BR ST
SA

BODY Bv\ea SA | ST
TAIL av\eR SA ST
RC
next BW R ST
HEAD SA

I L] 1] v A

or»mI

Fig. 8: Wormhole RoutePipeline (Optimized)

In the next clock cycle,the controller readghe
headerflit from the headequeue andhe bodyHlit

(in parallel) is buffered inside the body The
controllerthen sends theurrent_route_infofield of
the header to SA to arbitrate for the output pdrts.
the samecycle, it reads thedestination field of the
header andsends it to RC whichcomputesthe
routing infamation forthe next routerThe controller
replacesthe current_route_infofield of the header
with the next route_infqQ and if the grant signal is
asserted, it sendthe updated header through the
switch (by padding extra zeros ghat it becomes
equal tothe body flit size, thereby avoiding the need
for aseparate switching path fire headefflit inside
the switch) At the output 6 the switch, the flit is
demultiplexed into header port based upon control
signals from the controllelhe immedite body and
the tail flits take the same route ataken bythe
header but through the wider channdihis pipeline
architecture takes ondock cycle inrouting the flit.
So, for a packet with one header, one body and one
tail flit, the router takes Z£lock cycles in total to
routethe entire packet

5. METHODOLOGY

For the SER analysis dhe switch-basedon-chip
router, the router was designedtla¢ RTL level and

its functionalities were tested through gatdevel
simulations. For computing the SER for the entire
router, critical charge was computed from the
HSPICE simulations of latches and flipflops, and
colleded charge was obtained from the model
derived by ShivakumarThis section presentsa
detailed methodology othe router simulationand
measurementfGER for thedesignedouter.

5.1 Router Simulation

The RTL design of the routewas coded in VHDL,
and simulated at the intra-router and interouter
level. Intra-router simulations tested the router
operation byfunctionally verifying thesub-modules
and validating the time synchronization between
them. The nterrouter simulationgested the router
functionality by simulating a 2x2 and 3x3 mesh
network and validatedt h e r dlawt comtrél, s
collision handling technique, and ability to deliver
the packets correctly to its destination nodea
timely fashion

5.2 Qcrir Computation

This section describes the measurementritfcal
charge through HSPICE simulation for specific
schematic modelg of latches and fligflops that
arise during a biflip situation. These schematics
were modeledusing90nm to 22nm PTM technology
[22] with VDD and transistesizesthat were scaled
as pettheTRS roadmap [3].

5.2.1 Latch

The latchesvereimplemented as fatches sensitive

to the negative clock level. Theswere desgned
using properlysized (balanced)inverters so as to
have equal rise anfall time. The desigoonsiss of a
transmission gate (TGATE)
driving an inverter connecteth a feedback trstate
inverter as shown in Fig.. %hen the clock is ON,
the TGATE is transparent and thedtate inverter is
OFF. As a result,the outputof the latchis directly
driven from the inverter input. On the other hand,
when the clock is OFF, the transmission gate is
opaque and the tgtate inverters ON. This stabilizes
the outputo its previous value and is independent of
the latchinput variation [2].

VoD

Fig. 9 Schematic of ELatch

For Qcrir computationsthe following two models
wereconsidered:

gat



a) Clock = 1: When the clock is ONthe circuit is o o o

equivalent to an inverter driving the output port. T N . otaen owsteh |
Hence Qcrir Was computed byintegrating the ' -3 “—q |
current over time due to the&oltage spike

(obtained from DC analysigjufficient to drive Fig. 11: Schematic of D Fliglop

the inverter intdhe metastable region
For the Qgrir computatios, following two models

b) Clock = 0: When the clock i©OFF, the TGATE wereconsidered
is OFF and the tristate invertetturns ON. For
the Qrir computation, TGATEwas considered a) Master-ON, SlaveOFF i Whenthe master is
to beON (so as to have indirect control over the transparent and the slave is opaque, critical
common node between TGATE and cross charge generated at the inpfdue to neutron
coupled inverters)The DC charactéstics as strike) of the masternot only forces the master
shown in F|g 10 shows hysteresis due to latch to go intca metastable state, but alsfbps
difficulty in pushing the inverter into the meta the slave DBlatch (assuming that the slave
stable region resulting in a higher value of TGATE is ON) which leacs to a soft errar
Qcri- Hence the voltage spike necessary fon &EU

was obtained from the hysteresis graph of the
DC anaysis and Qcgrr Was computed by
integrating the current ovehe durationof the
spike.

Hysteresisin DC sweep

b) Master-OFF, SlaveON i When the master is
—voltageRise opaque and the slave is transparent, critical
Voltage fall charge generated by neutron strike flips the
master latch which iseenasan output through
0 02 04 w6 08 1 12 the transparent slave latchherefore,Qcgir was
Input Voltage D [Volts) computed byperforming thetime-integral of the
current generated bthe voltage spike required
Fig. 10 DC Characteristics of a-Datch _to flip the ma_s_ter Iat_ch and drag the slave latch
into metastablity region.

Qutput Voltage Q' {Volts)

This processwas repeated from 90nm technology

through22nm anda decrease in @+ wasobserved However, the state of the fhftop duringa positive

as supportedly the explanation in sectich5.1 edge transition is highlynpredictableas both the
situationsleading to a biflip are equallyprobable

Out of thetwo measurements for @ values, the The SER analysistherefore consideredboth the

one with clock = Owvasconsidered to be thecQ of values of Qerir while estimating the SER foan

the latch This isbecause a neutron strikiering the individual DFF.

positive clock transition will flip the tristateesulting

into an erroneous outpuhat will persistuntil the 5.3 Collected Charge

next positive transition. However, when clock =ah, )
SEU will lead to a transient pulse of a shorter interval ~ Collected charge (§ was computed from equation

without any bitflip. (5) and separate values for pFET and nFET were
considered forcalculating SER. The Qs values

5.2.2 Flip-flop decreasavith reduction in device sizé his iscaused
by fewer generation of charge carriénsthe smaller

The registers used in i routerarchitecturewere ionization pathbecause of reduction

positiveedge trggered D flipflops (DFF) thickness.

implementedas nasterdave based designlp][24]. )

The masteslave DFF was implemented by 5.4 SER of flip-flop

cascading two Blatches endo-end with the master

l atch controlled by ofledk 6 E?-F% D"’%‘CH gonsgst@%q wr nl-‘[Eg\:sLaed PRET "?'ht r

by clk as shown in Fig. 11 shown in Fig. 9The for the Inc uded
' possible situations the master or slave being ON
during positive clock transitigras shown in equation

(6).



OYooo= "OY g saige ™0 Q-
+ OYG ¢t ol i Qe

- (6)
From equatior{l),
Osvor o devor e
“OYgo= 4 * Lx'Ox e "Ywvy +e LVYT@Y

VYO &

Osvor & ‘
Oviay

+ e V'w@my + e

- (7
where Qgrira and Qgrirp Were obtained from
maste-ON, shveOFF and masterOFF, slaveON
conditions respectively, with neutron fluxF
0.00565 corresponding the sea level in New York
City.

5.5 SER of the Router

SER per unit area for the entire routeascomputed
by multiplying the SER valuedor a DFF (from
equation(7)) with the number of registers obtained
from synthesis of RTL design of the router. Thtato
SER for the entire router wasomputed by
multiplying the SER per unit area of the router with
router areaHowever, he SERanalysis of the router
only includedthe SER contribution from theegisters
and dd not include the contribution from
combinationbelementghat would resultinto a more
precisevalue of SER.

6. RESULTS

6.1 Synthesis Results

The routerdesignwassynthesized foAl t er as Cor
Cyclone 1l FPGA whereit occupial 9% of orrboard
memory with a maximum operating frequency of
51.83 MHz. With body-lit size equal to 16 bits, the

total number of regiers obtained from synthesis was
1255. For a router with different flit sizes, the number

of registerdsexpressed as,

lYQ%(’)é(‘) = 40 x '@ﬁﬂQ+ 615
-(8)
6.2 Qcrir and Qsresults

Qcrr and @ values were obtained through
simulatiors using technologies spanning90nm
through22nm with VDD and sizes scaled as (e
ITRS roadmap. The &, and @ valuesobtainedare
listed in Table 1, with the trend shown in Fig 1
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Tech (nm) 90| 65| 45 32| 22
VDD (V) 1.20 1.10 1.00 0.9 0.80
nFET wi dt h |21406)36.00 90.00 64.04 44.0(
Aspect Ratio 2.67] 2.64 181 1.65 1.34
pFET wi dt h |5%E3§359.04162.63105.6Q 58.94
Latch Qcgir (fC) 724 461 323 214 1.43
Flip-flop Qcrir (f[C)-a | 2.33 1.2 0.2 0.12 0.04
Flip-flop Qcrir (fC)-b | 7.61] 4.8 359 233 1.5]
nFET Qs (fC) 1154 898 6.77 5.21 3.90
pFET Qs (fC) 6.00 4.33 3.00 213 1.47
Tablel: Qcrir and @ values
Qcrir and Qg Trend

12

10

8 ——Latch Qcrit

Flip-flop Qcrit (a)
==Flip-Flop Qcrit (b)

Charge {fC)

—+—nFET Qs

pFET Qs

=

20 40 60 80 100

Technology (nm)

Fig. 12 Qcrir and Q@trend with respect to device scaling

Fig 13showsanincrease in @Qcrir for a DFF with
reduction in device size indicating a more
pronounced decreasa Qcr;r thanthe decreasén

Qs. This indicates that as the device size reduces, the
number ofdepositedcharge particleslecreasest a

rate lessthan the decrease in critical charge, which
makes the device more susceptible to soft errors.

Qs/Qpyr ratio

101

81

61

—4—Qs_nfet/Qcrit_a

41 ——Qs_pfet/Qcrit_a

QS/QCRIT

Qs_nfet/Qcrit_b
21

—=Qs_pfet/Qcrit_b

20 40 60

Technology (nm)

80

100

-19

Fig. 13 Q4QcrT trend for a flipflop with respect to device
scaling

6.3 SER results

With exponential dependency of SER @Pcri1/Qs,
the SER per unitarea increasewith a decreasen
device size as observdtbm Table 2 and Figl4.



The results show that there is a 30.786réase in
SER/area of the entire routethen thetechnologyis
scaledfrom 90nm to 22nm. However, a quadatic
decrease in areaverpowersthe linear increase in
Q4 Qcrit, thereby decreasing the SHY 95.5% as
the technology scales

Tech (nm) 90| 65/ 45 32| 22
NFET AREA (cm?) in 10 19.26 8.844.05 2.05 0.97]
PFET AREA (cm?) in 10 51.42 23.34 7.323.38 1.30
SER of DFF/enf (FIT/chip) in 10°® 1.14 1.26/1.381.44 1.49
SER of DFF (FIT) in 10*° 3.73 1.890.760.38 0.17
SER of Router/cm2 (FIT/chip) in 10° | 1.43 1.5891.731.811.87
SER of Router(FIT) in 10™2 468 2.380.950.48 0.21

Table2: SER valuesor DFF and Router

SER_DFF (FIT/chip) SER_DFF (FIT)

FiT/em?in 10%
FiTin 10-1%

(a) (b)
Fig. 14: Trend of a) SER/chip, and b) SER for a DFF

Technology {nm)

The SER/areand total SER for a DFIs expressed
in terms ofgatelength(nm) as,

“YJYO‘CD(B-QI): 1.61x 10 6 517x10°
x Qa0
o -(9)
“bYO‘CD — ‘000 dj 'QI)

X G BTy
X 6 BQugry x 0 VR
G By
x m"gﬁjq,,m,Yx L’)"@‘)’Q,,CD,Y
- (10)

wherearea_factoris a constant (assumed to béor
simplicity) dependnt upon technology and
fabrication proes®s

SER_Router (FIT/chip) SER_Router (FIT)

B

FITfomin 10
FiTin 10-4*

1.90
180
170
1,60
1.50
1.40

0 a0 60 80 100 o 0 40 60 a0 100

Technalogy [nm)

(a) (b)

Fig. 15: Trend of a) SER/chip, and b) SER for entire router
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The SER (due to registers) for a router with a 16 bit
flit size was computed by multiplying the number of
registers obtained from the routgmnthesis. Fig 15
(a) shows a linear increase in SER per unit area for
the entire router while (b) shows a quadratic decrease
in SER due to decrease in router afd®e SERouTer

for other flit-sizesis expressed in termsf Regqynt
(obtained from equatiof8)) as,

¥y ¢i'Qh= "OYood @ Do x YQQ;6e0
- (11)
OYvsvoy = OYooo* Y60
- (12)

Using equation(11) and (12), SER valueswere
projected for future technologies as per Table 3.

Year of Production (as per ITRS) | 20071 2010 2013 201§ 2017
Technology (nm) 65| 45| 32 22| 20

Operational Voltage (V) 1.1 1| 0.9 0.8 0.7
SERee/cm (FIT/chip) in 10° 1.26 1.3 1.44 1.49 151
SERrourer/cn?® (FIT/chip) in 102 | 1.58 1.73 1.81 1.87 1.89
Year of Production (as per ITRS) | 201§ 2019 202Q 2021 2022

Technology (nm) 18| 16 14 13 11

Operational Voltage (V) 0.77 0.7 0.6/ 0.6 0.6
SERpee/cm?’ (FIT/chip) in 10 152 153 1.54 1.54 1.55
SERgourer/c? (FIT/chip) in 10° | 1.90 1.92 1.93 1.94 1.95

Table3: Projected SER values for DFF and Router for
future technologies

7. CONCLUSION

This paperattempts to understand the aftereffects of
SEU that leaglto softerror during the interaction of
CMOS deice withatmospheric neutrongt does this
by analyzingthe trend of soferror rate for a switch
based on-chip interconnection networkas device
sizes decrease From the SER results, the
susceptibility of the router for a given artawvard
SEU increases linearly as one mowvesther into
deepsubmicron technologiesHowever,the decrease

in area overpowerthe increase in SER per chip and
results ina quadratic decrease in soft error. These
results agree witlthe SER analysis byHazucha [8]
and Shivakumar [3 which were mainly focused on
SRAM and microprocessor respectively.

Previous attempts mainly involved experimental
determination of SER by projecting an accelerated
beam of neutrons through cyclotron; a theoretical
approachtoward SER analysis for a router is quite
novel and different from earlier efforts. Future work
in this regard willinclude theSER contribution by
combinational elements anthe effect of various
levels of soft error masking #te architectural level
onthe owrall SERof the router
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