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1 Introduction

This deliverable is organized into two parts: le first part the implementation of a Multi-
Processor System-on-Chip (MPSOC), called Genepyle&cribed. Genepy is fitted with
temperature sensors and activity monitors. The éatpre sensors will provide a reference
temperature, while it will be possible to estiméite energy dissipation from the activity
monitors. From those two sets of data, it will lmsgible to correlate the temperature and the
energy consumption, and prove that in the end, ¢éeatpre can be correctly estimated
without using on-chip temperature sensors. Geneglghip was implemented in Bulk 65nm,
with a die area equal to 30mma2. It was sent in fioyend of March 2012.

A first-order thermal model of Genepy (in its BGAgkage) was made. Simulations show
that temperature is pretty uniform across the dies therefore mandatory that the various
parts of the chip communicate with each other, e each one is aware of the power
dissipation of its neighbors.

In the second part, a row-based ILP formulationt gravides optimal body bias assignment
for thermal clock skew compensation is proposedthdlgh éfective, the physical
implementation of this technique is not trivial: ¢ha fine tuning of the clock Iffiers would
require to apply the body bias cell-by-cell, desigmstraints imposed by semi-custom layout
rules impose higher granularities, i.e., clusteirscalls. Experiments on a set of realistic
benchmarks show that the proposed solution allovesabskew compensation undeffeient
thermal profiles, but avoids unfeasible conditionsere btifers placed in the same row
require dfferent bulk polarizations.
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2 Thermal and activity monitoring architecture

The GENEPY SoC is composed of 4 SMEP clustersdaterected by a Network-on-Chip
(NoC). The SMEP cluster is based on 2 DSP MEPHI8®f@s providing high-performance
processing functionalities and a SME (Smart Mentemgine) in charge of data management
both internally within the cluster and externally dommunicating with other clusters. Finally
the cluster is controlled by a MIPS processor.
In order to support advanced power managementegies, a set of sensors has been
embedded into the SMEP cluster. Figure 1 presemes SMEP cluster architecture,
highlighting the available sensors:

- Thermal sensor: it is sensitive to the temperatutbe cluster,

- Activity monitors: they are composed of a set dir@rs reacting to various events in

the SME part and in each MEPHISTO cores (0 and 1).

Both thermal sensors and activity monitors are iclemed as MIPS peripherals. It can control
and access them directly from its data bus (memmapped).

Thermal Sensor
| Processor

w—— MIPS 32bits

(- | \ =
2 \'eep
_ B

Figure 1: SMEP cluster architecture focused on thanal and activity monitoring

[<T7]
/

2.1 Thermal monitoring

The Thermal sensor can measure the temperatude itte SMEP cluster. The architecture of
the thermal sensor subsystem (Figure 2) is matemparts:
- A hard macro called MultiProbe which implementsriyroscillators, a counter and a
set of control registers accessible through a dzisyn.
- A controller that can be configured through addrespped registers.
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Multiprobes Ctrl i Multiprobes

Clk Clk_ref Mprob_IT_eos ! (1 macro min,
i no upper limit)

Mprob_sample

Mprob_mode

Mprob_Scan_clk 1

Mprob_Scan_out |

Mprob_IT_eof

Mprob_Scan_in

Figure 2: Thermal sensor schematic (only 1 MultiPrbe in SMEP cluster)

In the MultiProbe, the counter is used to measueeipely the number of oscillations of a
ring oscillator (RO) during a specific period aht. Two different ROs are implemented:
* RO1: made of standard inverter cells (used aseaieete);
« RO2: made of custom inverters with increased temtpez sensitivity (used in
conjunction with RO1 to measure temperature).

The controller is composed of 2 subparts:
* A SER-DES to send/receive data to/from the Multiféranacro that is accessible
through a daisy chain;
* A programmable sampling pulse generator.

The thermal sensor is controlled by the MIPS prsgaeshrough configuration and status
registers. There are 2 64-bit registers as predent&@able 1. A more detailed description is
available in Annex 7.1.

Table 1: Thermal sensor configuration and status rgisters
63 32| 31 0

REGO serdes_ctrl serdes_reg

REG1 control sample_time

The ‘serdes_reg’ is set before shifting the SER-D&8onfigure the MultiProbe. Then, it is
read after shifting to get the content of the ceunt

In addition, the controller also drives two intgrtion lines directly connected to the MIPS
status register:

- IT_eos: end of sampling, generated by the samplitge generator;

- IT_eof: end of frame, generated by the SER-DES.
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2.2 Activity monitoring

The activity monitoring consists in instrumentingset of control signals in some specific
hardware blocks of the SMEP cluster: MEPHISTO care$ SME subsystem.

At design time, a correlation process between p@wsasumption and signal activity has been
developed (see Deliverable D3.4.2) to identify thest significant signals to be used as
monitors. As a consequence, at execution timegs ipassible to compute an accurate
estimation of the power consumption of a blockdaiven period of monitoring.

For each considered signal, the monitor consistslii-bit counter which is incremented each
time the signal is active (Polarity can be takeo #ccount to define if the signal is active at
low or high level). When a counter reaches the marn value (¥-1), it is automatically
blocked (i.e. OXFFFF value encodes an overflow).

The power estimation process is decomposed inte3s
» A Monitoring step, when counters are activated,
» A Computing step, when the values from counterscaliected to estimate the activity
and consequently the power consumption, by applgiogrrelation function.

To control the monitoring step precisely, i.e. twunting duration, the MIPS activates a
dedicated timer (32-bit). To activate a timer, MES has to write a ‘timer_limit’ value. The
timer will count clock cycles up to this value. Wheéhe value is reached, the timer is
automatically disabled and an interruption is rdise the status register.

Monitors can be masked to control their activityl dimit the power consumption of counters
when they are not used. The monitor is active whask is set to ‘1’.

Finally, the monitoring process is working as fol
1. Set the mask to define which monitors will be used,
2. Start the ‘timer_monitor’ and wait for timout,
3. When timout is reached, the MIPS processor is rapted and can access all the
activity monitors in order to perform the powerigsttion.

The list of monitored signals is detailed in Anre
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3 Temperature estimation scenarios

In the frame of the Therminator project, the handbv@sources available in the SMEP cluster
will be used in order to perform on-chip temperat@stimation. Two scenarios will be
investigated:
- Direct temperature measurement: this will be tlieresce temperature value based on
the thermal sensor.
- Temperature estimation: this scenario will be basethe power estimation extracted
from activity monitors associated with a power/te@mgture correlation modeling.

3.1 Direct temperature measurement

In this scenario, the MIPS core configures thertadrsensor. The sensor does not directly
deliver a value expressed in degree but a numbesallations that is function of the actual
temperature where the ring device is positioned.

Depending on the operating condition (externalreafee clock frequency) and the precision
of the measure expected, the MIPS may have todame parameter such as the duration of
the measurement. In particular, a trade-off hadsetdound to avoid overflow in the counting
process while the full 28-bit dynamic of the counsgeexploited.

The MIPS will perform 2 measures on the ring oatilfs: one on the reference RO1, the
other one on the RO2. The time between the 2 meassrlimited enough to consider the
temperature as constant. Once the values fromotlneter are obtained, the MIPS will convert
into a temperature value according to the converible based on the characteristics of the
oscillators as illustrated on Figure 3. The tempeeais directly a function of the frequency
difference between the 2 ring oscillators.

140
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-20
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Figure 3: Temperature function of the frequency diference between ring oscillators

Page 9



THERMINATOR FP7 ICT — 2009.3.2 - 28603 D3.4.3

A polynomial function {) has been extracted from SPICE simulations oreléetrical model
of the thermal sensor.

°C

T = 2381
GHz3

- Af3 — 5827 ——- Af? + 5024 —- Af — 1514°C )

These characteristics will be refined by measureraad calibration on the actual chip back
from manufacturing.

3.2 Temperature estimation from energy dissipation

3.2.1 Thermal modeling

The temperature of an integrated circuit (IC) carebtimated from its power dissipation and
the thermal properties of its layers, the packéue board and the thermal exchange with the
air surrounding the package. A thermal model ofGis derived by spatially discretizing its
constituents into discrete thermal elements: ehemtal element is defined by its thermal
capacitance and thermal resistances to its neaegghbors. For estimating the temperature
from the power dissipation, the equation to be exbiis:

cT®)  +ar@® = Pu® )

Where C is the thermal capacitance matrix ([n*n] diagomahtrix), A is the thermal
conductivity matrix ([n*n] matrix),T(t) and P are temperature and power vectors (of n-
dimensional Euclidean spa&8) andu(t) is the unit step function,e. the time step used by
the MIPS to periodically read the activity monitors

For avoiding a too high computational complexitglanemory usage, it was decided to map
one thermal element per unit of Genepy testchipséhdiscrete thermal elements are shown
in Figure 4-b and the corresponding floorplan igure 4-a.

5740.8 ym

External

SRA NoC

Interface

5449.6 um

ICYSMEP
Cluster

NoC
Interface[




THERMINATOR FP7 ICT — 2009.3.2 - 28603 D3.4.3

R50 RO1

R62
AN
-
%% & - G
=t N ==
©

R74
MNAA A

(b)

Figure 4 — (a) Floorplan of Genepy; (b) Discretizabn of Genepy into thermal elements.

Given the thermal properties of silicon, the thdrmesistances and capacitances can be
calculated in a straightforward way (the impactttod back-end was neglected in this first
order model). The values are given in Table 2.

Table 2 — Values of thermal resistances and capaaitces of the die layer.

Die layer
Thermal conductivity Si = 149 W/m.K
Heat capacity Si = 19,8 J/mol.K
Thickness Si = 775 um
Atomic weight Si = 28,0855
Density Si = 2,329 g/cm3
Capacitance
C0=C1=C2=C3 0,00402786 J/K
C4 = 0,00859302 J/K
C5= 0,000719995 J/K
C6 = 0,001081626 J/K
C7= 0,002793929 J/K
Resistance
RO1=R23 = 12,5 K/W
RO2 =R13 = 7,3 K/W
R42 =R43 = 9,3 K/W
R50 = 21,7 K/W
R60 = 32,3 K/W
R62 = 33,7 K/W
R72 = 13,1 K/W
R74 = 19,7 K/W
R56 = 20,2 K/W
R67 = 40,8 K/W
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A similar discretization was performed for the BTd&s layer (shown in Figure 5), the Epoxy

mold compound layer, the PCB layer, the packagestrd thermal resistance (through the
balls) and the package-to-air and PCB-to-air théresstances.

R1213BT R1112BT
A% AN

C11BT

AN +H
1851y
AN
-
190L6Y i || 181101

{d
H—

lariely

C10BT

R815BT

_T_—f\/vv

C15BT

C9BT

Figure 5 — Discretization of Genepy BGA package iotthermal elements.

3.2.2 Dynamic thermal analysis

A Primepower simulation was performed on a SMEPt, uwhen it performs an FFT
computation. The power profile is shown in Figure Byvo activity phases can be
distinguished: an initialisation phase, that l&lgis, and the FFT computation phase which
lasts 63us and is repeated many times. Duringsttiend phase, the average power is 63mW.
This power profile is then injected into the thetrmzodel, in order to have a first order
estimation of the die temperature.
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- 8%
File Signal View Waveform Analog Tools Window Help
ad-s/oina o 0 o Q@ 6y f-|«+> xips |G [a] 1

Initialization phase: FFT computation phase:
e Duration=91ps e Duration =63us
e Power =8,99mW e Power=62,9mW

Figure 6 — Power profile of a SMEP unit when perfoming an FFT computation

In the above thermal models, a thermal resistasa@alogous to an electrical resistance and a
thermal capacitance is analogous to an electrigphctance. Using such analogies, power
dissipation corresponds to an electrical curredttemperature corresponds to voltage. Thus,
for characterizing the run-time thermal profile@&nepy, a simple electrical simulator can be
used. The simulation results are shown in the &cwlow. The top set of curves shows the
temperature of the 4 SMEP units when injecting awgyoof 63mW for 100s in SMEPO unit. It
can be seen that the temperature is almost the &arttee 4 SMEPS, illustrating the fact that
it is pretty uniform across the whole die. Thisesplained by the fact that the thermal
resistance of the package is quite high, i.e. ¢atled close to 1000 K/W. The temperature of
the die is therefore homogenized before heat cavaeuated.

As a consequence, each SMEP unit has to commuriisgtewer dissipation to its neighbors,
since this will have a direct impact on the tempee estimation of the other SMEP units.
For correct temperature estimation, the power piggin of all SMEPs has to be summed up
at each time step.
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Figure 7 — Thermal profile of Genepy when performig an FFT computation on one of
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4 Layout Constrained Thermal Clock-Skew Compensatiorusing
Body-Biasing
In the era of uncertain devices [3], the avail&ypiiif design strategies and tools that consider
variability as a direct variable in the design sphas become of paramount importance. This
is even truer when considering the design of speoimponents that represent a concentrated
source of failure, as the case of the Clock Distidn Networks (CDNs). For those
components, even a minimal variation on the eleaitparameters that govern their behavior
can drastically impact the reliability of the eaticircuit. In standard ASIC implementations,
the CDN is in charge of distributing the clock sigjno the sequential elements scattered
across the layout. It consists offfared global interconnects routed in the top metgrs
and following a tree-like structure, hereafter tieck-tree. As the main responsible of the
synchronization, a clock-tree must be designedstadarace conditions between paths; more
precisely, to enforce that clock edges reach regishpproximately at the same time. This
gualitative criterion is measured by the clock sktwat is, the dference between the longest
and shortest clock tree paths, which must be adl steapossible. Traditional clock tree
synthesis algorithms, as those presented in [4l®l the implementation of clock structures
that minimize total wirelength and power consumptionder zero or bounded skew.
However, as in most of state-of-the-art commerals, they rely on the simple, yet wrong
assumption that on-chip thermal profiles are flat stadic in time. Unfortunately, the non-
uniformity of the power densities, mainly due toe tladoption of power-management
strategies [15], can lead to uneven temperatutghiition, i.e., thermal gradients. Obviously,
devices working at fierent temperatures may show significant performanisenatch. The
consequence is therefore the presence of brandhé® alock-tree that show unbalanced
delays; branches crossing hot regions get slowaitewhose crossing cold regions get faster.
This difference have negative impact on global clock-skdywj#ich, in the worst case, may
cause setup/hold time violations. Clock tree optation for thermal skew was first studied in
[8], where the authors modified the traditional Defd-Merge Embedding (DME) method
proposed in [7] to search for nodes in the vicimitynerging points that can minimize clock
skew for both uniform and non-uniform thermal pesdil However, while the above
mentioned methods rely on design-time, i.e., stajtimizations, the need to manage time-
dependent thermal gradients demanded for new desigrdigms. To address this issue, the
authors of [6, 10, 11] proposed a new post-silisolution. The latter, which falls under the
class of adaptive strategies, is based on the fudgnamically adjustable delay clock fifiers
that can be tuned to compensate at run-time thek<dkew. The main flierentiation factor
among the proposed adaptive techniques is thedfygaob used to regulate the delay of the
buffers. Among all the possible solutions [16], AdaptBody Bias (ABB) has been proven to
be a key alternative. It does not require any medalifon of the standard gates, and most
technology libraries fers support for it. ABB exploits the bodyfect of MOS transistors
allowing step-wise modulation of the fifer delay. Diferent embodiments of ABB have been
presented by several authors in the recent yeays, [@1, 17]; only few of them however
considered the physical constrain imposed by rogebtalayout implementation of semi-
custom ASICs [14]. Compensating clock skews with BABequires the capability of
selectively applying dferent bulk polarizations (Reverse or Forward BodgspBto each
individual clock bdfer in the tree. As a matter of fact, the physicé¢s imposed by CMOS
technologies below the 65nm do not allow applyinG ® the cell granularity, as bulk
contacts for each cell are no longer availabletebd, they provide ad-hoc contact cells that

! Typically, the higher the temperature, the lartyerpropagation delay. However this is not trueGOS
devices which show an Inverted Temperature Depexedfs); not considered in this work.
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are uniformly placed through the layout, in eackv revery 30 to 50 um. That solution
provides uniform and stable polarization for anirenbunch of cells with limited area
overhead [14]. Needless to say, these rules cams&BB to be applied with a larger
granularity, thus making most of the proposed sgiass unfeasible. In this work we propose a
new ILP formulation that operates at the row leteefind a proper clustering of cells that
enables the application of ABB, thus allowing maximthermal skew compensation while
matching the aforementioned physical constrainte @ptimal selection returned by the ILP
can be used as reference to fill the LUT of a themmanagement unit that will drive the
tuning during in-field operations [6]. Experimentakults conducted on a selection of large-
scale benchmarks mapped into an industrial 40nimntdogy provided by ST and obtained
from industry-strength physical design tools, shbwat the clock skew induced by realistic
thermal profiles can be effectively reduced (6%awarage) still maintaining compliance with
physical rules.

4.1 Thermal Effects on Clock Distribution Networks

The clock skew is formally defined as the maximufiedence between the (source to sink,
i.e., register) arrival timel; — D; of any pair of node§, j) belonging to the set of sini&of
the tree (Equation 1).

Skew = |max {P- D}, ¥ (i, j) €S, with i ] 1)

The arrival time at each sink is the result of #uslitive delay contributions introduced by
wire segments and Hfers that break up the clock-path from the roothBeires and bffers
may vary their behavior significantly depending te bperating temperature. Concerning
metal wires, a larger temperature gets a lineaease of the metal resistivity, as described by
Equation 2:

Ro(X)= Ro(1 + £+ T (x)) )

where,Ry is the resistance at reference temperature (reomperature)s is the temperature
codficient that depends on the type of material (3.9er Copper), whileT represents the
local temperature of the wire resulting from théfudiion of heat from the substrate and the
self-heating #ect [2]). Notice that, for long wires, as the ca$elock trees,T may change
depending on the actual position along the wire

Concerning MOS transistors, one of the main pararaeffected by temperature is the carrier
mobility p, which, due to larger temperature induced lattiderations, decreases with
increasing temperature. The relation governing sdependency is shown in Equation 3,
whereT is the junction temperature aiigis the nominal temperature (about 300k) anis

the temperature céfécient, which is about 1.5 but varies dependinghenprocess.

u(T) = u(TO) -(TO/TY @)

As described by the alpha power law model [13],Eeation 4, lower mobility reflects in a
smaller current capability of the active transistawhich, in turn, fiects the speed of the
CMOS buffers, that get slower as temperature increases.

lg o (T )(Mia— Vin)* (4)

Even if the clock runs on a symmetric network withth wires and Htiers showing a
monotonic delay increase due to temperature, theepice of thermal gradients may cause

Page 16



THERMINATOR FP7 ICT — 2009.3.2 - 28603 D3.4.3

substantial timing skew; branches of the tree thass hot regions slow down due to buffers
and interconnects, while branches that run oved eebions, show smaller propagation
delays. Figure 8 depicts a scenario where two pd&losite-to-Sinkl and Route-to-Sink2,
having same length, thus zero clock skew, can trasudifferent delays due to the thermal
effects.

Figure 8 - Clock branches reaching dferent thermal regions develop unequal delays.

4.2 Adaptive Clock Tree

Recent works [6, 10, 11] have proposed the usedafptive strategies to compensate,
dynamically, the #ects of temperature on the clock skew. All of then® based on the same
idea, the use of tunable clockffars through which compensate delay variation alibreg
clock paths. However they substantiallyfeli in terms of i) control knob used to adjust the
buffers delay, ii) granularity at which the control knwmperates on the ffars, iii)
implementation of the control structure. Here we éslaptive Body Bias (ABB) as main
control knob and we introduce a layout constraireed-based scheme where ABB is applied
at the row-level, namely, each individual row ofetltayout has its own independent
polarization voltage that is controlled dynamicalpending on the thermal profile of the die.

Control Knob: ABB can alter the threshold voltage of the dewgeloiting the body ffect
of MOS transistors. The bodyffect is modeled by Equation 5, which describes the
dependency of the threshold voltaggefrom the bulk voltagd/y:

Vin = Vo + Y(JVsp + 20f| — V2of) %)

with Vo the threshold voltage under zero substrate bigsthe body ffect parametels, is
the voltage between the source and bulk termiaald¢f is the surface potential. A Forward
Body Bias FBB, i.e.Vps> 0 (Von = +Vege for NnMOS andVpp = Vyq — Vies With Vegg > 0),
decreases they, of the transistor that can drain more current imuadte the bffers faster. As
side dfect, FBB exponentially increases the sub-thresHeékage power [12]. On the
contrary, a Reverse Body Bias RBB, i¥ss < 0 (Von = —Vgreg for nMOS andVp, = Vyq +
Vresfor pMOS withVggg > 0), increases thé, getting slower bffers. Positive ffect of RBB

is a lower leakage current. The selectionvedg andV is a technology dependent process.
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Depending on the internal characteristics of tlamdistor, like doping concentration of the
source/drain-bulk pn junctions, RBB and FBB polatians can be defined as to guarantee the
best trade f§ between delay variation, power and reliabilityr Foe adopted technology, a
low-power 40nm technology with nominglyof 1.1V, we used symmetric values, i.¥rgs

= VRBB: 0.5V.

S0um
Vddl r 1l
e e s I
G | . ]
0 Nwell\ Bodybias | [
Row-j supphy rails |
P-well
., 8
vdd | y s J
Dody bias
coitact cell
Bodty bias
oontacts

Figure 9 - Abstract view of row-based ABB layout [#]

Granularity: From a conceptual point of view, ABB should be laga}y separately and
independently to each individual fifier of the clock tree. Unfortunately, physical desigles

of modern CMOS technologies do not support celéléody biasing, as the bulk contacts are
no longer available in the cells. On the contrailicon vendors provide special cells, the
body bias contact cells, which are placed throwgtout rows and driven by the body bias
generator. The design rules require the body asact cells to be placed everyp60 (for
technology we have used) Therefore, the minimunmgaawhich ABB can be applied is a
portion of the row, a sub-row. However, since nuétiABB per row seriously complicates
the routing of the body bias supply rails, in tiigrk we consider the row as atomic unit, i.e.,
each row can be polarized with a dedicated vol{&ggandVy,, as shown in Figure 9).

Architecture: Concerning the control structure, we borroweditlea proposed in [6], where
an embedded hardware mechanism, called the thenaahgement unit (TMU), is used to
translate on chip thermal profiles (provided by datid temperature sensors) into the proper
bias configuration that minimize the skew. Figunduatrates the proposed architecture. Data
collected from the sensors are used to point aifsgpeow in the TMU table; the one that
contains the body-bias configurations for compengathe skew generated by the current
thermal profile. Conceptually, rows containingfeus that belong to slow paths are Forward
Body Biased (FBB), while, rows that containffaus of fast paths are Reversed Body Biased
(RBB). The optimum body bias configuration, whiclsisred in the TMU table, is carried out
by means of anffline characterization step, that is, for each ppthermal profile, the
optimal body bias selection (RBB or FBB) of eactviie obtained by solving an ad-hoc ILP
model (described in the next section).
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Figure 10 - Revisited TMU architecture [6] for skewcompensation using row-based
ABB

4.3 ILP Model

In this section we introduce the mathematical fdation through an ILP of the optimization
problem we are trying to solve. Specifically, we wé&m find an optimal row-based ABB
configuration that compensates the clock skew fgivan thermal map and matching the
physical constraints. Let assume that the gatetheéndesign have been placed among N
different rows. We assign two 0-1 integer varialiteeach row, x; andy;, whose meaning is
described in Equation 6:

_ (0, zero bias

= {1, if FBB
(6)

_ (O, zero bias

Yi = {1, if RBB

The first main constraint concerns the clock skehictv has to be maintained below a user
defined boundBskew This is described in Equation 7, where the déifee between the
propagation delafp of any pair of pathp, andpx belonging to the set of root-to-sink patlis
is forced to be lesser th&3kew

0 < D = Dzn < Bskew V1, EH' k#n (7)

The delayD,; of the generic path is given by the sum of the propagation delayshefdlock
buffers and wire segments in the path itself:

Dy = Zfzo dj + dpet,j Vjiem (8)

Wheredyetj is the delay introduced by wire load in the fanotithe buffer, whiled; is the
propagation delay of each buffer. As describedhia following Equation, each; can be
further expanded as a function of the body biatagel applied to the roithat hosts buffejr

Dj = do — %Jj reB *+ YidjreB (9)
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whered, is the nominal propagation delay of the cell urnzieno biasingg rss represents the
delay variation of the buffer in case of FBB, afjdss represents the delta delay in case of
RBB. To calculated, we make use of LUTs containing pre-characteridethy under
different loads, transition time and operating temapures. Depending on the biasing
configuration associated to each rownamely, the pairx(y), the clock skew can be
compensated. Obviously, each row needs a unigule fmlbarization, FBB or RBB; this
condition is forced by the following constraints:

X +yi<1lVi eN (10)

The resulting ILP model is then reported in Equatid, where the cost function to minimize,
the Equation 11 represents the total number of nowlarized at a voltage other than zero.
Minimizing such metric we reduce the impact of ABBthe other gates in the circuit.

min: YN (x; + ;) (11)

4.4 Experimental Results

4.4.1 Toolchain internals

The design framework we implemented to validate pineposed methodology relies on
different commercial tools like Synopsys Design Comgi¥C), used in the logic synthesis
phase, Synopsys IC Compiler (ICC) used for the jghyslesign (placement and clock tree
routing), Synopsys HSPICE used for transistor Iewalulations. ILP problems, instead, have
been solved using the open source tool Mixed Imt€gegramming Solvelp_solve[l]. The
entire flow consists of three main stages:

1. Synthesis: Starting from a RTL description, the design gobesough standard
logic/physical synthesis, which yields a gate-lemetlist containing both the logic
gates and the clock tree. Once those steps arenptisbed an in-house tool extracts a
transistor-level netlist of the clock network whiafmcludes extracted view of the
buffers (taken from an industrial 40nm technology lipyaand parasitics back-
annotated from the SPEF file

2. ABB assignment:The SPICE netlist is simulated along with thermab (assumed to
be given) via HSPICE, in order to obtain path delapd skew information used for
the construction of the ILP, as described in Sedcfid. The solver is then fed with the
ILP model and run. The returned solution descrithes ABB configuration to be
applied to each row.

3. Validation: The ABB configuration returned from the ILP solN®finally applied to
the original netlist and statically analyzed with@®C. For this stage we make use of
timing libraries characterized undeiffdrent bulk polarizations: FBB/{, =0.5V and
Vpp =0.5V ), RBB ¥pn = —0.5V andVp, =1.5V ). Synopsys NCX has been used to
collect the timing information.

2 SPEF: Standard Parasitic Exchange Format.
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4.4.2 Benchmarks and simulation results
Table 3 reports the main characteristics of thedhircuits used as benchmarks.

Table 3: Synthesized benchmarks

Design # Layout Rows # Buffers Clock Skew (ps)
Benchmark 66 35 72.8i
Benchmark 2 177 138 197.52
Benchmark 3 305 182 224.74

To emulate dferent thermal behaviors, the chip die is dividecight equally sized layout
regions, clockwise labeled from one to eight, sigrfrom the top left. We therefore assume
the availability of a dedicated temperature serispreach region. Table 4 shows the four
thermal profiles we considered during simulations.

Table 4: Chip die thermal region temperatures (in°C)

Reg #1 \ Reg #2 Reg#3| Reg#4 Reg#5| Reg#6 Reg#7| Reg#8

Map #1 10C 75 25 75 10C 25 10C 5C

Map #2 50 100 75 25 25 50 25 100
Map #3 75 50 75 50 100 25 50 25
Map #4 25 100 50 25 75 50 25 100

Table 5 reports, for each benchmark, the amourtiautk skew compensatio$kew) we
can achieve under ffierent thermal maps. The comparison is made betwemphysical
constrained ILP model presented in this work (caluRow-Based) and a standard ILP model
(column Cell-Based) that does not take into accamyt physical constraints, that is, each
buffer can be assigned, separately, to any body biash Sell-based formulation is very
similar to the row-based one, but boolean variabdgsesenting ABB configuration, i.e,
andy; (please refer to Section 4.3), are referred td esiogle biifer in the clock tree rather
than rows.

As expected, the cell-based ILP, which has moreedsgof freedom, shows a better skew
compensation, 7.55% on average, w.r.t. the row¢b#de, 5.18% on average. Nevertheless,
the cell-based approach returns a non-feasibldienlior most of the cases under test. The
column Feasibility reports the number of rows tpetduce frustrated constraints, namely,
rows containing bffiers that should be assigned to a certain bulk at@wn, but cannot
because of the presence of othefféns polarized at ffierent body bias. Only for one case,
the cell-based ILP returns a feasible solution, Beachmark 2 under Map #4, for which 0
rows show constraint violations. On the contralng tow-based approach is always feasible,
as each row is assigned to a single body bias.

One additional comment concerns the potential @masth introduced by the row-based body
biasing. Changing the bulk polarization of a rdifeets not just the clock ffiers, but also the
other cells placed in that row. This may alter othetrics of the circuit, as the leakage power
(FBB reduces theVy, increasing the sub-threshold current) and the mamwi operating
frequency (RBB increases thMg, making logic gates slower). However the proposel lias
been constructed in order to minimize suffe@s. This has been achieved by minimizing the
number rows assigned to any FBB or RBB (maximum lemof rows left to zero bias).
Experimental results have shown that leakage owerhe always below 5%, for any
benchmark and for any thermal profile; larger dglapalties, instead, have been registered,
10% on average. The reason is that the ILP doesamstider that RBB on cells belonging to
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the critical paths directlyffect the overall speed of the circuit. We are wagkon new
formulations and heuristics that consider timingadges during optimization.

Table 5: Clock skew compensation.

Cell-Based Row-Based
# Rows | Thermal Map A Skew | Feasibility | A Skew | (FBB, RBB)
(%) (%)
Benchmark 1 66 Map #1 8.84 14 6.39 (17,6
Map #2 7.68 6 4.36 (13, 4)
Map #: 7.72 6 5.32 (12, 4
Map #< 8.67 12 6.82 (16, 7
Benchmark 177 Map #1 11.7¢ 2 7.9¢ 2, 2
Map #: 11.5¢ 2 4.2¢ 4,1
Map #3 8.63 2 7.41 (5,1)
Map #4 5.54 0 4.34 (4,1)
Benchmark 3 305 Map #1 5.70 26 4.24 (41,6
Map #2 3.59 28 2.27 (32, 7)
Map #3 4.69 28 3.75 (28, 4)
Map #< 6.25 31 4.97 (39, 7
Avg. | 7.5 | 5.1 |
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5 Conclusions

In the first part of this deliverable, an MPSOCcuait, called Genepy, was implemented in
Bulk 65nm with structures for monitoring its activiand temperature. This will enable to
correlate temperature and energy dissipation, émadling to do thermal management in a
more proactive way than just waiting for temperatiar reach a given threshold.

A first-order thermal model of Genepy, encasedtsnBGA package, was developed. The
simulation based on this model shows that the teatpe is almost uniform across the die.
As a consequence, each and every processor ctingtitan MPSOC circuit must
communicate its power dissipation to all its neigish for a correct temperature estimation.
The measurement results of Genepy testchip wildrérmed in the autumn 2012 timeframe
and detailed in Deliverable D7.2.1.

In the second part of this document, the basic mand the construction of the ILP model
and the implementation of an in-house frameworkdgnamically compensating the clock
skew variation due to thermal gradients have biestrated. It turned out that the proposed
ILP-based approach is an effective option to recaleck skew degradation. Results show
that compensation of clock skew based on physitatement information is possible;
however it will come at expense of worse slacknignamong the circuit’s critical paths.

Page 23



THERMINATOR FP7 ICT — 2009.3.2 - 28603 D3.4.3

6 References

[1] Introduction tolp_solve(2012), http://Ipsolve.sourceforge.net/5.5/

[2] Ajami, A., Banerjee, K., Pedram, M.: Modelingnch analysis of nonuniform substrate
temperature effects on global ulsi interconnectem@uter-Aided Design of Integrated
Circuits and Systems, IEEE Transactions on 24@),-8861 (June 2005)

[3] Borkar, S.: Designing reliable systems from aeliable components: the challenges of
transistor variability and degradation. Micro, IEE&(6), 10-16 (nov 2005)

[4] Bota, S., Rossello, J., de Benito, C., Keshayaf., Segura, J.: Impact of thermal
gradients on clock skew and testing. Design TesE@hputers, IEEE 23(5), 414-424 (May
2006)

[5] Calimera, A., Bahar, R., Macii, E., Poncino,:Memperature-insensitive dual synthesis
for nanometer cmos technologies under inverse teatyre dependence. Very Large Scale
Integration (VLSI) Systems, IEEE Transactions o113, 1608-1620 (Nov. 2010)

[6] Chakraborty, A., Duraisami, K., Sathanur, Aith&@mbaram, P., Benini, L., Macii, A.,
Macii, E., Poncino, M.: Dynamic thermal clock skemwmpensation using tunable delay
buffers. Very Large Scale Integration (VLSI) SysgeiiEEE Transactions on 16(6), 639 —649
(June 2008)

[7] Chao, T.H., Hsu, Y.C., Ho, J.M., Kahng, A.: Beskew clock routing with minimum
wirelength. IEEE Transactions on Circuits and Systell: Analog and Digital Signal
Processing 39(11), 799 —-814 (Nov 1992)

[8] Cho, M., Ahmedtt, S., Pan, D.: Taco: temperataware clock-tree optimization. In: Proc.
of International Conference on Computer-Aided Despp. 582-587 (Nov. 2005)

[9] Cong, J., Koh, C.K.: Minimum-cost bounded-skeslock routing. In: Proc. of
International Symposium on Circuits and Systems. Mqop. 215 —218 (Apr. 1995)

[10] Long, J., Ku, J.C., Memik, S., Ismail, Y.: $&cA self-adjusting clock tree architecture
for adapting to thermal-induced delay variation.rwd.arge Scale Integration (VLSI)
Systems, IEEE Transactions on 18(9), 1323-1336t(38{00)

[11] Ragheb, T., Ricketts, A., Mondal, M., KiroldS,, Links, G., Narayanan, V., Massoud,
Y.: Design of thermally robust clock trees usingnamically adaptive clock buffers. Circuits
and Systems I: Regular Papers, IEEE Transactio®$(&), 374—383 (Feb. 2009)

[12] Roy, K., Mukhopadhyay, S., Mahmoodi-Meimand; Heakage current mechanisms and
leakage reduction technigues in deep-submicronoet@s circuits. Proceedings of the IEEE
91(2), 305 — 327 (Feb. 2003)

[13] Sakurai, T., Newton, A.: Alpha-power law motifaodel and its applications to cmos
inverter delay and other formulas. Journal of S8lidte Circuits 25(2), 584-594 (Apr. 1990)
[14] Sathanur, A., Pullini, A., Benini, L., Michelz.D., Macii, E.: Modeling of thermally
induced skew variations in clock distribution netiwdn: DATE’'09: Proceedings of the conf.
on Design, Automation and Test in Europe. pp. 188 (Mar. 2009)

[15] Skadron, K., Stan, M.R., SankaranarayananHgang, W., Velusamy, S., Tarjan, D.:
Temperature-aware microarchitecture: Modeling amglémentation. ACM Trans. Archit.
Code Optim. 1(1), 94-125 (Mar. 2004)

[16] Tawfik, S., Kursun, V.: Dual supply voltagesdadual clock frequencies for lower clock
power and suppressed temperature-gradient-indudedk cskew. Very Large Scale
Integration (VLSI) Systems, IEEE Transactions o(8),8347 —355 (Mar. 2010)

[17] Wolpert, D., Ampadu, P.: Exploiting programntalbemperature compensation devices
to manage temperature-induced delay uncertainticu® and Systems I: Regular Papers,
IEEE Transactions on 59(4), 735 —748 (Apr. 2012)

Page 24



THERMINATOR FP7 ICT — 2009.3.2 - 28603 D3.4.3

7 Annex

7.1 Thermal sensor registers description

The following tables present details on the contéithe thermal sensor registers.

Table 6: Thermal sensor: serdes_reg register
31 30 29 28 27 26 1 0

config | overflow counter

TYPE: R/W RESET: 0x0000 0000

config: Select the ring oscillator to be used.
In the SMEP cluster, only values 0x1 or 0x2 areepted (for respectively
RO1 and RO2).

overflow: Set to ‘1’ when overflow of counter hamge

counter: ring oscillator counter.

Table 7: Thermal sensor: serdes_ctrl register

31 16| 15 14 13 12 11 10 9 8| 7 6 5 3 2 1|0
status delay

TYPE: R/'W RESET: 0x0000 0000

status: (read only) Set to ‘1’ while a cycle oiftshg serdes_reg is on-going.

delay: slow down the SER-DES interface by a faofd"X.

Table 8: Thermal sensor: sample_time register
31 30 29 28 27 26 25 24 23 0

duration

TYPE: R/W RESET: 0x0000 0000
duration: number of clk_ref clock cycles for sampli

Table 9: Thermal sensor: mprob_control register

31 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
test ‘ reset ‘ force‘ start

TYPE: R/'W RESET 0x0000 0000

start: Set to ‘1’ to start sampling, automaticatiyurn to ‘0’ when sampling duration

is reached.

force: Set to ‘1’ to force sampling

reset: Set to ‘1’ to release the reset of the iAudbe macro

test: Allow to manually increase the counter i@ MultiProbe

Page 25



THERMINATOR FP7 ICT — 2009.3.2 - 28603 D3.4.3

7.2 List of signal tracked by activity monitors

The following tables give the list of the signalsat has been instrumented by activity
monitors in the SMEP cluster.

Table 10: MEPHISTO activity monitors list

Start of a loop

Execution of the sequencer

PC

Read a word to load in DP or PC register

Access to firmware RAM

Write access in register bank

Read access in registers bank

Access to RAM 0 bank

Access to RAM 1 bank

DP

Start operation on MAC1

|| N[O |~ WIN|FL|O

Start operation on MAC1

(IR
o

Complex multiplication on MAC 0

=
[EEN

Complex multiplication on MAC 1

Table 11: SME activity monitors list

Write output data FIFO O

Write output data FIFO 1

Write output data FIFO 2
PR

Write output data FIFO 3

Write output data FIFO 4

Write output data FIFO 5

Access to RAM 0 bank

Access to RAM 1 bank

RAM
Access to RAM 2 bank

Ol NoOjO M~ W |N|FL|O

Access to RAM 3 bank

(IR
o

Read input data FIFOO

PW

=
[ERN

Read input data FIFO 1
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12 Read input data FIFO2

13 Instruction execution in PRO
14 Instruction execution in PR1
15 Instruction execution in PR2
16 PR Instruction execution in PR3
17 Instruction execution in PR4
18 Instruction execution in PR5
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