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THE PHYSICAL DESIGN METHOD FOR INTEGRATED CIRCUITS
USING ARTIFICIAL INTELLIGENCE

The technological advancement of integrated circuits (ICs) accompanied by an
unprecedented reduction in component sizes to a few nanometers and an increase in
transistor counts to over 100 billion has introduced new challenges related to circuit
reliability. In these conditions, the interaction between components, or "crosstalk," becomes
a key issue, arising from parasitic capacitances and inductances between adjacent wires.
Crosstalk can lead to serious failures, including signal timing parameter violations, logical
errors, and increased power consumption.

To address this problem, a novel approach utilizing artificial intelligence (Al) and
machine learning (ML) algorithms was developed to predict and mitigate crosstalk effects.
The application of this method achieved a crosstalk reduction of nearly 18%, with setup
timing improved by 17% and hold timing improved by almost 20%. These gains were
realized with acceptable trade-offs, including a 3% increase in area, a 5.5% increase in
power consumption, and a 17% increase in CTS wire length, which resulted in only a 0.8%
increase in the total wire length of the circuit.

Keywords: crosstalk, artificial intelligence, integrated circuits, modeling, design
method, machine learning.

Introduction. Crosstalk arises from the formation of parasitic capacitances
and inductances between closely spaced wires in a circuit. When a signal passing
through one wire (the "aggressor") changes, it affects the neighboring wire (the
"victim") through the electromagnetic field [1]. The effect caused by the mutual
capacitance (Cm) is described by formula (1) [1-3], and its impedance is described
by formula (2) [1,3,4]:

dv,
Icrosstalk,Cm = Cp * %a (D)
1
Xew = 2mfCm @)

As seen from the formulas, as the frequency (f) increases and the distance
(d) between the wires decreases (which increases Cm according to formula (3)), the
capacitive reactance drops sharply, leading to stronger interaction [2, 4]:

Cp =3, 3)



The consequences of crosstalk are varied and can critically affect circuit
operation, leading to timing violations, logical errors, increased power consumption,
and accelerated circuit aging. These problems demonstrate the urgent need to develop
effective methods for detecting and mitigating crosstalk. This paper proposes an
innovative approach that uses Al and ML tools to not only quickly predict critical
points of crosstalk but also to offer solutions for their mitigation.

The existing crosstalk mitigation techniques and their limitations. Over
years, various methods have been developed to combat crosstalk at different stages
of IC design, but none fully meet modern technological requirements.

Bus encoding reduces simultaneous transitions on adjacent wires but
increases area, power, and delay while being effective only in specific cases.
Differential signaling cancels common-mode noise but doubles wire count and
power usage. Repeater insertion restores the signal quality and reduces overlap but
adds area, power, and delay. Shielding lowers interference but requires extra layout
space and careful design. Routing blockage increases wire spacing but consumes
routing resources and complicates the design.

A method proposed for data collection and preparation for crosstalk
prediction. Unlike traditional approaches that require multiple analyses, the
proposed method predicts crosstalk using minimal yet highly informative data. It
aggregates physical and logical design information to build a feature-rich database
for the ML model.

As illustrated in Fig. 1, the process begins by extracting physical metal
parameters from the GDSII file followed by the extraction of signal properties from
the .nlib file [5]. Signal integrity analysis is then performed to calculate coupling
coefficients, which measure how changes in one signal affect another. Finally, all
extracted data is consolidated into a unified database containing key physical and
logical features. This comprehensive database serves as the foundation for training
and applying the ML-based crosstalk prediction model.

Fig. 1 shows a flowchart illustrating the data aggregation process. Inputs
from GDSII, NLIB, and auxiliary info files are processed to extract the physical
metal characteristics and logical signal properties. These are combined to create a
final feature database for the model.
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Fig. 1. A flowchart illustrating the data aggregation process

A method proposed for architecture and training of the machine
learning model. After data collection, the most critical part of the method is
implemented: the creation and training of the machine learning model:

¢ Final data preparation. The database undergoes final processing, including
encoding categorical data into numerical values, removing duplicate and constant
data, and performing data normalization (min-max scaling) to bring all feature
values into the [0, 1] range. This is done using the following formula:

_ X—Xmin
Xnormalized - . (4)
Xmax~Xmin

e Selection of ML Model Architecture. A Branched Artificial Neural
Network (BANN) architecture was chosen.

e Activation Functions. Since all input data is normalized to the [0, 1] range,
corresponding activation functions were chosen. A variant of the ReLU function,
described by formula (5), is used in the hidden layers:

_(0,if x <0,
fG) = {x, if x >0. ©)
e The Sigmoid function described by formula (6), is used in the output layer,

as its output is always in the (0, 1) range, which is ideal for the normalized target
value:

1
l+e ™

fx)=

(6)

e Model Training and Application. The model was trained using the
TensorFlow library and its Keras API.

Fig. 2 shows a diagram of the Branched Artificial Neural Network architecture.
An input layer feeds into two separate parallel branches of hidden layers. The
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outputs of these branches are then concatenated and passed through a final layer to
produce the predicted crosstalk value.
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Fig.2. A diagram of the Branched Artificial Neural Network architecture

Fig. 3 shows a flowchart of the machine learning model workflow. It starts
with the formatted database, proceeds to data preprocessing and normalization,
then to the construction and training of the ML model followed by testing,
evaluation, and finally, saving the trained model.
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L
Data Preprocessing ML Model Training
ML Model Testing and
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|

ML Model Construction
I

Fig. 3. A flowchart of the machine learning model workflow
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The performance evaluation of the artificial intelligence model. Experimental
studies were conducted to verify the effectiveness and applicability of the proposed
ML model:
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e Experimental environment. Circuits composed of cells from the ASAP7
educational library for the 14nm technology process were used. A complex circuit
with 22,826 standard cells and an input clock frequency of 2 GHz was used for
training and evaluation. The traditional SIA method in Fusion Compiler took
8227.7 seconds for this circuit, which served as the baseline for comparison.

¢ Evaluation metrics. The Mean Squared Error (MSE) described by formula
(7), was chosen as the loss function to measure the accuracy of the model:

1 o~
MSE = <31 (i = %)% )

e Results and analysis. The model was trained for approximately 48-53 epochs,
achieving a prediction accuracy of about 91%. Most importantly, the analysis time
was significantly reduced. The proposed ML model completed the prediction in
5216.4 seconds. This represents a time saving of 36.6%. While this time saving
comes at the cost of a minor (~10%) loss in accuracy, this level of precision is
often sufficient for identifying critical areas in the early stages of design.

A method proposed for crosstalk mitigation for the clock tree. After
developing a predictive model successfully, the next step is to mitigate the effects
of crosstalk. The proposed approach involves making targeted changes to the most
sensitive and aggressive part of the circuit: the clock tree (CTS). The CTS is
targeted because its wires carry the highest frequency signals in the circuit, making
them the "main" aggressors, and they are highly sensitive to timing deviations that
can cause critical setup and hold violations. An improved combined method of
routing blockages and shielding is proposed.

1. Target pair identification: Using the ML model's predictions, all metal
pairs where at least one wire belongs to the CTS are identified.

2. Condition check: For each pair, the distance between wires is compared
to the minimum allowable distance (dui») defined by the design rules for that metal
layer.

3. Decision making:

olf the distance is less than 3 * d,,;,, the wires are considered too close. In
this case, routing blockages are applied, instructing the design tool to re-route the
wires to increase the spacing between them.

olf the distance is greater than or equal to 3 * d,,;,,, there is sufficient space
between the wires. Instead of increasing the distance further, the shielding method
is applied by inserting a protective wire connected to ground between the aggressor
and victim.

Evaluation of results. Applying the proposed mitigation method to a test
circuit yielded the results summarized in Tables 1 and 2.
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Timing and Crosstalk Violation Improvements

Table 1

Parameter Initial IC Wiﬂ? With With the
Shielding | Blockage |Proposed Method
Componénts With Setup 940 385 901 854
Violation
Total Setup Violation (ps) -1128.3 -1031.2 -1052.4 -928.6
Compone.:nts yvith Hold 605 571 579 538
Violation
Total Hold Violation (ps) -415.2 -370.1 -386.8 -329.7
Components with Crosstalk 482 369 395 307
Crosstalk Violation (ps) -11.03 -10.11 -9.96 -8.88
Table 2
Physical Design and Power Costs
Parameter Initial IC Sh\iZIi(;};ng BlXﬁde Propzziet(li1 ﬁte:thod
Area (um?) 9150.2 9150.2 9514.8 9431.54
CTS Wire Length (um) 7790.4 7790.4 9895.1 9110.8
Total Wire Length (um) 86470.3 86835.1 | 87640.7 87190.6
Total Power (uW) 1742.1 1742.1 1889.7 1837.5
Leakage Power (uW) 92.4 92.4 93.5 92.7

e Improvements:

o Crosstalk reduction: 18.1%.
o Total Negative Slack (Setup) improvement: 17.7%.
oTotal Negative Slack (Hold) improvement: 20.5%.

o Costs:

o Area increase: 3.07%.

o Power consumption increase: 5.5%.

oCTS wire length increase: 17.1%, which contributed to only a 0.83%
increase in the total wire length of the circuit.

Conclusion. This work presents a comprehensive solution for managing
crosstalk in IC design. It demonstrates that the application of artificial intelligence
can not only automate and accelerate complex analyses but also offer more
intelligent and targeted solutions than the traditional approaches are. The
developed methods provide designers with a powerful tool to create higher-
performance, more reliable, and energy-efficient integrated circuits, addressing the
contemporary demands of the technology industry.
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1.4, UUrneresuy

PULSEArUL UMGUULENE Ur26USU4YUL AULUYULNERESUUR ShRPUUUUL
LUMUQOUUL UGRNY

dhpohtt mwubwdjuljutpmd hnbgpus upubdwibtph nbjutinnghwljuwb qupgqugnidp,
npt mnblgynud E mmwppbiph swthtph Jupnly tduqnudng dhish dh pwih btwindbnp b npub-
qhuwnnpibph putulh wbjugdudp ghpuquiiglng 100 Whjhwpnp, wowgwgpty E tnp fulighp-
ubp Yuuyus uukdwibph hniuwhmpjub hkwn: Uju wuydwbtbpnud imuppbph thnpuwgnb-
gnipniup, hwjnuh npybu «nwppbkph vholi thnpuwmqntgnipnitibps, nununud £ hhdtwlwt
Jutinhp wpwewluyny hwplwi hwnnpwywpkph dhel wwpughnught nialnipynibibp b
hunniyunpynipnibubp: Smpptph dhol thnpuwgpkgnipniuutpp jupnn b wnwewgly 1nipe
howthwinulubp, tbpunyuwy wqpupwbibph dwdwbtwluyhl sknnudukp, wpudwpwuluh
upuwukip b Eubpghwh vyyundwb wd:

Uju utnph pmistwb hwdwp dowlpfty b inpupupului dninkgmu’ Ghpunkjn] wp-
hbunwlub putwljuimpui b dipkiwjulub numgdwt wgnphpditp’ jubjownbubn
b wjuqkgubint nupptph dholt thnpuwgpbgnipniuubpp: Ukpnnh Yhpwenidt wywhndby £
houbiqupnidutiph Uninuynpuytu 18% tjwugqnid, dudwbwljught setup yupudbwnpkph 17%
1 hold wwpwdbtwpkph qptpt 20% pupbjuynid: Uju wpnyniuputpn dknp B phipdt) punn-
lh (hnjughonudkpm] nwpudph 3% wé, tukpghugh wyumiwl 5.5% wkjugmu b CTS hu-
nnpnuqupbph Epupnipjui 17% wé, npp hwigkgpt) t dhuyt hwnnppuyuptph pighwimip
Epupnipyui 0.8% wykjugdwi:

Unwbgpughll punkp. nuppbph dholi thnjumqnbgmpnititkp, wphtunuljub putw-
Juunipinil, hinbkgpdus upubdwikp, dnpbjuynpnud, twhiwgsdwt dbpnn, dbpkhwyuljut

niunigni:
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J.K. MAPYXSH

METOJ ®PU3UYECKOI'O TIPOEKTUPOBAHUSA UHTEI'PAJIBHBIX
CXEM C UCIIOJIB3OBAHUEM UCKYCCTBEHHOI'O UHTEJIJIEKTA

3a mocneHne AECATHIETHSI TEXHOJIOTHUECKOE Pa3BUTHE MHTEIPAIBHBIX CXEM, COTIPO-
BOXIAEMOE PE3KUM YMEHBIIEHHEM Pa3MEpPOB 3JIEMEHTOB JI0 HECKOIBKUX HAHOMETPOB U yBe-
JIMYEHHEM YHcIIa TPaH3UCTopoB Oostee yeM 10 100 Muumap/ioB, IPUBENIO K HOBBIM IpoOiieMam,
CBSI3aHHBIM C HaJICXKHOCTBIO CXeM. B Takux ycIoBUsX B3aUMOAEHCTBUE MEXIY JIEMEHTaMH,
M3BECTHOE KaK "MIEpEeKpecTHbIE IOMEXH'', CTAHOBHUTCS KPUTHYECKOW IPOOIEMOi, BO3HHUKAIO-
e U3-3a MApa3sUTHBIX €MKOCTEM M MHAYKTUBHOCTEH MEXIY COCEAHHMU IPOBOAHHUKAMHU.
IlepexpecTHble TOMEXH MOTYT BBI3BIBATH CEphE3HBIE COOM, BKIIIOUas HAPYILEHUS BPEMEHHBIX
[apaMeTpOB CUTHAJIOB, JOTHYECKHE OUIMOKH U POCT SIHEPTONOTPEOICHUSL.

Jlnst perienns 3Tol mpooOsIeMbl ObIT pa3padoTaH MHHOBAIMOHHBIN MMOAXO0/, UCTIOh-
3YIOIIHUI aITOPUTMBI HCKYCCTBEHHOTO MHTEIUICKTA U MAIIMHHOTO OOYYEeHUs I IPOTHO3HU-
POBaHHMS U CHIDKCHHMS BO3JICHCTBHA MEPEKPECTHBIX MToMeX. [IpruMeHeHe MeTo 1a MO3BOIHIIO
CHU3HUTH YPOBEHb NOMeX MouTH Ha 18%, yimydmmmTe BpeMeHHbIE mapamerTpsl setup Ha 17% n
hold nouru Ha 20%. 3TN pe3yabTaThl JOCTUTHYTHI IIPU IPHEMIIEMBIX 3aTpaTax: yBEINUCHHUE
wiomaan Ha 3%, poct sHepromnoTpebienns Ha 5,5% u yBenuueHue AauHbI poBoJoB CTS
Ha 17%, 9T0 NpUBEIIO JIUILIB K pocTy o01elt b poBoaoB Ha 0,8%.

Knrouegwie cnosa: nepekpecTHbIC IOMEXH, UCKYCCTBEHHBIH MHTEIUIEKT, HHTETPaJIb-
HBIE CXEMBI, MOJIETIPOBAHHUE, METO/I IIPOSKTUPOBAHMSI, MAILIMHHOE O0yUEHHE.
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