ASPIRE - CHARTIST joint workshop - University of Tokyio, Tokyo, Japan, November 17-18, 2025

Towards the heterogeneous integration of nanoscale and quantum
systems: equivalent models for system-level performance analysis

Antonio Maffucci

maffucci@unicas.it

CASS//\/O
< €3
AV Y R
:(//) \\( //// <& MEMBER OF
|‘8 _] SOLPER — s O |
4 Sy I
\(/ Z AW\
O 7 2
EUROPEAN UNIVERSITY
OF TECHNOLOGY
C.RE.ATE.
Research Consortium on Applied Electromagnetism
Naples, Italy

Dept. of Electrical & Information Engineering
EUT+ Institute of Nanomaterials and Nanotechnologies-EUTINN

Univ. of Cassino and Southern Lazio
Cassino, Italy

Antonio Maffucci | UNICAS-EUT+ | Towards the heterogeneous integration of nanoscale and quantum systems



mailto:maffucci@unicas.it

« Current trends in system integration: monolothic vs heterogeneous

« Circuit models and system-level analysis

« Circuit models for nano-interconnects, detectors, quantum devices

« Case-studies: THz resonances, quantum crosstalk, nanoscale matching

e Conclusions

Acknowledgment

0
o Project HERMES (2025-2029): Towards a teraHERtz short-range
wireless communication systeM based on graphene devicES
il EU-HORIZON MSCA-SE Grant. 101236439

hermes

Antonio Maffucci | UNICAS-EUT+ | Towards the heterogeneous integration of nanoscale and quantum systems



HERMES research project (2025-2029)

R

§ o
% 2\
REAVG S
’4:,?(:”"

\’ UNIVERSITY OF
’ EASTERN FINLAND b

UNIVERSITY OF

EXETER

EE§Q CENTER
sxx  FOR PHYSICAL SCIENCES

AND TECHNOLOGY

=

université de technologie
Tro;

H5UK °F

C ’ THE UNIVERSITY OF TOKYO

A

MAXLLG
Bectramagets sotuare saltons

VZ

MZ TECHNOLOGIES

@ rcravic

Antonio Maffucci, Mario Lucido, University of Cassino and
Southern Lazio, Italy

Georgy Fedorov, Polina Kuzhir, Univ. of Eastern Finland, Finland

Mikhail Portnoi, Saverio Russo, University of Exeter, UK

Irmantas Kasalynas, Renata Karpicz, Center for Physical
Sciences and Technology, FTMC, Lithuania

Christophe Couteau, Rafael Salas-Montiel, Univ. of Technology
of Troyes, France

Kuniaki Konishi, Haruyuki Sakurai, University of Tokyo, Japan

Towards a teraHERtz short-range
wireless communication systeM
based on graphene devicES

Feodor Ogrin, MaxLLG ltd, UK

Alfredo Babusci, Giulia Di Giovan Paolo, Monozukuri, Italy
EU-HORIZON

MSCA-SE
Grant. 101236439

hermes

Andzej Urbanovic, Daniil Pashnev, TeraVil, Lithuania




Current trends: monolithic integration

Laser Ll o Modu'mr

- = ' @) {b) Al pad Al pad
- Metal 7 metal interconnect layers
- i Integeration of photonic dewces WIth CMOS Backend
4 P ] diclectrics
Communications, T [1 [ Frosme "
. . 3 Ll e u Al DC ysiicon
Phﬂonlc SIgnﬂlll'lg Interconnects st e e —— Photoric davice platform = ====ws
: P f7r _ b &1@_ @ : 1 Nitrides

VA

ﬂ Active photonic devices Strip waveguide Grating coupler / E
)

/ R s < \j\\—‘k 3 2\‘ !
,’ Filtering, Photonic = o lecisiion i | I
i Switch, Optical Lo C;"';‘:’
/ Photonic Processing Computing,
’ Multiplexin X
/ ol plexing Photonic devices
/f Detector
Silicon Photonic

Silicon-dioxide

Challenging objective:
monolithic integration of
photonic and electrical

circuitry R. Gupta, et al., Nano Materials Science, 2024
https://doi.org/10.1016/j.nanoms.2024.04.011
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Current trends: monolithic integration, novel architectures

Monolithic 3D integration 3D Monolithically integrated layers with carbon nanotubes
consists in stacking active
device layers on top of each a : b CNFETlogicand €

sensors

other in a sequential steps &

. .p- ——RRAM
on a given Silicon wafer.

R BBl CNFET logic

—Silicon logic

Z Ultra-dense
o interconnects

M. M. Shulaker, et al,. Nature, Jul. 2017
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Current trends: heterogeneous integration

Heterogeneous Integration (HI) also called HI allows an easier integration of photonics and electronics
3D packaging, which the tiers are
fabricated in pa rallel from two different (a) Hyvbrid Integration (b) Heterogeneous Integration
wafers followed by a stacking step. (Packaging Stage) (Fabrication Stage)
Fully processed dies Thin films requiring post processing
= j
= v l

il
/

/

WireBond (P)  Bond

Heterogeneous
Integration

P. Kaur, et al, APL Photonics, 2021
DOI: 10.1063/5.0052700
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DOWNLOAD THE
HETEROGENEOUS
INTEGRATION ROADMAP

Identifying Long-Term Technology
Requirements for Advancing the
Electronics Industry

https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html

IEEE IEEE Electronics Packaging Society: Technical Committee on

Electrical Design, Modelling and Simulation (chair A. Maffucci) HETEROGENEOUS
INTEGRATION ROADMAP
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Current trends: heterogeneous integration

® Heterogeneous Integration is defined as the CO-DESIGN approach

integration of separately manufactured
components into a higher-level assembly
(Chiplets, SiPs, Modules) that, in the aggregate,
provides enhanced functionality and improved
operating characteristics

®* The size, complexity and stochasticity associated
with future advanced packaging platforms will
render their design intractable using the
traditional approaches.

® Such design will need to be performed with novel

modelling approach (Multiphysics, multiscale) Meng-Ling Chen, et al., 2014 19th Asia and

South Pacific Design Automation
Conference (ASP-DAC), Jan 2014.
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How to perform the system-level analysis?
a circuital approach...
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System-level analysis approach: modelling frame based on equivalent circuits

Transimpedancey
amplifier (TIA) B8

silicon microring modulators ————
Magnted (MRMS) i_]_j__?_n_lj\j___
mage
N P B o =
(a) Appearance -g ADC )
Filter response . EE’ 12-bit N MPR
T - Equivalent _ 'gutﬁut E’ Bc:tcage > L A
T‘@Lﬁ]mm@ﬁﬂ Y | ptcng:;:;o ==  © 2 Box - — I D B R
(frequency O\ Demodutator L TIA =5 }
|source < - DRV,?!
Wavelength filter ] — JLs
(b) Block dhagram P-dopin (a) doni
Transmitter o Wavelength filter ' o Heater ——
Sempted L LD [ e ( B
& TETer C )
R 13 * ' s z, e e 7 - Zﬁ'ﬂ\L
=6 - 100D S, =
= LNS b
~ehenbll wrmer ey B ®
Dok s Sinal Equivalent circuit simulation
b o § i methodology
iR BT
- - : s
(c) Equivalent circurt
K. Takeda, et al, NTT technical review, 2016, S. Bao, et al, Journal of Lightwave Technology, 2016,
DOI: 10.53829/ntr201601fa5 DOI: 10.53829/ntr201601fa5
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Equivalent circuit models for nanoscale and quantum scale systems

Examples of case-studies

\_

C. Carlson, et al.,
Phys. Rev. B. 2019.

QD detector in

nano-waveguide Qx

0.1

0

Jo

Yop Lossy TL

. —|

Final equivalent circuit /

QDs interacting with
nanoelectrodes

Definition of

electrical ports

Equivalent
two-port

~

)
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Modelling the channel
(interconnects)

Fle ) o
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Modelling the “channel” (macroscopic case)

Modelling macroscopic electrical interconnects

lumped model

distributed model

PPPPPRPP@®® Az 1Az Az rAz Az rAz
— T —AN/\, L 1R L
cAz _|_ § gz cAz _|_ gz cAz _|_ gz

elementary cell, Az




Modelling the “channel” (macroscopic case)

Propagation equation: Transmission Line model

, 11 i(z.t) 12(t)2 INz 1Az INz  rAz INz 1Az
vi(t) v(z,t) va(t) cAz — gAZ cAz -
_ _ _ — .
T ? [ Lo
=0 r=len 7 | ! >
| < S - >
z=0 elementary cell, Az z = len
Telegraphers’ equations (time) Telegraphers’ equations (frequency)
ov(z,t)  0i(z,t iV (z, w) _
— Wz, _,0i(z,0) + ri(z,t) ——=(r+iw)i(z, w)
limAz — 0 Oz Ot 0z

Oi(z,t) _ 0Ov(z,t) 01(z, w) ,
T =c Py +gv(z,t) i = (g +iwc)V(z, w)
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Modelling the “channel” (macroscopic case)

Transmission line model solution: wave equation

Matching condition:

_ov(z,1) iy 0i(z,1)

62 , 62 ,t DRIVER RECEIVER
0z ot I:> # — lC# =0
~ al(Z,l‘) _. aV(Z,t) aZ at M channel >—[> ZL = ZO

Oz ot 1D Wave equation
General solution: forward wave + backward wave
delay time .
len 1
V(Z,t)zV+(t—z/v)+V_(t+Z/v) T=?=len\/E 0
1 . 1 7 _ 1 characteristic Zj
[(Z,f):Z—V (t—Z/V)—Z—V (t+Z/V) 0~ c impedance o
0 0
y = 1 _ 1 propagation 7 >7 t/T
len  Ic  velocity L==0

S
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Modelling the “channel” (nanoscale)

CNT or graphene interconnects into integrated circuits

F

Silicon CMOS integrated circuit

500 pm

Carbon nanotube interconnect

A 1GHz IC with CNT bundle
interconnects wiring CMOS

H.-S. Philip Wong et al.
Nano Letters 2008

CMOS platform
ring oescillator array
>

Graphene Sheet

Graphene

'E\Iectrod‘:s 5"‘
(Cr/iAu)
Via Contact @ 10um

CMOS ring oscillator with
GNR interconnects

H.-S. Philip Wong et al.
IEEE T- Electr. Devices 2010




Modelling the “channel” (nanoscale)

Modeling the electrical nano-interconnects

D

Maxwell
equations

MODEL

Transport model
(generalized Ohm law)

5

-\ |

G OUS | s v
40 !f OF TECHNDLOGY

Nano-interconnects made by:

« conventional material at nanoscale (Nano-Wire, NW)
« Carbon nanotube (CNT)
« Graphene nanoribbon (GNR)
Oy 1
1+ iwt 1 —yY(w)k?

jz(k; (1)) = Ez(k; (U)

Generalized Ohm’s law

Assumptions

- Low bias conditions, no tunneling effect

- the electrons behave as quasi-classical particles, with effective
mass and velocity functions of the energy dispersion

A. Todri-Sanial, J. Dijon, A. Maffucci, Carbon Nanotubes for
Interconnects: Process, Design and Applications, Springer, 2016.
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Modelling the “channel” (nanoscale)

Generalised dispersive OHM’s Law in frequency and k-domain

(k, ) = —— B,(k, )
e 1+ it 1—Po)k? 20 ®
2vsM
Oy = oF DC conductivity
URyX

Vr Fermi velocity
Ry =12.9kQ2 Quantum resistance

M Equivalent number of conducting channels

1 Vg
U=—=-—"Collision frequency
T lmfp
nD CNT
y=lw CNR Y(w), a(w)
n(D/2)> NW  Depend on materials

~

average number of subbands around Fermi
level contributing to the conduction

n—1m/l
M_@z [ vik) _AF gk
VE u=0 0 dg,
6 T T
T=373 K
5- M FORCNTs i

— metallic
semiconducting

number of effective channels
w

[ [ [ [ [
0 10 20 30 40 50 60
CNT diameter D [nm]
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Modelling the “channel” (nanoscale)

Equivalent transmission line model for a nanoscale interconnect

V(w, z 1, = UL,
—% = (Rpy, + il (@,2) i = Vb
Ly, =Ly + Ly,
(w,z) . I y-1 -1 Al
— aZ - l(l)CTLV((U, Z) (CTL) = (Ce) + (CQ)

Classical parameters are “corrected” by quantum ones

L, =20 1 Kinetic inductance
L, Magneticinductance k— 2 M
: : 2
Ce Electrostatic capacitance C, = M Quantum capacitance
oVF

Antonio Maffucci | UNICAS-EUT+ | Towards the heterogeneous integration of nanoscale and quantum systems



Modelling the “channel” (nanoscale)

Nanowire of conventional conducting material (copper)

Number of conducting channels M (T = 273 K)

Size Cu—-NW | Metallic CNT | Metallic GNR
14 nm 808 2.15 1
1nm 3.12 2 1

Ex.: copper wire (bulk 3D interconnect)

D=200nm M ~3.1-10° G, ~6-10" S/m

L = L : 1
Ly < Ly, TLTEme o Rl=
Cy > C; Cry, = G CoX

CONSISTENCY: The general model for nanowire reduces to the
classical model for bulk 3D structures for large values of M

Antonio Maffucci | UNICAS-EUT+ | Towards the heterogeneous integration of nanoscale and quantum systems



Modelling drivers and receivers
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Modelling the passive components (macroscale): S-matrix characterization

Approach: circuit synthesis
from S-measurement

-

~

S - Z

Example: modelling the passive part of a
millimetre-wave UTC photodiode

Reflection Ty, = S and i = S99 m TR e -
Transmission (gain) g = 20log,,|Sa21| dB. } Le
: P-InGaAs Absorber
Insertion loss 1L = 10log,g|——| = —201og;(|S21| dB. ! Q  Spacer 1c,
21 : Q  Spacer il [i
I N-InP Depletion Circuit 3
_ _ " N-Qy,, Waveguide
from S-paramaters to equivalent impedance: N-nP  N-Layer o
Vector fitting, pole-residue approximation, .... _
M. Natrella, et al., Optics express, 2016
C.C. Chou, et al., IEEE T-CPMT, 2021 DOI: 10.1364/0OE.24.004698
DOI: 10.1109/TCPMT.2021.3115113 \ J
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Modelling the “passive load” (quantum load)

Circuit model for a Quantum Dot

( N\ Transition )
+ i frequency
v le> <«~——— Excited
_ - == 1 - - state
\ - J Energy gap—— ho,
Assumptions: e _|g_>_ ' Ground
L state )
- QD: two-level quantum system, with a ground
state |g) and an excited state |e) _ ] _
- long wavelength limit (d < 1) T_he steady_—state v_vavefunchons ar2e confined via
- weak amplitude of the electric field E high potential barriers in Ay =4a
- isotropic QD
- QD initially in the ground state a ~20+50 nm is electrically small up to optical

range: the system can be modeled as a lumped

Some consequences: circuit element.

- E almost uniform over the spatial extent of the QD
- induced polarization P is uniform and parallel to E
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Circuit model for a quantum dot (load)

Effective voltage and current

The interaction between QD and EM field may be
described through the:
- effective voltage v = d(E - n)

- effective inflowing displacement current

. _ ¢ dp. o . electric dipole
l = SO it (D n), D = EoE + P, moment
dv
=i+ i? =( —— n
i =i+ Odt+V0dt(p n)

2

vacuum polarization

Weak amplitude limit: the QD characteristic
Rabi frequency very small compared t0 min(AQ, 7™
(aoe))

detuning frequency

( )
Vi ‘
+ v=d(E-n)
. @ — =REY
— — L= Soa (D . n)
QD effective surface, S, = n(d/2)?
L QD volume, V, = 4n(d/2)3/3 )

r

N

Linear functional relation between ij(t) and v(t)

{(e) =) W (t=op(z)dr

relaxation time

G. Miano, et al., IUCTA, 45, 2017
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Circuit model for a quantum dot (load)

R-L-C equivalent circuit for the quantum load

1
1 20 ww L, = .
Y (@) = — . H . 0. T ayey Model parameters:
]hAeff Wy — W+ joy )
C, = (C‘)OL ) - transition frequency o,
. R, =)L, - emission rate y
2 - dipole moment
—1 . . -1 2/1 Q)O . q
Z,(w)=Y, (w)=R,+ joL,— j(wC,) Qy =———— - confinement size a
A pheg
R, L Ce To include the dissipation, the frequency was
—ANN— ” — augmented with an imaginary part y

(spontaneous emission rate) @, —> @, + jy




Circuit model for entangled quantum dots (coupled loads)

the entanglement is due
to dipole-dipole

States for entangled QDs:

interaction between QDs ground |g1>| g 2>
excited | € >| €) >
superradiant v, )= %QQN gz>+|ez>|g1>)
______________ . 1
[e1)] ) A subradiant ) =ﬁq€1>|gz>—|ez>|g1>)
R e e v
th Parameters for the two-level systems
_________________________________ /S
N
lw_) 1;19 Superradiant: ﬂgﬁ‘ g2) ‘//+>}
hv| | T + T + o+ 4 +
@y , , - Y, (0
|g1>|g2>______\¢ ! o 0> H Y ( )

v_))

oy, 14,y — Y, (v

Subradiant: ﬂ& >‘ &2 >9
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Circuit model for entangled quantum dots (coupled loads)

1y I, I(w) = Y(o)V(o)
4 O ——e + T
4 Y(w) v, V=["n."]
— — —e — 1=[1,,1,]"
2 o
(@) = 20 [T (2 (1)3,(0) = & (0)F, (1))t (bk =1,2)
2hAeﬁf 0

+

—lagyt

Y (@) — Y:2<w>{1 il}

. +1 1

»%1<r>=%[\‘1'i><gle"”5t—|g><‘1’i ] —)

sz T3 et

%,:33‘@:; -eur Antonio Maffucci | UNICAS-EUT+ | Towards the heterogeneous integration of nanoscale and quantum systems
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Modelling the “active driver” (macroscale)

Approach: active part modelled by means of an equivalent photocurrent

-

Example: millimetre-wave UTC photodiodes

InGaAs  p-contact !
2) b)
PP Ridge-Layer _

P-InGaAs Absorber

"

|

: Q Spacer low
;

I

Q  Spacer
! N-nP Depletion

Circuit 3
N"Ql_17 waveglIide
N-InP N-Layer

]

M. Natrella, et al., Optics express, 2016
DOI: 10.1364/0OE.24.004698

~

I,y represents the photocurrent, i.e., the
current generated by the diode in response to
incident light.

Responsivity can be used to quantify the
relationship between incident light power and
photocurrent.

The responsivity of a typical silicon photodiode
ranges from about 0.08 amps per watt (A/W)
for 400 nm EMR to 0.48 A/W for 700 nm EMR
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Modelling the “active driver” (quantum detector)

Time-harmonic fields e,(r,t)=ZE, Re{ei(“’t‘k’“)} (- Norton-type equivalent representation )
|

Current-voltage relation: & | |

E(t =

- vacuum contribution: Y° = % = iwC, 0 /’ :> Iy Yop
- polarization (Hamiltonian approach applied to QD : I

observable quantities, i.e. dipole momentum p ): B
yp =10 _ 1 Yop(w) = [R, + i(wl,—1/wCp)]  +iwC,

V  Rp+iwLp—i/wCp

. -1

Equivalent lumped parameters: Ip(w) = Ry + i(wL,—1/wCp)| dEj,

1 G, 2yl
L, = ’ C, = . R, =— 5 \ )
PTG, wo P wo P wo G,
2
Quantum conductance: G; = 25, wl 2”‘\ decoherence
hdVy  hAe
dV, transition dipole moment

effective areaofthe 4, = —

quantum confinement So
G. Miano, A. Maffucci, et al., IJCTA, 45, 2017
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Case-studies:

signal integrity analysis
at macro and nano-scale
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Case-strudy: propagation delay

Signal integrity issue: propagation delay for a CNT line

[ Case-study: a CNT line ) P.u.l. inductance and capacitance
b L [WH/m] | L [mH/m] Ce [pF/m] | C, [pF/m]
CNT D=54nm
I/ t=20nm 0.4 3.6 0.5 27.7
PEC 2 -1
Ce= 2“‘{1{5)} Typical conditions
I :iln(EJ C,<<Cpy, L,<<Ly = Ly =~L;,Cp =C,
" on \D
b y

inductance dominated by the kinetic term

Propagation Velocity ‘

Venr [M/s] Vo [m/s] low propagation velocity, large delay
1
~3.106 ~3.108 Vo~ T=]/v
ph T ~ h
LkCe P

This effect worsens the signal timing and shortens the useful lengths |
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Delay and THz resonances

Slow wave and antenna resonances in the THz range

—1 A y .
Vz(w/LkCe) —>A=v/f len = nE, n=12,73,..
10° First resonance | E 10° r ?E
— conventional conductor ] N
c ——CNT case " 3 /
10 E £

For a given frequency:

shorter lengths - B ——/
! 10°}
E .' 1

1THz 100 THz

Frequency (GHz)
80-‘

o[ 10”7 10° 10° 0™
kb
\ V.
' '103 G. Slepyan, M. Shuba, S. Maksimenko, A Lakhtakia
Line lenght (um) PRB 2006, 2012
For a given length: Favourable behavior in the THz
lower frequency range: antenna resonances
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Equivalent impedance for a quantum load (single quantum dot)

Behavior of the QD load impedance _ ] o
Equivalent admittance, highlighting the

9 effect of the transition
Yop(w) = [R, + i(wl,—1/wCp)| ~ + iwC,

—real
""" imaginary

CASE STUDY

* QD diameter d =1 nm

» Transition frequency: f,=100 THz
« Momentum u = ed

« decoherence y = 1013 Hz

» Effective area A, almost equal to

the QD section.

normalized QD admittance, YQD IGC




Load impedance and mismatch for quantum detectors

The meaning of matching is quite different
from the classical antenna theory.

Ideal matching condition: Y, (w) = Y;p(w)

Real matching condition: Y, = Yy, (w,)
(frequency independent load):

Reference case:
P..; = power delivered to the matched load

in absence of the line

Jo Yor| | v,

/Active power delivered to the load (reference case)\

O T T

——reference

-10

-20 -

-30 |-

-40 -

-50 -

-60 |-

-70 -

Active power to the load (normalized), in dB

-80

| | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
normalized frequency, f/f0

\ Narrow band behavior 3 dB bandwidth = 0.09f, j




Load impedance and mismatch for quantum detectors

CASE 1: Nanowire with no quantum effect
TL model described by only classical
parameters L,, and C,

» |deal wire pair

* wire radius = d/2

* inter-wire distance = 3d
* line length = 10d

CASE 2: Nanowire with no quantum effect
Same geometry as above.

TL model described by classical and
parameters: L,,, Ce, L, C,

The main role is played by kinetic

inductance L,:
L /Ly ~ 103

~

\_

Power to the load (normalized), in dB

power delivered to the load

0 |

20+

A0t

B0+

-140 :

-

— rreference

----- nanowire w/o Lk

---------- nanowire w Lk

0 0.5

1

normalized frequency, ffo

1.5

~

Ideal nanowires are able to provide the required matching
Quantum nanowires break the matching, with peak power

strongly reduced

.
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Nanoscale and quantum crosstalk

nanoscale crosstalk noise

J]—r S Crosstalk noise:
@ n) 7, Activeline 7, (Z] Signals at the passive line ends due to the EM coupling
o — L o Classical solutions:
G) Y. Passiveline " (0 - Shielding: if the coupling is mainly capacitive
_rr T « Twisting: if the coupling is mainly inductive

Novel solution at nanoscale: crosstalk reduction via load impedance control

If the crosstalk is mainly capacitive (inductive) we can reduce it by using a low (high)
impedance load, namely: | Z; |<<| Z, | (| Z, 7.

7 L_k (®>> V) ‘ A frequency-independent characteristic impedance
‘ e | makes more promising this approach
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Quantum crosstalk: the effect of the entanglement

«Quantum” crosstalk noise

A pair of entangled QDs connected to two ideal
uncoupled nano-transmission lines

4l )
U] ! Fi Us
Line 1 Yol QDs |Ys] Line?2

]

] | —
\_ J
Far-end crosstalk noise:
1 tan( )
sin(fl)—i cos(fl)
p vz, p

Far-end crosstalk voltage [dB]

100

50

-50

-150

T

T

Far-end voltage of passive line vs ®,

3 3

— w0=1 0'° [rad/s]

—0,=1.5"10"° [rad/s]

coupling via
entanglement

TL| ]
resonances

[Bl/n/2]
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Loss analysis in heterogeneous system

Case-study: loss analysis for a photodetector embedded in a PCB

Block diagram
DRIVER RECEIVER

D channel )— R

\ - —— ] ] 3 WJ_
._féﬁ VI\Q/\ . c fRLﬂXL
’ : CléG I
@

channel

light
detector
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Example of system-level analysis: signal integrity

Quality and timing of the received signal

Ideal
Transmission

Channel

Block diagram

Real
Transmission
Channel

RECEIVER

equivalent
circuit

interface

: | Photo/electric
() : conversion interface
M~ | | -
light
detector

L k]
c%%s
channel

—AN—

VIPRBS
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Vhigh=10V /PRBS
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i o
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Clind
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MSUB
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ER285
Mur=t
Cond=3.8e7.
Hu=3.98701+34 mi
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TanD=0027
Rough=0 mil
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Dpeaks=

CLing
ubi"  Subst="MSub1" Subst="MSub1"
W=i2um ~ W=52um

S=08um

e
L=200um  L=530um Ic” 1

=
Tran2

StopTime=100"Tit
MaxTimeStep=Tstep
SavedEquationName[1}="Toit

VAR2
DataRate=1 Gigs
Toit=1/DataRate.
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Vout_3
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1.0 i
0.8—
0.6;
0.4;
0.2;
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time, nsec
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Modelling the losses

Effect of increase of losses in a digital channel

B R . N
‘E Voutd Ct

T1 MCLIN MCLIN MCLN
= = CLin3 CLind CLin5
VtPRBS 1

20 Gbps -4 dB

(little impact from losses)
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RegisterLength=13 l=0um  L=200um  L=30um B
Glggel[‘;{l}n&mal — I
ow=(. = =

Vhigh=1.0V VERBS = H
Rout=50 Ohm VPRBS? leferent ValueS Of the 40 Gb 8 dB
DeEmphasishode=Percent Reduction  Mode=Maximal Length LFSR = "”R pS =
DeEmphasis=0.0 RegisterLength=15 £ 74| TRANSIENT m] 1 " ¢
EmphasisSpan=0.0 Trigger=intemal i i VAR] I nsertlon LOSS (hlgheSt data rate WlthOUt
EtgeShapesliveaTarsion ~~ VowedV- e ?;ﬁ:‘%zgg’f =
DRacTasRar MMV e T R IL from -4 to -16 dB equalization)
RiseTime=Tir Rout=50 Oflm ) HE20 uni StopTime=100"Thit o S
Fallime=Tr DeEmphasishode=Perent Reduction M - MaiTimeStep=Tstep EgEily.
Delay=0psec DeEmphasis=0.0 Marst SavedEquationName]1j="Tbit"

EmphasisSpan=0.0 Cond=3.8e7

EdgeShape=Lingar Transition Hu= 93.701 434 mil

BitRate=DataRate T05um

RiseTime=Ttr. . Lo .

TanD=0027
Falllme=Tr ——  phomi O G -
Delay=0 psec g::'z:nm" 7 bpS 1 2 d B
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Conclusions

& T 4
% N &
YEPOC | g s
0. pEr

Trends towards more and more integrated photo/electronics systems
Heterogeneous integration seems to be the most promising route
Need for tools allowing system-level analysis

Circuit model framework is suitable for this scope

Equivalent circuit for photonic devices and/or for nanoscale and quantum
device have a completely different meaning with respect to the classical
Interpretation

Novel and unexpected behavior can therefore be found after a system
analysis of such circuits.
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