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|. Introduction
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I Evolution of High-speed Signaling Protocols

*PCle: Peripheral component interconnect express
**CEl: Common Electrical Interface
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* The per-pin data-rate for high-speed signaling protocol has doubled with each generation and is
wass 2 e €XPECted to continue increasing.
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I Signal Integrity Challenges in High-speed Channel
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* As the data rate increases, conductor loss and dielectric loss increase, causing the eye to close.
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I Introduction of Re-driver
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*EQ: Equalizer

<Re-driver circuit configuration>

* To address these Sl issues, repeaters (e.g., redrivers and retimers) are employed to compensate
for channel loss and secure SI margins [Ref].

PO/ '*"’; [Ref] Samaan, Samie B., Dan Froelich, and Samuel Johnson. "High-speed Serial Bus Repeater Primer." Intel Corporation, 2015.
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Need for Transistor-Level Re-Driver Modeling for End-to-End Link
Analysis
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The re-driver circuit is modeled

at the transistor level.

B ——— ———_—_—_—_—_—_—_—__ sl

<Transistor-level implementation of the re-driver [Ref.]>

* Accurate end-to-end link analysis requires transistor-level modeling of the re-driver circuit to
capture the circuit-level behavior of its internal RX and TX stages.

[Ref] Heydari, Payam, and Ravi Mohavavelu. "Design of ultra high-speed CMOS CML buffers and latches." 2003 IEEE International Symposium
on Circuits and Systems (ISCAS). Vol. 2. IEEE, 2003.
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I Long Initial Transient Period in Transistor-Level Simulation

Long initial
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<Long initial transient response caused by AC coupling capacitors and DC biasing>

* The large time constants due to the AC coupling capacitors and DC biasing circuits result in an
extremely long initial transient time spanning tens of thousands of bit intervals, which is required

AUGUST 3-7 4 to reaCh Steady State-
Sanguk Lee, KAIST

‘ ' g & 2026.EMCSIPI.ORG #IEEE _ESP26
[DALLASTEXAS )




Challenges in Impulse Response (IR) Extraction

Inaccurate due to long transient time
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function response 08 transient period ‘
. I ‘
o(t) —> System [—> 04
=
v 0.0
Td/dt ?3"
Step Step 2-04
function response | ‘
-0.8 I
u(t) I
—> System —> T T 7T [ T [ T [ T [ T [ T T !
O 25 50 75 100 125 150 175 200 225 250
Time [usec]

<Procedure for extracting IR>
* While convolution-based simulators enable fast system-level Sl analysis, they cannot accurately
represent the behavior of redriver because its impulse response cannot be extracted from transistor-

wews 208 |evel simulation owing to the extremely long initial transient time.
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I Research Motivation

* The continuous increase in the data rate of high speed signaling protocols aggravates
frequency-dependent channel loss and significantly reduces S| margins.

= Re-drivers are employed to compensate for signal degradation and regenerate the
transmitted waveform.

» Accurate end-to-end link analysis requires the transistor-level circuit modeling of both
the RX and TX within the re-driver.

= However, transistor-level simulations exhibit extremely long initial transients due to
AC coupling capacitors and DC biasing networks.

* These long settling times make simulations prohibitively slow and hinder IR extraction,
limiting fast convolution-based system-level simulations.
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I Research Objectives

" Propose an IBIS-AMI model for the re-driver circuit using deconvolution-based IR
extraction.

= Verify the extracted IR by reconstructing the output voltage through convolution
with the input voltage.

= Validate the proposed IBIS-AMI model by comparing eye diagrams with transistor-
level simulation results.
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Il. Proposal IBIS-AMI Modeling of Re-driver Circuits via Deconvolution-based Impulse
Response Extraction
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Proposed IBIS-AMI Modeling via Deconvolution-based IR
Extraction

IR Extraction Proposed IBIS-AMI Framwork
. TX1 IBIS-AMI Repeater IBIS-AMI RX2 IBIS-AMI

Extract the waveform of mput anq output hew () — hewa ()

from transistor-level simulation || || |----d4-=-=—===-=-1 . Fe===f— — —mm == =
AMI Pre- Post - AMI

v channel || channel

Trim the steady state waveformof || || b oo |Pl__— | |Y—"———
input and output
Impulse response extraction using Extracted IR (k.. [n]))
deconvolution theory A

<Proposed IBIS-AMI framwork>
* The IR of re-driver is extracted from its input and output waveforms using deconvolution theory.

* The extracted IR is then imported into the TX2 AMI model and convolved with the RX1 output to
reproduce the re-driver behavior.
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I Advantages of the Proposed IBIS-AMI Modeling Method

Ve

Advantage 1: Fast Simulation with Transistor-level Accuracy ~N
Transistor-level sim = e \

Significantly Reduced Sim. Time

. 5 ﬂ
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I Flow Chart of Proposed IBIS-AMI Model

s Statistical Flow ~ s Time-domain Flow ~
hena (t) b(f)
X1 Ai/ll .. TX1 GetWave
_Init
v hepa () —’%)
RX1 AMI init | Terz2(0) TX2 AMI_init
r ________________ [ RX1 GetWave TX2 GetWave
%A I . ExtractedlIR 11| | 0T T SF == ——— - J —=—
) ) ' Extracted IR
:__________”ﬁes_t[f]_)___' (h,.[n]) :
R2AMLinit | | Ly e |
: hepo ()
t
p( ) RX2 GetWave
M| Close &) : Convolution 1
S — p(t): single-bit pulse ) L AMI_Close b(t): bit stream )

* The proposed method is applicable to both statistical and time-domain modes, as shown in the
flowchart above.
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I Least-squares Deconvolution (1/2)

—— Convolution —— Matrix Form — IR Extraction —
x[n] —>| Afn] |—> yn] y=X-h XX hyy = XTy
FE——— y = Y101, y[11, - y[L,+ L, - 211" U
} h = [A[0], A[1], -, h[L,- 1]]T } h,, = (XTX)'XTy
- x[0] 0 0 T
x[1] x[0] 0 * h,,: Extracted IR
* x[n]: Input voltage : : :
* y[n]: Output voltage X =|x[L,—1] x[L,—2] - x[L, — L]
* h[n]: Impulse response 0 x[Ly —1] x[Ly _:Lh — 1]
0 0 x[L, — 1]

e Deconvolution refers to the inverse problem of determining the IR (~[n]) from known input signal
(x[n]) and output signal (y[n]) for a linear time-invariant (LTI) system [Ref].
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I Least-squares Deconvolution (2/2)

Regularization
hest = (XT X)-l XT y

XTX is ill-conditioned = Noise amplification

¥

h = XTX+AD)' Xy

A is too small = Insufficient noise suppression

A is too large = IR distortion in peak value

Selection of Estimated IR Length

Lh,est_1

|hest[k]|2 20-999 2 |hest[k]|2
k=0

Lh,trunc
k=0

V' L, une IS selected to retain at least 99.9% of the total
energy of the estimated IR.

* Lpest is too short = Fail to capture the overall
system response

* Lpest is too long = Overfitted to the specific intput-
output

* To extract the IR stably and accurately, regularization is employed to suppress noise amplification
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I Validation of Deconvolution Theory

PRBS9
50 O
Vn Vou Extract the waveform of V. and V_ . from EDA tool
— = Ze — ) Channel t n out
Z;| 50 Q
| . Stripline L
= Estimate IR based on deconvolution theory
Data-rate = 56 Gbps 0'255 mm
! 0.6 mm
& =44 g . .
tan § = 0.02 Reconstruct the output voltage by convolving with
Length = 100 mm the extracted IR
<Simulation setup for validation> <Validation process>

* To validate the deconvolution theory, the IR is estimated from the simulated input and output
waveforms and then used to reconstruct the output voltage through convolution.
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I Validation Results — Comparison of IR

1.1 - | 0.012
. 91 N 71| ™= Input voltage | —— |FFT
: 0.010 ' .
: === Qutput voltage | > === Deconvolution
< 0.7 i ] | g 0.008
o ] | S 0.006
S ] l 2
S 03] “ 3 0.004
] 3 0.002
0.1 \ J £
] - i . 0.000
3 e e I L L L 0.002
0.00 0.50 1.0'0 1.50 2.00 2.50 R 05 1 15
Time [nsec] Time [nsec]
<Intput/output voltage for deconvolution> <IR extraction based on deconvolution>

* The IR is extracted by deconvolving the simulated input and output voltages and compared with
the reference IR obtained by applying the IFFT to the channel S-parameters.

* The close agreement between the two results validates the proposed deconvolution-based IR
extraction method.
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Validation Results — Reconstructed Output Voltage

0.6F 717 [ | |
— EDA Tool

= 0.4 == Reconstructed
2 T EDA Tool Reconstructed Voltage
a3 02 LI 0.6 0.6 -
0.0L1 ‘
/d"“m-—zo-_sq_}g 50 60 70 80 90
L’ Time [hSeThF =~ -~ - _ _ _ > P s y . >
e L e s o T
| 0.6 - : &P | — TR
= Y = =Reconstucted| : ;
' 3 TR ‘ |
1 = I
15 02 W ’ I 0.1 ' : : 0.1 : ‘ ‘
: I -10 0 10 -10 0 10
; 0.0 L L A : Time [psec] Time [psec]
| 0 05 1.0 1.5 20 25 3.0 35 40 45 50!
L e e e e e e e e e e e = a
* The reconstructed output voltage, obtained by convolving the input voltage with the extracted IR,
closely agrees with the EDA tool result in both the time-domain waveform and eye diagram.
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Ill. Verification of Proposed Method
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I Mock-up Circuit Configuration for Verification

200 nF fTTmTToTs--s------5 200 nF
> = o l;driver . Redriver. Y | v
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- I ! . :
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D D !
I |
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: V+- € o~ . :E §|}-‘ ! frequency of 16 GHz, respectively.
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R, =100 Q * W/L=2 um/65 nm !
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Transistor-level Simulation

Redriver Rx Input (Vy;)
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I Reconstructed Output Voltage Using the Extracted IR

Redriver Rx Output (VRDV) Redriver Tx OUtPUt (erz)

S AMAPE=4.11% " MAPE=355%

0.4F i 0.4 _ﬁ ’\ N H N | ” \\1 ” N h i
S —
> = o I BN
~° ~ F u ‘ H‘ I #

f N A
o === Transistor-level Sim. " D VJ w V r U u w V === Transistor-level Sim.
| | — = Reconstructed | | — = Reconstructed
-0.25%495 2.496 2.497 2. 498 2.499 2.5 -0'22%495 2.496 2.497 2. 498 2.499 2.5
Time [usec] Time [usec]

<Reconstructed output voltages obtained by convolving the extracted IR with PRBS-8 and PRBS-16 input waveforms>

* The reconstructed output voltages, obtained by convolving the extracted IR with PRBS-8 input

waveforms, closely agree with the transistor-level simulation results, with MAPEs of 4.11% and
3.55%, respectively.
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IBIS-AMI Simulation Results — Case 1: PRBS8

Redriver Rx Input (V,,,) Redriver Rx Output (Vi) Redriver Tx Output (V)

Transistor-level Sim.

Voltage [V]

Proposed IBIS-AMI

30 40 50 60
Time [psec] Time [psec] Time [psec]
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| IBIS-AMI Simulation Results — Case 2: PRBS16

Redriver Rx Input (Vp,,)

Redriver Rx Output (V)

Redriver Tx Output (V;,,)
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IBIS-AMI Simulation Results — Case 3: PRBS8 + Different Channel

Redriver Rx Input (V,,,) Redriver Rx Output (Vi) Redriver Tx Output (V)

|

v

O

Voltag

Transistor-level Sim.

[V]

)

Voltag

Proposed IBIS-AMI

Time [psec] Time [psec] Time [psec]
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Comparison between Transistor-level and IBIS-AMI Simulation
Results

(*): Relative error

c - Eye-height [mV] Eye-width [psec] Simulation time
ase (o] tage
Transistor-level Proposed. Transistor-level Proposed. Transistor-level Proposed.
Viys 245.40 246.79 (0.6%) 21.90 22.39 (2.2%)
1 Y 333.80 324.28 (2.9%) 23.62 23.65(0.1%) | 5h28m59s 1m34s
(PRBS8) RDV (210.0x faster)
Y 617.99 602.96 (2.4%) 23.62 24.11 (2.1%)
X2
Viys 224.90 228.85 (1.8%) 20.91 21.16 (1.2%)
(PR5516) Vipy 289.23 282.07 (2.5%) 21.41 21.65(1.1%) | 5h37m43s (192 ';‘X‘:czsster)
Vi 541.77 536.70 (0.9%) 21.41 22.15 (3.5%)
5 Viys 355.51 354.83 (0.2%) 25.34 25.59 (1.0%)
(PRBS8+ | V 341.21 337.83 (1.0%) 23.38 23.13(1.1%) | 5h38m21s 1m14s
' RDV (274.3x faster)
Dift.Ch) |y, 639.18 621.48 (2.8%) 23.13 23.87 (3.2%)

* The proposed IBIS-AMI model achieves good agreement with the transistor-level results while
reducing the simulation time by more than 196 x, demonstrating high accuracy and
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V. Conclusion
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I Conclusion

" Proposed an IBIS-AMI model for the re-driver circuit using deconvolution-based IR
extraction.

= Verified the extracted impulse responses by reconstructing the re-driver Rx and Tx
output voltages, achieving MAPEs of 4.1% and 3.6%, respectively.

» Validated the proposed IBIS-AMI model through eye-diagram comparisons, with eye-
height and eye-width errors below 2.9% and 3.5%, respectively, while achieving a
simulation speedup of more than 197 x over transistor-level simulation.

I ' 1 2026.EMCSIPI.ORG #IEEE _ESP26 Sanguk Lee, KAIST
[DALLAS.TEXAS 227




Thank you

Sanguk Lee

Korea Advanced Institute of Science and Technology
sang960326@kaist.ac.kr

2026 EMCSIPL.ORG #IEEE _ESP26 Sanguk Lee, KAIST




I Transistor level simulation — w/o AC coupling capacitor

1.0 0.6
= 05— 2
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'1-[] | T T | T 1T I T 1T | T T | T T | T 1T | T T 1
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I Pre- and Post-channel configuration

Pre-channel Post-channel

AUGUST 3

M
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I € C21 ©
Cc13 C=C_connector pF Cc18
C=C_txball pF T T
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- —H
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Subst="Subst_PKG' Subst="Subst_Board" C=C_connector pF | I | (©
I{;Egtoh=PKGilen mm LeEgth=Board7Ien mm I MLZCTL C C1 7 MLZCTL C
=20 um L W=65 um X — N X —
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2LGC. Files 2LEC. Files Subst="Subst_Board Subst="Subst_PKG
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VAR12 _ _
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I Sparameter of Pre- and Post-Channel
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I Frequency Response of CTLE
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