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Abstract—Although offering great potential for energy-efficient
edge-Al, memristor-based CIM accelerators are severely hindered
by IR drop induced errors. To tackle this, we propose a low-
cost mitigation technique by first quantifying the impact of IR
drop on the accuracy. Then, a mitigation strategy is developed
to compensate for IR drop-induced inference accuracy reduction
by combining an optimized mapping scheme with a fine-tuned
calibration of the ADC. Results show the proposed solution can
effectively mitigate IR drop with a negligible overhead.

Index Terms—IR Drop, Memristors, CIM, Edge Al Reliability.

I. INTRODUCTION

Computing-In-Memory (CIM) accelerators implemented
with emerging memristive devices, such as Resistive RAM
(RRAM), offer high density, non-volatility, and low power
consumption [1]. However, various non-ideality issues affect
the computational accuracy of CIM and limit its widespread
adoption [2]-[4]. A major non-ideality is IR drop, i.e. the
voltage drop across the wordlines and bitlines of a CIM cross-
bar array due to parasitic resistances, leading to an erroneous
output [5]. Existing mitigation strategies include algorithmic
solutions [6]-[8] that model IR drop and inject it through a
retraining phase, and hardware-level solutions [9], [10] ex-
ploring different cell structures or employing various flavors
of redundancy schemes to deal with IR drop. However, these
solutions are often implementation dependent and incur area,
and power overheads.

To address this issue, we propose an accurate, and low-cost
IR drop mitigation technique for memristor-based Al hardware
accelerators. First, perform a SPICE-level analysis to quantify
the impact of IR drop. Then, a mitigation strategy is proposed to
compensate for IR drop-induced inference accuracy reduction.
The strategy combines an optimized mapping scheme with a
fine-tuned calibration of the current-sensing periphery circuitry
to deal with output discrepancies caused by IR drop. Simulation
results show that the proposed solution can effectively mitigate
IR drop and restore accuracy with a negligible overhead.

II. IR DROP IMPACT ANALYSIS

To demonstrate the impact of IR drop we performed SPICE
Monte Carlo simulations on a 32 x 32 1TIR crossbar array
using the JART VCM vlb memristive device [11]. The par-
asitic resistance was set to 1€, consistent with typical CIM
implementations [12]-[14]. The impact of IR drop varies based
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Fig. 1: Distributions of output MAC currents.

on the amount of current flowing through the crossbar which
is dependent on the percentage of cells in LRS, i.e., Prrs,
and the percentage of simultaneously active rows, i.e., Pap.
As illustrated in Fig. 1(a), each distribution 1%}, represents
all measured MAC currents that, ideally, should be converted
to the same digital value D, i.e., all the cumulative currents
produced by D active LRS cells (regardless of their column
position). Due to IR Drop, as the targeted digital value D
increases (higher Prrs and/or P4p), the distributions J@ AC
widen and scale non-linearly to the number of active LRS cells.
As a result, distributions start to overlap for D > 5 without any
clear distinction, leading to erroneous digital conversions.

IITI. IR DROP MITIGATION STRATEGY

The values of Prprs and P4p vary from crossbar to cross-
bar, making it difficult to compensate for IR drop. Balanced
mapping aims to balance the Prrs and Pap distributions,
so the effect of IR drop is better anticipated. The uniformity
is leveraged to calibrate the ADCs and mitigate IR drop
effects. Fig. 2(a) presents the overview of the proposed IR drop
mitigation strategy.

A. Balanced mapping scheme

The goal of balanced mapping is to homogenize Prrs and
Pagr values across all the C' crossbars (M x N) required to
map a layer, where M and N is the number of rows and of
columns, respectively. To quantify this, the load of a crossbar
is defined as L = Y2, L7, where L' = Pipg - Pip is the
load of the i*" row, P} rq is the percentage of cells in LRS at
row i, and P}y is the probability that row i will be activated
calculated throughout a complete forward pass of the DNN.
For an optimal mapping, the goal is to make the loads of all
crossbars equal or identical to each other.

Firstly, the weights are grouped in vectors of size equal to N
bits. Then, the row load L? is calculated for every vector, and
the vectors are sorted in descending order. In iterative rounds,
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Fig. 2: (a) Proposed IR drop mitigation strategy: balanced mapping scheme (red) and readout calibration techniques (blue); and

(b) circuit implementation of GS and CS calibration techniques.

the vectors with the highest and lowest loads are then extracted
and placed in the lower and upper available rows of the next
c crossbar, respectively. Placing the high-load vectors closer to
the readout circuitry minimizes the impact of IR drop. In the
case where crossbars contain spare columns, the checkerboard
pattern is applied to fill cells with LRS and HRS alternately,
ensuring that the load of those crossbars will not deviate.

B. Readout circuitry calibration

Re-calibration of the ADC-based readout circuitry is critical
in order to tackle digital conversion errors. To do so, the
reference voltage Vi of an n-bit ADC is adjusted in a way
that its quantization step X = Vir/2" matches closer the
length of the output MAC current distributions. Finding the
optimal quantization step X, first, requires the profiling of the
DNN workload and a subset of K out of all mapped crossbars is
selected to be simulated in SPICE. The resulting output currents
I Jk for each column j and each crossbar k are converted to
the corresponding digital values following the ADC operation
described in Eq. 1:

{IJ’?+0.5-X

k _
Dk =

e J,Vje[l,N],ke[l,K] (1)

The optimal X is the one that minimizes the absolute difference
|D¥ — D¥| between the actual D} and the expected ideal D¥
digital value. Once X is determined, a DAC-based control
circuit generates the optimal Vi, and feeds it to the ADCs.
The DAC is configured by a register that can be programmed
externally. Two calibration techniques are proposed based on
how X is applied to the ADCs:

« Global Setting (GS): A single X is shared by all ADCs.
For calculating the global X the results from all crossbars
K and all columns N are considered. One DAC and
register are needed to drive the common voltage ngs .

e Column Setting (CS): A separate X is used to account
for different IR drop impact on each column j. To calcu-
late X, only the currents that correspond to column ;5 are
used. Each ADC is tuned with VTc f’ driven by a dedicated
DAC and register.

The circuit implementation of GS and CS is shown in Fig 2(b).
The effectiveness of the scheme is demonstrated in Fig 3(a)-(c)
where the distribution I§; , - is mapped against the ADC ladder.
Both CS and GS achieve 100% and 80% accuracy, respectively,
while the accuracy of the uncalibrated ADC is 11%.
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Fig. 3: (a) Uncalibrated (b) Global- (c) Column-Setting

TABLE I: Drop in classification accuracy.

Calibration = Mapping Accuracy Drop (%)
Technique  Scheme /" s EcG
E %" Unbalanced 22.21 13.33 15.62
S8
53 Balanced ~ 7.56 9.42 13.12
g o0 Unbalanced  0.98 0.45 0.63
53
S 3 Balanced  0.04 0.01 0.01
IV. RESULTS

A Python-SPICE framework was designed that implements
the balanced mapping algorithm in Python and simulates cross-
bar operation in SPICE. Results are evaluated across BNN
implementations of Multi-Layer Perceptron (MLP), LeNet-5
and a six-layer convolutional network on the MNIST [15] and
MIT-BIH dataset [16], with ideal accuracy 95.53%, 96.72%
and 89.53%, respectively. Experiments applying different cal-
ibration and mapping schemes are summarized in Table I.
When only GS is applied, the classification accuracy drop
is the worst; however, adding the balanced mapping scheme
improves results. The CS technique improves significantly with
< 1% drop in accuracy, while combining CS and balanced
mapping achieves < 0.04% loss, restoring accuracy close to
ideal IR drop-free levels. While CS is designed for accurate
computation, GS offers a more lightweight approach with a
tolerable cost in accuracy.

V. CONCLUSIONS

IR drop can compromise the computation accuracy in CIM-
based analog designs. This work analyzed the impact of IR drop
and proposed a mitigation strategy composed of a balanced
mapping scheme and a calibration technique of the readout
circuitry, to reclaim ideal IR drop-free accuracy with an error
< 0.04% by introducing a minimal hardware overhead.



(1]

[2

—

[3]

[4

—

[5

—_

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

D. Ielmini and H.-S. P. Wong, “In-memory computing with resistive
switching devices,” Nature Electronics, vol. 1, no. 6, pp. 333-343, Jun.
2018.

A. Singh, S. Diware, A. Gebregiorgis, R. Bishnoi, F. Catthoor, R. V. Joshi,
and S. Hamdioui, “Low-Power Memristor-Based Computing for Edge-Al
Applications,” in 2021 IEEE International Symposium on Circuits and
Systems (ISCAS), Feb. 2021, pp. 1-5.

A. Gebregiorgis, A. Singh, S. Diware, R. Bishnoi, and S. Ham-
dioui, “Dealing with Non-Idealities in Memristor Based Computation-
In-Memory Designs,” in 2022 IFIP/IEEE 30th International Conference
on Very Large Scale Integration (VLSI-SoC), Jul. 2022, pp. 1-6.

T. Spyrou, H.-G. Stratigopoulos, I. Alouani, S. Hamdioui, and A. Ge-
bregiorgis, “On the Trustworthiness of Spiking Neural Networks and
Neuromorphic Systems,” in 2025 IEEE European Test Symposium (ETS),
Feb. 2025, pp. 1-10.

Y. Jeong, M. A. Zidan, and W. D. Lu, “Parasitic Effect Analysis in
Memristor-Array-Based Neuromorphic Systems,” IEEE Transactions on
Nanotechnology, vol. 17, no. 1, pp. 184-193, Jan. 2018.

Z. He, J. Lin, R. Ewetz, J.-S. Yuan, and D. Fan, “Noise Injection
Adaption: End-to-End ReRAM Crossbar Non-ideal Effect Adaption for
Neural Network Mapping,” in Proceedings of the 56th Annual Design
Automation Conference 2019, Mar. 2019, pp. 1-6.

M. E. Fouda, S. Lee, J. Lee, G. H. Kim, F. Kurdahi, and A. M. Eltawi,
“IR-QNN Framework: An IR Drop-Aware Offline Training of Quantized
Crossbar Arrays,” IEEE Access, vol. 8, pp. 228 392-228 408, 2020.

B. Liu, H. Li, Y. Chen, X. Li, T. Huang, Q. Wu, and M. Barnell, “Re-
duction and IR-drop compensations techniques for reliable neuromorphic
computing systems,” in 20/4 IEEE/ACM International Conference on
Computer-Aided Design (ICCAD), Aug. 2014, pp. 63-70.

Q. Liu et al, “332 A Fully Integrated Analog ReRAM Based
78.4TOPS/W Compute-In-Memory Chip with Fully Parallel MAC Com-
puting,” in 2020 IEEE International Solid-State Circuits Conference -
(ISSCC), Oct. 2020, pp. 500-502.

C. Huang, N. Xu, K. Qiu, Y. Zhu, D. Ma, and L. Fang, “Efficient and
Optimized Methods for Alleviating the Impacts of IR-Drop and Fault in
RRAM Based Neural Computing Systems,” IEEE Journal of the Electron
Devices Society, vol. 9, pp. 645-652, 2021.

F. Ciippers et al., “Exploiting the switching dynamics of HfO2-based
ReRAM devices for reliable analog memristive behavior,” APL Materials,
vol. 7, no. 9, p. 091105, Sep. 2019.

G. Pedretti and D. Ielmini, “In-Memory Computing with Resistive
Memory Circuits: Status and Outlook,” Electronics, vol. 10, no. 9, p.
1063, Jan. 2021.

Y. Liao et al., “A Compact Model of Analog RRAM With Device and
Array Nonideal Effects for Neuromorphic Systems,” IEEE Transactions
on Electron Devices, vol. 67, no. 4, pp. 1593-1599, Apr. 2020.

C.-W. S. Yeh and S. S. Wong, “Compact One-Transistor-N-RRAM Array
Architecture for Advanced CMOS Technology,” IEEE Journal of Solid-
State Circuits, vol. 50, no. 5, pp. 1299-1309, Feb. 2015.

Y. Lecun, L. Bottou, Y. Bengio, and P. Haffner, “Gradient-based learning
applied to document recognition,” Proceedings of the IEEE, vol. 86,
no. 11, pp. 2278-2324, 1998.

N. Pu, Z. Wu, A. Wang, H. Sun, Z. Liu, and H. Liu, “Arrhythmia
Classifier Based on Ultra-Lightweight Binary Neural Network,” in 2023
15th International Conference on Electronics, Computers and Artificial
Intelligence (ECAI), 2023, pp. 1-7.



	Select a link below
	Return to Previous View
	Return to Main Menu



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


