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Abstract—This paper investigates the integration of optoelec-
tronic devices with CMOS to implement reconfigurable threshold
logic gates for Boolean functions. The weight of the optoelectronic
device can be altered by changing the optical power which
is used to reconfigure the threshold logic (TL) gate. These
novel reconfigurable gates are called the optoelectronic capacitor
based TL (OECTL) gates. The OECTL gates are designed for
i) simplistic AND/NAND gates and OR/NOR gates with large
fan-in and ii) linearly separable Boolean functions that can
be reconfigured to other linearly separable Boolean functions,
constrained in reconfiguration by the specifics of TL operation.
SPICE simulations in 65nm bulk CMOS technology with a
Verilog-A model for the optoelectronic capacitor demonstrate
i) AND/NAND gates and OR/NOR gates are 2× faster as fan-in
goes above 3 and consumes low power and ii) Boolean functions
can be reconfigured with 0.58× smaller delay and 0.46× less
power of standard CMOS design.

I. INTRODUCTION

One of the prohibitions of widespread adaptation of Thresh-

old Logic (TL) has been high cost of reconfiguration, without

which TL is shown not to provide substantial savings over

CMOS. TL gates have been implemented using look-up-

tables (LUT) [1, 2], single electron transistors [3] and resonant

tunneling diodes [4]. The implementations have drawbacks in

terms of power, delay and area. Memristors have been used

to reconfigure TL gates, however due to energy consumption

and long re-programming delay, the benefits have been over-

shadowed [2, 5].

The novelty of this work is utilizing optoelectronic capac-

itors (OEC) to provide the varying weights of the TL for

reconfiguration. The proposed gate is called optoelectronic

capacitor based threshold logic (OECTL) gate. The OEC is

from the literature by [6], originally proposed for optoelec-

tronic (OE) sensors. The OEC devices in [6] change electrical

properties of the device depending on the optical power at

a certain bias voltage for sensor operation. In the simulation-

based studies in this paper, the operation of a OECTL gate with

reconfigurable weights is shown to implement reconfigurable

Boolean functions.

II. TECHNICAL BACKGROUND

TL circuit design is discussed in Section II-A followed by

a discussion of the OEC in Section II-B.
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Fig. 1. Threshold Logic Gate.

A. Threshold Logic

Threshold logic is based on the majority or threshold

decision principle, where the output value depends on whether

the weighted sum of input variables exceeds the set threshold.
A TL gate is defined as a logic gate with n input variables,

xi(x1, x2, ..., xn), xi ∈ {0, 1} for which there is a set of

weights wi ∈ R and a threshold T ∈ R such that,

F (x) = sgn1{f(x)} =

{
0, if f(x) < 0

1, otherwise
(1)

f(x) =

( n∑
i=1

wixi − T

)
. (2)

1) Capacitor based Threshold Logic Gate: Capacitance

based TL gates have been presented in literature [1, 7, 8].

These designs suffer from the area overhead of accommo-

dating multiple capacitors for different values. A self-timed

threshold logic gate with poly-to-poly capacitors [8] is illus-

trated in Figure 2. The NMOS transistors N3 to N6 form

the cross-coupled pair which generates the output OUT and

its complement OUT after buffering through inverters. The

potential at the Input node is given by,

VInput =

n∑
i=1

Cixi/Ctotal (3)

where Ci is the capacitor value, xi (x1, x2, ..., xn), Ctotal is

the sum of the capacitances along with the parasitics at the

Input node N2. The parameter VInput is the weighted sum

driving the gate of N2. The threshold principle of the TL

gate is the comparison of VInput to the threshold voltage, as

postulated in Equation (2):

f(x) =

n∑
i=1

Cixi/Ctotal − VThreshold (4)

1sgn(x) = 0, if x < 0, and sgn(x) = 1, otherwise
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Fig. 2. Self-Timed Threshold Logic Gate [8].

B. Optoelectronic Capacitor

A device with a planar metal-semiconductor-metal (MSM)

structure with a third plate consisting of a 2-D hole sys-

tem (2DHS) is proposed in [6]. In the dark, the device shows

the characteristics of a switchable capacitor when the CV

characteristics are studied. When sufficient optical power is

applied on the device at certain critical bias voltage, there is

approximately 2× capacitance enhancement (CE). The struc-

ture of the device is discussed in [6]. The CV characteristics

of the MSM-2DHS device obtained at a probe frequency of

10KHz and under two distinct optical powers of a 850nm laser

as shown in Figure 3. The capacitance values for this work

are chosen from the CV characteristics in Figure 3. For the

sake of simplicity, only two capacitance values are chosen:

• OEC1 is 1.7pF at a bias voltage of 1.1V and optical

power of 90W/cm2,

• OEC2 is 3.45pF at a bias voltage of 1.1V and optical

power of 110W/cm2.

III. OPTOELECTRONIC CAPACITOR BASED THRESHOLD

LOGIC GATE

Altering the weights of a TL device makes reconfiguration

possible. The weight wi can be altered by changing the device

capacitance Ci at the input voltage xi. Here, the value of

the capacitance Ci of the OEC can be controlled by its light

intensity. Thus Equation (4) can be expressed as,

f(x) =

n∑
i=1

Ci(li)xi/Ctotal − VThreshold (5)

where capacitance at the input Ci(li), is defined as a function

of the particular light intensity, li (l1, l2, ..., ln).
TL gates with OECs are designed as shown in Figure 4. In

these proposed OECTL gates, the potential at the Input node

of Figure 4 is,

VInput =

n∑
i=1

Oi(li)xi/Ototal (6)

OEC2 = 3.45pF

OEC1 = 1.7pF

Fig. 3. Capacitance-Voltage characteristics of the device under dark and
various illumination intensities [6].
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Fig. 4. OEC based Threshold Logic Gate (OECTL).

where Oi(li) is the capacitance of an OEC at a particular

light intensity li and Ototal is the total capacitance including

the parasitics. Thus, Equation (4) can be expressed as,

f(x) =

n∑
i=1

Oi(li)xi/Ototal − VThreshold. (7)

IV. PROPOSED OECTL DESIGNS

The OECTL gates are designed with CMOS transistors to

design i) AND/NAND gates and OR/NOR gates and ii) re-

configurable Boolean functions.

A. Design methodology of OEC simulations

The CV characteristics of the device are reproduced using

Verilog-A. The model, where the Verilog-A model has 96%

accuracy compared to the CV characteristics of the device at

different optical powers and in dark (measurements shown in

Figure 3 [6]). Simulations for the OECTL gate are performed

at a supply voltage of 1.1V in a 65nm technology node.
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Fig. 5. Reconfiguration of OECTL gate (a) Function 1 (b) Function 2, l1 and
l2 are optical powers of 90W/cm2 and 110W/cm2 respectively.

B. NAND and NOR Gate

TL gates are suitable for large fan-in AND/NAND and

OR/NOR gates [9]. A two input AND/NAND gate is designed

using the OECs. The unit capacitance value is chosen to be

OEC1. VThreshold for a two input AND/NAND gate is set at

T1 = 0.9V. The performance in terms of delay and power for

fan-in of 2 to 9 are evaluated. Similarly, OR/NOR gates are

designed using the OECs for a fan-in of 2 and VThreshold of T2

= 0.6V. It is then evaluated for varying fan-ins. The advantage

of a differential design is that AND/NAND and OR/NOR gates

can be designed with the same gate. CMOS based NAND and

NOR gates are implemented for similar fan-ins and evaluated

for delay and power.

C. Reconfiguration of OEC based TL Gate

Two Boolean functions that are linearly separable with

the same VThreshold of 0.85V is chosen to demonstrate the

reconfiguration of an OECTL gate. The two Boolean functions

are F1(x) and F2(x) as shown in Figure 5. In a single

OECTL gate, the optical power of the OECs are altered to

implement the functions. In Figure 5(a), l1 is an optical power

of 90W/cm2 on the inputs setting it to OEC1. VThreshold for

the OECTL gates is set at T3 = 0.85V. The optical power

for the input x1 and x2 is changed to l2 setting it to OEC2,

which is a weight of 2 to implement F2(x). In Figure 5(b),

the optical power on input x1 and x2 is changed to l2 and for

the inputs x3, x4 and x5 remain at l1.

V. EXPERIMENTAL RESULTS

The delay of the proposed AND/NAND and OR/NOR gates

along with standard CMOS implementation of NAND and

NOR gates are shown, particularly OECTL gates have superior

performance in terms of delay when the fan-in increases. For
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Fig. 6. Delay and power comparison of NAND and NOR Gates.

a fan-in of 6, OECTL gates are ≈2× faster when compared to

standard CMOS as shown in Figure 6(a). In Figure 6(b), the

power of standard CMOS NAND and NOR gates are shown

along with the power for OECTL gates. It can be observed that

as the fan-in increases the power consumption of OECTL does

not show an increase (unlike CMOS) due to the low power

characteristics of the OEC devices. In literature the power of

the OEC devices are considered to be in atto-joules levels [10].

Based on this expectation of negligible power consumption of

OEC devices, OECTL and CMOS designs have very similar

power consumption for a fan-in of 8.

In Figure 7, the simulation results for the reconfiguration

of OECTL gate are shown. During the precharge phase, the

signals OUT and OUT are at Vdd. During evaluate phase,

when VInput is greater than VThreshold of 0.85V, OUT goes

to Vdd and OUT is 0. When VInput is less than VThreshold,

OUT and OUT go to 0 and Vdd, respectively. The signal

Light is the select line that sets optical power for the OEC.

The optical powers of O1(l1) and O2(l1) are both changed to

110W/cm2, which changes the capacitance value to OEC2.

This capacitance change switches the TL function from F1(x)
to F2(x) by altering the weight. The output is shown in signal

OUT . Table I summarizes the results of reconfiguration of

the OECTL gate. The two boolean functions are implemented

in standard CMOS with 2 input NAND and NOR gates.

The worst case propagation delays for F1(x) and F2(x) are

168.9ps and 178.4pS, respectively. The delay of the OECTL

design is 0.58× of standard CMOS implementations for the

two Boolean functions. The power consumed by both OECTL

designs is 3.46μW . The OECTL design consumes 0.46× less

power on average of standard CMOS implementations.
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Fig. 7. Simulation waveform showing reconfiguration of OEC based TL Gate.

TABLE I. PERFORMANCE OF OECTL AND CMOS IMPLEMENTATIONS OF F1(x) AND F2(x).

Boolean Function Delay (CMOS) Power (CMOS) Delay (OECTL) Power (OECTL) Delay (OECTL) Power (OECTL)

(ps) (μW) (ps) (μW) (Normalized to CMOS)

F1(x) 317.2 10.2 168.9 3.46 0.53× 0.34×
F2(x) 283.7 5.9 178.4 3.46 0.63× 0.58×

Average 0.58× 0.46×

VI. PRACTICAL CONSIDERATIONS

In order for OECTL to be appealing in mainstream design,

the following practical considerations need to be addressed:

1) Size of device: To design on chip capacitors of 3.45pF
or 1.7pF would require considerable area. Considering

a capacitance per unit area of 800aF/μ,m2 the area

for 3.45pF or 1.7pF would be 4312μm2 and 2125μm2,

respectively. The dimensions of the OEC are not reported

in [6] however, from personal communication it is known

that manufacturability at dimensions of mm2 to μm2 are

feasible for varying OE CV characteristics.

2) The authors conclude two ways for OECs to be used with

CMOS: (i) OECs with large dimensions are amenable for

individual light sources (li) as purported in this paper.

(ii) OECs with small dimensions can be competitive

with traditional MOSCAPs based TL implementations in

addition to the reconfiguration advantage in this paper.

VII. CONCLUSION

In this work, OECs are integrated with CMOS transistors

demonstrating the applicability of OEC devices to facilitate

energy-efficient logic computation. It is shown that the OECTL

gates can be designed to operate at 0.58× higher speeds

than CMOS equivalents while consuming 0.46× less power

on average. Reconfiguration of the TL circuit is achieved by

altering the weight without significant overhead.

REFERENCES

[1] V. Beiu, J. M. Quintana, and M. J. Avedillo, “VLSI implementations of
threshold logic-a comprehensive survey,” IEEE Transactions on Neural
Networks, vol. 14, no. 5, pp. 1217–1243, Sept 2003.

[2] J. Rajendran, H. Manem, R. Karri, and G. S. Rose, “An energy-efficient
memristive threshold logic circuit,” IEEE Transactions on Computers,
vol. 61, no. 4, pp. 474–487, April 2012.

[3] C. Moffat, “A survey of nanoelectronics,” University College, London,
U.K., 1994, Available: http://ipga.phys.ucl.ac.uk/papers/rep94-2.pdf.

[4] K. J. Chen, T. Akeyoshi, and K. Maezawa, “Monolithic integration of
resonant tunneling diodes and FET’s for monostable-bistable transition
logic elements (MOBILE’s),” IEEE Electron Device Letters, vol. 16,
no. 2, pp. 70–73, Feb 1995.

[5] I. Vourkas and G. C. Sirakoulis, “Emerging memristor-based logic circuit
design approaches: A review,” IEEE Circuits and Systems Magazine,
vol. 16, no. 3, pp. 15–30, 2016.

[6] P. Dianat, A. Persano, F. Quaranta, A. Cola, and B. Nabet, “Anomalous
capacitance enhancement triggered by light,” IEEE Journal of Selected
Topics in Quantum Electronics, vol. 21, no. 4, pp. 228–232, July 2015.

[7] H. Ozdemir, A. Kepkep, B. Pamir, Y. Leblebici, and U. Cilingiroglu, “A
capacitive threshold-logic gate,” IEEE Journal of Solid-State Circuits,
vol. 31, no. 8, pp. 1141–1150, Aug 1996.

[8] P. Celinski, J. F. Lopez, S. Al-Sarawi, and D. Abbott, “Compact parallel
(m,n) counters based on self-timed threshold logic,” Electronics Letters,
vol. 38, no. 13, pp. 633–635, Jun 2002.

[9] H. Huang and T. Wang, “CMOS capacitor coupling logic circuits,” in
Proceedings of the IEEE Asia Pacific Conf. on ASICs, 2000, pp. 33–36.

[10] D. Miller, “Attojoule optoelectronics for low-energy information pro-
cessing and communications - a tutorial review,” arXiv:1609.05510
[physics.optics].

2017 Design, Automation and Test in Europe (DATE) 617



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /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
  ]
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /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 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


