
 

 

DESIGN AUTOMATION AND EVALUATION OF EMERGING 3D – IC 

TECHNOLOGY USING STACKED HORIZONTAL NANOWIRES 

 

 

 

 

 

 
A THESIS IN 

                                                         
Electrical Engineering 

 

 

 

 

 

 

Presented to the Faculty of the University 

of Missouri–Kansas City in partial fulfillment of 

the requirements for the degree 
 

          

 

 

 MASTER OF SCIENCE 

 

 

 

 

 

 

 
                                                    By 

SANDEEP REDDY GEEDIPALLY 

Bachelor of Technology in Electronics and Communication Engineering, 2016 

 

 
                                                      

Kansas City, Missouri 2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

                                                                © 2018 

                                        SANDEEP REDDY GEEDIPALLY 

                                              ALL RIGHTS RESERVED



iii 

 

DESIGN AUTOMATION AND EVALUATION OF EMERGING 3D – IC 

TECHNOLOGY USING STACKED HORIZONTAL NANOWIRES 

 

Sandeep Reddy Geedipally, Candidate for the Master of Science Degree 

University of Missouri–Kansas City, 2018 

ABSTRACT 

Miniaturization of integrated circuits (ICs) has continuously enabled advancement in modern 

technology. This miniaturization trend, also known as Moore’s law, needs to be maintained intact to 

meet the current day computational demands. Further miniaturization of transistors below sub 10nm 

regime now faces fundamental device scaling and interconnect bottlenecks. These limitations are 

alternatively addressed through 3-D integration of ICs, where pre-fabricated dies or wafers are stacked 

in a vertical manner. The existing 3-D ICs can be categorized into multilithic and monolithic 3-D 

integration approaches. However, both existing approaches provide only incremental density benefits, 

and face reliability, thermal management, large area vertical interconnects, and sequential fabrication 

challenges. To surpass these challenges, emerging 3-D IC approaches like transistor level Monolithic 

3-D, Skybridge 3-D and Stacked Horizontal Nanowire 3-D (SN3D) have been actively pursued in 

research and show promising benefits.  

Our emerging 3-D IC approach is SN3D, where we envision to integrate circuits into a fabric 

of horizontally stacked nanowires. Our team has previously evaluated key requirements and 

manufacturing pathway for SN3D as well as designed logic and memory circuits. Nevertheless, any 

emerging 3-D IC approach has to find a pathway to fit into IC design phase based on Electronic Design 

Automation (EDA) tools before fabrication. In this thesis, we investigate the EDA tool-based design 
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flow for SN3D and evaluate the SN3D circuits from fundamental cell level (standard cell level) to 

system level using industry standard EDA tools from Cadence Design Systems. A standard cell library 

containing three cells is designed and benchmarked with 2D CMOS. A system level flow is 

implemented for a large-scale arithmetic circuit and benchmarked with 2D CMOS. Our benchmarking 

results show 1.11x, 3.11x and 5.24x benefits in terms of power, performance and area with respect to 

2D CMOS for a large-scale arithmetic circuit. 
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CHAPTER 1 

 

INTRODUCTION AND MOTIVATION 

 

With miniaturization of transistors, traditional 2D CMOS is facing limitations mainly in terms 

of device performance and fabrication. Firstly, in terms of device, technology node shrinking enhances 

short channel effects which results in higher off-leakage current [1].  Also, as the devices scale down, 

the threshold voltage and Vdd value do not go down linearly which results in degradation of 

performance and power [1]. 

As more transistors are integrated into the same die area, more routing is needed in the same 

area which creates routing congestion and the large resistances and capacitances from interconnects 

degrade circuit performance. Also, the increase in process variations during manufacturing is causing 

a threat to the current CMOS technology [2].  

 Migration to 3D Integrated Circuit design provides an alternative to continuing the scaling 

further. We have seen many 3D CMOS approaches like layer-layer, die-die and wafer- wafer stacking, 

where we see incremental density, power and performance benefits. Emerging 3-D integration styles 

such as transistor-level monolithic 3-D IC, Skybridge 3-D IC, and Stacked Horizontal Nanowire-

based 3-D IC (SN3D) are actively being researched [4-12]. All these emerging 3-D IC directions claim 

for exponential benefits in terms of density, power and performance.   

Our group has extensively worked on designing circuits using Stacked Horizontal Nanowires 

(SN3D) [9-12]. SN3D IC direction needs to be studied at a large scale to learn the legitimate benefits. 

As we know, modern day ICs have more than a billion transistors, EDA tools are used to design such 

enormous multi-million gate ICs. But currently, we do not have any commercial EDA tools which 

supports this 3D integration style. So here, we propose a radically different EDA flow for SN3D which 

shows the design flow of an integrated circuit from transistor level to a large scale and determine its 
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metrics before going to fabrication with the existing EDA tools from Cadence Design Systems. This 

thesis is organized as follows: Chapter 2 starts with the introduction of emerging 3D IC directions. 

Chapter 3 introduces our 3-D IC approach (SN3D), Chapter 4 starts with the standard ASIC design 

flow for an integrated circuit, details the customized EDA flow and Standard Cell Library design of 

SN3D and various characterization techniques. Chapter 5 presents benchmarking results in terms of 

power, performance and area at the standard cell level in comparison with 2D CMOS. Chapter 6 shows 

a pathway to designing a large-scale arithmetic circuit using SN3D standard cell libraries. Chapter 7 

concludes with the discussion of the benefits of our approach and what we envision to accomplish in 

near future. 
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CHAPTER 2 

 

EMERGING 3D - IC DIRECTIONS 

 

 This chapter introduces various emerging 3-D IC directions like monolithic 3-D, skybridge 3-

D and stacked horizontal nanowire-based 3-D (SN3D). All these 3-D IC styles are being actively 

researched, with each of them having their own tradeoffs [4-12]. This new pathway to miniaturization 

has brought additional challenges like thermal management, increasing cost and reliability issues. 

2.1 Monolithic 3-D IC 
 

Monolithic 3-D ICs show promising benefits with respect to 2D CMOS and Through Silicon 

Via (TSV) based 3-D IC’s. Among monolithic 3-D ICs, transistor level monolithic showed more 

benefits compared to gate level monolithic 3-D ICs and block level monolithic 3-D ICs [4]. Transistor 

level monolithic 3-D is the sequential integration of PMOS tier on the bottom layer and NMOS tier 

on the top layer, above which the global interconnect routing takes place [5] as shown in the Figure.2.1. 

Monolithic Inter-Layer Via (MIV) is used to connect the top tier with the bottom tier. Whereas in TSV 

based 3-D IC the diameter of TSV was huge, being around 5um, the diameter of MIV is around 50nm 

[4]. So, this approach showed a huge benefit compared to other approaches. The design automation of 

 
 

Figure. 2.1 Monolithic 3-D IC[10] 
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Monolithic 3-D ICs is not very different from existing 2D CMOS because the same planar transistors 

are used in this approach. The regular 2D IC CAD tools can be used for the design of Monolithic 3-D 

ICs up to an extent [6]. Challenges like reliability, thermal management and routing congestion need 

to be addressed in this 3-D IC design [8].  

2.2 Skybride 3-D IC 
 

Skybridge 3D IC is a junctionless nanowire transistor based 3-D IC approach where the 

uniform template of vertical nanowires is formed on a substrate. Skybridge 3-D IC approach shows 

promising density, power and performance benefits compared to 2D CMOS and Monolithic [7-8]. 

Skybridge 3-D IC has features like coaxial routing and bridges which shows great benefit in terms of 

interconnect routing [7] as shown in Figure. 2.2. As this is an emerging 3-D IC approach it cannot be 

implemented using the conventional EDA tools. [8] Shows their approach for design automation. 

 

 

 

 

 
 

Figure. 2.2 Skybridge 3-D IC [14] 



5 

 

2.3 Stacked Horizontal Nanowire Based 3-D IC (SN3D) 
 

SN3D is a radically different 3-D IC approach compared to 2D CMOS and Monolithic 3-D, 

where pre-doped junctionless nanowires are stacked horizontally to form circuits [9-12] as shown in 

the Figure.2.3. This approach shows huge area and power benefits compared to Monolithic 3D and 

2D CMOS [10]. Cost and thermal management issues are also addressed [11] here which is a major 

concern in other 3-D IC design. In this thesis, we also discuss the customized automation approach for 

SN3D. We discuss the basic components of SN3D, design a standard cell library and show the system 

level evaluation of SN3D and benchmark it with 2D CMOS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure. 2.3 Stacked Horizontal Nanowire3-D[10] 
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CHAPTER 3 

 

STACKED HORIZONTAL NANOWIRE BASED 3D IC (SN3D) 

 

This chapter introduces the details of Stacked Horizontal nanowire-based 3-D IC 

approach. The components and various circuit design aspects of SN3D are discussed. 

3.1 SN3D Fabric Overview 

SN3D fabric design follows a uniform patterning of stacked nanowires upon which 

the circuits are mapped. All active components and fabric features are formed on these 

nanowires through a sequential process of deposition and etching. In this fabric: device, 

circuit, connectivity, and thermal management issues are solved by carefully architecting 

towards 3-D integration.  

SN3D also includes key component features like horizontal bridges, horizontal 

insulation, common contact, common gate, nano vias and heat extraction feature [13]. 

 
 

Figure. 3.1 SN3D Fabric Overview[10] 
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Figure.3.1 shows the fabric view of SN3D where stacked nanowires are used for 

implementing devices and interconnect routing takes place on top of this circuits. Our initial 

Hspice based simulations show SN3D has 11x, 19%, 18%and 6.7x, 8.69%, 9% benefits over 

state-of-art 2-D CMOS and transistor-level monolithic 3-D (M3D) in terms of density, power, 

and performance respectively [10].  

3.2 SN3D Core Components 

 Active devices in the SN3D fabric are junctionless nanowire transistors. Junctionless 

transistors have uniform doping across drain, channel and source regions. The behaviour of a 

junctionless nanowire transistor is modulated by the workfunction difference between the gate and the 

 
 

Figure.3.2 SN3D Core Components[10] 
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heavily doped channel.  Under off state nanowire transistor is completely depleted, and when a suitable 

voltage is applied (p-type and n-type) it accumulates the charge to conduct (on state). Thus, both p-

type and n-type junctionless nanowires can be formed choosing appropriate gate material.  

Stacked nanowires which are the active devices of SN3D fabric are shown in Figure 

3.2(A) where n-type and p-type nanowires are stacked. A single nanowire transistor is shown 

in Figure 3.2(B) where HfO2 is used as a gate oxide, Ti/TiN is used as gate material and Si3N4 

is used as a spacer. SN3D has some exceptional fabric interconnect features like common 

contact which is used to connect a drain and source region of two different nanowires as shown 

in Figure.3.2(C)(i), whereas common gate feature shown in Figure 3.2(C)(ii) is used to 

connect two gates of different nanowires.  Horizontal bridge feature is very helpful in 

connecting two adjacent cells or adjacent nanowires which can be used as a local interconnect 

as shown in the Figure 3.2(C)(iii). Horizontal Insulation (HI) feature as shown in Figure 

3.2(D) is used to isolate two gates of nanowires or two contacts, where we do not want the 

electrical connectivity. Nano via shown in Figure 3.2(E) is used for either cell level 

interconnect, or to bring up a pin to the top for the global interconnect routing. The heat 

extraction pillar feature is used for thermal management feature where a pillar is used to bring 

down the heat as shown the Figure 3.2. 
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3.3 SN3D Logic Gates: 
 

Logic gates are implemented using all the features discussed above, Figure 3.3 shows 

some of the basic cells designed in SN3D.  A simple inverter cell is shown in SN3D where an 

n-type nanowire and a p-type nanowire are stacked, where common contact feature is used to 

connect the drain of the p-type and n-type nanowire. Also, the horizontal insulation feature is 

used to isolate both the sources of nanowires. Common gate feature is used to connect the 

gates of both nanowires. A 2 input NAND gate in SN3D is shown in Figure 3.3 (B) where the 

nanowires are stacked in p-p-n-n fashion and all other remaining features discussed above are 

used. Cells like NOR, XOR and MUX, shown in Figure 3.4, are designed and their respective 

CMOS implementations shown beside them. We cannot increase the width of the nanowire to 

increase its drive strength. So, here we connect the nanowires in parallel to increase the drive 

strength, as shown in Figure. 3.3(F). 3 n-type nanowires are connected in parallel to increase 

the drive strength of the cell. Among all our design styles consecutive stacking of p-p-n-n 

transistors shows more benefits when mapped to CMOS. 

 
 

Figure. 3.3 SN3D Logic Gates[10] 
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3.4 SN3D Memory Design: 

 

With advancement in VLSI technology, the capability of storage must be increased to 

cater the needs of high-density memories. We have proposed a 6T SRAM design [12] in 

SN3D. Figure 3.4 shows the standard 6T SRAM cell design in SN3D. All the fabric features 

discussed in the above sections are used to design efficient SRAM, which gives huge density 

benefit. X1 and X2 are two inverters connected in feedback, TA1 and TA2 are the access 

transistors. As discussed in the earlier sections transistors are connected in parallel to achieve 

multiple drive strengths. Read and write margins operations are evaluated and benchmarked 

with respect to 2D CMOS and monolithic 3D [12]. Static noise margins for hold margin, read 

margin and write margin are calculated. Our Hspice based simulations showed 3.1x density, 

and 6.4x performance benefits with respect to 2-D CMOS and 2.1x density and 5.7x 

performance benefits over monolithic 3-D at 16nm technology node.  

 

 
 

Figure. 3.4 SN3D 6T SRAM Cell Design 
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CHAPTER 4 

 

CUSTOMIZATION OF EDA FLOW FOR 3-D FABRICS 

 

 

This chapter starts with the description of the standard Application Specific Integrated Circuit 

(ASIC) design flow for an integrated circuit. Further, the customized EDA flow for SN3D circuits is 

detailed, where we design a standard cell library for our Nanowire-based 3D IC.  

 

4.1 ASIC Design Flow 
 

Any integrated circuit design is created for a certain application. ASIC design, as shown in 

Figure 4.1, begins with the specification where we envision our design constraints such as the size of 

design we want to make and use of the IC. Next stage would be architecting the design, like 

components needed, decisions like memory usage or which processors need to be used, is decided at 

this stage of the design. 

  Moving forward, large-scale circuits are designed behaviorally in flat or hierarchical, using 

high-level hardware descriptive languages like Verilog or VHDL. Functionality is checked and 

verified using languages like SystemVerilog, which is built in a verification environment like 

Universal Verification Methodology (UVM) or Open Verification Methodology (OVM). The 

behavioural Verilog code is then synthesized into a logic netlist using synthesis tools. After synthesis, 

Static Timing Analysis is performed to check if the design is meeting all the specifications and passed 

the timing checks. This is the first stage of doing timing analysis. From here on, at almost every stage 

timing analysis is performed. 
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The synthesis of behavioural Verilog code to gate level netlist requires a Standard Cell Library 

which contains the primitive information of the logic gates. The primitives are called standard cells 

which contain the logical and physical layout views of basic and complex gates. Also, it contains 

timing, power and noise information of a standard cell in liberty format (.lib).  

Then the synthesized netlist is given as input to physical design tools, to perform auto place 

and route (APR). The APR tool builds the large-scale system using these primitives. A typical physical 

design starts with floorplan where we decide the size of the core, die, height and width. At placement 

stage, we place macros or IPs and the logical standard cells in the core area. The next phase is Clock 

 
 

Figure. 4.1 ASIC Design flow 
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Tree Synthesis (CTS) where we build a clock tree so that the clock signal reaches every sequential cell 

at the same time. Techniques like H-Tree is used to build the clock tree. CTS is the most important 

phase of any IC design because it is the most power-hungry block in the whole design because of its 

switching factor. After clock tree is built, interconnect routing is performed for our design. After 

routing, physical verification is performed to check for Design Rule Checks (DRC), Layout Versus 

Schematic (LVS), ANTENNA check and Electrical Rule Check (ERC) violations. If there are no 

issues or all the errors are fixed, the resistances and capacitances of the metal interconnect routing are 

calculated in parasitic extraction phase. 

After almost every stage of design flow, Static Timing Analysis is performed to check whether 

the IC is meeting desired timing checks like setup and hold. Signoff analysis is performed to check the 

power, performance and area. If the desired specifications are met, the GDS II file of the chip is 

extracted and sent to the foundry for fabrication. This is a typical standard ASIC design flow. However, 

modern-day flows are very advanced and there are a lot more complicated design flows.    

4.2 Customized EDA Tool Flow for SN3D 
 

Standard ASIC flow discussed above is implemented for SN3D. However, the same EDA 

tools used for 2D CMOS cannot be used for the design of SN3D as these tools do not support the 3-D 

features. So here a customized EDA tool flow for SN3D is presented in Figure 4.2. The main conflict 

comes with the layout design of 3-D IC because we cannot make 3-D layouts in the current EDA tools. 

The synthesis and physical design of SN3D follow same footsteps as 2D CMOS.  

 Customization of EDA flow for SN3D takes place mainly at the standard cell library design 

phase, where we design layouts for SN3D logic gates and create liberty file, which are timing and 

power libraries for SN3D. We also wanted to use a nanowire transistor model for standard cell library 

creation instead of regular CMOS FET models. The nanowire transistor model was extracted from 
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TCAD Process and Device simulation [7][21] but the nanowire transistor model we had was in 16nm 

technology node, which is not compatible with 45nm PDK. So, we use a regular 45nm CMOS FET 

transistors. Resistances and capacitances (RC) for 3-D IC are extracted using ASU’s PTM models 

[22]. The extracted RCs are incorporated into the Spice netlists of logic gates, which we use for library 

characterization. Cadence Liberate tool is used for library characterization which generates the timing 

and power libraries (.LIB). Layout view is created, and an abstract view is generated from the layout. 

The abstract view is known as Library Exchange File (.LEF). Cadence Abstract generator is used to 

create LEF views. The LEFs and LIBs created are part of a standard cell library. These standard cells 

are used for synthesis in Cadence RTL compiler and for physical design in Cadence Encounter [19]. 

Finally, we perform Signoff analysis to show the power and performance. A detailed explanation of 

all these views is presented in the further sections. 

4.3 SN3D Standard Cell Library 

 
 

Figure 4.2 Customized EDA Tool Flow for SN3D 
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 As discussed in previous sections, a standard cell library creation for SN3D plays a 

major role in large-scale design flow. Typical cell library contains cells with multiple drive 

strengths, different Vt, and some other miscellaneous cells. It contains both combinational and 

sequential cells. A typical industry standard cell library contains more than 1000 cells. Here we discuss 

the different views in a standard cell library and their creation in terms of SN3D. We have created 3 

cells in SN3D standard cell library. The design rules and methodology followed in SN3D design is 

 
 

Figure 4.3 Standard Cell Library Design Flow 
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presented in further sections. The standard cell library is created at 45nm technology node. Figure 4.3 

shows the typical standard cell library flow.  We can divide the flow mainly into two parts, layout 

design and liberty characterization. In layout design, we design the physical representation of the cells. 

In liberty characterization, we characterize the cells present in the cell library. The components of a 

standard cell library are as detailed in further sub sections. 

4.3.1 Schematic Views of the cells 

 A schematic view is the transistor level view of a standard cell. The schematic views are used 

for simulating the logic functionality of the cell. Figure 4.4 shows a schematic view of a 2-input NAND 

gate. A schematic view is used to create a Spice netlist, which is used to check Layout Versus 

Schematic (LVS). Similarly, we create schematic views for all the cells present in SN3D cell library.  
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Figure 4.4 Schematic View of 2 Input 

NAND gate 
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4.3.2 Layout Views of the Cells 

The layout views are the physical implementation of the schematic with transistors and metal 

routing. The layout view of the cells follow the architecture of the cell and the design rules as per the 

particular technology. The physical layout is used to extract the RCs for metal shapes and diffusion. 

Extracted RC is attached to the Spice netlist. The parasitic extracted netlist is used to generate timing, 

power and signal integrity data of the cell.  

Figure. 4.5 shows the layout views of 2D CMOS, Monolithic 3-D and SN3D. For 2D CMOS, 

as it consists of planar transistors, the layout view contains the top view of the cell. In case of layout 

for monolithic 3-D layout, as the PMOS tier is on the bottom layer and the NMOS tier is on the top 

layer we create two different layouts for both and stack them sequentially. Monolithic 3-D gives almost 

50% density benefit as the layout is folded by half. SN3D side and top views are shown in Figure 4.5 

(C). A side view is used to calculate the resistances and capacitances. The extracted RCs are 

incorporated into the Spice netlist.  The top view is used to create the layout, which is used further used 

to create LEF.   SN3D has a 3D layout for standard cell, for which the present layout tools are not 

mature enough.  

 
 

Figure 4.5 2 Input NAND layout for CMOS, Monolithic 3D and SN3D 
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Figure 4.6 shows the layout view of a 2 input NAND gate for SN3D, where we make an 

assumption and make the top view of the cell by bringing all the pins to the top. This helps the tool to 

place and route the cells. For the purpose of library characterization, we calculate the RCs for 3D side 

views using ASUs PTM models [22] and incorporate in the extracted netlist so that we can consider 

exact delays and power of the cell. The layout views are drawn using design rules from our previous 

experimental analysis [10]. Cadence Virtuoso tool is used to create the layout views of the cells. From 

layout, we can depict a 2 input NAND gate where the pins are brought onto the top layer and a 

nanowire source, drain and gate connections.  

 
 

Figure 4.6 Layout view of 2 Input NAND gate in SN3D 
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  Table. 1 shows the design rules which we assumed in our layout implementation in 45nm 

technology node. Lambda-based design rules are assumed over here. These lambda-based rules are 

scalable and can be scaled easily into any technology node. Figure 4.7 shows the top view and side 

view of an SN3D model, along with the design rules followed in the SN3D design. 

 

 

 

 
 

Figure 4.7 Layout view showing design rules 

 
  

TABLE 1 
SN3D DESIGN RULES 

 Width - Z 

(nm) 

Length – 

X (nm) 

Thickness 

– Y (nm) 

Spacing 

Transistor Channel 45 45 45 95 

Transistor Spacing - - - 50 

Gate Electrode 75 45 75 - 

Ohmic contact 75 60 75 50 

Bridge 60 - 50 50 

Horizontal insulation 75 60 5 - 
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4.3.3 Abstract Views of the Cells 

 Abstract data is the geometric data extracted from a layout view. Abstract data contains the 

information of metal layers and pins. The abstract view is created to reduce the burden on the APR 

tool, because the APR doesn’t need the whole layout information. It needs only metal routing and pin 

locations at a cell level. Cadence abstract generator tool is used to generate abstract views. 

 Abstract view of 2 Input NAND in SN3D is shown in Figure 4.8 which shows the pin 

locations of the layout. The place and route boundary is also generated in abstract view. The standard 

cells are abutted in the floorplan between the rows in physical design. A row has the size of minimum 

sized standard cell. The transistor information like diffusion layer and poly are not displayed in the 

LEF. Only metal layers above poly, i.e. metal layers starting from metal 1 are exported into a LEF 

view. In the case of SN3D, almost all the standard cells can be created in the footprint of a single 

transistor. 

Abstract file (.lef) of a 2-input SN3D NAND cell is shown in Figure 4.9. A file is created 

with the boundary information of metals and the pin locations, this file is called Library Exchange 

 
Figure 4.8 Abstract View of 2 Input NAND in SN3D 
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Format (LEF) file. The technology information is in the form of a file called technology LEF [17]. 

MACRO section defines that the LEF generated is for a cell abstract. The CLASS section defines the 

position of the cells in an integrated circuit. Here, the CLASS is CORE, which means the cell will be 

placed in the core site. Similarly, CLASS can be IO, whose cells are only used for IOs. ORIGIN and 

FOREIGN section of the LEF defines the lower left corner and upper right corner of the LEF file. 

SIZE section defines the size of the standard cell. PIN section of LEF defines each and every pin in 

the cell and contains information like direction, usage, purpose, the metal layer the pin is defined in, 

and geometry of pin. 
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MACRO NAND2_X1 

  CLASS CORE ; 

  ORIGIN -0.1725 -0.0975 ; 

  FOREIGN NAND2_X1 0.1725 0.0975 ; 

  SIZE 0.45 BY 0.3 ; 

  SYMMETRY X Y ; 

  SITE CoreSite; 

  PIN VSS 

    DIRECTION INPUT; 

    USE GROUND; 

    PORT 

      LAYER metal2; 

        RECT 0.515 0.1275 0.59 0.2025; 

    END 

  END VSS 

  PIN A1 

    DIRECTION INPUT; 

    USE SIGNAL; 

    PORT 

      LAYER metal1; 

        RECT 0.3675 0.2325 0.4325 0.3675; 

    END 

  END A1 

  PIN ZN 

    DIRECTION OUTPUT; 

    USE SIGNAL; 

    PORT 

      LAYER metal1; 

        RECT 0.5125 0.2325 0.5875 0.3725 ; 

    END 

  END ZN 

  PIN VDD 

    DIRECTION INPUT ; 

    USE POWER ; 

    PORT 

      LAYER metal1 ; 

        RECT 0.2125 0.23 0.2875 0.37 ; 

    END 

  END VDD 

  PIN A2 

    DIRECTION INPUT ; 

    USE SIGNAL ; 

    PORT 

      LAYER metal2 ; 

        RECT 0.365 0.125 0.44 0.2 ; END 

  END A2 

END NAND2_X1 

Figure 4.9 Abstract LEF of 2 Input NAND in SN3D 
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4.3.4 Functionality, Timing, Power and Signal Integrity Data of a cell 

 This file contains functionality, area, timing, power and signal integrity data of a cell at given 

operating conditions. The file format is Synopsys liberty (LIB) file format. Multiple liberty files are 

created at different operating conditions and corners. These files give the comprehensive data of every 

cell to the APR tool.  

4.4 Library Characterization 

  Once the layout view is designed and the parasitics are extracted, a certain collateral must be 

created from the standard cells. This extraction of collateral from the cells is known as Library 

Characterization. The APR tools get the required information from the cells. The APR tool decides on 

the usage of the cells from the library as per its constraints on area, power and performance. The 

libraries are checked for any Design Rule Check (DRC) and Layout Versus Schematic (LVS) 

violations before validation. The following sections describe the overall flow of characterization. 

 
 

Figure 4.10 Inputs and outputs of characterization 
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 Figure 4.10 shows the inputs and outputs to a characterization setup. The inputs are extracted 

parasitic netlists, area attribute file from LEF, Spice model files, and Tcl command file. All these inputs 

are given to characterization tool Cadence Liberate [20]. The internal simulator for liberate is Alspice, 

which can also invoke external tools such as Hspice and Spectre. The outputs of the characterization 

setup are Synopsys format LIB files [18]. There is also an option of generating Datasheet and HTML 

files as output.    

4.4.1 Liberate Views and Models  

 Liberate generates various electrical views such as for timing, power and noise which 

are tabulated into a standard Synopsys liberty format file. Each condition on the standard cell 

with a defined state of inputs and outputs is called an arc. 

 There are mainly three types of models written out in a liberty model and they are: 

Non-Linear Delay Model (NLDM), Composite Current Source Model (CCS), and Effective 

Current Source Model (ECSM). We can characterize all the constructs in any of these models. 

Usage of a model is decided based on the accuracy of the characterization needed and run 

time of the characterization. 

4.4.2 Delay Models 

As discussed above characterization can be performed using NLDM, CCS and ECSM models.  

 
 

Figure 4.11 NLDM Setup 
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The NLDM model is characterized by measuring the delay and output transition, when simulating a 

given range of input transitions and output loads. Figure 4.11 shows an NLDM model where a cell is 

driven by different input signals and output load. The delay values are tabulated in form of matrices 

with multiple input slews and output loads. Figure 4.12 shows an example of the delay table where 

index 1 represents the input slew and index 2 represents the output load. Similarly, output slew is 

tabulated for multiple input slews and output loads. 

 
 

Figure 4.13 CCS Model Setup 

        cell_rise (delay_template_5x5) { 

          index_1 ("0.001, 0.01, 0.1, 0.5, 1"); 

          index_2 ("0.0002, 0.0004, 0.001, 0.005, 0.01"); 

          values ( \ 

            "0.00211323, 0.00243324, 0.0033706, 0.0091957, 0.0162334", \ 

            "0.00471981, 0.00525111, 0.00662418, 0.013134, 0.0198643", \ 

            "0.0187651, 0.0200457, 0.0233907, 0.0383673, 0.0513551", \ 

            "0.0710233, 0.0726975, 0.0776121, 0.104431, 0.129414", \ 

            "0.135717, 0.137425, 0.142513, 0.173602, 0.205549" \ 

          ); 

rise_transition (delay_template_5x5) { 

          index_1 ("0.001, 0.01, 0.1, 0.5, 1"); 

          index_2 ("0.0002, 0.0004, 0.001, 0.005, 0.01"); 

          values ( \ 

            "0.000990748, 0.00124664, 0.00201371, 0.00709786, 0.0134418", \ 

            "0.00224499, 0.00252073, 0.00328942, 0.00752695, 0.01346", \ 

            "0.0110556, 0.011555, 0.0130009, 0.0201922, 0.026856", \ 

            "0.0494245, 0.0496414, 0.0506684, 0.0602971, 0.0715673", \ 

            "0.0982554, 0.098393, 0.0989636, 0.106977, 0.119372" \ 

          ); 

 

Figure 4.12 NLDM Delay Tables 
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CCS timing model contains output current characterization using a similar circuit to the 

NLDM timing model. However, there is a voltage source connected at the output before the load 

capacitance to capture the current waveform. The tool accurately models the current waveform into a 

voltage waveform and tabulates the delay values. Figure 4.13 shows the setup for the CCS timing 

model. 

An example of CCS based delay table is shown in Figure 4.14. It is a 5x5 matrix with 5 input 

slews and 5 output delays. Also, as this is a CCS based model, the output current is characterized where 

output current with its respective delays is tabulated at a particular input slew and output load. 

index_1 ("0.001, 0.01, 0.1, 0.5, 1"); 

index_2 ("0.0002, 0.0004, 0.001, 0.005, 0.01"); 

          values (\ 

            "0.00158332, 0.00177631, 0.00232933, 0.00571371, 0.00979366", \ 

            "0.00266159, 0.00312025, 0.00427209, 0.00932677, 0.0136951", \ 

            "0.00098056, 0.00215444, 0.00518616, 0.0184568, 0.0295813", \ 

            "-0.0162906, -0.0147152, -0.0101193, 0.0144773, 0.0368932", \ 

            "-0.0385412, -0.0369203, -0.0321658, -0.00324393, 0.025894" \ 

          ); 

 

output_current_rise () { 

          vector (ccs_template) { 

            reference_time : 0.00125; 

            index_1 ("0.001"); 

            index_2 ("0.0002"); 

            index_3 ("0.00188509, 0.00238559, 0.0024948, 0.00255956, 0.00265116, 

0.00270901, 0.00295425, 0.00323802, 0.00339368, 0.00362416, 0.00390906, 0.00424335, 

0.0046423, 0.00497591, 0.006054"); 

values ( \"0.00751791, 0.0971116, 0.105364, 0.14749, 0.14734, 0.145392, 0.130451, 

0.0776628, 0.0566529, 0.0352652, 0.0194525, 0.00961271, 0.00414698, 0.00199796, 

0.000151671" \); 

 

Figure 4.14 CCS Delay Tables 
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The ECSM delay model includes output voltage characterization using the same circuit as in 

NLDM delay and transition measurements. In addition, many more time points are captured during 

the output transition. Figure 4.15 shows the setup for ECSM timing model, which is the same as 

 
 

Figure 4.15 ECSM Model Setup 

 

cell_rise (delay_template_5x5) { 

          index_1 ("0.001, 0.01, 0.1, 0.5, 1"); 

          index_2 ("0.0002, 0.0004, 0.001, 0.005, 0.01"); 

values ( \ 

            "0.00158332, 0.00177631, 0.00232933, 0.00571371, 0.00979366", \ 

            "0.00266159, 0.00312025, 0.00427209, 0.00932677, 0.0136951", \ 

            "0.00098056, 0.00215444, 0.00518616, 0.0184568, 0.0295813", \ 

            "-0.0162906, -0.0147152, -0.0101193, 0.0144773, 0.0368932", \ 

            "-0.0385412, -0.0369203, -0.0321658, -0.00324393, 0.025894" \ 

          ); 

ecsm_waveform_set (ecsm_template_13) { 

            index_1 : "0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.98"; 

            values : \ 

              "0.613991, 0.614057, 0.614157, 0.614334, 0.614464, 0.614579, 0.614699, 0.614824, 

0.614965, 0.615159, 0.615492, 0.615823, 0.616257, \ 

               0.614066, 0.614143, 0.61426, 0.614445, 0.614591, 0.614738, 0.614892, 0.615053, 

0.615234, 0.615479, 0.615893, 0.616303, 0.616842, \ 

               0.614221, 0.614329, 0.614468, 0.614703, 0.614942, 0.615188, 0.615445, 0.615715, 

0.616017, 0.616416, 0.617083, 0.617742, 0.618608, \ 

 ------------------- 

--------------------- 

------------------- 

------------------- 

 0.662386, 0.689491, 0.725719, 0.904349, 1.14483, \ 

               0.00930685, 0.189187, 0.388438, 0.526761, 0.572766, 0.607987, 0.63902, 0.668022, 

0.696105, 0.724438, 0.7588, 0.908086, 1.14816"; 

          } 

Figure 4.16 ECSM Delay Tables 
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NLDM but is more accurate. ECSM is calculated at various points, so it is a granular and advanced 

model. 

4.4.3 Power Models 

 Power is divided into three sections by Liberate: leakage power, hidden power and switching 

power. All the inputs, both channel and gate leakage are calculated and tabulated in liberty file. 

Switching power is calculated by measuring energy dissipated by the cell when one or more of the 

inputs switches, which causes one or more of the outputs to change. Switching power includes both 

short circuit power and internal switching power consumed during the charging and discharging of 

internal capacitive nodes. Hidden power is the energy consumed when the inputs are being switched 

but do not cause any switching in the output. Power measurement is mainly dependent on the inputs 

internal_power () { 

        related_pin : "A"; 

        related_pg_pin : VDD; 

        rise_power (power_template_5x5) { 

          index_1 ("0.001, 0.01, 0.1, 0.2, 0.3"); 

          index_2 ("0.0002, 0.0004, 0.001, 0.005, 0.01"); 

          values ( \ 

            "0.000717909, 0.000726949, 0.000741785, 0.000770091, 0.000777933", \ 

            "0.000705746, 0.000705907, 0.000706035, 0.000719609, 0.000728836", \ 

            "0.00122889, 0.00121151, 0.00116461, 0.0010313, 0.000964337", \ 

            "0.00189849, 0.0018728, 0.00180299, 0.00154518, 0.00139557", \ 

            "0.00259365, 0.00256207, 0.00247535, 0.00212295, 0.00190047" \ 

          ); 

        } 

        fall_power (power_template_5x5) { 

          index_1 ("0.001, 0.01, 0.1, 0.2, 0.3"); 

          index_2 ("0.0002, 0.0004, 0.001, 0.005, 0.01"); 

          values ( \ 

            "-0.0001321, -0.000123195, -0.000108608, -8.60778e-05, -8.05991e-05", \ 

            "-0.000163779, -0.000159944, -0.000157162, -0.000124701, -0.000108903", \ 

            "0.000311783, 0.000289845, 0.000236222, 8.69376e-05, 2.34208e-05", \ 

            "0.00097952, 0.000945653, 0.000857755, 0.000541845, 0.000376718", \ 

            "0.0016723, 0.00163222, 0.00152588, 0.00108655, 0.000818839" \ 

          ); 

        } 

Figure 4.17 Power Tables 
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as the inputs increase, the number of combinations increase which ultimately increases the run time. 

Power is also characterized by multiple input slews and output loads as shown in the Figure. 4.17. 

Both internal power and the switching power are tabulated in the matrices. 

4.4.4 Liberty Models for 3D IC (SN3D) 

 Liberty files are generated for SN3D using the RC extracted netlist and model file. We have 

characterized multiple cells like basic and complex logic gates including sequential cells. Both timing 

and power liberty models were modelled for SN3D. We use this model as input for further place and 

route tools. Noise characterization was ignored for this iteration because it increases the run time 

hugely. Figure. 4.18 shows an example of a datasheet format file for SN3D 2-input NAND gate which 

gives the main abstract power and timing information of a cell. Datasheet contains information like 

the functionality of the cell, area of the cell. Coming to power, it prints out leakage, active and hidden 

power. Delays for output falling and rising with respect to each pin is also printed. 

Function 

+---------------------------------------------------------------------+ 

| Pin Name |                         Function                         | 

+---------------------------------------------------------------------+ 

|       ZN |                                            (!A1) + (!A2) | 

+---------------------------------------------------------------------+ 

 

Footprint:  

+-------------------------------+ 

|       Cell       |    Area    | 

+-------------------------------+ 

|         NAND2_X1 |     0.1350 | 

+-------------------------------+ 

 

Leakage 

+---------------------------------------------------------+ 

|                    Leakage (nW)                          | 

+---------------------------------------------------------+ 

|       Cell       |    Min     |    Avg     |    Max     | 

+---------------------------------------------------------+ 

|         NAND2_X1 |     0.0000 |     2.2694 |     2.7944 | 

+---------------------------------------------------------+ 
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Delay 

 

Delays(ns) to ZN rising: 

+-----------------------------------------------------------------------------+ 

|                                      |               Delay(ns)              | 

+-----------------------------------------------------------------------------+ 

|      Cell        |  Timing Arc(Dir)  |     min    |     mid    |     max    | 

+-----------------------------------------------------------------------------+ 

|         NAND2_X1 |        A1->ZN(FR) |     0.0036 |     0.0271 |     0.1000 | 

|         NAND2_X1 |        A2->ZN(FR) |     0.0046 |     0.0324 |     0.1055 | 

+-----------------------------------------------------------------------------+ 

 

Delays(ns) to ZN falling: 

+-----------------------------------------------------------------------------+ 

|                                      |               Delay(ns)              | 

+-----------------------------------------------------------------------------+ 

|      Cell        |  Timing Arc(Dir)  |     min    |     mid    |     max    | 

+-----------------------------------------------------------------------------+ 

|         NAND2_X1 |        A1->ZN(RF) |     0.0058 |     0.0209 |     0.0843 | 

|         NAND2_X1 |        A2->ZN(RF) |     0.0071 |     0.0225 |     0.0816 | 

+-----------------------------------------------------------------------------+ 

 

Power 

 

Internal switching power(pJ) to ZN rising: 

+-------------------------------------------------------------------+ 

|                            |              Power(pJ)               | 

+-------------------------------------------------------------------+ 

|      Cell        |  Input  |     min    |     mid    |     max    | 

+-------------------------------------------------------------------+ 

|         NAND2_X1 |      A1 |     0.0009 |     0.0012 |     0.0019 | 

|         NAND2_X1 |      A1 |    -0.0001 |     0.0003 |     0.0009 | 

|         NAND2_X1 |      A2 |     0.0012 |     0.0015 |     0.0022 | 

|         NAND2_X1 |      A2 |     0.0001 |     0.0004 |     0.0011 | 

+-------------------------------------------------------------------+ 

 

Internal switching power(pJ) to ZN falling: 

+-------------------------------------------------------------------+ 

|                            |              Power(pJ)               | 

+-------------------------------------------------------------------+ 

|      Cell        |  Input  |     min    |     mid    |     max    | 

+-------------------------------------------------------------------+ 

|         NAND2_X1 |      A1 |     0.0001 |     0.0004 |     0.0009 | 

|         NAND2_X1 |      A1 |     0.0010 |     0.0013 |     0.0018 | 

|         NAND2_X1 |      A2 |     0.0001 |     0.0002 |     0.0005 | 

|         NAND2_X1 |      A2 |     0.0013 |     0.0013 |     0.0017 | 

+-------------------------------------------------------------------+ 

+---------------------------------------------------------+ 

+---------------------------------------------------------+ 
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Passive Power 

Hidden power(pJ) for A1 rising: 

Conditional 

+---------------------------------------------------------+ 

|                  |              Power(pJ)               | 

+---------------------------------------------------------+ 

|      Cell        |     min    |     mid    |     max    | 

+---------------------------------------------------------+ 

|         NAND2_X1 |    -0.0005 |    -0.0005 |    -0.0005 | 

|         NAND2_X1 |     0.0001 |     0.0001 |     0.0001 | 

+---------------------------------------------------------+ 

 

Hidden power(pJ) for A1 falling: 

Conditional 

+---------------------------------------------------------+ 

|                  |              Power(pJ)               | 

+---------------------------------------------------------+ 

|      Cell        |     min    |     mid    |     max    | 

+---------------------------------------------------------+ 

|         NAND2_X1 |     0.0005 |     0.0005 |     0.0005 | 

|         NAND2_X1 |    -0.0001 |    -0.0001 |    -0.0001 | 

+---------------------------------------------------------+ 

+---------------------------------------------------------+ 

+---------------------------------------------------------+ 

 

Hidden power(pJ) for A2 rising: 

Conditional 

+---------------------------------------------------------+ 

|                  |              Power(pJ)               | 

+---------------------------------------------------------+ 

|      Cell        |     min    |     mid    |     max    | 

+---------------------------------------------------------+ 

|         NAND2_X1 |    -0.0004 |    -0.0004 |    -0.0004 | 

|         NAND2_X1 |     0.0003 |     0.0003 |     0.0003 | 

+---------------------------------------------------------+ 

 

Hidden power(pJ) for A2 falling: Conditional 

+---------------------------------------------------------+ 

|                  |              Power(pJ)               | 

+---------------------------------------------------------+ 

|      Cell        |     min    |     mid    |     max    | 

+---------------------------------------------------------+ 

|         NAND2_X1 |     0.0004 |     0.0004 |     0.0004 | 

|         NAND2_X1 |    -0.0002 |    -0.0003 |    -0.0003 | 

+---------------------------------------------------------+ 

END Cell Group NAND2_X1 

 

Figure. 4.18 Datasheet of 2 Input NAND in SN3D 
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CHAPTER 5 

BENCHMARKING RESULTS FOR SN3D CELL LIBRARY 

 

This chapter discusses the benchmarking results for SN3D cell library. The results are shown 

in terms of area, power and performance. 

5.1 Power, Performance and Area comparison for SN3D and 2D CMOS cells 

Area benefits of SN3D are shown in Table 2, where we have 5.9x density benefit for a 2-input 

NAND gate. The benefits go much higher for cells like AOI21, OAI21 or a Full Adder. 

 

The delay and power values for NLDM model are presented in Table 3. Both leakage power 

and switching energy are characterized separately. The delay presented is the worst-case delay out of 

all possible conditions and the power is the average power. As we are using the same transistor model 

for both SN3D and CMOS, there is not much difference in both delay and power values. But the cell 

Table. 3 

NLDM delay and power comparisons 

NLDM Model 
2-D CMOS SN3D 

Leakage 
Power(nW) 

Switching  
Energy(pJ) 

Delay(ps) 
Leakage 

Power(nW) 
Switching  
Energy(pJ) 

Delay(ps) 

Inverter 1.7751 0.0012 0.1001 1.7751 0.0012 0.0991 

2 - Input 
NAND 2.2694 0.0016 0.1067 2.2694 0.0015 0.1055 

2-Input NOR 2.151 0.0016 0.1361 2.151 0.0015 0.1347 
 

Table. 2  

Area Comparisons 

Area(μm2) 2-D CMOS SN3D 
Density 

Benefit (x) 

Inverter 0.532 0.135 3.94 

2 - Input NAND 0.798 0.135 5.91 

2-Input NOR 0.798 0.135 5.91 
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level RCs show a small insignificant benefit in terms of power and performance. 

 

Similarly, both Table 4 and Table 5 show the delay and power values for CCS and ECSM 

models. As discussed above, there isn’t any significant benefit because of the same transistor model. 

We can achieve huge benefits by using nanowire transistor models. 

 

 

 

 

 

 

 

 

 

 

 

Table. 4 

CCS delay and power comparisons 

CCS Model 

2-D CMOS SN3D 

Leakage 
Power(nW) 

Switching  
Energy(pJ) 

Delay(ps) 
Leakage 

Power(nW) 
Switching  
Energy(pJ) 

Delay(ps) 

Inverter 0.8875 0.0012 0.1001 0.8875 0.0012 0.0991 

2 - Input 
NAND 1.1347 0.0016 0.1067 1.1347 0.0015 0.1055 

2-Input NOR 1.0755 0.0016 0.1361 1.0755 0.0015 0.1347 
 

Table. 5 

ECSM delay and power comparisons 

ECSM Model 
2-D CMOS SN3D 

Leakage 
Power(nW) 

Switching  
Energy(pJ) 

Delay(ps) 
Leakage 

Power(nW) 
Switching  
Energy(pJ) 

Delay(ps) 

Inverter 1.7751 0.0012 0.1001 1.7751 0.0012 0.0991 

2 - Input 
NAND 2.2694 0.0016 0.1067 2.2694 0.0015 0.1055 

2-Input NOR 2.151 0.0016 0.1361 2.151 0.0015 0.1347 
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CHAPTER 6 

 

PATHWAY TO SYSTEM LEVEL DESIGN 

 

 

This chapter discusses the physical design flow for SN3D. The benchmarking results for 

SN3D are also presented in terms of power, performance and area with respect to 2-D CMOS. 

6.1 System Level design of small-scale arithmetic circuit in SN3D 

 Standard cell library created for SN3D is used to implement the physical design flow for a 32-

bit full adder circuit. Starting from RTL design, synthesis, floorplan, power plan, placement, routing, 

RC extraction and timing analysis are performed. Figure 6.1 shows the place and routed 32-bit full 

adder for 2-D CMOS and SN3D. The figure in inset for SN3D shows a zoomed version of SN3D 

where we can see the SN3D cells sitting in between rows. The benchmarking results for both SN3D 

 
Figure 6.1 Physical Design Implementation of 2-D CMOS and SN3D 
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and 2-D CMOS are presented in Table 6. 

 

The power, performance and area benefits for SN3D with respect to 2-D CMOS are 

shown in Table 6. Our results show benefits of 5.24x in terms of area, 1.11x in terms of power 

and 3.11x in terms of performance. The delay was calculated for the worst path. The benefits 

in power and performance is due to the reduced interconnect lengths. As we progress towards 

bigger circuits, SN3D shows much more benefits. In addition, the standard cell library used 

has the minimal number of cells. With more advanced standard cell libraries we can have 

much more promising benefits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

32-Bit Full 
Adder Area(μm2) Power(nW) Performance(ps) 

2-D CMOS 808.77 92636.4 1236 

SN3D 154.29 84062.2 396.3 

Benefit(x) 5.24 1.11 3.11 
 

Table 6: Benchmarking results for 32-bit full adder 
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CHAPTER 7 

 

CONCLUSION AND FUTURE WORK 

 

 

The methodology for system level implementation for an emerging 3-D IC direction 

(SN3D) is proposed. Various emerging 3-D IC directions were discussed along with their 

tradeoffs. A methodology of standard cell design for SN3D is proposed. Using our own 3-D 

standard cell library a system level methodology was discussed for a large-scale arithmetic 

circuit. We also present benchmarking results both at standard cell level and system level. 

Although our results show benefits, they are not promising as expected because of using the 

same Process Design Kit (PDK) for both CMOS and SN3D. In our future work we would like 

to benchmark a large-scale microprocessor at a lower technology node like 16nm and perform 

signoff analysis to evaluate the design at different corners of process voltage and temperature 

(PVT). However, to see the real benefits at large scale 3-D, tools need to be built, which is the 

future of integrated circuits design. 
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