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Abstract 

 Designing high quality analog circuits demands special attention and usually is time 

consuming. To speed up the process, an automatic analog layout retargeting tool based on a 

“recycling” scheme has been proposed to produce a layout preserving the designer’s expertise 

through the use of structural symbolic template in a constraint graph form. Unfortunately, the 

automatically generated template highly restricts changes in the layout topology, which 

sometimes limits the range of geometric size specifications and consequently affects the layout 

performance. In this report, a technique to regenerate active device is presented as part of the 

layout generation tool. Its procedure involves the removal, reconstruction, and reconnection of 

the geometrically altered device. The scheme also preserves device matching through a mirrored 

device placement and symmetry constraints enforcement on the template. The implementations 

are conducted in the constraint-graph template to ensure layout compactness and to secure good 

rewiring. Together with the active device generator, the retargeting tool successfully generates 

multiple high-quality layouts, from which the most desirable one can be selected.  

 

Keywords: Active Device Generation; Layout Retargeting, Analog Integrated Circuit Design; 

Analog Layout Automation; Device Symmetry; Analog Physical Layout 
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Chapter 1  

Introduction 

Over the past 15 years, numerous automatic physical layout generation tools for analog 

and RF circuits have been researched  [1].  The development can be categorized into two main 

schemes, the optimized-based macro-cell approach and the procedural module generation 

approach. The macro-cell approach formulates the device placement and routing as an 

optimization problem. On the other hand, the module generation uses templates of devices and 

their connections in order to maintain designers’ experience in the layout of specific blocks.  The 

first group is general in methodologies but fails to incorporate layout designers’ expertise, which 

may impact the circuit performance.  The second group has advantages in speed and 

incorporation of layout knowledge at the price of limited flexibility and relatively high cost of 

template creation. 

In order to automatically generate a layout while retaining the embedded expertise, the 

template can also be built promptly from an existing layout.  Although the method exhibits the 

layout inflexibility, it is a suitable approach for the layout migration process. Instead having the 

whole layout redesigned, a high-quality layout can be retargeted automatically into new 

technologies processes and/or new circuit specifications, thus saving designers’ valuable time.  

Recently, a tool, called IPRAIL,  [2] [3] was developed based on this design recycling method. 
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Even though IPRAIL was demonstrated to successfully retarget two operational 

amplifiers integrating new design rules and new device sizes, it still exhibits several 

shortcomings.  One of the major limitations is on the inflexibility in retargeting active devices.  In 

order to generate a device with different sizes, the availability of modifiable device structure can 

yield better compactness of a target layout.  For example, the number of transistor fingers can be 

adjusted to accommodate changes in transistor width.  Implementing the transistor structure 

modification to IPRAIL, as in an active device generation, also benefits in the reduction of 

parasitic effects and the decrease in template sizes. 

The active device generation can be performed in various completeness levels, from 

merely adjusting the number of fingers to complicatedly renovating the structures of multiple 

transistors at the same time.  In this project, the alteration of a number of transistor fingers is 

chosen to be implemented only because renovating the transistor structures will alter the routing 

topology and, in turn, alter the designers’ expertise in the layout.  Moreover, during the new 

transistor generation, symmetries and matching, as well as the port connection, have to be 

considered. 

This report is organized as follow. Chapter 2 describes the overview and the 

methodologies of IPRAIL.  Chapter 3 explains the detailed procedures of active device 

generation. Chapter 4 shows examples on retargeting an operational amplifier with different sizes 

and fingers.  Chapter 5 suggests the possible future improvements.  And chapter 6 concludes the 

report. 
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Chapter 2  

Background of Automatic Layout 

Retargeting Tool  

This chapter briefly describes an automatic analog layout retargeting tool called IPRAIL, 

in which the active device generation is implemented. IPRAIL stands for Intellectual Property 

Reuse-based Analog IC Layout Automation. The tool’s algorithm has been presented in  [2] and 

 [3]. IPRAIL retargets layout in such a way that designers’ expertise embedded in the layout is 

maintained. This preservation is achieved through a “recycling” scheme, where new layouts are 

generated based on an existing fine-tuned layout along with different technologies and/or design 

specifications.  

The overview of the retargeting process is illustrated in Figure 1. IPRAIL reads in the 

original physical layout, along with the original and target technology design rules, and 

automatically constructs a structural symbolic template to represent the layout. By imposing the 

new devices sizes and the target technology design rules onto the template, IPRAIL solves for 

target layouts. 
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Figure 1 The overview of IPRAIL retargeting methodology 

2.1 IPRAIL process flow 

 Figure 2 shows the two main components of IPRAIL, the template extractor and the 

layout generator. The original layout input is represented in Caltech Intermediate Format (CIF) 

 [5], which expresses every two-dimensional shape on each layer, in ASCII format, based on its 

geometric sizes and coordinates. Meanwhile, the technology process design rules associated with 

the original and target layouts are obtained from Cadence environment  [6].  
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Figure 2 The block diagram of IPRAIL detailed internal process 

 

 The main tasks of the template layout extractor are to store the physical layout, to identify 

all active and passive devices in the layout, to extract the connectivity and net-topology, and to 

detect device matching and symmetries embedded in the original layout. All the extracted 

information is then virtually represented by a constraint-based resizable symbolic layout template. 

 The layout generator incorporates new technology design rules, and enforces new device 

sizes to the template. It then resolves the symbolic layout representation for each rectangle 
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location.  The process is carried out through a combination of linear programming and graph-

based methods. At the end of the process, a target layout is created in CIF format. 

2.1.1 Template Layout Extractor  

At the beginning of the process, the template extractor parses the layout information from 

the input file and stores all the rectangles in the corner stitching data structure  [7]. Here, the entire 

plane of each mask layer is represented by solid and space rectangles, called tiles. Then, every 

metal-oxide-semiconductor field-effect-transistor (MOSFET) in the layout is identified. A 

MOSFET is detected as an overlapping between poly-silicon and active (diffusion) tiles. Each 

MOSFET has three terminals: a gate terminal in the poly-silicon layer, a source and a drain 

terminal in the active layer. The electrical connection between transistor terminals is called net. In 

the extended extraction process, transistors with the same gate, source and drain connections, and 

laid-out adjacently to each other on the same piece of active layer are grouped together as a 

contiguous element. Consequently, one or more contiguous elements with the same net 

configurations form a multi-fingered transistor  [8]. 

Passive devices, such as resistors, capacitors or inductors, residing in the layout are 

detected by traversing through the net and searching for defined passive structures that exists 

within the net. The passive device topology supported by the tool consists of a single strip 

resistor, a serially connected multiple unit-resistors, a metal-insulator-metal (MIM) capacitor, and 

a square planar spiral inductor. A MOSCAP, which is a capacitor constructed as a MOSFET 

structure with shorted drain and source terminals, is also detected along with transistors.  

The symbolic template consists of a set of geometric constraints between rectangle tiles 

in the layout, which arise from the tiles connection and the technology design rules. The 

constraints enforced by the technology design rules belong to one of the following three 

categories:  (1) minimum width of a tile, (2) minimum spacing between two electrically 

unconnected tiles on the same or different mask layers, and (3) minimum extension of two 

overlapping tiles on different mask layers. The template is constructed in a form of two 

independent one-dimensional constraint graphs, in horizontal and vertical directions. A node in 

the graph represents a tile edge, and an arc between two nodes represents a constraint between 

two tile edges. The constraints for the template are efficiently generated using a scan-line method 

 [9]. An example of the symbolic template is illustrated in Figure 3. 



 10 

M

a1 a2

p1 p2

LL RR

N

p3p4 p5p6 LL RR

P1 P2 P3 P4 P5 P6

A1 A2

Width

Extension

Spacing

(a) (b)  

Figure 3 The graph representation of the layout.  a) The physical representation of the layout. b) The 
graphical representation of the layout in horizontal direction. 

 

The detection of matching and symmetries between transistors is extremely important for 

the layout template extraction.  Two transistors are considered symmetric only if they are 

geometrically mirrored, which means have the same transistor types, dimensions, orientations, 

and horizontal or vertical alignments. The symmetry detection in IPRAIL is based on the 

algorithm described in  [8] or  [10].    The algorithm is also extended to detect symmetries between 

two groups of transistors.  Two groups are symmetric if there exists inter-group pair-wise 

matching between every horizontally or vertically aligned transistors, whose symmetry axes are 

on the same abscissas.  Apart from the automatic symmetry detection, an interactive mode or a 

textual mode where user specifies candidates of symmetry pairs are also supported. 

2.1.2 Layout Generator 

The main objective of layout generator is to construct a new layout with different 

technologies and/or specifications from the symbolic template. To achieve the goal, the target 

technology design rules and the new device sizes have to be enforced onto the symbolic template. 

The transistor sizing is accomplished by adding new transistor widths and lengths to the 

constraint graph as fixed width constraints. To maximize the transistor resize-ability, all transistor 

contacts are removed prior to the symbolic layout template creation, except one on each terminal 

to represent each connection. At the end of the resizing, the terminal connection areas are re-

populated with contacts to reduce the effective contact resistance  [11]. 

Passive devices resizing is performed in two ways. First, if the new device has the same 

layout structure, it is resized simply by imposing fixed-width constraints onto the constraint 

graph. Second, when the new device requires changes in the geometric structure, it has to be 

physically reconstructed. All tiles resembling the original device are removed from the layout and 
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replaced with a virtual layer representation, called shadow tile. Constraints are added onto the 

shadow tile nodes to reserve a space and terminal connections for the new device. The area of the 

shadow tile is set according to the size of the newly created device. After the template is solved 

for a layout, the new passive device is physically inserted and rewired at the end of the process. 

The assembled constraint graph templates can be solved using a graph-based longest-path 

algorithm in both horizontal and vertical direction separately  [9]. This algorithm finds the valid 

minimum distance from every tile edge to the left (or bottom) boundary. The solution determines 

the legitimate tile locations to assemble the target layout, derived from the technology design 

rules and device sizes.  

The device symmetry, which is represented by equi-distance constraints, cannot be 

imposed directly onto the graph templates. Therefore, these constraints have to be initially solved 

as a symbolic compaction problem through a combination of linear programming and graph-

based shortest path algorithm  [12]. Prior to the graph solving, the template graph is transformed 

into a smaller equivalent graph that consists of only nodes corresponding to the symmetry 

constraints. A constraint arc between any two nodes in the equivalent graph is present only when 

there is a direct path between the nodes in the original graph template. This equivalent graph is 

then converted into a linear-programming equation form, in which graph-nodes are represented as 

variables and graph-constraint-arcs are represented as weight constraint equations between two 

variables in the symmetry equations. Along with the symmetry constraint equations, the problem 

is solved with integer linear programming to obtain the exact distance between each pair of the 

variables. The calculated distance value is then imposed back to the original constraint graphs 

before the longest-path algorithm is applied, and thus the layout symmetry can be preserved. 

One weakness of the longest-path algorithm is that all edges are maximally stretched to 

the left (or bottom) boundary, resulting in excessive leftward extension in most rectangles. 

Therefore, in order to maintain a good layout, these rectangles area are minimized through an 

algorithm described in  [13]. 

Once the graph template resizing process is completed, the removed objects, such as 

transistor contacts and passive devices, are constructed, inserted, and reconnected back into the 

final layout. The whole process is finalized by generating the output layout in CIF format. 
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2.2 Limitation of IPRAIL in Active Device Retargeting 

One of the main objectives of IPRAIL is to retarget an existing layout to a new 

specification. To accomplish the goal, IPRAIL applies a structural symbolic template that is 

created directly from the physical structure of the original layout. However, the symbolic 

template restricts the changes in layout topology. Therefore, retargeting a layout can be 

accomplished only by imposing the new transistor widths and lengths onto the graph templates, 

while keeping the same number of transistor fingers. 

Fixed number of fingers introduces a number of problems. First, the compactness of the 

entire layout may be degraded. This problem occurs when new transistor is considerably larger 

than the original one, thus expanding the layout boundaries. Second, the minimum transistor size 

is limited by the minimum size of each finger multiplied by the number of fingers in a transistor. 

If a large number of fingers exist, the minimum transistor size remains relatively big, and IPRAIL 

may fail to satisfy the new specifications. Third, the parasitic issues in active devices cannot be 

optimized effectively. Transistors are usually laid out in a multi-finger fashion in order to reduce 

both drain and source junction area and the gate resistance  [14]. In most cases, the width of each 

finger is chosen to minimize the resistance, and the number of fingers is then adjusted 

accordingly. Therefore, it is necessary for IPRAIL to have the ability to retarget a device with a 

dynamic number of fingers. 
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Chapter 3  

Active Device Generation 

The main task of the active device generator is to assist IPRAIL in retargeting transistors 

with a variable number of fingers. The original IPRAIL can only resize transistors based only on 

imposing the new width and length of each unit transistor and is not capable of transistor structure 

modification. In IPRAIL, modifying the layout structure in corner-stitching data structure is 

initially not efficient due to the complexity of removing, adding, and adjusting rectangular tiles in 

the existing layout information. Furthermore, relying on the symbolic template constructed 

directly based on the tile structure highly restricts the changes in the layout topology. 

A device generation approach has been implemented earlier in IPRAIL to resize passive 

devices, such as resistors, capacitors, or inductors. The resized device is removed from the layout 

and replaced by a shadow tile to allocate a dedicated space. A new passive device is constructed 

outside the symbolic template, and then replaced back into the reserved space at the end of the 

resizing process. Nonetheless, this generation procedure is less appropriate for the active device 

because of several issues. First, active devices are structurally more complex and employ more 

mask layers than passive devices. Second, each active device can be closely surrounded by its 

neighboring devices and wire connections. And last, active devices tend to have more 
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complicated terminal connections. Considering these characteristics, the generation process of 

active devices is more suitable to be performed along with the graph template.  

Overall, the active device generator has the capability to modify the number of fingers of 

transistors, for example in Figure 4. The implementation of the tool is integrated into IPRAIL. 

The detailed procedure is divided into seven steps: the identification of a multi-fingered 

transistor, the physical transistor removal, the transistor graph template construction, the port 

routing, the graph merging, the symmetry enforcement, and the layout generation. 

 

Figure 4 The high-level active device generation scheme 

3.1 Detection of Multi-fingered transistor devices 

In the transistor extraction phase, discrete transistors are identified based on the poly and 

active tiles overlaps. Following that, the interconnect nets between transistors are detected by 

exploring the path from one terminal to others through a recursive algorithm.  

A multi-fingered transistor is identified through transistors clustering scheme, based on 

how they are laid-out and connected. In the layout, a multi-fingered transistor contains multiple 

contiguous elements. A contiguous element consists of multiple discrete transistors with the same 

sets of gate, source and drain nets, and are laid out adjacently on one active tile  [8]. Figure 5 

describes an example of a multi-fingered transistor that consists of two contiguous elements, each 

of which has four discrete transistors. 
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contiguous element
discrete transistor

 

Figure 5 An example of a multi-fingered transistor with two contiguous elements and eight discrete 
transistors. 

 

In the transistor clustering algorithm, every multi-fingered transistor is stored in a hash 

table, with a hash key formed by the gate, source and drain nodes. For every discrete transistor, a 

new multi-fingered transistor is created if it has not already existed in the hash table. In case the 

multi-fingered transistor exists, the transistor alignment with the existing transistors in the 

contiguous element will be evaluated. If aligned, the transistor will be added into the existing 

contiguous element. Otherwise, a new contiguous element will be created within the same multi-

fingered transistor. 

3.2 Physical transistor removal 

In the retargeting process, only multi-fingered transistors with modifed number of fingers 

are removed and re-generated. The removal of the transistor takes place in the corner stitching 

data structure by converting the solid tiles to space tiles. Prior to the removal, the device ports 

that correspond to the gate, source, or drain terminal need to be determined. The port detection 

serves two purposes, to set the boundary for device removal, and to accommodate net restoration 

of the new device. Figure 6 demonstrates the removal process in a small section of a layout, in 

which only the device in the middle is retargeted with different number of fingers.  

In the removal process, the core device structure, which consists of mainly the diffusion 

and the poly-silicon layers, is identified and removed. An internal net, defined as the wire 

connection between each finger terminal to the port, is also removed by traversing through the 

path from each terminal to the port. The layout after device removal is shown in Figure 6b. 
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(a)

(b)

(c)

Port

 

Figure 6 The process of device removal in a small section of a layout.  a) The original layout where 
the removed device is originally surrounded by other devices.  b) The removal of physical tiles in 
corner stitching. c) The placement of shadow tile to represent the removed device. 

 

In IPRAIL, the symbolic template is constructed based on positions of the physical tiles 

whose constraints are generated by the scan-line method  [9]. Therefore, once the multi-fingered 

transistor is removed, it needs to be replaced with a shadow tile, as shown in Figure 6c. The 

shadow tile is a virtual layer that is used to represent a removed device and is furnished with 

constraints to every surrounding layer to provide a dedicated space for the insertion process of the 

newly generated device.  
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3.3 Construction of multi-fingered transistor sub-graph template 

The generation of a transistor sub-graph is performed in a contiguous-element level. A 

contiguous transistor is constructed with a rectangle tile of active layer and multiple poly-silicon 

layer tiles placed contiguously across the active layer tile. A contact tile and a metal-one layer tile 

are also added on every source and drain terminals to assist wiring.  

In this step, a graph templates of the contiguous transistors in the form of nodes and arcs 

are built in both horizontal and vertical directions. For each tile, two nodes are created in the 

horizontal graph representing left and right tile edges, and two are created in the vertical graph 

representing top and bottom tile edges. The total number of nodes created depends on the finger 

specification. For N-finger transistor, the sub-graph on each direction contains a pair of active 

nodes, N pairs of poly-silicon nodes, (N+1) pairs of source/drain contact nodes, and (N+1) pairs 

of source/drain metal-one nodes. An example of horizontal and vertical graph nodes representing 

the core structure of two-fingered transistor is illustrated in Figure 7b and Figure 7c, 

respectively. 
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Figure 7 The graph representation of multi-fingered transistor.  a) The core structure of two-
fingered transistor. b) The graph nodes representing tile edges in horizontal direction. c) The graph 
nodes representing tile edges in vertical direction. 

 

Once the nodes are created, the constraints from the minimum width, minimum spacing, 

and minimum extension design rules are then enforced between the nodes to secure their 

locations relative to each other. Redundant constraints are omitted to reduce the template size. 
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Finally, to enforce the new device size specifications, fixed-width constraints can be added 

between the appropriate poly-silicon and active nodes, as depicted in Figure 8. 
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Figure 8 The constraint enforcement to maintain each tile position. a) The constrained graph in 
horizontal direction. b) The constrained graph in vertical direction.  

3.4 Insertion of device sub-graph into the main graph 

To proceed with the retargeting process, the sub-graphs of the newly created devices need 

to be inserted into the main symbolic template. The insertion depends on the original device 

orientation. If the transistors are originally laid out horizontally, sub-graphs representing 

horizontal transistors will be placed. Likewise, sub-graph representing vertical transistors will be 

used if the original transistors are laid out vertically. The vertical sub-graphs are obtained from a 

template rotation by swapping the horizontal and vertical graph templates. The rotation also 

involves changes in the direction of the constraint arcs. Figure 9 illustrates the sub-graphs of a 

rotated transistor from Figure 7 and Figure 8. 

As mentioned earlier, a shadow tile allocates a space for the new device in the graph 

template. To maintain layout connectivity and design rules following the sub-graph insertion, the 

constraints associated with the shadow tile need to be transferred to the device sub-graphs. As the 

new device consists of multiple layers, using constraints with the same weight for each layer is 

not appropriate, and may result in violation of the design rules. To avoid this, the weight of each 

transferred constraint is updated according to the design rules. 
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Figure 9 Sub-graphs of a rotated device. a)A vertical transistor (90°°°° rotated from horizontal). b) The 
rotated horizontal graph. c) The rotated vertical graph. 

3.5 Port reconnection 

Prior to the device removal, each port has to be identified. Here, a port is selected as a tile 

where each terminal (gate, source, or drain) of every finger connects. All information, such as the 

port layers, positions, and net numbers, are collected and stored for later purpose. Once the new 

device is inserted, the port reconnection phase takes place through the following procedures. 

First, every port and its corresponding terminal need to be paired-up. Then, the position of each 

port with respect to the device has to be evaluated. Because of the same mask layer, drain and 

source ports cannot reside on the same side of the device. The gate port, however, can be located 

on either side.  

To finalize the port and its terminal connection, connectivity constraints have to be 

imposed between them. Spacing constraints may also need to be imposed between different 
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terminals to prevent short circuit. Once all the required constraints have been imposed, the 

connectivity will be automatically restored in the later layout generation process. 

In some technologies, the use of high-resistance poly-silicon in routing is minimized in 

order to reduce the parasitic resistance. This phenomenon leads to the use of gate connections and 

gate ports on different layers. The construction of multi-layer gate port is more complex, in which 

the fingers are connected together by different layers as described in Figure 10. In order to 

connect the gate terminal and the port, all intermediate layers are identified by referring to the 

layer structure in a specific technology. The number of pieces of each layer is determined based 

on the number of fingers, the orientation of the device, and the location of the port. After the 

template representing each layer is constructed, a number of constraints are imposed among the 

layers to preserve the position, design rules, and connectivity, while preventing shorting.  

 

Figure 10 The layout structure of multi-layer gate port connection with poly-metal1-metal2 layers. 

 

3.6 Symmetry enforcement 

Symmetry is another crucial consideration for analog layouts and, therefore, has to be 

maintained on the newly generated device. In IPRAIL, the symmetries can be imposed between 

pairs of new devices, only if they exist in the original layout and the new specifications of each 

new device pair, mainly the width, length, number of fingers, and orientation, are identical. 

The symmetry information is initially obtained from the user input in a textual format or 

is automatically detected from the layout  [8] [10] to indicate the transistor pairs and the symmetry 

groups. In order to establish the symmetry between two multi-fingered transistors, every finger of 

the transistors needs to be pair-wise matched, as illustrated in Figure 11a. Otherwise, the two 
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transistors are not considered to be symmetrical. Once verified, the symmetries between fingers 

are combined together as the symmetry between two contiguous elements. After the device 

removal, the symmetry information is transferred and preserved through the shadow tile, as 

shown in Figure 11b. 

(a)

(b)

(c)

 

Figure 11 The process of symmetry constraints enforcement.  a) The symmetry constraints of the 
original transistors.  b) The symmetry constraints of the removed device, represented by shadow tile. 
c) The migration of symmetry constraints to the newly generated device. 

 

Two devices are deemed to be symmetric if they are geometrically mirrored. Therefore, it 

is necessary to generate devices in the same fashion. To incorporate this, the device generator 

must have the capability to flip new devices vertically and horizontally. An example of 

geometrical mirrored symmetric transistors is displayed in Figure 12. To determine the 

orientations of these devices, one of the transistors is selected as a seed. Then, the neighboring 

symmetrical transistors are labeled as horizontally, vertically, or doubly flipped accordingly. 
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Figure 12 The layout of geometrically mirrored structure of symmetrical transistors. 

 

Following the insertion of the device, the symmetry constraints that are imposed between 

two shadow tiles needs to be translated back to every individual finger of the devices, as depicted 

in Figure 11c. In this example, the constraints are classified as an equi-distance constraint of the 

transistors pair to the symmetry axis in the horizontal direction, and an alignment constraint 

between the fingers in the vertical direction.  

3.7 Layout generation 

The last phase of the process is the layout generation. After the sub-graph insertion, 

constraints update, and symmetry enforcement, the graph template is solved through a graph-

based compaction algorithm and a rectangle minimization algorithm. As explained in section 

 2.1.2, this results in the legitimate tile positions and sizes for the new layout.  

This final step also includes the contact re-repopulation process. As stated earlier, the 

original sub-graphs contain only one contact on every terminal connection. After the compaction 
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process, the terminal interconnect area will be fully populated with contacts. The re-population is 

performed to reduce the interconnect resistance and to prevent failure due to electromigration in 

the presence of high current  [15].  
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Chapter 4  Experimental Results 

The experimental results of device generation are divided into two parts; first, the 

performance analysis resulting from the retargeting a layout with changes in geometry structure, 

and second, the preservation of the symmetry on a two-dimensional common-centroid layout.  

4.1 Performance analysis based on variable number of fingers 

The device generation along with the retargeting process is experimented on a single-

ended folded-cascode operational amplifier. The circuit is initially designed on TSMC 0.25µm 

CMOS process, and is manually laid-out using Cadence Virtuoso layout editor. The CIF source 

layout file and the technology design-rule file are generated and imported from Cadence to 

IPRAIL. After the retargeting process is completed, the output CIF file is exported back into 

Cadence for design-rule verification. Lastly, the netlist is simulated on HSPICE for functionality 

and performance analysis.  

The schematic of the circuit is depicted in Figure 13, and the layout is illustrated in 

Figure 14. The circuit consists of 14 transistors, where 13 of which are multi-fingered transistors. 

The three symmetry axes A, B, and C in the layout correspond to {M1}:{M2}, {M3}:{M13}, and 

{M4, M6, M8, M10}:{M5, M7, M9, M11}, respectively.  
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Figure 13 The schematic of a single-ended folded-cascode operational amplifier. 

 
Figure 14 The layout of the original cascode operational amplifier in 0.25µµµµm CMOS technology 

 

The layout is retargeted five times to 0.18µm CMOS technology with identical device 

sizes, but different geometries, i.e. varying number of fingers. All different target layouts are 

shown in Figure 15 to Figure 19. The geometry and the performance comparison of the targets 

are summarized in Table 2 and Table 1 respectively.  

Based on the results in Table 2, the greatest benefit from the device generation is on the 

area optimization. The performance also varies because different number of transistor fingers 

generates different device parasitic, although not by much. As the number of fingers grows, the 

gain and the gain margin slightly increase, while the bandwidth decreases. The phase margin and 

power stay relatively constant. 
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Table 1 The geometry comparison between the original layout and the multiple target layouts 

total width (µm) / total length (µm) Number of fingers Transistors 

Original Target Original Target1 Target2 Target3 Target4 Target5 

M1, M2 48.0 / 1.2 33.6 / 1.4 4 2 4 4 6 16 

M3, M13 96.0 / 1.2 56.0 / 1.4 4 2 4 5 8 20 

M4, M5 63.6 / 1.2 15.2 / 0.9 4 2 4 4 8 8 

M6, M7 63.6 / 1.2 15.2 / 0.9 4 2 4 4 8 8 

M8, M9 31.2 / 1.2 6.6 / 1.3 2 2 2 2 2 2 

M10, M11 41.4 / 1.2 36.4 / 1.3 2 2 2 4 4 14 

M12 41.4 / 1.2 36.4 / 1.3 2 2 2 4 4 14 

M14 13.8 / 1.2 6.0 / 0.9 1 1 1 1 1 1 

 

 

Table 2 The performance comparison between the original layout and multiple target layouts 

 Original Target1 Target2 Target3 Target4 Target5 

Vdd 2.5 V 1.8 V 

Load Cap. 1.0 pF 0.7 pF 

Gain 60.9 dB 60.4 dB 60.6 dB 60.6 dB 60.6 dB 60.8 dB 

Bandwidth 51.7 MHz 63.5 MHz 63.5 MHz 63.2 MHz 63.2 MHz 61.8 MHz 

Phase Margin 63 deg 60 deg 61 deg 60 deg 61 deg 60 deg 

Gain Margin 12.5 dB 9.8 dB 10.3 dB 10.3 dB 10.5 dB 10.4 dB 

Power 1.48 mW 0.88 mW 0.88 mW 0.88 mW 0.88 mW 0.88 mW 

Area 4,813 µm2 2501 µm2 2249 µm2 1957 µm2 1918 µm2 2925 µm2 
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Figure 15 The layout of Target1 of the operational amplifier in 0.18µµµµm CMOS technology 

 

 
Figure 16 The layout of Target2 of operational amplifier in 0.18µµµµm CMOS technology 
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Figure 17 The layout of Target3 of operational amplifier in 0.18µµµµm CMOS technology 

 

 
Figure 18 The layout of Target4 of operational amplifier in 0.18µµµµm CMOS technology 
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Figure 19 The layout of Target5 of operational amplifier in 0.18µµµµm CMOS technology 
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4.2 Symmetry preservation on common-centroid layout 

The device generation is again tested on another folded-cascode operational amplifier 

layout designed on 0.25µm CMOS technology. In this case, transistor M1 and M2 are laid-out in 

a common-centroid pattern, with two fingers on each contiguous element, as shown in Figure 20. 

The horizontal and vertical symmetry constraints are imposed between the left and right halves 

and between the top and bottom halves of both transistors respectively.  

 

Figure 20 The layout of original layout of operational amplifier with four-finger common centroid 
symmetrical layout in 0.25µµµµm CMOS technology 

 

The symmetry is successfully preserved while the number of fingers is modified. Figure 

21 depicts the target layout in 0.18µm CMOS technology, in which transistor M1 and M2 are 

regenerated with four fingers on each contiguous element. To ensure matching between the 

transistors, each contiguous element is generated geometrically mirror-imaged to each other.  
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Figure 21 The layout of target layout of operational amplifier with eight-finger common-centroid 
symmetrical layout in 0.18µµµµm CMOS technology 
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Chapter 5  

Future Work  

Despite the effectiveness of the active device generation shown by the examples in the 

 Chapter 4, there is still more room for improvement. Due to limited amount of time, these 

enhancements have not been implemented in the tool. In this chapter, several idea will be 

proposed in greater detail 

5.1 Supporting complex port connection 

The current stage of active device generator handles source and drain port connections 

that reside on the same layer as the terminal wire, which is typically metal-one. Unfortunately, in 

some layouts, these ports may be constructed on different layers. Thus, imposing merely 

connectivity constraints will not restore the wire connection.  

In this case, a more sophisticated port connection algorithm is required, in which a multi-

layer connection between the terminal and the port is constructed. This is very similar to the 

multi-layer gate port structure. By supporting such configuration, substantial amount of extra care 
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has to be taken into account to prevent shorting between terminal wirings, and more importantly 

to guarantee the graph problem to be solvable. 

Furthermore, in some layouts, each terminal can have multiple ports. The motivation of 

having such configuration is to minimize the wiring resistance. Adding the support for such port 

consideration will surely dramatically boost the robustness of the tool. 

5.2 Supporting complex symmetric structure 

The device matching patterns currently supported are the basic one-dimensional 

symmetry or the two-dimensional common-centroid. These structures are similar to each other 

because the transistors are reconstructed in the contiguous-element level. Hence, the symmetry 

can be imposed between each individual transistor pair on each contiguous cluster.  

Another common symmetry structure is the one-dimensional inter-digitated 

configuration. In this circumstance, the generation process has to be completed pair-wise in the 

multi-finger level. The generation of such structure is more complex due to sharing of drain and 

source terminals between the two transistors. Therefore, the tool needs to construct two devices at 

the same time. Consequently, the wiring restoration becomes more difficult. Instead of 3 ports, 

there are 6 ports to be handled simultaneously. Also, the symmetry constraints will have to be 

enforced differently.  

5.3 Supporting different symmetric structure migration 

Another challenging problem is the migration from one symmetrical structure to another. 

In such case, transistors in one-dimensional symmetrical can be regenerated in two-dimensional 

common-centroid or inter-digitated configuration, or vice versa. The motivation of this approach 

is due to different matching performance of different symmetric structure. This technique, 

however, needs a more complex and a totally new placement and routing. The actual 

implementation needs further investigation. 
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Chapter 6  

Conclusion 

The active device generation has successfully brought IPRAIL to another level of layout 

retargeting. The methodology provides some degrees of flexibility in the layout topology. The 

technique is demonstrated to retarget a single-ended folded-cascode operational amplifier, on 

which it successfully generates new layout with geometry changes, in terms of number of fingers 

and geometric sizes, while maintaining device matching and symmetries. The experiment result 

also proves the influence of the transistor geometric structure and their parasitic on the circuit 

performance. Therefore, active device generation enhances IPRAIL’s potential in the future 

parasitic aware retargeting process. 
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