


•  Objectives 

–  Design rules  

–  Floorplan   

–  Routing 

–  Physical layout verification     

–  Clock network  

–  Power network  

–  Engineering changing order  

–  Package  



•  After completing logic/circuit design, the next phase in 
ASIC design flow is the physical design as shown in 
Figure 6‑1.  

•  Basic tasks in this phase are floorplan (also called 
placement) and routing, which in general can be handled 
automatically by EDA tools.  

•  Special requirements, such as critical path, clock and 
power networks still need to be regulated by the designer.  

–  These issues are closely related to the timing closure and 
high performance requirements.  





•  The physical mask layout of any circuit to be 
manufactured using a particular process must conform to 
a set of geometric constraints or rules, which are 
generally called layout design rules.  

•  Each process imposes a set of design rules on the 
geometric component size, relative position, etc.  
–  These rules ensure the performance and reliability of the 

circuit component considering the manufacturing process.  

–  Although the rules might be different in many subtle ways, 
the principle behind them remains the same, mainly to use 
the proper geometric shape and separation to create a 
reliable manufacturing process. 



•  Design rules usually specify the minimum allowable line 
widths for physical objects on-chip such as metal and 
polysilicon interconnects or diffusion areas, minimum 
feature dimensions, and minimum allowable separations 
between two such features.  

•  The following figure illustrates the top and cross sectional 
view of a CMOS inverter.   





•  The design rules are usually described in two ways: 

–  Micron rules, in which the layout constraints, such as 
minimum feature sizes and minimum allowable feature 
separations, are stated in terms of absolute dimensions in 
micrometers or nanometers.  

–  Lambda rules, which specify the layout constraints in terms 
of a single parameter λ and therefore allow linear and 
proportional scaling of all geometrical constraints.  



•  Example of design rules 

–  In the figure, the amount of λs is represented by a number. 
For example, 2 actually implies 2λ.  

–  The difference between the lambda and micro rules are not 
significant. In the micron rule, instead of indicating how 
many λs we specify how many microns or nanometers.  















•  A layout can be viewed in screen as a schematic drawing 
for verification and modification.  

•  The following is a typical schematic layout view of a 
simple CMOS Operational Amplifier where inputs are to 
the left and the compensation capacitor is to the right.  

–  The metal layers are colored blue and green, the polysilicon 
is red and vias are marked by crosses.  





•  For a larger IC circuit we cannot use schematic drawing to 
represent and store its layout for obvious reasons.  

•  A language and database format was developed for this 
problem. This so called GDSII serves as a stream format 
database file format and has been used as the de facto industry 
standard for data exchange of integrated circuit or IC layout 
artwork.  
–  It is a binary file format representing planar geometric shapes, 

text labels, and other information about the IC layout in a 
hierarchical form.  

–  The data can be used to reconstruct all or part of the artwork to 
be used in sharing layouts, transferring artwork between 
different EDA tools, or creating photo masks for fabrication.  



•  After the architecture design, we have a set of functional 
blocks and specified connections between them.  

•  These functional blocks can be considered as macrocells 
in the physical design.  

•  The task of floorplan is to place the macrocells on a 2-D 
chip without overlap while also optimizing design 
objectives such as timing, congestion, and maximum 
single and total wire length. 

•  The following Figure 6‑5 shows the basic physical design 
flow and tasks.  





•  Floorplan is an essential step in electronic design 
automation.  
–  It assigns exact locations for various circuit components 

within the chip’s core area.  

–  An inferior placement assignment will not only affect the 
chip’s performance but might also make it non-
manufacturable by producing excessive wire length, which 
exceeds available routing resources or critical delay 
constraint.  

•  A floorplan tool must perform the assignment while 
optimizing a number of objectives to ensure that a circuit 
meets its performance demands.  



•  Experienced VLSI designers have traditionally been able 
to produce more efficient floorplan than automated 
methods.  

•  With the increasing complexity of modern circuits, 
manual design flows have become infeasible.  

•  Today, most floorplan is done by the sophisticated CAD 
tools and designers will follow up with further 
modification if necessary.  



•  A real layout example 



•  Typical placement objectives include: 
–  Total wire length: Minimizing the total wire length (the sum of 

the length of all wires in the design) is the primary objective of 
most existing placers.  

•  This not only helps minimize chip size, and hence cost, but also 
minimizes power consumption and delay, which are proportional to 
the wire length.  

•  This assumes long wires have additional buffering inserted, as all 
modern design flows do this.  

–  Timing: The clock cycle of a chip is limited by the delay of its 
longest path, usually referred to as the critical path.  

–  Given a performance specification, a placer must ensure that no 
such a path exists with delay exceeding the maximum specified 
delay.  



–  Congestion: While it is necessary to minimize the total wire 
length to meet the total routing resources, it is also 
necessary to meet the routing resources within various local 
regions of the chip’s core area. A congested region might 
lead to excessive routing detours, or make it impossible to 
complete all routes.  

–  Power: Power minimization typically involves distributing 
the locations of cell components so as to reduce the overall 
power consumption, alleviate hot spots, and smooth 
temperature gradients. 

–  A secondary objective is placement tool running time 
minimization.  



•  It must be noted that the above objective in general 
cannot be achieved at the same time. As a matter of fact, 
they may conflict to each other at certain degree.  

–  For instance, it is possible that the minimum total wire 
length doesn’t guarantee the minimum critical path and 
vice versa.  

–  So in a design process it is always a compromise between 
multiple objectives  



•  One method for floorplan is to slice the chip.  
•  It recursively slices the chip with vertical and horizontal 

cuts, as demonstrated in Figure 6‑7.  
–  The sequence of slicing process is indicated by the number 

of cut lines.  
•  In this example, the cut line 1 is carried out first which places 

the modules F and G below the cut line and A, B, C, D, and E 
above.  

•  The second cut line 2 places A, C, D and E to the left of the 
upper half and E to the right.  

–  This process is recursively executed until each region 
contains only one module.  





•  The advantage of such approach is that it can move the 
functional block easily during the routing stage.  
–  In addition, it can accommodate flexible size ratio and 

make the area minimization more efficient.  

•  A tree data structure can be introduced to represent the 
relationship and sequence of sliced block. Figure 6‑8 is 
such a data structure for the example in the above figure.  
–  In this structure, if we merge the leaves from lowest level 

back to the root of the tree, we actually sequentially remove 
the cut lines in a reverse order.  

–  This order is actually used for routing which connects the 
blocks corresponding to two leaves at the current level.  





•  Partitioning plays a big role in the slicing process. It 
recursively separates the functional blocks into two relatively 
balanced groups such that the interconnection between these 
two groups are minimized.  

•  This approach can be recursively applied until there is no need 
to further partition the functional blocks into smaller ones.  

•  Partition task is usually modeled as a graph partition problem 
in order to enable CAD tools to do the job.  

•  The graph partition problem in mathematics consists of 
dividing a graph into pieces, such that the pieces are about the 
same size and there are as few connections between the pieces 
as possible. 
–  Graph partitioning is known to be NP-complete. 



•    



•  Routing is a crucial step in the design of integrated circuits. 
After floorplan, the routing step adds wires needed to properly 
connect the placed components while obeying all design rules.  

•  In a routing problem, the input is a set of macromodules with 
pins on their boundaries, with optional pre-existing wiring 
called pre-routes.  

–  Each of these macromodules is associated with a net, usually by 
name or number.  

•  The primary task of a router is to create wire segments such 
that all terminals assigned to the same net are connected, no 
terminals assigned to different nets are connected, and all 
design rules are obeyed. 



•  Design rules usually vary considerably from layer to layer 
as shown in Figure 6‑10.  

–  For example, the allowed width and spacing on the lower 
layers may be four or more times smaller than that on the 
upper layers.  

•  This introduces many additional complications not faced 
by routers for other applications such as printed circuit 
board or Multi-Chip Module design.  

•  Particular difficulties arise when the rules are not simple 
multiples of each other, and when vias must traverse 
between layers with different rules.  





•  The first step in routing is to identify the routing regions.  

–  It can be done by using a horizontal and a vertical scan line 
as shown in the following Figure 6‑11.  

•  Routing channels are identified when the vertical line 
scans from left to right and the horizontal line scans from 
top to bottom. 





•  Having identified routing regions (channels), we can 
represent them using a graph as shown in the following 
Figure 6‑12, where a vertex represents a routing channel 
and an edge between two vertices represents that the 
corresponding two channels are adjacent to each other.  

•  This graph serves as a data structure for maintaining the 
routing process, such as finding the proper routing 
sequence and etc. 





•  Most of the time routing regions are restricted to 
rectangular shape to ease the routing task.  

•  A routing region with fixed terminals on two opposite 
sides is called a 2-side channel. 2-side channel routing 
can be done very efficiently.  

–  Figure 6‑13 shows the channels and how to define a 2-side 
channel routing problem.  

•  Due to the routing sequence we might have the situation 
where there are fixed terminals on 3 or 4 sides of the 
channel. These problems are called 3-side and 4-side 
channel routing respectively.  





•  Routing is done in two phases: global and local routings. 
The global routing determines the regions (channels) a net 
goes through and the local routing determines the specific 
positions in terms of track and column.  

•  As shown in Figure 6‑17 a global router needs to 
determine if the concerned net should go through the 
channel to the right or to the left of cell D. 







•  In real silicon chips, such as the one shown in Figure 
6-20, almost all wire segments are vertical, horizontal or 
oriented at a 45 degree angle.  

•  Such arrangement eases the complexity of routing task 
and mask fabrication process.  

•  Each geometric component need to be defined by a 
corresponding shape in the mask. There are millions and 
millions of such components to be made in a set of masks.  

–  Consequently, the restriction on wire segment angle will 
greatly speed up the mask preparation process.  





•  Channel routing 
•  A typical channel routing solution is shown in Figure 6‑21  

where light blue represents one layer and red represents 
another layer (Channel router, 2011). Small black squares 
represent the vias used to connect the wire segments in two 
different layers.  

•  In this instance, the red layer not only contains the vertical 
wire segments, but also a small horizontal one (see net 1).  
–  This helps to reduce the total number of tracks by one. The bend 

of the red colored wire segment of net 1 has a specific 
terminology in routing: “dog-leg”.  

–  This is usually done after the initial routing and a layer 
assignment or engineering changing order process will identify 
such an area saving opportunity. 







•  Physical layout verification is a process whereby an IC 
layout design is checked via EDA software tools to see if 
it meets certain criteria.  

•  Verification involves DRC (design rule check), LVS 
(layout versus schematic), ERC (electrical rule check), 
XOR (exclusive OR), and antenna checks. In the previous 
section we have discussed DRC.  

•  Here we briefly discuss the other tasks of physical 
verification. 





•  In practice, a designer need to use the specific design rules 
provided by the concerned manufacture and the design rule 
checking (DRC) is carried out by layout CAD tools.  

•  DRC will check: 
–  Active to active spacing  

–  Well to well spacing  

–  Minimum channel length of the transistor  

–  Minimum metal width  

–  Metal to metal spacing  

–  Metal fill density (for processes using CMP)  

–  ESD and I/O rules  



•  This check is typically run after a metal spin, where the 
original and modified databases are compared.  

•  This is done to confirm that the desired modifications 
have been made and no undesired modifications have 
been made by accident.  

•  This step involves comparing the two layout databases/
GDS by XOR operation of the layout geometries.  

•  This check results in a database which has all the 
mismatching geometries in both the layouts. 



•  The antenna in a layout basically is a metal interconnect, 
i.e., a conductor like polysilicon or metal, that is not 
electrically connected to silicon or grounded, that is 
involved in the processing steps of the wafer.  

•  During the manufacturing process, charge accumulation 
can occur on the antenna during certain fabrication steps 
like plasma etching, which uses highly ionized matter to 
etch.  

•  If the connection to silicon does not exist, charges may 
build up on the interconnect to the point where rapid 
discharge takes place and the thin transistor gate oxide is 
permanently physically damaged.  



•  This rapid and destructive phenomenon is known as the 
antenna effect.  

•  Antenna errors can be cured by adding a small antenna 
diode to safely discharge the node or by routing the 
antenna up to another metal layer and then down again. 

•  The antenna ratio is defined as the ratio between the 
physical area of the conductors making up the antenna to 
the total gate oxide area to which the antenna is 
electrically connected.  



•  ERC involves checking a design for all electrical 
connections that are considered dangerous. This might 
include checking for:  
–  Well and substrate areas for proper contacts and spacings 

thereby ensuring correct power and ground connections  

–  Unconnected inputs or shorted outputs  

–  Gates connected directly to supplies  

•  ERC checks are based upon assumptions about the 
normal operating conditions of the ASIC, so they may 
give many false warning on ASIC’s with multiple or 
negative supplies. They can also check for structures 
susceptible to ESD damage.  



•  A successful design rule check (DRC) ensures that the 
layout conforms to the rules designed/required for 
faultless fabrication.  

–  However, it does not guarantee a true representation of the 
circuit you desire to fabricate.  

–  This is where an LVS check is used.  

•  LVS checking software recognizes the drawn shapes of 
the layout that represent the electrical components of the 
circuit, as well as the connections between them.  

–  This netlist is compared by the “LVS” software against a 
similar schematic or circuit diagram’s netlist.  



•  LVS Checking involves following three steps:  
–  Extraction: The software program takes a database file 

containing all the layers drawn to represent the circuit 
during layout. It then runs the database through many logic 
operations to determine the semiconductor components 
represented in the drawing by their layers of construction. 
It then examines the various drawn metal layers and finds 
how each of these components connects to others. 

–  Reduction: During reduction the software combines the 
extracted components into series and parallel combinations, 
if possible, and generates a netlist representation of the 
layout database. A similar reduction is performed on the 
“source” schematic netlist.   



–  Comparison: The extracted layout netlist is then compared 
to the netlist taken from the circuit schematic. If the two 
netlists match, then the circuit passes the LVS check. At 
this point it is said to be “LVS clean”. (Mathematically, the 
layout and schematic netlists are compared by performing a 
graph isomorphism check to see if they are equivalent.)  



•  In most cases the layout will not pass the first LVS check, 
requiring the layout engineer to examine the LVS 
software’s reports and make changes to the layout. 
Typical errors encountered during LVS include:  

–  Shorts  

–  Opens  

–  Component Mismatches  

–  Missing Components  

–  Parameter Mismatch  



•  For a high speed chip, distribution of clock signals with 
minimal clock skew is critical.  

•  In general, the signal delay caused by an interconnect 
increases as the wire length increases.  

•  If the distance from the clock source to each receiving 
end (sink) is different, the clock arriving time will differ 
from one to the other as shown in Figure 6‑24. This is the 
well-known clock skew problem.  



•  Delay changes with the interconnect wire length 



•  One way to eliminate clock skew is to use an H-tree in 
which the distances to all receiving ends are the same.  

•  The following figure illustrates the H-tree layout.  

•  It is not hard to see that such H-tree layout can be 
recursively applied to handle a case consisting of more 
sinks.  





•  In addition to the H-tree, there is another clever way to 
construct a tree such that the distances from the root to all 
the leaves are the same.  
–  First sort the distances from the clock receiving terminals 

to the source in a decreasing order.  

–  Then connect them to the source one by one, first 
connecting the receiving end, which is furthermost to the 
source.  

–  During this process we can always find a branching point 
such that the distance from the current receiving end to the 
branch point equals the distance from the branch point to 
another connected receiving end.  



•  In Figure 6-26,  

–  We first connect point b from the source.  

–  Then we connect point c by finding the branching point 
“a”. Point “a” exists due to the fact that we have sorted the 
routing sequence according to their distances to the source. 





•  Usually there is a dedicated layer for the routing of clock net.  

•  However, in some low cost applications there might be no 
such dedicated layer to save one routing layer.  
–  In this case, the clock tree needs to be routed with the existing 

cells or routings which preoccupy some portion of the routing 
surface.  

•  A more sophisticated scheme can be engaged to route around 
the existing obstacles while still maintaining the same distance 
from clock source to all clock sinks.  
–  Figure 6‑27 illustrates a clock network routing with the existence 

of obstacles. In the figure, there are 100 clock sinks, denoted by 
*, and 200 obstacles in rectangles. The clock skew is controlled 
under 100ps without using wire sizing and buffer insertion.  







•  Power networks need to be stable.  

•  A traditional layout for the power network has a comb-
topology as shown in Figure 6‑30.  

•  The obvious advantage of this layout is that it only uses 
one routing layer. Notice that the wire width of the upper 
level branch is wider than that of the lower one.  

–  This is because we prefer the uniform current density.  

•  If possible we would like to make a wire segment wider 
because it leads to a smaller resistant and smaller IR drop.  



•  Figure 6-30 
–  Wire width is reduced to half in the next level of routing 

tree 

–  An advantage of increasing the wire width of the power net 
is it increases the capacitance, which helps to reduce the 
power fluctuation.   



•  A recent power net layout development is to use “power 
grid” as shown in the following figure.  

–  It is more stable, but needs two layers for the power 
network.  

–  Obviously, the multiple paths from the source to a power 
receiving end result in greater stability.  





•  In many cases we need to manually make changes of the 
layout. Preferably, we maintain most of the layout but 
only to make some local changes. This task is called 
engineering change order.  

•  Figure 6‑33 illustrates two cases: adjusting the wire 
separation and increasing wire width.  

–  For the first case, the reason might be that the signal 
coupling between two lines is too strong.  

–  For the second case, the reason might be that wire is too 
narrow so that the current density is too big or the IR drop 
is too big.  



•  Two cases of engineering change order (Fig. 6-33) 





•  The package plays an important role in physical design 
although most IC designers, especially digital circuit designers 
are not explicitly facing this problem as it is often taken care 
by the product or other groups.  

•  However, it is necessary for an IC designer to have general 
knowledge of packaging for a complete perspective of the 
design process.  

•  The following figures show real photos of a package. Figure 
6‑35  shows a chip sitting in an unfinished package case.  

–  One can see the pad on the bound of the chip, as well as the 
bounding wire from the pad to the pins on the package case.  







•  As the circuit property is concerned, a package can be 
modeled as in the following figure.  

•  An important circuit element which models a package is 
the inductance associated with the bounding wire and 
trace. This inductance has a significant impact on high 
frequency performance of a chip.  



•  Voltage drop due to bounding wire’s inductance 

–  It affects circuit performance at high frequency  

€ 

VL = L dI
dt



•  Some chips have an open package as shown in the 
following figure.  

–  The window allows the memory contents of the chip to be 
erased, by exposure to strong ultraviolet light in an eraser 
device. EPROM memory is such an instance.  



•  Pads and associated drivers are distributed around the edge of 
the chip as shown in the following figure.  

•  Pad size should be big enough to accommodate soldering of 
bounding wires.  

•  Note the number of pads that can be placed in chip is limited 
by the chip size.  
–  Due to this limitation, each pad is a valuable resource in the IC 

design since we cannot use as many pads as we wish in the real 
design.  

•  In each pad, if not a power supply pad, there is a driver which 
is either a big inverter or a three state-buffer (sometimes with 
simple control logics). It provides the speed required by the 
chip and separates the chip from the outside.  





•  Packages can vary depending on type and material. 
Different materials and package technology result in 
different costs and performance.  

–  The cheapest ones have a soft plastic drip to cover the chip, 
while the more expensive packages have the pins, sides, 
and even the whole back of the package case coated by 
gold.  

•  Following figure shows a pin grip array (PGA) type 
package, which is usually used for high end ICs.  



•  Figure 6‑40  A PGA package  



•  Figure 6‑41shows a low cost package: Dual in-line 
package (DIP). 



•  Figure 6-42 shows a QFP (Quad Flat Package) which is 
another popular package.  



•  In this chapter we have discussed basic concepts and tasks 
involved in VLSI physical design.  

•  The presented topics provide readers with a complete picture 
of the physical design flow and the objective of each phase.  

•  We have shown how to do partition, floorplan, routing, and 
layout verification.  

•  For the special nets, clock and power networks, corresponding 
layout techniques are introduced with the analysis of 
performance requirement.  

•  The need for engineering order change is explained.  

•  Finally, package issue is discussed from the perspective of 
what type packages are available and their properties.   



1.  Survey the state-of-the-art physical layout rules and write a 
report on a design rule set related to a typical process.  

2.  Survey the modern IC package technology.  
3.  Find out the number of layers for interconnects in today’s 

massive production process. Explain how each layer is used 
in the layout design and pay attention to the layers for clock 
network and power supply.  

4.  Find a 3-D IC device and discuss its advantage and 
disadvantage as compared to 2-D device.  

5.  Model a placement problem as a linear programming, 
assuming each module has the same size.  

6.  Use CAD tool to layout the MSDAP chip. 
7.  Use CAD tool to do the LVS check of the MSDAP layout. 



6.  In the layout of the MSDAP, identify the clock network and 
print it out.  

7.  Identify the critical path in the layout of the MSDAP, extract 
the associated parasitic parameters R, C, and L, and run 
SPICE simulation to find out its delay.  

8.  Suppose the critical delay in the layout of the MSDAP is too 
long. Show how do you make it shorter by either inserting 
buffers or re-routing it through ECO?  

9.  Why do you want to minimize the number of vias in layout?  
10.  Does the pin assignment affect the layout in terms of chip 

area and critical path length?  
11.  Derive a simple algorithm for the global routing. You need to 

format your model and objective function first, and then 
show how to obtain the optimal solution.  


