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Abstract 
     Custom design of integrated circuits is required for the 
development of digital standard-cell and bit-slice libraries, 
analog circuits, and other specialized circuits that are not 
commercially available. Teaching students the design and 
verification flow at this physical level is valuable in that it 
provides the understanding and skills they will need to 
perform these functions in their subsequent employment. 
Moreover, experiencing custom design provides an 
appreciation  of the tasks involved for those whose primary 
job functions will involve synthesis using vendor-supplied 
libraries.  This  paper describes the goals, content and 
experiences of a semester graduate course in which projects 
are verified not only with simulations but also with 
measurements on prototypes fabricated via MOSIS.  A 
standard-cell library and test circuitry that are compatible 
with the Cadence toolset and AMIS-0.6 micron process are 
described.  These are available at no charge to anyone via 
the world-wide web. 
 
 
1. Introduction 
     This project-oriented course [1] presents the custom 
design of integrated circuits using electronic design  
automation (EDA) software.  Each individual is assigned a 
project which involves the manual layout of leafcells that are 
appropriate for  standard-height and bit-slice  cell  libraries.   
Projects are combined into TinyChips and submitted for 
fabrication via MOSIS [2] for testing during the subsequent 
semester. Each student is expected to spend about ten hours 
per week on this course with 2.5 hours of lectures per week 
and the remaining time consisting of laboratory and project 
assignments performed in an open lab.  Except for the initial 
handout containing the syllabus, all assignments and tutorials 
are disseminated via the world-wide web. Students generally 
utilize a split-screen approach with one window containing 
tutorial instructions and a second window exercising the 
appropriate EDA tool needed for the design. These practices 
have facilitated communication and enhanced learning. 

2. Design Flow 
 
     The Cadence Design Systems [3] custom integrated 
circuit design bundle was selected to support the laboratory 
assignments in this course because it provides students with 
an integrated flow, as shown in Figure 1.  The designer 
begins by entering a FET-level schematic with the W/L of 
each FET specified.  The resulting net-list is then simulated 
using either switch-level models (Verilog-XL) or detailed 
transistor models (Spectre or SPICE).  Next, the layout is 
performed to conform with the desired geometry constraints 
(e.g. standard-height, bit-slice, analog, etc.)  Following an 
error-free design rule check for abiding by process rules and 
a layout-versus-schematic check, the circuit is then re-
simulated.  This post-layout simulation includes parasitics 
for wiring, etc. 
 

 
 

Fig. 1.  Custom design flow using Cadence tools. 



3. Projects 
 
     Typical projects for this course include counters, shift-
registers, flip-flops, multipliers, dividers and analog circuits 
such as an OTA (operational transconductance amplifier). 
     The digital circuits are suitable for both standard-height 
and bit-slice formats so the same schematic and pre-layout 
simulation can be used for both.  However, the standard-
height format must be of fixed height and its input and 
outputs aligned with a grid so that the cell can be 
automatically overlapped with its neighbors, as shown in 
Figure 2. The requirements for bit-slice cells is less 
restrictive but inputs and outputs are aligned horizontally 
while power and ripple signals are aligned vertically so that 
the cell may be arrayed into a data-path.  Historically, bit-
slice cells used for arithmetic functions consume less space 
than standard-height cells. 
 
4. Smartframe and Standard Cell Library 
 
     For verification, student projects are submitted to MOSIS 
for fabrication.  To facilitate testing, the students are 
provided with a Smartframe which consists of a pad-frame 
AND   a   built-in  self-test  (BIST) capability.  Student 
projects can be placed inside the frame  and stimulated  
using  patterns  generated  on-the-fly at full system speed. 
     The  responses  are  collected   and   compressed   into 
signatures  which are then compared on-chip to hardwired 
golden values obtained from simulation.  Thus,  the  golden  
values  are compared  with  the  live signatures to determine 
if all is well. If not, raw inputs corresponding to the  
functional  vectors  for each student design can be presented 
to the external pins and the raw outputs observed for 
debugging purposes.  Nearly 100% of the student projects 
returned using the Smartframe have operated as expected.  
We attribute this high success rate to this methodology which 
encourages thorough simulation prior to fabrication. 
     The Smartframe and a 12-cell standard-height cell library 
are available at no charge from the University of Tennessee.  
Composer schematics can be used to interconnect multiple 
standard cells from this library which can then be 
automatically placed and routed using Cadence Silicon 
Ensemble. The resulting layout can also then be viewed 
using Cadence Virtuoso.    
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Fig. 2.  Overlapping instances of a standard-height cell. 
 

 
 

Fig. 3. Smartframe with built-in test for student projects. 
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