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1 
Introduction

1.1 Goal

The goal of this design seminar is to get familiar with modern CAD-tools to design analog integrated circuits. To achieve this goal, a symmetrical cascoded OTA with output buffer will be designed. The complete design cycle of an analog IC is introduced. The CAD environment that will be used is Cadence. 
The topology of the OTA and the dimensions of all the transistors have already been determined. The design cycle starts with schematic capture. During this step the schematics of the circuit are entered into Cadence. Based on the netlist which is extracted out of the schematics simulations can be run using the circuit simulator SPICE. This simulator is completely integrated into Cadence and hence can be used interactively. After all the specifications are verified a layout of the circuit will be drawn using a layout editor. Cadence contains additional tools like DRC (design rule checking) and LVS (layout versus schematics). DRC checks possible design rule violations of the layout. LVS allows you to compare the layout and the schematics to check whether they match. After this step has been successfully completed the chip is ready for processing.

1.2 Initialization

In order to be able to use Cadence, several environment variables have to be set and a few directories have to be created. To simplify all this actions an installation script has been written to accomplish all this. Run the script during the first session:

· Open an hpTerm

· Run the installation script 

· ~micas/students/opamp_h812/install

This installation script has to be run only once during the complete seminar !

Open in  ~/opamp_h812/ the file c07libinclude and modifie the lines

.include /users/micas/micas/design/cmos07/current/hspice/ntyp.dat

.include /users/micas/micas/design/cmos07/current/hspice/ptyp.dat

and change them into:

.include /users/micas/micas/design/cmos07/hspice/ntyp.dat

.include /users/micas/micas/design/cmos07/hspice/ptyp.dat

2 Schematics

2.1 Transistor models

The circuit will be processed in a 0.7 µm CMOS technology. Table 1 contains the necessary parameters for hand calculations. The complete set of SPICE-parameters can be found in the file ‘c07libinclude’. This file was automatically copied in the directory ~/opamp_h812 during the installation.

	Parameter
	n-MOS
	p-MOS

	KP (2K)
	106 µA/V2
	60 µA/V2

	LAMBDA
	0.038
	0.16

	VTO (VTO)
	0.731 V
	-0.762 V

	THETA
	1.15 V-1
	1.05 V-1

	GAMMA (
	0.82 V1/2
	0.576 V1/2

	PHI (2F
	1.8 V
	1.8 V



Table 1: Transistor parameters for hand calculations

Hand calculations

The schematic of the OTA in figure 1 contains all the components that will be realized on chip. The input- and output-ports on the schematic can be associated with bonding pads on the chip. The resistor values are : R1 = 22 k( and, R2 = R3 = 18 k(. The capacitor value for Cl1 is 5 pF. 
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Figure 1: Symmetrical cascoded OTA with output buffer

	Transistor
	Width[um]
	Length[um]

	M1a M1b
	4
	0.7

	M2a M2b
	20
	1.2

	M3a M3b
	20
	1.2

	M3c M3d
	20
	1.2

	M4a M4b
	12
	1.4

	M4c
	6
	0.7

	M5 M10
	8
	0.7

	M6
	15.3
	1.5

	M7
	41.6
	1.5

	M8
	56
	0.7

	M9
	258
	1.2


Transistors M1x to M4x are a classic symmetrical single-ended OTA. Two current mirrors (M6/M8 and M7/M9) are added at the output. Transistors M8 and M9 of the  current mirrors make a push pull stage which is used as an output buffer. The drain of transistor M10 is connected with an external current source. This current source determines the different biasing currents in the circuit.

· Q1: Find a symbolic expression for the small signal voltage gain from the input to the output. (Av)

· Q2: Find a symbolic expression for the bandwidth (position of the first pole p1)

· Q3: Find an expression for the gain bandwidth product  (GBW)

· Q4: What strikes you when you compare the expressions from Q1 and Q2 with the GBW

· Q5: Calculate the output swing

· Q6: Explain why the power supply voltages (VDD & VSS) are chosen asymmetrically 

· Q7: Calculate the Slew Rate

· Q8: What's the use of the 3 resistors?

· Q9: Explain why the bulk of M7 and M9 are connected to the source while the bulk of  M6 and M8 are connected to VSS?

Schematic entry

2.2 The Cadence environment

Open an hp-terminal and start the Cadence ‘Command Interpreter Window’ (CIW). Because some environment variables need to be set, a script has been written.

· Open an hpTerm

· Start the CIW. This can be done with the command ‘icfb’. In this seminar however, a script has been provided.

· ~/opamp_h812/startcadence

Every tool in Cadence can be reached by using the CIW. The structure of the Cadence database is as follows. A subdirectory (UNIX level) contains several libraries (Cadence level). These are associated with one specific technology. Several cells can be created in a library. Each cell is a part of the complete design, e.g. an amplifier, a buffer, ... The technology for each of these cells is the one that has been defined for the library. Each cell can have different cellviews. Possible cellviews are schematic and layout.

The Library Manager allows to look into a certain library.

· Open the Library Manager

· Tools

· 
Library Manager

The Library Manager will appear with all the available libraries. Cells and cellviews can be investigated by clicking on them with the left mouse button. Investigate the cells and cellviews of the standard library ’analogLib’.

· Investigate the cells in analogLib

· analogLib

· Investigate the cellviews of the cell pmos4

· pmos4

2.3 Schematic entry for the symmetrical OTA

2.3.a Creation of a cell ‘Opamp’

A new library for the 0.7 µm technology must be created. This must be done only once during the first session since the library will already exist in all later sessions.

· Go to the Library Manager

· Create a library for the 0.7µm technology

· File

· 
New

·         Library

· Complete the ‘New Library’ window

· Library Name: SEM07

· Directory:  ~/ opamp_h812/
· OK

· Complete the ‘Technology File for New Library’ window

· You can: Attach to an existing techfile

· OK

· Attach design library to technology file
· Attach...: mtc0u7_samples

· OK

· After a while the following message appears in CIW:  ‘Design library ‘SEM07’ succesfully attached to technology library ‘mtc0u7_samples’’

Now a new cell for our circuit must be created in the 0.7 library. There are several possibilities to do this. We will use the Library Manager to accomplish the task.

· Go to the CIW and open the Library Manager

· Go to the Library Manager

· Open the library SEM07

· SEM07

· Create a ‘Schematic’ Cellview

· File

·    New

·         Cellview

· Complete the ‘Create New File’ window

· Cell Name: Opamp

· View Name: schematic

· OK

· Click in the Library Manager on Opamp

· Click with the middle mouse button on schematic

· 

Open...

· A schematic window will be opened. This is used to draw the schematic.

2.3.b Schematic entry

The schematic is drawn by placing all the components (transistors, capacitors, …) and ports, and by making  the connections between them. 

· Placing a transistor:


We will use the standard components of the ‘analogLib’ library:


NMOS Transistor 
nmos4


PMOS Transistor
pmos4


Capacitor

cap


Resistor

res


Ground

gnd

· Add

· 
Instance

· The ‘Add Instance’ window appears. It can be completed manually or by using the Library Browser. We will use the Library Browser.

· Browse

· The ‘Library Browser-Add Instance’ appears

· analogLib

· 
      nmos4

· 

symbol

· The upper part of the ‘Add Component’ window is already completed. There are additional properties available for this transistor. It can be necessary to enlarge the window to make them visible. The properties can be added now or later. We will skip this part for now. By moving the mouse over the schematic window, the outline of the component appears.

· Move the mouse over the schematic window

· Click to place the component

· Add all the components in a similar way.

To interrupt a certain command the <Esc> key must be pressed once or several times.

The next components to add are the ports which are associated with the bonding pads of the IC.

· Adding a pin (port)

· Add

· 
Pin

· An ‘Add Pin’ window appears. Complete this for every pin. Pin ‘Vdd’ will be used as an example.

· Pin Names: Vdd

· Direction: inputOutput

· Add all the other pins

After all the components and the ports have been added the necessary connections can be made.

· Adding a connection (wire)

· Add

· 
Wire (narrow)

· Click on the starting point, some corner points and the last point of the wire.

· The ‘Draw mode’ can be changed in the. ‘Add Wire’ window.

· Make all connections, including the bulk connections!!!

2.3.c Adding properties

All the components need to be characterized to be able to do simulations. This could have been done while the components were added. The properties can also be added or changed after the schematic has been completed: 

· Changing the properties of a transistor

· Select a transistor by clicking on it

· Edit

· 
Properties

· 

Objects

· The ‘Edit Object Properties’ window will appear.

· Add the properties for the component

· Apply

· Select the next component by clicking on it

· The properties of the component appear.

· Add the properties for all components based on table 3. The sizes of the widths and lengths of the different transistors and the values for resistors and the capacitor can be found in table 2 on page 5.

The analog simulator needs to know some geometric properties of the transistor to be able to calculate the parasitic capacitances. Therefore we need to know the perimeter and the area of both Source and Drain for each transistor. These parameters depend on the specific transistor layout. By using the geo-option in HSPICE it is possible though to let the simulator determine the perimeter and area (see table 3).

	Component
	Property
	Example

	nmos4/pmos4
	Instance Name
	m1a

	
	Multiplier
	1

	
	Model name
	NA

	
	
	PLA

	
	Width
	6u

	
	Length
	0.7u

	
	Source/drain selector (geo)
	3

	cap
	Instance Name
	CL1

	
	Capacitance
	2p

	res
	Instance Name
	R1

	
	Resistance
	15K



Table 3: Properties for all the components

	‘geo’ value
	Meaning

	0
	Simple transistor

	1
	Finger structure with shared Drains (2 gate fingers)

	2
	Finger structure with shared Sources (2 gate fingers)

	3
	Finger structure with shared Drains & Sources



Table 4: ‘geo’ property

After all the properties have been added and the circuit has been completed it must checked:

· ‘Check’ the schematic

· Design

· 
Check and Save

· If there are no errors, the following message will appear in the CIW ‘Schematic check completed with no errors’. If there are errors a window with the errors and warnings will appear and they will appear on the schematic.

· Correct all the errors.

We will use the opamp in a hierarchical design. Therefore we need to create a symbol for the opamp.

· Create a symbol cellview of the schematic
· Design

· 
Create Cellview

· 

From Cellview

· Check whether the ‘Cellview to Cellview’ window proposes the correct transformation, which is: From schematic To symbol
· OK

· The ‘Symbol Generation Options’ window appears

· Add the correct location for all the pins:

Left Pins:
inn inp


Right Pins:
out


Top Pins:
Iin Vdd


Bottom Pins:
Vss

· OK

· An editor will appear where a basic symbol has been drawn. Change this symbol into the shape of an opamp.

· Draw the opamp-symbol. Stay inside the red border. Terminals (red squares) can be moved, but they must stay on the red border. The green lines are the final shape of the symbol.

· Add

· Shape

· The ‘Add Symbol Shape’ window appears

· 
Polygon

· Draw a polygon in the shape of the symbol for an opamp

· Check the symbol and save it.

· Design

· 
Check and Save

· Close the symbol and the schematic windows

· Window

· 
Close

2.4 Creating a schematic for simulation

The schematic of the opamp that has been drawn in the last paragraph contains all the components that will be placed on silicon. To be able to do simulations some additional components need to be added. First we have to add the load capacitance (CL), the power supplies (VDD & VSS) and the biasing current source (Ibias=40 uA). Then some additional circuitry needs to be added that provides quasi-ideal DC feedback. This circuit is realized by means of two voltage controlled voltage sources with gain 1 (VCVS) and an RC circuit. This feedback circuit is necessary to be able to do open loop simulations. The circuit generates on offset voltage at one of the input terminals of the opamp to make the output level equal to zero. In practice the opamp will always be used in a feedback configuration which also provides a DC feedback. Because the circuit is only necessary for simulations we can choose unrealistic values for the low pass filter to realize a pole at very low frequencies.

The next components to add are the input sources. We will use two input sources with opposite phase to create a pure differential signal without a common mode component. Since we will do both an AC simulation and a transient simulation a source is needed which can handle both. An appropriate source is ‘vsin’. To be able to do transient simulations with different frequencies and different amplitudes, we will use variables for those properties. Table 4 contains the properties for both input sources. The complete schematic for simulations is represented in Figure 2. Pay attention to the polarity of the input sources !

· Create a new cell ‘simtop’ with a ‘schematic’ cellview

· Draw the schematic in a similar way as for the opamp. 

	Component
	Property
	Value

	vsin
	AC magnitude
	0.5 V

	
	Amplitude
	transamp/2 V

	
	Frequency
	transfreq Hz



Table 4: Properties of the input sources Vinn and Vinp
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Figure 2: Schematic for simulation (simtop)

3 Simulation

3.1 Starting the simulator

The circuit simulator that will be used is HSPICE. The simulator can be run interactively using the Cadence interface. There are several ways to start the  simulator. An easy way is to start with the schematic of the circuit that must be simulated.

· Go to the ‘simtop’ schematic window. 

· Start the simulator

· Tools

· 
Analog Artist

· A new window ‘Analog Artist’ appears.

· Check if the right design is being simulated

· Setup

· 
Design

· The ‘Choosing Design’ window appears. Correct it if necessary.


Library name:

SEM07


Cell Name:

simtop


View Name:

schematic

· 
OK

· Select the simulator, directory and host
· 
Setup

·        Simulator/Directory/Host

· Correct the values (if necessary) in the window that appears.

· Simulator:

hspiceS

  
Project Directory:
~/opamp_h812/simulation


Host Mode:

local

· OK

· Check the model path

· Setup

· 
Model Path

· The ‘Model Path’ window appears. Correct it if necessary.

· Model path:~/opamp_h812/
· Check the environment

· Setup

· 
Environment

· The ‘Environment Options’ window appears. Correct it if necessary.

· Include File:
c07libinclude

· OK

Before we can start a simulation we must give a value to the variables that have been defined.(Table 5.).

· Copying the design variables from the Cellview and adding values to them.

· Variables

· 
  Copy from Cellview

· Add values to the variables

· 

Edit

· transamp:
1


transfreq:
100k

· OK

3.2 Operating Point simulation

In this exercise we will run all simulations separately. In practice one can run several simulations (OP, AC, DC, Transient, ...) at the same time. We will start with a simple Operating Point analysis.

· Select the OP analysis only

· Analyses

· 
Choose

· A new window ‘Choosing analyses’ appears.

· Make sure non of the possible simulations is enabled

· Start the simulation

· Simulation

· 
Run

· Evaluate the operating points

· Simulation

· 
Output log

· The transistor operating points and the voltages across the resistors and capacitors can now be viewed.

Compare some important node voltages and currents with your hand calculations.

3.3 AC simulation

Now you can run an AC analysis. The results can be graphically evaluated using bode plots. All node voltages are automatically stored in the data files. If you also want to evaluate a certain current you need to ask it specifically.

· Run an AC simulation

· Analyses

· 
Choose

· Click on the button next to AC

· Complete the simulation parameters


from:

10


to:

100M


sweep type:
logarithmic

              Point p. dec. 
10
· OK

· Select the terminals for which you want to evaluate the current:

· Outputs

· 
To Be Saved

· 

Select On Schematic

· Click on the terminals (red squares) 

To be able to generate a plot of the selected nodes you need to enable them for plotting.

· Select the nodes you wish to plot:

· Outputs

· 
To be plotted

· 

Select on Schematic

· Click on the nodes/terminals where you wish to evaluate the voltage/current.

3.4  Plotting the result using AvanWaves

·  Set the correct options for the simulator.

· Simulation

·          Options

·              Analog

·                Post  :   1

· Generate a netlist

· Simulation

·        Netlist

· 
          Create final

· A window will be opened showing the final netlist

· Open a new hpterm.

· Change the directory of and simulate the netlist using hspice

· cd
~/opamp_h812/simulation/simtop
            /hspiceS/schematic/netlist
· hspice hspiceFinal

· Display the results using awaves

· awaves hspiceFinal.ac0

· The AvanWaves result browser and plot window appear. The currents and voltages to be plotted can be selected by double-clicking on them.

· Use this to generate a Bode plot. Separate panels can be created for the magnitude and phase plot.

· Panels

·        Add

· 
  Using the right mouse button the Y-axis can be made logarithmic 

· Do not forget to make a hardcopy of the Bodeplot 

· Tools

·        Print
· printer:ulstudent
· Q10: Add the simulation results to your report and compare them with your hand calculations (gain, BW, GBW, output swing).
3.5 Transient simulation

Transient simulations can be run using a procedure similar to the AC analysis. Try to figure out how to simulate Slew Rate and output Swing. Compare the simulation results with your hand calculations. 

· Select the correct values for the ‘frequency’ and ‘amplitude’ variables.

· Select a transient simulation

· Simulate the circuit

· Display the results using awaves. This can be done by using the same procedure as for the AC-simulation but now the command is:

· awaves hspicefinal.tr0

· Q11:Plot the results using Avanwaves

· Q12: Determine the maximum output swing as a function of frequency for sinusoidal signals. Remember that the SR determines the maximum slope of the output signal. This maximum slope then determines the maximum output swing which can be achieved for a certain frequency.

· Q13: Plot the values of vGS(M8) and vGS(M9) as a function of time in a case where the output voltage is smaller than the output swing (no clipping) and for a frequency and amplitude where no slewing occurs. Explain the difference between them.

4 Layout

4.1 Opening the Opamp layout

The circuit of Figure 1 will be realized on silicon. The layout editor of Cadence allows us to draw the masks which are required to process the integrated circuit.

The layout of a cell is saved as a layout cellview. A layout cellview is created in a similar way as a schematic cellview. A layout cellview has already been created to standardize the pin layout and the overall dimensions of the IC. This layout cellview contains the six bonding pads in for the opamp. The bonding pads are arranged in such a way to make the bonding compatible with the measurement setup that has been made. Figure 3 shows the pin layout that has to be used. First this layout cellview must be copied to your library.

· Open the Library Manager

· Go to the library mtc0u7samples

· mtc0u7samples

· 
floorplan

· Copy the layout cellview of the floorplan cell to the layout cellview of your opamp cell

· Click with the middle mouse button on layout

· Copy

· Complete the ‘Copy Cell’ window
              From Lib :                     mtc0u7samples

              From Cell :

floorplan


Destination library:
SEM07


To Cell:


Opamp

              View copy:

layout

· OK

· Check if  the Opamp layout cellview was created

· Open the cellview layout of the Opamp cell.

· The window with the bonding pads appears. Only the outline of the bonding pads will be visible since they are one level down in the hierarchy.

· Make the contents of the bonding pads visible

· Options

· 
Display

· Complete the ‘Display Options’ window

Display levels

From:
0


To:
10

· OK




Figure 3:  Pin layout for the bonding pads

4.2 The layout editor

Now we can start drawing the layout. The layout rules of the 0.7µm CMOS process will be available during the seminar sessions. It will be necessary experiment a little to get familiar with all the possibilities of the layout editor. Some basic functionality of the editor will be described below. Remember to press <Esc> to cancel an operation. (sometimes several times !)

· Drawing a rectangle in Metal 1

· Click on Metal1 in the LSW window

· Create

· 
Rectangle

· Click on the two opposite squares of the rectangle

· Create some rectangles in different layers

· Moving those rectangles

· Click (select) en drag

· Enlarging/Shrinking the rectangles

· Edit

·   Stretch

·           Click and stretch

· Draw an elementary transistor

· Draw a path in Metal 2

· Select Metal2 in the LSW

· Create

· 
Path (click to begin, click to make a corner, double-click                    to end).

· Measuring distances on the layout

· Window

· 
Ruler

· Click twice to get a begin and an end of the measuring tool

Remove all the exercises you have drawn and make sure that only the bonding pads remain. Draw M1a and M1b by hand, without the device generator. Provide a guard ring around those transistors. Examine whether you can combine both transistors to get a compacted unity with less mismatch. Implement it.

4.3 Device generator

A transistor can be drawn by using rectangles in different layers. Since most transistors are very similar this process can be done automatically with the device generator that has been created in the MICAS research group. This device generator allows you to generate nMOS or pMOS transistors and capacitors with a lot of options. In order to be able to use it we must make its menu visible.

· Generate a transistor

· Devices

· 
Create

· 

Mosfet

· Complete the ‘MOS Generator’ window

· OK

· Click on the location where you want to place the transistor

· <Esc>

To become familiar with all the different options of the device generator you will have to experiment with it. A transistor generated with the device generator is one level down in the hierarchy compared to the cell that is being edited. To be able to edit the transistor we will have to specify explicitly that we want tot work one level down in the hierarchy.

· Changing the parameters  of a transistor

· select a transistor

· Devices

· 
Modify

· Change some values in the ‘MOS Generator’ window

· OK

· The transistor is regenerated with the new options

· Manually changing a transistor

· select a transistor

· Design

·    Hierarchy

· 
       Descend  or  Edit in Place

· Make the necessary changes…

· Design

·    Hierarchy

· 
       Return

Now the layout of the opamp can be drawn. Keep in mind that your not drawing a schematic but a physical layout. Therefore the paths to VDD and VSS should be wider because the current in those paths is larger ! Try to keep a good symmetry in your design. Don’t let the device generator guide you, but guide the generator. Be intelligent and critical. Adapt the generated devices to your need and knowledge where necessary. Try to optimize the trade off between time used to generate a device and the result.

4.4 Design Rule Checking (DRC)

To check if no design rules have been violated it will be necessary to run a DRC regularly.

· Run a DRC
· Verify

· 
DRC

· Set Switches (Note: do not set drc_shape?)

· drc_edge?

· offgrid? (just to make sure you placed everything  on-grid)

· OK

· OK

· Check which errors have been found.

· Verify

· 
Markers

· 

Explain

· Click on a certain error

· The design rule which has been violated will appear.

All errors will appear blinking in the layout. Errors can also be located by using markers. Correct all errors.

4.5 Layout Versus Schematic (LVS)

When the complete layout is completed an LVS check allows you to compare your layout and schematics. Before a comparison can be made a netlist must be extracted out of the layout. In this way an ‘extracted’ cellview is obtained which will be compared with the schematic cellview.

To simplify the comparison of netlists we have to mark some of the nets on the layout. All the nets that are connected to pins on the schematic have to marked on the layout with the associated name. In this case those pins are all associated with a bonding pad.

· Mark the net Vdd on the layout

· Select in the LSW the layer of the net you wish to mark

· Create

· 
Pin

· Complete the ‘Create Pin’ window


Terminal Names:
Vdd



Mode:


Rectangle



Create Label:

(


I/O Type:

(input/Output

· 
Set Text Style

· 
Height:

1

· 
OK

· Draw a rectangle on the net VDD in the neighborhood of the bonding pad.

· Place the name next to the associated bonding pad.

Now a netlist can be extracted.

· Extract the netlist from the layout

· Verify

· 
Extract…

·              Set switches …………Extract

· OK

· Close the layout and open the extracted cellview

· In the extracted cellview both the layout and the associated schematic are visible.

· Viewing the connections in the extracted cellview

· 
Options

· 

Display

· 

( Nets

· OK

Using LVS we can now compare the layout and the schematic.

· Start LVS

· Open the extracted cellview (if necessary)

· Open the schematic cellview

· Go to the extracted cellview

· Verify

· 
LVS

· Check if the LVS window is correct.

· Library Name:
SEM07
SEM07


Cell Name:
Opamp
Opamp


View Name:
schematic
extracted

· Run

Check if your layout is correct by investigating the information given by LVS.

· Checking  your layout

· Info

· Output

· Check the LVS output file. Check whether all nets are matched and whether the transistor dimensions are correct. Errors can be easily found with probing.

· Comparing the extracted view with the schematic

· Verify

· 
Probe

· Add Device or Net

· Click on a transistor or a connection in either the extracted or the schematic cellview. The associated item in the other cellview will be marked.

· Displaying errors

· Error Display

· Display Errors

Correct all errors in the layout cellview. (not in the extracted cellview !)

After all errors have been corrected a new LVS test can be performed. 

Don't forget to answer all questions and to include the username which was used for the design. A printout of your final layout is required as well.

Good luck...
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