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. Circuit Description

Although most SPICE simulators today use a graphical interface, an understanding of SPICE netlist conceptsisvery
useful. A netlist is a complete text description of the circuit which includes the element lines, analysis statement(s),
and alist of model parameters for semiconductor devices. Whether using a graphical interface or atext netlist, all

of the parameters discussed below are necessary to describe the circuit and desired simulation. This section explains
the element lines, and model and analysis statements are covered below.

Circuits for SPICE simulation are described the elements of the circuit and a list of the nets (nodes) each element is
connected to. Elements include sources (voltage, current, etc.) and devices (resistors, capacitors, transistors, etc.).

Elements must be assigned unique names starting with a designated |etter as shown below. The element nameisthe
first part of the element line which also contains a list of the nets each terminal of the element is connected to and

key data describing the device. Nets, or nodes, can be assigned names or numbers depending on the specific
software used. Data in the element line describes the element, e.g. the DC voltage of a voltage source or the
resistance of aresistor. Because semiconductor elements are more complex to model than linear elements, modeling
parameters for semiconductor devices are contained in a separate part of the netlist called a .MODEL statement. To
indicate which .MODEL statement should be used for each element, semiconductor element lines must contain a
model name (which also appears in the .MODEL statement). Although most of the parameters for semiconductors are
in the model statement, the parameters that can be changed by designers (i.e. non-process specific parameters) are
assigned in the element line. In general, element line parameters for semiconductor devices relate to the size of the
device, e.g. the length and width of an MOS transistor.

Although graphical SPICE programs do not use element lines, the data entered in the element line of a netlist must
also be specified. For example, in many SPICE programs you can double-click a device and then assign the
appropriate parameters. For semiconductor devices, you may have to open the model description to alter those
parameters.

An example showing many of the most common circuit elements is shown in the netlist below. Note, this circuit is
for illustration only and may not be functional.

Vdd 1 0 5
R1 1 2 1K
R2 2 0 2K
Mnl 2 3 0 O cmosn L=2e-6 W=4e-6
Mpl 2 3 1 1 cmosp L=2e-6 W=4e-6
C1 3 0 1n

Note: some (but not all) unitsareimplied and do not need to be specifically written. For example, Vxx isassumedto bein volts,
Rxx is assumed to be in ohms, etc.

Element Line Descriptions (for some common eements —others are available)

Voltage Source
Vxx +node -node DCvaue

Current Source
Vxx +node -node DCvaue
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Resistor
Rxx nodel node?2 value

Capacitor

Oxx nodel node2 value

Diode

Dxx +node -node model_name <area>

plus other optional parameters

Bipolar Transistor
QX collector base emitter <bulk> model_name <area>
plus other optional parameters

MOS Transistor
Mxx drain gate source bulk model_name <L=value> <W=value> <AD=vaue> <AS=vaue>
plus other optional parameters

Note: parametersin <> are optional and not required for simulation.

. Semiconductor Models

Semiconductor devices are nonlinear, and as aresult several parameters are required to model there operationis
circuit simulators such as SPICE. Therequired parameters are specific to each device type and to the equations that
are used to model the performance of each device. For example, there are awide range of equation-models used to
describe MOSFETS, and the equations we learn in class are for the most basic model.

Semiconductor Device .MODEL Statements

The .MODEL statementsfor all devices contain the name of the model (referred to by the element line), the device
type (D for diode, etc.) and alist of parameters specific to each device type. Parameters not provided in the .MODEL
statement are assigned default values. Note the parameters are enclosed in parentheses.

PN Junction Diodes
.MODEL Model_Name D <(parameter 1=valuel parameter 2=vaue2...)>

Bipolar Junction Transistors
.MODEL Model_Name NPN <(parameter 1=valuel parameter 2=vaue2...)>
.MODEL Model_Name PNP <(parameter 1=valuel parameter 2=vaue2...)>

MOSFidd Effect Transistors
.MODEL Model_Name NMOS <(parameter 1=valuel parameter 2=value2...)>
.MODEL Model_Name PMOS <(parameter 1=valuel parameter 2=value2...)>

Semiconductor Device Parameters

For each device type thereisalist of parametersthat define the device. In general, these parameters are the same as
those seen in the equations used to model the device. However, there are additional parameters that model effects
not described by the simple large signal models covered in class. Device parameters are determined by the
processes used to fabricate the device, and accurate model parameters can generally be obtained from manufacturer
datasheets or from integrated circuit foundries. The following isabrief list of the parameters you will need to
consider for each device type.

PN Junction Diodes

Name Parameter Units  Default
IS saturation current A 10E-14
N emission coefficient - 1

BV reverse breakdown voltage \% infinite
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RS diode seriesresistance W 0

CXo zero-bias junction capacitance F 0

VJ junction potential \% 1

M grading coefficient - 05
Bipolar Junction Transistors

Name Parameter Units  Default
IS saturation current A 10E-16
BF ideal max. forward beta - 100
VAF  forward Early voltage \% infinite

(there are many other parameters for BJT that are beyond the scope of this class)

MOSField Effect Transistors

Name Parameter Units
LEVEL model identification -
TPG type of gate (poly doping type) -

+1 = opposite of substrate
-1 = same as substrate)

TOX gate oxide thickness meter
NSUB substrate impurity concentration cm’®
XJ source/drain junction depth meter
uo surface mobility cmN's
VTO equilibrium threshold voltage \%
LAMBDA channel length modulation (level 1 only) vt
PHI surface potential at strong inversion \%

KP transconductance parameter AIN?
GAMMA  bulk threshold parameter V*
LD lateral diffusion meter
CGDO gate-drain overlap capacitance/channel width F/m
CGSO gate-source overlap capacitance/channel width F/m
CGBO gate-bulk capacitance/channel length F/m
a zero bias s/d junction (bottom) capacitance/area F/nt
CIswW zero bias s/d sidewall capacitance/length F/m
MJ bulk junction bottom grading coef.

MJISW bulk junction sidewall grading coef.

PB bulk junction potential

Because the parameters used for modeling MOSFETs in SPICE are more complex than other devices, they will be
discussed in the next section.

Example Model Statements
MODEL pn D (IS=10E-15 N=1 BV=50)

MODEL npnbjt NPN (IS=10E-15 BF=150 VAF=200)
MODEL pnpbjt PNP (IS=10E-15 BF=150 VAF=200)

MODEL cmosn NMOS (LEVEL=1 UO=6695 TOX=292E-08 NSUB=1.8050E+16

+PHI=0.7 VTO=05940 KP=7.9174E-05 GAMMA=0.6546 LAMBDA=0.0134

+XJ02U TPG=1 LD=1.0530E-07

+ CGDO=1.8679E-10 CGSO=1.8679E-10 CGBO=4.3907E-10 CJ=2.8446E-04 MJ=5.2989E-01
+ CJSW=1.4208E-10 MJSW=1.0000E-01 PB=9.8338E-01)

.MODEL cmosp PMOS (LEVEL=1 UO=181.5 TOX=2.9200E-08 NSUB=4.4510E+15

+ PHI=0.7 VTO=-0.8135 KP=2.1464E-05 GAMMA=0.3250 LAMBDA=0.02

+XJF0.2U TPG=-1 LD=1.11E-09

+ CGDO=5.0000E-11 CGSO=5.0000E-11 CGBO=4.0071E-10 CJ}=3.0160E-04 MJ=4.4794E-01
+ CISW=1.8785E-10 MJISW=1.0476E-01 PB=7.6778E-01)
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. MOSFET Model Parameters
Model Level for MOSFETS:

The equation-models used for MOSFET s range from the simple model s (cutoff, triode and saturation) that we learn
in classto very elaborate models that required ~50 parametersto fully describe the operation of the device. Because
more than one set of equation-models are available for MOSFETSs, we must specify which set we want SPICE to

use. The modeling set of equationsisidentified by the LEVEL parameter in the MODEL statement. The following
describes the parameters required to describe the LEVEL 1 model for aMOSFET. We will always uselevel 1 models
for smulation of MOS circuits.

Base Parameters

Parameter Equation SPICE Units
Variable Variable
Substrate Impurity Conc. Np, Na NSUB cm®
Surface Mobility m, np uo cm?/V-sec
Gate Oxide Thickness TOX meters
Oxide Charge Density Nss NSS e
Latera Diffusion under Gate LD meters

NOTE: some parameters are specific to nMOS or pMOS, e.g. m and np.

Derived Parameters

The following parameters are cal culated based on the ‘ base parameters’ listed above.

Parameter Equation SPICE Units
Variable Variable
Intrinsic Transconductance MCox KP AIV?
Bulk Threshold Parameter g GAMMA v~
(Body Effect Parameter)
Channel Length Modulation Factor I LAMBDA vt
Surface Potential 2k PHI \
Zero Bias Threshold Voltage (Vsg = 0) Vo VTO \Y
The equations for cal culating the derived parameters are:
KP = U0 =X GAMMA = (270" € - NSUB)” pHl = 2 KT |, ZNUBO
TOX Sox ox q gn—iﬂ
LAMBDA = — Pt Leff =L- 2LD
Leff DVps
2
Vio<F . NS | (2-q-eq - NSUB-|PHI |V [P

®rox

®fox

NOTE: Any parameter given in the .MODEL statement will override parameters SPICE might calculate using these equations.

Using these parameters, the equation for aMOSFET in saturation iswritten

ip = YKPWIL€f (Vos— Vrr)? (1+ LAMBDA Vpg)

where Vg = VTO + GAMMA{ ([PHI| + V)™ [PHI[3
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. Analysis Description
SPICE can perform avariety of types of analysison acircuit. Some of these are briefly described below.

Transient Analysis
Most of the simulation we will do will involve transient analysis which will tell uswhat our circuit isdoing asa
function of time. A transient analysis has the following properties which must be defined.

.TRAN TSTEP TSTOP <TSTART> <TMAX>

TSTEP isthe time step used between analysis points, and the smaller the value is, the more resolution you will get in
your simulation. A typical valueis 1nsec.

TSTOP isthe time when you want your transient analysisto stop. Thisvalue will depend on the frequency of your
input signal (s) and the time it takes for your circuit to produce itsfinal output.

TSTART isused if you want the analysisto start at some time other than Time=0.

TMAX isused to set the largest step timethat will be used. This parameter istypically not needed.

Operating Point Analysis
.OP isthe operating point command and it will produce alist of theinitial operation conditionsincluding node
voltages and device currents. It isuseful to view bias values without doing afull simulation.

DC Analysis
UseaDC analysisif you want to view the response of the circuit when a source (voltage or current) sweeps between
two DC values. The command and parameters are:

.DC Source name START STOP STEP

Source_name is the name of the source that will be swept.

START and STOP are the beginning and ending values of the sweep.
STEP isthe increment value used during the sweep.

AC Analysis
To sweep all AC sources across arange of frequencies, use the . AC command.

AC Lin/Dec/Oct N FSTART FSTOP
FSTART and FSTOP are the beginning and ending frequencies of the AC analysis.
Select either Lin, Dec, or Oct for alinear, decade, or octave scaled sweep with N points analyzed.

See SPICE manuals for more information and additional analysistypes.

. General Spice Notes

Component Values and Scientific Notation

SPICE supports scientific notation where “e” (for “exponent) denotes the power of ten to be applied. SPICE also
supports the abbreviations listed below. For example:

0.0123 = 1.23e-2 = 12.3e-3 = 12.3m (where mis for milli)

1230000 = 1.23E6 = 1.23MEG = 1.23E3K = 0.00123G
Note that SPICE is not case sensitive so “m” or “€” isthesameas“M” or “E”.

The following metric abbreviations are supported by SPICE

m | milli 10° k kilo 10°
u | micro 10'2 meg | mega 182
n nano 10 iga 1

p | pico 10 tg ?er% 10
f | femto 10
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. Using B2Spice (for B2 Spice2, version 2.1.7)

Starting B? Spice:
Y ou should be able to access the B2 Spice folder from the Start Menu on PCsin student labsin the Civil Engineering building as
well as Young Library. Look in

Programs => Instructional Software => B2 Spice

Oncein the B2 Spice folder, start the program by clicking on an icon called Workshop. The program will respond with the
workshop window and you can either draw anew circuit, type up anew netlist, or open an old circuit (graphic/CAD format) or
netlist. These optionsare accessible from the FILE menu option. Be sureto open afile from the File menu rather than double-
clicking the file—thiswon’t work if your fileis on afloppy disk or adrive other than the one the application is on.

Entering your circuit asa netlist:

If you choose new netlist under the file menu, atext window will open up. There may be two linesalready in thereto act asa
template. Onewould be adummy title (Circuit), which you can change to something more descriptive (your program title). The
other will be a.END statement. Y ou can type in your SPICE program between these lines.

Entering your circuit graphically:

With the circuit window active, select asource or device from the DEVICES or DEVICES2 menu. For thisclasswe may need
to get components from both DEVICE and DEVICE2 menus. The selected component will appear attached to your cursor and
you can placeit where you want on the sheet. Select the linetool (next to the pointer/select tool) to add wiresto your circuit. A
single click with the line tool will set a node and a double click with end the line.

To modify element parameters (such as V oltage of avoltage source or Length and Width of a MOSFET), double click the
element to open the Simulation Model Properties window and set thevalues. For semiconductor devicesyouwill alsoneed to set
the model parameters, which you can do by clicking on either the Edit from table or Edit asText buttons. Y ou can saveyour
modelsin aprocess file that you can name by clicking M ake Unigue and assigning anew nameto the parameters you define.
Once all the parameters are set, click OK and return to the circuit window. Y ou can right-click onany eement and copy it. Once
you have set the parameters (including model parameters), copyingadevicewill copy al themodd parameterswithit. Youcan
still change the parameters (e.g. Length and Width) of the copied transistors, but you won't have to enter all the model dataagain
if you copy the first device. However, you will need to enter different model parametersfor bothan nMOSand apMOSFETS,
or npn and pnp BJTs.

For more information, see the notes above, and use the Online Help functions of this program.

Running the simulation:

When finished drawing the circuit or writing the netlist, with the circuit/netlist window active, go to the SIMULATION menu
and select RUN SIMULATION. For simple programs, 3 new windowswill be created. The LOG window isareport on how
your program ran. If there were warnings or errors, this window will detail the problemswith your SPICE program. If theerrors
are fatal, the other windows will open blank. Y ou will then need to debug your program.

Displaying simulation data:

If the program runs successfully, you can then define the variabl es youwant to appear in thetableand graph windows. 1f you
make your table window active and go to the EDIT menu options, you should see an option for EDIT TABLE SETTINGS. Click
on this to pop up awindow that will allow you to change to format of the tablewindow. Therewill beabuttoninthiswindow
labeled EDIT SIGNAL LIST. Click on thisoption to get another window (called Edit Plots) that will allow you to select circuit
values you want listed in the table. If you want to perform mathematical operation onthem you (like compute magnitude or
phase), you can select the ADD NEW PLOT option. You can givethis new value anamein thetitle Plot Name box. Thisisthe
way the quantity will be identified on plots and tables in the table and graph windows. Thenyou can movedownintothePlot
Expression box and either typein the expression (i.e. mag(V (2)) for magnitude or ph(V(2)) for phase), or click the variable and
function operations in the menu below. Then enter the unitsin the Units box and click OK. Thesenew vaueswill gpopearinthe
tablewindow. If your SPICE analysisdid a sweep through a series of values (AC or DC), then you will also seethisin the plot.
Y ou can skip the table window and go directly to the EDIT menu and select the EDIT PLOT optionif youwant. You cansdect
ADD NEW PLOT to put additional tracesin or delete old ones. Obviously, if you only analyzed the circuit at one point, no
graph will appear in the window.

The old commands like .PRINT and .PLOT are no longer applicable. You haveto select the variablesyou want displayed from
the edit menu optionsin B2 SPICE.
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