ECE 304: Computer Lab Project 1

“Classic” Common Emitter Amplifier Design

RT3 1= 0 0 = oSS 2
[T oo e T T | PR SERTR 2
Yo L=Tel | {Ter= 1 o] o 1= TSRO O SRR 2
=Y YT =T o] o TR 3
e oTe7 =T 0] RPN 3
[ F= T o J= TR b= 1YL TSRS 3
Approximate SWING @nalySiS .......cocoeeiiiiiie e 3
Hand analysis adapted to spreadsheet USe...........cooouiiiiiiiiiiii e 4
Choice Of VariabIESs ........co o e e a e e 4
AANIYSIS. ..ttt h e e a bt e e e e be et e e et et e e e e bee e e e aabaeeeesreeeeeane 4
Spreadsheet CONSITUCHION ... e e e e e 6
The “IC_Varies” WOrKShEet. ... ... e e e 7

[N E= T a1 o IR 2= Ty = T o[ S 8
Conditional fOrMatting ........oocuiiiii i e e e e e 9
L7 0= T £ UR 10
1= L= ] o R (g T=Y 0 L= o o PSR 11
S T0] 1Y T SRR RRS 12
PSPICE VEFIfICAtION ... e 14
Advantages of using EXCEL With PSPICE ..........ooiiiiiiiiie e 16
ST 1010 =1 o PRSP 16
F =TS oo 4411 o SR PTPPROTPPR 17
(=T Lo ] o OSSR 17
Appendix 1: Design summary on “Charts” Worksheet ..o 18
Appendix 2: Improved UpSWING @NalYSIS......c.oei e e e e e e e 20
Appendix 3: Making a new worksheet “I12_Varies”...........ccccoooiiiiiiiiiie e 24
Charts on Worksheet “Charts” ..........oi oo e e 27
Adding @ deSIgN MAFKET .......oooi i e e e e e e e e s e e e e e e e e e aans 28

Unpublished work © 2004 by John R Brews Page 1 1/15/2004



ECE 304: Computer Lab Project 1

“Classic” Common Emitter Amplifier Design'
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FIGURE 1
Common emitter amplifier with potentiometer bias resistors Ry and R»

Figure 1 shows a common emitter amplifier (inside the box). The amplifier is connected to a
voltage driver that can be either the small-signal source V¢ or the large-signal sinusoidal source
Vsin of amplitude Vs. The small-signal source is selected by PSPICE automatically (and the large-
signal source disabled) if an AC SWEEP/NOISE simulation profile is run. The large-signal source is
chosen (and the small-signal source disabled) if a TRANSIENT simulation profile is run.

The amplifier also is connected to a load resistor of size R,.
Both driver and load are connected via large coupling capacitors, chosen to have the
unrealistically large value of 10F. In PSPICE we use 10_F, and not 10F, because PSPICE
interprets 10F as 10f = 10 femtofarads. We choose a very large value for the capacitance
because we are not interested at the moment in the low-frequency response of the amplifier. A
value of 10F insures that these capacitors are short-circuits for AC frequencies of interest (for
example, for frequencies above 1 Hz).

Design goal

We want to develop a combined PSPICE / EXCEL design tool that will allow us to determine the
appropriate values of the circuit components R4, R, and R¢c when we are given some combination
of desired circuit properties, or specifications (specs), such as those listed under SPECIFICATIONS
below.

Specifications

We are given the load resistance R, = 1 kQ, the source resistance Rs = 100 Q, a requirement for
a maximum transient output voltage swing of Vo, = 5V, and a request for a maximum compatible
small-signal voltage gain A,

'For some other details on using these programs, see Low-pass Filter Design using PSpiCcE with EXCEL and
WORD on the Web Page at http://www.ece.arizona.edu/~ece304/UserManuals/Appendices.pdf
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Deliverables

1. Hand analysis for values of R4, R, and R¢

2. Spreadsheet incorporating the hand analysis

3. PSPICE verification of the spreadsheet

4. Report describing the above items using template Lab.dot

Procedure

To set up the design tool, we first do hand analysis to determine formulas for the various
quantities that are specified. For example, we find the swing limitations and the small-signal gain.

Next we set up a spreadsheet that incorporates these equations, and that plots the
dependence of the possible specs against the variables under our control. These graphs are
used to pick off the necessary values of R4, R, and R¢ based upon the specs.

Next, we implement the given specs, determine the corresponding R, R, and R¢, and
copy these values from the spreadsheet into the PSPICE circuit shown in Figure 1. Then we run
PSPICE and see if the specs are really met. If they are, our spreadsheet is working. If they are not,
we have to decide where the discrepancy comes from.

We use an ideal transistor in PSPICE so we know that any discrepancies do not come
from the transistor model used in PSPICE: the spreadsheet and PSPICE use the same transistor
model. That means any error comes either from entry errors like mistyping a formula or from
some algebraic error, or from a basic misconception in our analysis: for example, the circuit is not
placing the transistor in active mode, or we do not understand the large-signal swing limitations.

Hand analysis

1. For good gain we want the input resistance Ry of the amplifier to be large to obtain a
favorable value for the input divider Rin/(Rs+Rn)

2. For good gain we also want the output resistance of the amplifier to be as low as possible, so
we get a good value for the output divider R /(R +R¢)

3. We assume that the transistor can support a forward bias in saturation of ugg = —Vsar =
-400mV without causing clipping of the signal.

4. We want as big a small-signal voltage gain A, as is compatible with the other specifications.
5. We interpret the output swing as a downswing of V,: = 5V. We will take whatever upswing
we happen to get. See the swing analysis below for an explanation of why upswing and

downswing will not be the same.

APPROXIMATE SWING ANALYSIS

If the base voltage under the influence of an AC signal changes by the AC voltage vy, then the
collector current will change to the value 1 below.
EQ. 1

(Vg +Up)/ Vo — gV / Vn ‘

Ic =lge Ice
where Ic = Q-point collector current. The transient collector current is then

EQ. 2
lac = IC(eUb /VTH —1) .

Consequently the transient variation in output voltage at the collector is
EQ. 3
tac(Rc //RL) =Ic(Rc //RL )(eub IV _1) .

Consequently the downswing in output voltage, which occurs when v, =V, say, and the upswing
in output voltage, which occurs when v, = -V, sayz, are in the ratio given by

?|tis an approximation to assume the base goes up and down by the same voltage V.
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EQ. 4

Ve IV
e's TH _1)
Vdown _ (

Vup (1_8_\/5 /VTH)

For an undistorted output signal, we want V, = Vgoun, Or an up/down ratio as close to 1 as
possible. To keep the up/down ratio near 1 requires a small Vs. For a selected output swing, the
larger the gain, the smaller Vs will be. Because the gain cannot be made extremely large, we may
not be able to stay in the small-signal regime and still have an output swing of the specified V, =
5V. If we need an input Vs of more than a fraction of V1, the downswing will be considerably
larger than the upswing.

—eVs Vi

HAND ANALYSIS ADAPTED TO SPREADSHEET USE

The design requires values for R4, R; and Rc. If we do hand analysis by itself, we have to solve
for all the resistor values explicitly. We also have to find the maximum gain.

When we use a spreadsheet, we proceed differently. We select an independent variable:
say the Q-point collector current Ic. We make a list of values of I¢ the first column of the
spreadsheet. Then we find the Q-point Vge in terms of I¢ as the next column. Then we find the
transistor input resistance r;; in terms of Ic as the next column, and so forth. That is, each column
is a simple step in the solution, rather than a lot of algebra to find explicit expressions for each
resistor.

Once the spreadsheet is constructed, we can scan down the gain column and find the
maximum gain.

CHOICE OF VARIABLES

The circuit itself involves three variables: R4, R, and R¢. We are free to choose any values for any
of these resistors. However, the resulting circuit will not necessarily satisfy the specifications.
That is, there are only some particular values of Ry, R, and R¢ that result in a satisfactory circuit.
Moreover, to meet the circuit specifications, it may be that a change in one of the variables R4, R,
and R¢ implies sympathetic changes in the others: the variables R4, R, and R¢ are interrelated by
the specifications: the variables R4, R, and R¢ are not independent.

In the course of hand analysis we can see which variables make a good choice for
interpreting the design. These variables, which we will call the design variables, are not
necessarily the values of the circuit components R4, R, and R¢. The choice of design variables is
not unique, and may include some of the circuit component values like R, R, and R¢. However, a
happy choice of design variables can simplify the understanding of the circuit and the
organization of the spreadsheet.

It has been suggested above that the Q-point collector current I¢ is a good choice for a
design variable. We also will see that the Q-point current |, in resistor R; is a good design
variable. Because the specification for maximum gain determines the value of I, we find that, in
fact, I, is the only independent design variable.

ANALYSIS
Many bipolar parameters depend upon the Q-point collector current I¢, so this seems a likely
variable choice. We propose to make I¢ the first column in the spreadsheet. For convenience, we
make the first column Ic in mA, and convert it to units of A in the second column. Given I; we can
find the Q-point base voltage as Vg = Vge given by the diode law as
EQ. 5
VBE = VTH fn(lc/ls),

with Is = bipolar scale current, found from the bipolar dot-model statement in Figure 1, and V14 =
thermal voltage, V14 =kgT/q = 25.86 mV.

The output downswing is V., and the transistor will saturate unless vcg > —Vsat. The
collector voltage with the AC downswing is uc = Vo — Vout. The base voltage is Vg +V, = Vg +
Vou/G, where G is approximately the small-signal gain V,./V, and V,, is the transient increase in
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base voltage due to the signal. Therefore, the condition that the transistor does not go too far into
saturation is
EQ. 6

Uc = —Vsat = Vo ~Vou VB = Voul G — Vo = Vou(1+1/G) + Vg — Vgar.

At the moment, we do not know the value of G. However, G is large, so in this column of the
spreadsheet we neglect the term in G to obtain a first approximation to Vo, say Vo4 given by
EQ.7
Vo1 = Vout + Vg = Vsar.
Given Vo4, we find the first approximation to the collector resistance using Ohm’s law:
EQ. 8
Rei = (Vee = Voi)/lc.

EQ. 8 is an estimate for one of the three resistor values. We turn to the other two values R; and
R,. As we know Vg = Vgg, we can find R, from Ohm’s law as
EQ.9

R2 = VBE/IZ-

We do not know the Q-point current |, in Ry, which becomes a second design variable. From
Kirchhoff’s current law at the base, we find R, as
EQ. 10

R1=(Vce — Vee)/(l2 + 1c/B).

We now turn attention to the small-signal voltage gain. From a small-signal analysis, we find the

gain G to be
G- Vout _ _[IcRcC RL
Vb VTH ARc +RL )

EQ. 11

In EQ. 11 the leading factor is the maximum gain Gyax possible with this amplifier, found when
RL - o, given in EQ. 12.

EQ. 12

IcR
o (25

The second factor in EQ. 11 is the output voltage divider made up of the amplifier output
resistance Rc in series with the load resistance R,. In the spreadsheet we use the magnitude of G
to obtain a revised estimate of Vo. Let the first estimate of G be G, given by

EQ. 13
= _[ICRmJ[ RL j
VTH ARct1+RL

Then the revised estimate of Vg is Vo, given by EQ. 6 as
EQ. 14

Vo2 = Vou(1+1/G4) + Vg — Vsgar.

The revised estimate of R¢ is Rco given by EQ. 8 as
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EQ. 15
Rec2 = (Vee = Vo2)/le.

The revised estimate of G is then G, given by EQ. 13 as

EQ. 16
IcR
GZ:_[C ch( RL J
VTH ARc2 +RL

and so forth. We put in as many columns as it takes to get the correction in R¢ to be negligible.
Finally, we find the overall gain A, by putting in the input voltage divider as

EQ. 17
A, = Yout _ _( RIN J(lcRcz ]( RL J
Vs RIN+Rs A VTH ARc2 +RL

where the input resistance of the amplifier Ry is found from small-signal analysis as
EQ. 18

R|N = (R1//R2//rn),
and ryis given by
EQ. 19
_BVTH
Ic '
Given the estimate of EQ. 16 for G, we find the approximate output upswing from EQ. 4 as 3
EQ. 20

't

Vup = Vdown eXp(_VS/VTH) = Vout eXp[_Vout/(GVTH)]-

Spreadsheet construction

1] J Ik | L | 1

| ¢+
| 5 | |Enter Data Here %
| B | Supply voltage WCC= 15
- Output Swing Yout= 5
| & | Load R F_L= 10000E+03
|9 Source R F_S= 100
| 10| Max Forward Yeb Wsat= 0.4
L Current in F_2 2_ma= 2
2
| 12 | OC beta Edc= 100
| 4 Thermal Voltage Wth= 002528
| 15 | Scale Current | 5= {E-14
| 16 |
K3
| 12 | Design Variables
N F_C= 4323034923
| 20 | F_1= B405.244034
| 21 | F_2= 366.2314981
| 22 | L2[ma)= 2
| 23 | From Mazimum Gain IC_mas= 20
E3

25
[ «lp Dy charts /|« ol

FIGURE 2

The data entry box and design summary on the “Charts” worksheet
A general architecture for such spreadsheets uses a main data input worksheet that also contains
any trade-off plots we want. We'll call this worksheet “Charts”. Most spreadsheets will have

® An accurate analysis is described in Appendix 2.
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several worksheets, and using only one data input sheet insures that all the worksheets are using
the same data. Another advantage is that when data is input on “Charts”, we immediately see the
change in the trade-off plots on the same worksheet, which makes it easy to evaluate the benefit
of any change, and also avoids switching from one worksheet to another.

An example of the data input area on “Charts” is shown in Figure 2. The “design
variables” feature of Figure 2 is described in Appendix 1.

THE “IC_VARIES” WORKSHEET

Besides “Charts” we will have a worksheet in which I¢ varies, that is, I is a column
variable. The data input to this worksheet is copied from “Charts”, as shown in Figure 3.

NAME Box \ FORMULA BOx
ot | =| =ChartslVout
Bl C | o | E__|F-

1 i
2 IC Varies Worksheeat
3 Do NOT Enter Data Here
4 Supply Waltage WCC= 15
5 | |outpur Swing vout: [E00E-00— |
E Load R F_L= 100E+03
T Source B F_S= 100
g Max Farward Web Wzat= 0.4
k] Current in F_2 I2_m#As= Z2.00E+00
0 Current in F_C
1 OC beta BEide= 100
12 Thermal Waoltage Wth= 002586
13 Scale Current | 5= 1.00E-14
14
15 Calculated from 12 in mA, | 2= Z.00E-03
16

4 [ [p]IC_varies {12 4|4 f |

FIGURE 3

Data input to the “IC_Varies” worksheet is copied from “Charts” as indicated for the

variable Vot in the FORMULA BoXx
The FORMULA Box in Figure 3 shows that the value placed in E5 is taken from the cell named
Vout on worksheet “Charts”. This method transfers data from the data-input worksheet “Charts” to
this worksheet “IC_Varies”. The NAME Box in Figure 3 shows that cell E5 has been named Vout
on this worksheet. How to name cells is discussed shortly.

The worksheet “IC_Varies” also contains all the formulas of hand analysis already
presented in the equations above. To capture the dependence of the various variables on Ic,
variable I¢ is made a column variable, and all variables that depend on I¢ also are made column
variables. The structure of the worksheet is shown in Figure 4 and Figure 5.

R31 | =| =|_C*R_C2/vith
G | H | | [ J LK ] L [ m | N | o [ P | 7] _er | s [ 1 | 0 ] [
1
z lteration to account far upswing of base due ta signal input
3 FC Change
4 IC_m#a (I YEE ol B C1  OutDivider]  Gmaxl [El| oz B C2  OutDivider2  Gmax G2 ol B C3 b

] 1L00E-04 | 1L00E-07 | 0416514 OGS4 | 99831860 00000 | 320474 000367 | 123303 -1E=10 0.0000 -49614 | 0003867 | 123507 | -1Es10 0 000733

30 1.28E.01 128E-02 | 07209858 6320363 | 7H4.818 0.5E53 3742865 2132804 BG44411 | TR2A288 05705 3735783 M28867 5344443 | TR2ZHEV4 | 00003353
e | ZO0E-01 | 200E-02 | 0732463 | 5332463 4833769 0ET4H ATIE4T | 2R20205 | BRIBZIOG 4820044 0ET4E |3?3.D?41.| 2R1LETIE | B3BZIT | 4823835 0.00023508
32 351E.01 JHIE-0Z | 0747000 | B34TO01 | 2TE.O0969 0.7543 ATIETIZ | 292T4ET | BLGG403 2r4E1 07546 ATZEIET | 2323394 BIE4104 | 2T4E094 000024639
4[4 [p [mIC_varies { 12_Varies f Charts / |4
FIGURE 4
Column variables in the “IC_Varies” worksheet; the FORMULA Box shows the second
iteration of Guax from EQ. 12.

Negative entries have been flagged in red type using the menu FORMAT/CONDITIONAL
FORMATTING, and filling out the resulting menu. How to do conditional formatting is shown shortly.
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FIGURE 5

AC3T ] =| =InDividerGmax2*OutDivider2
W | [ | ® ¥ z | an | AaE | AC | A0

1

2 H
2 |RC Change F\ppmximateé
4 e Pl R_2 F 1 Pl Rl InDivider OwerallGain MasUpswing
5 | 00001733 | 2BSE0E.07 | 208407 | 7291589 25ZE0E.07 | 202EIE-02 | OEE954E | 0002539 i

30| 00003359 | Z0ETE-02 | 3604342 | BTOA34E | 2OIETE.02 | 12GESE.-02 | 055823 | U137 458398367
31 | 000028505 | L2930E.02 | 3662315 | B48G.244  12930E.02 | HHT4E-N D.434938| 122 06 _| 490154445 ¢
32 | 0.00024633 | TIESTE.01 | 3736003 | BOEZTIS | TIEHTE.N | EN03 43152101
4 4 [» [ W] IC_varies 12 Vaties £ Charts / |4 ol

The other half of the “IC_Varies” column variables; the FORMULA Box shows EQ. 17 for the

overall small-signal voltage gain A,

NAMED VARIABLES

Named variables are used throughout the spreadsheet. By using NAMED variables, all
formulas are shown in the FORMULA BOX in algebraic form, which makes it easy to check the
results against the formulas from hand analysis. As an example of the utility of NAMED variables,
in Figure 4 the formula for Gyax is shown in the FORMULA BOX. This equation is easy to check
against EQ. 12. Likewise, in Figure 5 the formula for the overall gain appears in the FORMULA

Box.

Here is an example of how to make NAMED variables. By highlighting the cells D5 and E5
in Figure 3 and using the menu INSERT/NAME/CREATE, we name cell E5 as Vout, as shown in the

NAME BOX.

Column variables also can be named. Figure 6. shows naming of the column OVERALL
GAIN. The entire column and its name are highlighted before selecting the menu.

J File Edit WView | Insert Format Tools Data Window Help Acrobat —|ﬁ'|_
AC4 i Cells..,
W Rows z [ as, | ae [ Aac | aD
3 |RC Change — Approgimate
4 % ' Columns i Rl InDivider fOverallGair] MaxUpswing
(L5 | oomoirzz | 2885 Warksheet GOE-07 | 20261E-02 0669546 | 0.002559 i
6 | oo0zor: | 1243 ﬂ - 30E.07 | 2H07E-02 | 0678526 | 0005248 | 466E-281
7_| nooxsTsz | BEED =L 000 ODES0F | ZIG00E-02 | 0653543 | 000783 | 3.297E-187
g | noneasara | mize  |ac.ne | ascoac.ne | necacoe | neessss | oarec wa
e oooozossr | e Page Break 67E-01 | 201z0E-01 | ooozoos [[oFaeoes ] 495226508
46 | 000020691 | 1292 e Eunction,.. 30E-01 | 12902E-01 | 000f2ss || 047192 | 4as220ie
A7 | 000020315 | 7.36% pu— : 0000736 | 0.zesa07 | 453211145
48 | 000020894 | 5A72 Define. . 0000516 || 0dsa528 | 493205147
49 | 000021 | 323 g Comment Paste... noo0zes | onrrs | 4 amseszs
50 ] Magimum= 122 0601
[/ 4 [0 |MHIC ¥ari  Picture > Bpply Erll
: Chiject. .. —
foesei s & i%;] link...  Ctrl+K Label... < FER@
S mAnd YREHInE. .. it Fa==m I A |

FIGURE 6

Naming the OVERALL GAIN column using INSERT/NAME/CREATE

Named variables also make it easy to make additional worksheets, for example an
“I2_Varies” worksheet where |, is a variable instead of Ic. We simply use the EDIT/MOVE OR cOPY

SHEET menu to obtain the menu of Figure 7.
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E| [= | D E [F] G H | [ J | E | L
KN 2
2 | |IC Varies Worksheet i 1. t
3 | [DoNOT Enter Data Here Move selected sheets
"4 | |5upplyvoltags WEE= 15 IC_m. LS Tgbook:
b Clutput Swing Wouk= & 1.00E-04 100E-07 |
6 | |LoadR FiL= 1000 200E-04 | 200E-07 |CE Design Project. xls j
7 | |sourceR F_S= 100 J00E-04 | ZO0E-07
_ 8 | |MaxForward ¥ob Wsat= 0.4 so0E-04 | monE-y  DEfOre sheet:
_ 8 | |curentinF_2 I2_mas 2 SO0E-04 | S00E-07 | [vout_Maries =]
o | JCurrentinF_C 100E-02 | 100E-0F Bdr_Waries
| |oCbeta Ede= 100 ZO0E-03 | ZOOE-06
12 | | Thermal vokage Wth= 0.02586 200E-03 | 300E-06 | |Charts
12 | |Secale Current | S= 1.00E-14 5.00E-03 | S.00E-08  |i{move ko end)
14 00E-03 | S.00E-08 d|
16 | | Caleulated from 12 in mA 2= 200E-03 LOBE-02 | 100E-05 oo
16 | 200E-02 | 200E-05 reate acopy
7| JO0E-02 | ZOUE-05
18 | BODE-02 | 5.00E-05 ok, I Cancel |
[ [4[p [#[% vout Varies f Bdc varies »IC_¥aries  Charts / |

FIGURE 7

Checking the MAKE A COPY box creates a copy of the selected worksheet

The beauty of named variables when creating a new worksheet is that nothing has to be
changed on the copy to convert from an I variable to an I, variable except the Ic(mA) column on
“IC_Varies” is replaced with an I;(mA) column on “|2_Varies”.* This column is NAMED 12_mA,
replacing the single-valued entry for 12_mA in Figure 3. Then the single-valued entry for I2_mA in
Figure 3 is replaced by a single-valued entry for IC_mA, and NAMED IC_mA. See Figure 8 below.

IC_ma =] =| =ChartsllC_m
El [ | o | E_|[F] E | H | e
2 12 Varies Worksheet
3 Do HOT Enter Data Here
4 Supply Waltage WCC= 15 I2_ma L2 VBE
5 Output Swing Yourt= 5.O0E«00 LO0E-04 | 100E-0F | 0732463
B Load R F_L= 100E+03 ZO0E-04 | 2Z00E-0F | 0732463
7 Saource R F_S- 100 I00E-04 | 200E-07 | 0.732463
] Plat Forward Yeb Yzat= 0.4 GO0E-04 | BOOE-OF | 0732463
3 Current in F_2 SO0E-04 | S00E-07 | 0732463
10 Current in Fi_C IC_mP.:IEIZI r[ LO0E-03 | 100E-06 | 0732463
1l OC beta Ede= 100 ZO0E-03 | 200E-06 | 0732463
12 Thermal ¥oltage Wrh= | 0L.02536 FO0E-03 | S00E-0B | 0.732463
13 Seale Current I S= 1.00E-14 BODE-03 | BOOE-0E | 0732463
14 SO0E-03 | S00E-05 | 0.732463
15 Caleulated from IS in ma |_C= 2.00E-02 LO0E-02 | 1O0E-05 | 0732463
414 [p [ pn12 varies £ Charts £ |4 E 9l

FIGURE 8
A worksheet with I, as a column variable instead of I¢

CONDITIONAL FORMATTING

In Figure 5 the maximum gain is automatically highlighted in bold blue font to make it easily
identifiable in the GAIN column. To do this formatting, first the maximum number in the GAIN
column is found using the EXCEL function MAX(), as shown in Figure 9.

* See Appendix 3 for more detailed instructions on creating the “I2_Varies” worksheet.
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0.001017 3%

2B3E0E+07 | 202407

231589

2EEE0ELO7 | 202E1E+02

haximum j =| =MAX[OverallZain)
W | W w1 ] z | A8 __ac_ | AD
1
2 H
3 |RC Change Approximateé
4 2 Pl F2 R Pl FilR InDivider CwerallGain MaxUpswingi

0002533 1]

| 49 |

| 50 |

0.00021 J2I26E-02 | 4TIATIE | ATERRA] | Z232BE-02 0 3ZZEIE-02 0 0000323 00FVE 483196326

4[4 [r [M[IC_varies { 12_varies £ Charts / 1

1

Bl

FIGURE 9

Finding the maximum gain in the OVERALL GAIN column using EXCEL function MAX(), as

shown in the FORMULA Box.

The cell AC50 is named MAXIMUM, as shown in the NAME Box. Because the OVERALL
GAIN column has been named OVERALLGAIN, the argument of the function MAX() is shown in the
FORMULA Box as OverallGain: the argument of MaX() is the entire column. To cause the
maximum gain to be highlighted in the GAIN column, we next highlight the entire gain column and
select FORMAT/CONDITIONAL FORMATTING. We then fill out the menu as shown in Figure 10. As a
result of the conditional formatting in Figure 10, when a cell in the OVERALL GAIN column contains
a value equal to the maximum gain, its contents are formatted as indicated in the FORMAT box in
Figure 10.

Conditional Formatting 2xl
ondition 1
Wﬂ quual ko j |=Maximum B3|
Preview of Format ko use AaBhCcYvZz Farmat |
when condition is true: ¥ =

@l add == | Delete. .. | QK I

Cancel |

FIGURE 10
Formatting the GAIN column to bold-face the maximum gain in the column in blue font

CHARTS

The “Charts” worksheet also has plots of three circuit variables of some interest to the designer.
These charts are shown in Figure 11.

The top panel in Figure 11 shows the overall gain as function of Ic. A maximum is
evident. The middle panel shows the estimated maximum upswing at the output, as approximated
by EQ. 20. The bottom panel shows the input and output voltage divider ratios as a function of I,
demonstrating that they have opposite tendencies: the input divider goes down with I, while the
output divider goes up.

Perhaps you did not expect to see a peak in the overall gain. But now the chart has
brought this to your attention, it requires explanation, which will increase your understanding of
the circuit. The bottom panel showing opposite trends of the dividers provides a clue: the product
of these two factors will show a peak, and as the overall gain involves this product, we suspect
the opposite trends of the two dividers lead to the peak in the gain in the top panel of Figure 11. It
remains to understand just why the dividers behave oppositely.

In general, understanding the trends of the trade-off curves is a big step toward
understanding the circuit behavior.
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22 'E 0.3 =

jj i 06 0.67459
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Py E - -Tgéns%{tw Driver

w 'D 0 Design I 0.43500

33 1E-04 1E-03 1E-02 1E-01 100 1E-01 1E-02 1E+03 1E+04 1.E+05

1I_C (mAj)
40
|4 |4 |» | #[5Charts / 1
FIGURE 11

Charts displayed in the “Charts” worksheet

Selecting the design

As pointed out in connection with EQ. 4, the least distortion will result if the gain is maximized. A
large gain is also one of the specifications. Therefore, we choose the design with the maximum
gain in Figure 11. This choice determines Ic. At this point the only unspecified variable is |, the
current in R,. We can explore the effect of I, on the design by typing different values of I, into the
Data Input box on “Charts”, shown in Figure 2. Alternatively, we can add an additional worksheet
“|2_Varies” and look at the trade-off curves as a function of I,.> Example charts are shown in
Figure 12.

®See Appendix 3 for details.
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FIGURE 12

Trade-off charts from a second worksheet, 12-Varies
From the top panel in Figure 12 it appears that a low value of I, is advantageous. The selected
design is fairly high up the trade-off curve (the design marker is near the top of the gain curve),
but we might ask what happens if we go higher. It is easy to generate such a design, just type in
a different value for I,. Decreasing I, to 0.1 mA results instantly in the design shown in Figure 13.

IC_mA x| =| =D
c | o [ e | F | & | H | J k] L =] W | o | F | & | R | &8 -

-5 OwverallGain Enter Data Here 16E+02
2 j g_Design '%—140-55541— DS o - LEW2 Bl 065541
s | =0 L Load R F_L= 10000E+03 g 10E.02 A
[a| & W 7Y Source R RS- 100 S it LY
Lo | £ gg T Pan Forward Veb Wsat= 0.4 'E B.0E01 LY
| G an Current in F_2 12_ma= 0.1 2 4.0E«01 A
|1 | 20 F. AN 20E-01 kN
| 13 | 0 o DOC beta Ede= 100 0.0E+00 e
| 14 | 1.E-04 1E-02 1.E.00 1E.02 1E+04 1E+0E Thermal woltage Wth= 0.02536 1E-04 1E-02 1E«00 1E«02 1E+04 1E+08
| 15 | 1_C (ma) Seale Current 1 5= 1E-14 I; {mA)

16
L7 —haxUpzwin
e o S'J o Dotign g| | Design Variables nE =i '
18| < 51 ot FLC= 4823834923 g 05 ‘\9-55392
20| 2+ /‘ 4,901 64 Fi = 4755845669 2 04
| 21 | § 3 7 F2= 7324529921 2 03 \
l2z| &2 7 |_2ma= 0.1 ! 5 o2 \

23] 21 ~ From Magimum Gain IC_mé=[[z0 g .. N

24 0 - - hN
| 25| £, !
2| 1E-08  1E-02  AEe0D  1E«02  1EsD&  LE«DE 1E-4  1E-02  1E.D0  1Ea02  1EW04  LE.0B
| 27 | 1_C (maj} Iy (mA)

M| 4k M Charts
FIGURE 13
Design with a modified I, = 0.1 mA

It is clear that a higher gain results for the lower value of I,.

SOLVER
This design can be optimized further using the EXCEL tool SOLVER. Going to the worksheet
“IC_Varies”, we select the cell with maximum gain. Then we use the menu selection
TOOLS/SOLVER to obtain the menu in Figure 14.
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FIGURE 14

Using SOLVER to maximize the gain
In Figure 14 the TARGET CELL is the gain cell AB31. SOLVER is instructed to maximize this cell by
changing the collector current cell G31. SOLVER also has been instructed to search only in the
region near the present maximum by the constraints 10 mA < I < 30mA. The result of running
SOLVER is shown in Figure 15.

ARG | = | =InDividerGmax2*OutDivider2
G [ H | I z [ an AB A
4 IC_ma, LE VEE Rir InDivider CwerallGain Maxlpswing
25 | SO0E.00 | SO0E-D3 | 0E36E13 | 4.7I04E.D2 | 0827299 | 1054172 | 430760307
28| 200E.00 | BO0E-D3 | O.FOSTRE | BOFASE.02 | O.FG48TI | 127483 485443497
(30 | 100E.D | LODE-DZ | 0714533 | 248V0E.DZ | 071322 | 1355095 487013514
_31 | 1.59E.01 | 159E-02 | 0726431 | 15892E.02 | 0613773 142449 1 4mam4am
32 | 300E.M | 200E-02 | 0742948 | SE00SE.D1 | 0459483 1296235 | 491216139
(23 | SO0E.D1 | SOO0E-D2 | 0.FSEI53 | SAZBSE.D1 | 0338577 | W0S7H4E | 492055589
34| SO0EWN | SO0E-DZ | OFEENMI | 32124E.01 | 0243136 | 2071349 492626627
(35 | 100E.DZ | LOOE-D1 | D.FV4053 | 2EFZ3E.D | 0204538 | BA3VIE4 | 492631052
(36 | 1G9E.02 | 1BSE-D1 | 0.7RE026 | 1G2I0E.D1 | 0439633 | 4587955 492303307
(37 | 300E.02 | BOOE-D | 0.202453 | B5S94EE.00 | 00TIM4 | 224224 | 49203624
(25 | SO0E.02 | SO0E-M | 0815703 | SASESD0 | 004905 | TR3I574 | 493162779
29 | BODE.02 | 2O0E-D | D.827EST | BIZEIEL00 | 00M245 | NA1257 | 493202182
40 | 100E«D3 | 1O0E-00 | 0833628 | 26804E-00 | 0025155 9204482 | 4.932014018

W”HHP'\IE '|||'a||4§ :

FIGURE 15

vl

SOLVER solution: the maximum gain for I, = 0.1 mA occurs for Ic = 15.9 mA where the gain

is 142.4 VIV

The resulting design summary from “Charts” is shown in Figure 16 below.
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FIGURE 16

Optimized design for I, = 0.1 mA
Compared to the design for I, = 2 mA, this design for I, = 0.1mA has higher gain and a lower
value of I =15.9 mA, which will lead to lower power consumption. It would appear that this design
is better than the earlier design with I, =2 mA. A decision between these designs could be based
upon power consumption, distortion, 3-sensitivity or some other criterion that has not been
brought up yet.

PSPICE verification

The spreadsheet is verified by pasting the resistor values from the spreadsheet into the
schematic of Figure 1, running a Q-point, running a small-signal gain plot, and running a large-
signal transient analysis to show that the Q-point, gain, and signal swing is as expected.

VP
VP
DESIGN PARAMS: 1500\/ i
RC = 482.3834923  rrymeyy T {VCC} 15.00
R1 = 6485.244094 : =0 ' 19.98mA
R2 = 366.2314961 2.200mAg "RC
GIVEN PARAMS: § R § {RC}
RS=100 VCC = 15V Y SRECE  C2 our
RL=1k VS ={(Vout/Gain)} 19.98mAN “lcoy
cC=10_F RS  C1 B p o1
OTHER PARAMS: . M?IQS} + I%CC} 732.5m - &N Qideal_N
Gain = 122.06V/V Vac T | g R
Vout = 4.25V \Y 2.000mA ; -20.18mA " {RL}
Dot-MODEL 5 2 VSIN § R2
Bdc = 100 fivs) {R2}
1kHz
Is = 10fA e
:O _-__0
.nmodel Q deal _N NPN (Bf={Bdc}, |s={Is})
FIGURE 17

Q-point schematic from a Bias simulation profile showing the Q-point output voltage is
5.364 V compared to the spreadsheet value of 5.352V; the base voltage of 732.5 mV
compared to the spreadsheet value of 732.5 mV and a current Ic = 19.98 mA, compared
to the spreadsheet value of Ic =20 mA
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FIGURE 18

Small-signal gain plot from an AC Sweep/NoISE simulation profile showing overall gain of

121.95 V/V, compared to spreadsheet value of 122.06 V/V
Figure 18 shows the small-signal gain from PSPICE agrees with the spreadsheet. Figure 19 below
shows that the downswing of 5V is realized before the saturation of the transistor causes clipping
(flat-bottoming) of the output waveform. Figure 20 shows the output for the second design with I,
= 0.1 mA. There is a slightly better up/down ratio (less distortion) in this design.

10V t t t t t t t t t t t t t t t t t t t
i (-4.995V) /""_“\“ A
0V-is
:\J_/ (3. 344V\_/ :
i I 2=2mA ]
-10V 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
Os 0. 5ns 1.0ms 1.5ms 2.0ns
» V(OUT)
Time
FIGURE 19

Large-signal transient plot from a TiME DOMAIN (TRANSIENT) simulation profile showing
downswing of -5V is realized for Vs = 34.4 mV; clipping occurs for a larger input signal, Vs

=40 mV

10V ' ' ' N ' ' ' ' N ' ' ' ' N ' ' ' '
OV--.\W \—///'—\
r 12=0. 1mA ]

-10V 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
Os 0. 5ms 1.0ms 1.5ms 2.0ms

o V(OUT)
Ti me
FIGURE 20

Output from a TIME DOMAIN (TRANSIENT) simulation profile for the lower I, = 0.1 mA design;

Vs = 29.1 mV; clipping for Vs = 36 mV

However, Figure 19 and Figure 20 show that the maximum output upswing is only V,, =
3.3V, compared to an anticipated upswing of 4.9V from the spreadsheet. We explore this
discrepancy by looking at the base voItage.6

® A more accurate upswing approach is described in Appendix 2.
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FIGURE 21

Base voltage variation from a TIME DOMAIN (TRANSIENT) simulation profile shows a gain of

339 V/V on the upswing of the base (downswing of the output), and 174V/V on the

downswing of the base, compared to G = 252 V/V from the spreadsheet
Comparison of Figure 19 with Figure 21 shows that the gain is larger on the downswing of the
output, as might be expected since the maximum gain varies as Gyax = |cRc/V1H, so the gain is
larger when the 1cR¢ drop is greater, that is, on the downswing of the output. The approximate
swing analysis of EQ. 20 ignores this fact.

Advantages of using EXCEL with PSPICE

Combining EXCEL with PSPICE has several advantages:

1. No matter how good we are at algebra, there is a suspicion in our minds that some errors
could have been made. Putting our analysis into the spreadsheet and checking it with PSPICE
tests our formulation very easily to be sure it is working, or over what range of values it is
working. Knowing our formulation is correct is real empowerment: we know we can explore
this design!!

2. If errors do crop up, our attention is immediately focused upon what is wrong with our
concept of how the circuit works. This focus on concept is much more fruitful (and faster) than
making trial-and-error adjustments directly in PSPICE. Finding a conceptual error is an
expansion of understanding; finding some accidental numerical “fix” by tinkering in PSPICE
does nothing for understanding.

3. We can change the specs, and the spreadsheet effortlessly and immediately generates R,
R and R¢ values; allowing immediate generation of the PSPICE crosscheck. The ease of the
procedure encourages exploration for as wide a range of cases we might like to attempt.

4. We obtain immediate assessment of trade-off changes when parameter values are changed,
because the graphs in EXCEL are immediately updated. Seeing the graphs can alert us to
important circuit behavior we might otherwise not notice. For this example, the peak in gain
has been discussed.

5. We can use the spreadsheet tools as well as the PSPICE tools. We have used SOLVER to
optimize the gain in the example here.

6. The spreadsheet can be used in conjunction with PSPICE to treat real transistors. We plug the
real transistors into PSPICE and read out the transistor variables we need for the spreadsheet
from the PSPICE output file, for example, the values of  and r,. These PSPICE results are
input to the spreadsheet, leading to new spreadsheet values for Ry, R, and R¢. A few
iterations and we have a spreadsheet consistent with PSPICE. Any unfixable inconsistencies
teach us that some facet of the real circuit has escaped our analysis. For example, maybe an
approximation neglecting output resistance is too coarse, or our calculations of small-signal
parameters are inaccurate.

Summary

A design tool has been developed that makes resistor selection for the circuit of Figure 1 easy.
The tool also shows the gain and signal-swing design trade-offs involved in this selection, so it is
clear what direction the design must go to meet gain and swing specifications. Understanding
these trade-off curves leads to understanding of how the circuit works.
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Assignment

Construct the above spreadsheet (don’t bother with the I,-worksheet). Do the design for an output
downswing of Vs = 8V and a series resistance of Rg = 20 Q. Use I, = 1 mA, and optimize Ic
using SOLVER. Resistor R, is unchanged. Make a report, following the instructions below.

REPORT

The report is made using the template Lab.dot available on the class web page.
Headings, subheadings, figure captions, and all other formats are done as described in the
instructions on the template.

A DERIVATIONS section should include derivations of the above formulas, including EQ.
12. If you need sketches of the circuit, you can paste hand drawings, or you can use the
schematic editor in PSPICE and annotate using WORD. PSPICE output is copied by computer into
the report along with screenshots of the spreadsheet. There are keyboard shortcuts in the
template to do this.

A DESCRIPTION section should describe your spreadsheet. Show all figures needed to
document the spreadsheet and PSPICE simulations that verify it, but drop the purely explanatory
stuff. It should be possible for someone already familiar with EXCEL and PSPICE, but not with the
CE amplifier, to duplicate your work using your report.

A DiscussION section should explain the trends of the trade-off curves in Figure 11 and
Figure 13. Why is there a maximum in overall gain as a function of Ic? Why the opposite trends in
divider ratios as a function of Ic? Why the monotonic increase in maximum swing with Ic? Why
the drop in gain with 1,7 And so forth.

A SUMMARY section should be included recapitulating the final values for the resistors and
tabulating the comparisons between the specifications, spreadsheet values and PSPICE values.
Comment on the origins of any discrepancies, and the adequacy of the hand analysis for this
case.
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Appendix 1: Design summary on “Charts” worksheet

It is perfectly feasible to read the resistor values off the “IC_Varies” worksheet that correspond to
the maximum gain. However, it is a nice addition to have the selected design point displayed on
the charts of Figure 11, and to have the resistor values summarized in the “Design Variables” box
of the “Charts” worksheet in Figure 2 for convenient pasting into PSPICE.

These features of “Charts” can be obtained using a Visual Basic program in EXCEL.
However, here we describe a different approach that does not require Visual Basic. Instead, we
create a “Design Report” section of “Charts”, as shown in Figure 22.

Y31 | =| =IF(x31=Maximum IC_\arieslAB31 0)
W | ® | ¥ [ 2 | &a | a8 | AC | &0 [ 2E

_2 |Design Report from Other Worksheets
_3 Gain Mlay
L IC_mA  Gain DCiz=ign UpSwing F_C3 F_1 F 2 OutDivider2  InDivider
3 I 122E.02( 1220600957 1 4.901644 | 4823935 E485.244  IREZNG | DETSSEE4E | 0434392
- 0 1IE02 [ 0 0 0 0 0 0
a3 0 4.71E+01 0 0 0 0 0
a4 0 7 R4 0 0 0 0 0 0 0
35 0 £.6AE+0 0 0 0 0 0 0 0
36 0 3A3E+M 0 0 0 0 0 0 0
_ar | 0 Z.T3EM 0 0 0 0 0 0 0
38 | 0 1.7EE+D 0 0 0 0 0 0 0
34 | 0 1LIZE+01 0 0 0 0 0 0 0
40 | 0 3.15E+000 0 0 0 0 0 0 0
4| 0 4.6EE+00 0 0 0 0 0 0 0
42 | 0 31300 0 0 0 0 0 0 0
43 | 0 1.55E+00 0 0 0 0 0 0 0
44 | 0 11200 0 0 0 0 0 0 0
45 | 0 344E-01 0 0 0 0 0 0 0
45 | 0 4.72E-0 0 0 0 0 0 0 0
47 | 0 14E-0 0 0 0 0 0 0 0
48 0 1.89E-m 0 0 0 0 0 0 0

43 1] 1.13E-01 i 1] i 1] i 0 i

B0 20 1220600957 | 4301644 | 4523535 455244 | 3662315 | 0ET4ESO645 0424993
51 | Mazimum 122E+02 Gain Swing RC Fi Fiz CutDivider[rew] | InDivider
Wﬁ » | p[%Charts / J 4 LI_

FIGURE 22
Design report section of “Charts” worksheet

The GAIN column in Figure 22 copies the GAIN column from the worksheet “IC_Varies”. At the
bottom of this column, the maximum gain is found using EXCEL function MAX(), and named
MAXIMUM. In the GAIN DESIGN column an IF() statement is used to print only the maximum gain,
and zeros otherwise. Likewise, in all the other columns, the only entry printed from worksheet
“IC_Varies” is the entry corresponding to the maximum gain. At the bottom of each column, a
sum is made of the entire column using the EXCEL function Sum(), which simply is a device to get
all the entries corresponding to the maximum gain in the same row, Row 50.

Now we use Row 50 in two ways. First, we report the values for the resistors back to the
DESIGN VARIABLE box on “Charts”, as shown in Figure 23.

IC_ma = = =W0
I J [ K | L [~
|17 |
| 3 | |Design Variahles
|18 | F_C: 4623834323
20 FLI= 6485244084
IEX F_2= 356231981

2 |_2[m#)=
23 From Masimum Gain IC_mA=
4

|25 |
4 p [mcharts /|«
FIGURE 23

Value of IC_mA is copied into the Design Variables summary from cell W50 in Figure 22
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The same is done for the other entries in the “Design Variables” box.

The second use of Row 50 in Figure 22 is to put a boxed point on the trade-off curves
corresponding to the design in the “Design Variables” box. The point is added simply by plotting
the point in Row 50 that belongs on the chart. An example is shown in Figure 24 for the gain plot.

Source Data el |

[rata Range Series |

— DyerallGai
w 0 Deson | 122.05010
120 _.JE'T -
- 100
z FIAY
= a0 _f \
.E 60
o 40 f \
/ Y
20 F. <
0
1604 1E05 1E-02 101 1000 U (Eioe 1Ea0s 1Ee04 1E4s
Series
CrverallGain Hare: |="Design" =]
®Values:  |=Charts!$W$s0 5]
7| wvales:  |=Chartsigr4so =]
Add | Remaove |

@l ok I Cancel

FIGURE 24
Adding the boxed point for the selected design to the gain chart

The added point can then be formatted as a box. Simply right click on the point and format it as
shown in Figure 25.

Format Data Series 2=l
Data Labels I Series Crder I Options
Axis I % Errar Bars I % Errar Bars
rLine Marker
 Automatic " sutomatic
' None " Mone
 Cuskam & Custom

Skyle: Ii v| Shyle: I O vl
Colar: I Autarnatic 'l Eoreground: I_ VI
Weight: Background: I Mo Color 'I
Sige: IS E‘ pts

[~ shadow

¥ Smoaothed line

rSample

O

FIGURE 25
Formatting the symbol for the displayed point in the gain plot

The DATA LABELS tab allows attachment of a tag to the design point that displays its numerical
value.
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Appendix 2: Improved upswing analysis
The upswing analysis based upon EQ. 20 is not accurate. If we want to design the circuit based
on both upswing and downswing behavior, we need a better estimate. A better estimate is found
here using the large-signal relationships for current. On the downswing of the output node, the
diode law gives the transient collector current ¢ in terms of the transient portion of the base
voltage V, as
EQ. 21

c = Ic(evb IV1u —1),
and this transient current flows through the coupling capacitors (which are short circuits for
transient current) and through R and R, in parallel. Therefore, the downward output swing is
EQ. 22

Vout = 1c(Re//RL).

EQ. 21 and EQ. 22 combine to relate V, to the given output downswing V, as
EQ. 23

Vout = IC(eVb IV —1)(RC NIRL).

EQ. 23 can be rearranged as EQ. 24 to find the base swing V}, that produces an output
downswing Vg, hamely
EQ. 24

Vb = Van In[1+Vou/(Ic(Re//RL)].

where V, is given by the swing specification of the circuit. For the output downswing Vg, we
need a specific input signal Vs. From Kirchhoff's current law at the base we find
EQ. 25

VS = Rs(vb/(Rs//R1//R2) + Ib),

where |, is the upswing in base current given by EQ. 21 and the transistor (3 as
EQ. 26
I :[I%j(evb/vth —1).

Given V,, from EQ. 24, and |, from EQ. 26, with EQ. 25 we can find Vs.

Knowing Vs, we now can find the output upswing. We apply a negative signal of size Vs,
and find the corresponding downward base swing as V,,, say7. We apply Kirchhoff’s current law to
the base to find
EQ. 27

Vu + Ic (1_e_vu/VTH):V_S
Rs//IR1//R2  BpC Rs’

where we have used the diode law to find the transient collector current i on the upswing of the
output node as
EQ. 28

1c = IC(’I —e Vu/Vmm j

" The base swings down, which might suggest using Vg4, but | want to keep track of this case being the
upswing of the output node, so | used V,.
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The upswing collector current from EQ. 28 differs considerably from the downswing collector
current of EQ. 21.

EQ. 27 determines V,, but it is a very nonlinear implicit equation. To solve it, notice that it
simplifies for the cases V, >> V1 and V, << Vqy, because the exponential is negligible in the first
case and becomes approximately 1 -V, /V1 in the other case. We refer to these two cases as
the upper and lower asymptotes of EQ. 27. To solve EQ. 27 we note that the two asymptotes
cross each other at the value V, = V1. Therefore, we find a first guess for V, from the lower
asymptote if V,, < V1 and from the upper asymptote if V, > V4. Of course, at the beginning we
do not know which case applies, so we solve for V, using the lower asymptote as
EQ. 29

Vu ~ VS /RS - Vl]
1/(Rs I/R1/IR2)+Ic /(BDCVTH)
Now we check to see if this estimate is less than V. If so, we keep this as our first guess at V,

V,' and generate the next guess V2 by putting the exponential back into the equation as
EQ. 30

1
(Vs /RS)(1—VL] IV -~ Vu /VTHJ

2
VT =
Y 1/Rs IR1/IR2)+Ic [(BDCVTH)

We continue iterating like this to convergence (about four tries).
If we find our estimate from EQ. 29 is larger than V1, we are on the upper asymptote, so
we switch to the upper asymptote solution, which is
EQ. 31
V, = (Vs/Rs = lo/B)(Rs//R1/IR,) = V.

Then to generate the next guess for V,,, we reinsert the exponential as

EQ. 32

1

v2 :[V—S—'QJ(RS//R1//R2)1—e Vi !V |
Rs B

Again, we iterate to convergence. We put V, into EQ. 28 and find the upward output voltage
swing is then
EQ. 33

Vout(uD) = IC(RC//RL),

which is the final result we are after.

Notice that the difference in output upswing and output downswing is due to the
appearance of exp(Vp/Vry) in the downswing analysis and exp(-V,/V1y) in the upswing analysis,
which leads in turn to different values V,, and V, for the base swing in the two cases. That is, the
difference in up and downswings is a nonlinear effect.

Once this upswing modification is inserted into the spreadsheet, we get a much more
accurate upswing graph, as shown in Figure 26 below.
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c [ o | E [ F [ & [ H | J | L T N [ o [ P [ @ [ R [ s -
5 - Enter Data Here
| & | 10 |~ @weraltzain ' J— Supply Yoltage ¥CC= 16 1EE.02 §
KX o 1| O Design o |1z20E010_ | Dutput Sving o }ZEEE -
s | 5 w0 A Load R Fi L= 10000E+03 g LIE.02 %
s | E =0 !I Y Saures R Fig= 100 2 i 12208010
| 10 | ,5 B0 j My Forward Veb Wzat= 0.4 -E EOEs \\
| 11 o 40 \ Currentin F_2 I2_ma= 2 & 40E.M v
12 20 20E-0
| 13 | 0 — OC beta Bdc= 100 0.0E+00 e
| 14 | 1E-04  1E-02  1E00  1E.D2  1E«04  1E.08 Thermal Yaltage ¥iths 0.02536 1E-04  1E-0Z  LE00 1E«DZ 1E«4 1EsDE
15 1_C (m#a) Sicale Current 1 5= 1E-14 I; (mi)
15 |
| 17 — iz psaving
B B"| O Design | Design Variables oE
8| &5 o Dot touch R_C- 4823834923 § 0% iy
EJ- A File E455.244034 o4 048500
2 Fi 2= 3662314851 o 03
E3 § ; AR LaimA)e 2 T o2 LY
| 23 | i } / From hasimum Gain IC_ma= 20 E‘ a1 \\
S " o N
| 25 | 1E-04 1E-02 1E+00 1E+02 1E+04 1E+0E 1E-04  1E-02  1E.00  1E.02  1E.04 1E+0E
El 1_C (mA) Iz (ma)
|4 |4 p [m]f Bdc_varies £ IC_varies / Iz_Waries % Charts /

FIGURE 26

Charts worksheet with improved upswing plot (lower left) that now agrees with PSpICE
The implementation of the algorithm on worksheet “IC_Varies” is shown in Figure 27 and Figure

28.
AG30 j =| =IF(Lowerfsy=Vth, LowerAsy Upperdsy)
a8 [ ac | aD | A | AaF A6 | aH [ A | A | Ak | AL [ aM [ AN [ aD | ap |

3 RCHBEL  RsMRINAEZ ALC Baze Signal down  Check | Approsimate
T4 |OweralGain RC_BL Rs A1 H2 Lowerfsy Upperfsy Wu ol o2 LTk ot Wb I s Whi Maxllpswing
_ 5 | 0002683 | 1000 BEAG43 | 028FMT | 028FME | 028348 028348 022348 | 028343 | 02838 | 02798 BE-06 | 4228938 02798 | 9.9993E-05
30| 13006 | 4913309 | TR24386 | 002003 | 0.0%e2es | 002003 F 00243 | 0.021608 | 002063 | 0021634 | 0018152 0000102 | 0.0336759 | 0018182 | 273490857
L3 | 122,08 | 325407 FTENIF | OUMGEED | 0043 | O01GEEZ | OOMZ306 | 0MBE0I | 0.0M9EEV | 0.018EVE | 0.0M4F4 | 000054 | 0033574 | 0.0MT4 | 3347508
32 | 163613 | 2421768 | TRE0NG | 006503 | 0006156 | 0016503 | 0017326 | 00I7TIZ | 007227 | 0017849 | 0013493 0000Z0E 00374 | 0013499 E36E9E2
4[4 p [ Your_Varies £ Bdc_Varies %IC_Waries  12_Varies £ Charts /

FIGURE 27
Use of an IF-statement to select asymptote depending on value of V,
AP31 | =| =I_C*RC_RLY{1-EXP(-Vud/vth))
a2 | ac | anD | A | aF | Az | aH [ A | a) | Ak | AL aq | an | a0 [ AP |

3 RCHRL RsMRIMRZ AC Baze Signaldown Check | Approgimate

4 |OverallGain RC_RL  Rs RI_R2 Lowerdzy Upperfisy u Wl W2 Wud ud h Ib s hi MaxUpswingE
C 5 | 0002589 | 1000 GEO548 | DZBIMT 0283148 | 0203148 | 0283040 | 0283M8 | 0203148 028348 | 02798 SE-05 | 04228938 | 02798 | 9.9998E-05

30 | N2Z006 | 4913309 | 7724306 | 002003 | 0018288 | 002002 | 00243 | 002608 | 002631 | 0021634 | 00152 | 0000102 | 00336759 | O.0IRIE2 | 278480657
31| 12206 | 325407 | TrEMIT | 0016663 | 00143 | O0IE6E3 | 0013306 | 0019603 | 0013667 | OO1S67E | 001474 | D.0DDIGH | 00343574 | 0.0MT4 FEIFCITN |

32 | MB2613 | 2439769 7RA003 | 0016503 | OO00E1S6 | O0ISB0Z | 0017326 | 0OMFTIZ | 0.0M7SIT | 0017849 0013493 0000206 | 003794 | 0013489 | 2E3E98Z

4 p [mlf Bde Waries %IC WYaries / 12 Varies £ Charks #

FIGURE 28
Implementation of improved upswing analysis

To show the utility of the upswing analysis, consider the plots shown below in Figure 29. These
plots show how to modify the design in order to get an on-off ratio nearer to one, and hence less

distortion in the output signal.

These plots require three worksheets, the IC_Varies, |12_Varies and Vout_Varies
worksheets. They show that to get a better on-off ratio you can (i) increase Ig, or (ii) decrease |,
or (iii) decrease the output swing. This last choice is pretty obvious: a lower output swing means a
lower base signal, and lessens the nonlinear effect of exp(VbNTH).8 Explanation of the other two

trade-offs requires more thought.

8 Recall that for Vp, << 1y, exp (Vo/VTth) = 1 + Vp/V1h, a linear function.
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J 3 L Moo | F e | R | s

& |Enter Data Here MarLpwing

& | Supply ¥oltage ¥CC= 15 s 57 o Design

T | Output Swing Wout= & ; S 7 =

8 |LoadR F_L= 1.0000E+03 E 4 =

8 |Source R F_S= 100 3 /i

10| May Forward Yeb Vzat= 04 g- ) 334731

1| Currentin F_2 I2_mf= 2 = /

1z g o —

13 |OCbeta Eide= 100
1 | Thermal Voltage Wthe 002525 1E-04 1E-02 11E+00 1E+02 1E+04
15 |Scale Current | 5= 1E-14 I_C {mA)

16

17

1z |Design Variables = 36

13 |Dont touch FLC- 4523834323 o 34

20 F_l= R485244094 £ 32 .
— = 3347

21 Fig= 3662314961 § 3 AN

22 | 2[ma) 2 2 23 4 Y g——

23 | From Masimum Gain IC_mAs= 20 ® 26 g Design

24 2 o4 :

25 1E-04 1E-02 1E+00 1E+02 1E+04
26

— I, (mA)

28

29 1

a0 = !
= £ os L e 0 ER950

32 b= 0.

33 E P

o 04 ——

4 = s Do

35 2024 g Ciesign

=

i 0 : :

a7

38 .

28

|4 | 4w [l 12_varies % Charts /

FIGURE 29
Tradeoff plots making use of the upswing analysis; these plots show the design changes
needed to obtain less output signal distortion
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Appendix 3: Making a new worksheet “I12_Varies”
This appendix fills in some details related to the discussion of making the worksheet on which I,
is the column variable instead of Ic. We begin with the menu obtained with EDIT/MOVE OR COPY

SHEET leading to Figure 7, repeated below:

Bl C | D E [F]| G H | | b [ K ] L
o aET!
2 IC Varies Worksheet na _I_I t
"2 | |Do HOT Enter Data Here Move selected sheets
_4 | |Supply Yoltage VCC= 15 IC_maA, LC To bioak: L
5 Ciutput Swing Yout= & 100E-04 | 100E-07 |
& | |LoadR L= 1000 200E-04 | 2.00E-07 |CE Diesign Project. xis j
7 Source R F_S= 100 ZO0E-04 | 3.00E-07
_ & | |MaxForward veb Wsat= 0.4 BUOED+ | sooE.o7 | Derore sheet:
43 | JCurrentinF_2 2_ma= 2 2.00E-04 | 2.00E-07  [Youtb_Varies ;I
0| | CurrentinF_C 100E-03 | 1.00E-06 Bdc Varies
| |DEbeta Edc= 100 200E-03 | 2.00E-08
12 | | Thermal Valtage Wih= 002536 3.00E-03 | 3.00E-08 Charts
13 | | Scale Current | 8= 1.00E-14 G00E-03 | S.00E-06  [{move to end)
14| B.00E-02 | 8.00E-DE LI
16 | | Caloulated from 12 in ma |_2= 2.00E-03 100E-02 | 100E-05 [ Create a copy
15 200E-02 | 2.00E-05 =
i 3.00E-02 | 3.00E-05
18 | B.O0E-02 | 5.00E-05 oK I Cancel |
4 ¥ [ vout_varies £ Edc_varies % IC_Yaries  Charts ? J E

FIGURE 30
Copying the IC_Varies worksheet

Immediately after clicking “OK”, the copy of “IC_Varies”

looks like Figure 31.

=] C [ o | E __|F]| (e = T I I
1
2 IC Varies Worksheet

| 3 | |Do NOT Enter Data Here

| 4 | |Supply¥altage YCC= #MA IC_ma LC WEE ol
| 5 | |Output Swing Wouk= H#RS 1.00E-04 1.00E-07 HMA, H#MiA
| & | |LoadR Fil= #ha ZO0E-04 | ZO0E-07 | #MIAA #1A
| 7 | |SourceR F_S= #MNiA J.00E-04 | RO0OE-OF HMA, H#MiA
| & | |MauForwardveb Yzatz H#MIA GOOE-04 | BOOE-07 | #MAA #1A
| 8 | |CurrentinF_2 12_mh= #hia 2.00E-04 | ZO00E-OF HMA, H#MiA
| 10 | |CurrentinFC LO0E-0% | LODE-06 | HAMA #1A
| 11| |DCbeta Edc= #MiA 2.00E-03 | 2.00E-08 H1A, H#Mi A
| 12 | | Thermal ¥oltage Wth= #M1A J.00E-03 | RO0E-OE HMAA, H#Mia
i Scale Current | S= #h1A B.O0E-03 | B.O0OE-OF H#M1A, H#Mia
| ¥ 2.00E-03 | 2.00E-0E HMAA, H#Mia
| 18 | |Caleulated from l2in ma 2= #MiA 1.00E-02 1.00E-05 H1A, H#Mi A
| & 200E-02 | 2.00E-05 HMAA, H#Mia
|17 F.00E-02 | RO0E-05 H#M1A, H#Mi A
| 18 | f.00E-02 | B.O0E-0O5 HMA, HMiA
[4 4 [p [ W vYout_Varies £ Edc_Varies 3%IC_Varies {2) { IC_Varies |4 E

FIGURE 31

Copy of IC_Varies worksheet now named IC_Varies(2)

The #N/A entries in column E result because the addresses of these cells are on the “Charts”
worksheet, and not on the sheet we copied. To get the correct addresses referring to the “Charts”
worksheet, we go back to “IC_Varies” and copy the cells E4 — E13, then return and paste the
addresses into “IC_Varies(2)” as shown in Figure 32 below.
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2l

" Comments
" yalidation

Al except borders
" Column widths

" Mulkiply
i Divide

r Transpose

[ o 1]

Caneel |

E4 4| =| =#hlia
Ell C [ O | E [FI =gl P aste Special
] Past
] . aste

z | IC Varies Worksheet ol

3 Do NOT Enter Data Here o

4 Supply Valtage WCC= | #M0ra IC_m& «

5 Cutput Swing Youk= | #hA 100E-04 Yalues

[ Load R Fi_L= || #rta 2.00E-0¢ ‘s

¥ Source B F_S=|#Mra 2.00E-0¢ [FeEES
] Max Forward Web Wsat= | #AA S.00E-0¢ - Cperation

k) Currentin F_2 12_ma= fH#hA 2.00E-0¢ = N

10 | |curentinA_C 1.00E-02 L=

11 O heta Bide= | #0uta 200E-0; (0 add

12 Thermal Yoltage Wth= | #MAS SO0E-01 7 subkrack
13 Scale Current [IE=E] B A.00E-07 -

1 2.00E-0;

15 Caleulated from 12 in ma | 2= #N0fa 1.00E-02 I— =kip blanks
16 2.00E-0Z

17 J00E-0Z

12 £ O0E-0; Paste Link |
I T4 Te [l Bde varies %IC Varies €23 / IC Varies £ Ch

FIGURE 32

Pasting the addresses to “Charts” in the data entry section of “IC_Varies(2)” using PASTE

SPECIAL with the FORMULAS box checked

Next we rename the worksheet as “I2_Varies” by putting the cursor in the name tab and right
clicking to obtain the RENAME option. After renaming, and changing the title to “I12 Varies”, the
data entry part of the new worksheet “12_Varies” looks like Figure 33.

FIGURE 33
New worksheet with name changed to “12_Varies”

Bl C [ o | E |'F] G | H
2 12 Yaries Worksheet 1
2 Do HOT Enter Data Here
4 Supply Waltage WCC= 16 IC_mA, LC
1} Cutput Swing Wout= 5 100E-04 | 1.00E-OF
E Load R F_L= 1000 ZO0E-04 | 2.00E-07
7 Source B F_S= 100 J00E-04 | 2.00E-07
g flax Forward Web W=at= 0.4 R.O0E-04 | B.OOE-OF
g Currentin F_2 I2_ma= 2 82.00E-04 | 2.00E-07
10 Currentin F_C 100E-03 | 1.00E-08
1 OC beta Bde= 100 200E-03 | 2.00E-0E
12 Thermal Yoltage Wih= 0.02586 J.00E-03 | 3.00E-06
13 Scale Current | 5= 100E-14 ROOE-03 | B.O0E-08
14 2.00E-03 | 2.00E-08
Calrenlated from 12 in mgb -NF
H |4 | b Mf Bdc_Waries 512 'lll'arles |fﬂEr4 E ﬂj

Next, we delete 12_mA from cells D9- E9, and add IC_mA to cell D10 with address in cell E10
given as Charts!IC_mA. See Figure 34. The cell E10 has been named IC_mA , as shown in the

NAME box.
IC_ma | =| =ChartsllC_mA
B| [= o E [Fl G T H
2 12 Varies Worksheet
3 Do HOT Enter Data Here
4 Supply Woltage WCC= 15 IC_m#A LC WEE
[} Cutput Swing Wour= 5 100E-04 | 200E-02 | 0.732463
B Load R F_L= 1000 200E-04 | ZO0E-02 | 0732463
7 Source B F_5= 100 J.00E-04 | Z00E-02 | 0732463
8 Mlax Forward Vch Wsat= 0.4 RO0E-04 | 200E-02 | 0.732483
a Current in F_2 S.00E-04 | ZO0E-02 | 0732463
10 Current in F_C IC_ma=jz0 ' 100E-03 | Z00E-02 | 0732463
1 O beeta Ede= 100 200E-03 | Z00E-02 | 0732463
12 Thermal Woltage Wth= 002586 J00E-03 | ZO0E-02 | 0732463
12 Scale Current | 5= 1.00E-14 RO0E-03 | 200E-02 | 0.732463
14 GO0E-03 | 200E-02 | 0732463
15 Caleulated from 12 in ma | 2= 0.00E-00 1.0 2463
[4 4] [pf Bdc_varies %I2_Varies { IC_Varie| 4 f |
FIGURE 34

Insertion of IC_mA with address shown in the FORMULA box as Charts!IC_mA
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Because we have used INSERT/NAME/CREATE to rename IC_mA as a single variable with a value
taken from “Charts”, the column titled IC_mA no longer is a column variable. Therefore, the | C
column is all the same number, namely the new IC_mA from E10 converted to A from mA.

We want |, to become the new column variable, so we change the title of cell G4 to
12_mA, of cell H4 to |_2, and change the formula in the |_2 column to convert 12_mA to A. Then

we rename these columns by highlighting the columns and their new names and using

INSERT/NAME/CREATE. See Figure 35.

FIGURE 35

Renaming the first two columns to represent values of I,: to show the result, the entire

|2 | =| =I2_m&/1000
B| [ [ o | E [[F] G H I
2 | |12 Varies Worksheet
3 Do HOT Enter Data Here
4 Supply valtage WCC= 15 IZ_m#A, | 2 YEE
o Clukput Swing Woutz B 1.00E-04 1O0E-07 § 0416814
& Load R F_L= 1000 200E-04 | 2.00E-07 | 0434733
7 Source B F_S= 100 JO0E-04 || ZO0E-07 | 0445224
] IWlax Forward Web Wzat= 0.4 B.O0E-04 || BOOE-O7 || 0453434
3 Current in F_2 S.O0E-04 || SO0E-0F f| 0470533
10 Current in F_C IC_ma= 20 1.00E-03 1LO0E-DE | 0476359
11 OC beta Edc= 100 ZO0E-03 || 2.00E-08 §| 0434234
|12 Thermal Valtage Wth= 002536 FO0E-03 || Z.00E-06 § 0.504 763
13 Scale Current | S= 1.00E-14 B.O0OE-02 | BLOOE-DE § 0517973
14 S.O0E-03 | S.00E-D6 § 0530133
15 Calzulated From 12 in mA | 2= 100E-05 1.00E-02 1LO0E-05 | 0535304
16 Z00E-02 | 2.00E-05
4[4 p Ml Bdc_Varies 3I2 Waries 4 IC vari |4 E

column 12 is highlighted to make its name appear in the NaME Box, and its formula,

=12_mA/1000, appears in the FORMULA BOX
By renaming the column |_C as |_2, the variable |_C now has been removed from the worksheet.
To reinstate it, we replace cells D15 and E15 with |_C and its formula, as shown in Figure 36.

FIGURE 36

|_C [ =| =IC_mA/1000
E| C [ 0 [ E_[F] & H [

2 | 12 Varies Worksheet

3 Do HOT Enter Data Here

4 Supply Waltage WCC= 15 I2_md&f, L2 VEE

5 Cutput Swing Waoutz 5 1.00E-04 1O0E-07 | 0732483

E Load R F_L= 1000 ZO0E-04 | Z00E-07 | 0732463

7 Source B F_S= 100 JO0E-04 | Z00E-07 | 0732463

g May Forward Web Weat= 0.4 A.00E-04 BO0E-OF | 0732463

k)l Current in F_2 S.00E-04 | B00E-07 | 0732463
0 Current in F_C IC_ma= 20 1.00E-03 100E-0E | 0732463
11 O beta BEdc= 100 ZO0E-03 | Z00E-DE | 0732463
12 Thermal ¥oltage Wth= 002526 J00E-03 | Z.00E-06 | 0732463
13 Soale Current | 5= 1.00E-14 B.O0E-03 | BLOOE-DE | 0732463
14 S.00E-03 | S.00E-06 | 0732463
15 Calculated from IC in mA, | E= IZ.DIJE-IZIZ .I 100E-02 0732463
16 2.00E-02 0732463
4[4 p [Mlf Bdc_varies 12 ¥aries 4 IC varie |41 E [ 2o

Cell E15 has be NAMED |_C, as seen in the NAME Box and its formula is changed to
compute Ic in mA, as shown in the FORMULA BOx

The “I12_Varies” worksheet now is complete.
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CHARTS ON WORKSHEET “CHARTS”

Next, we want to introduce some charts on worksheet :”Charts” to report the results from the new
“I2_Varies” worksheet. We illustrate using the GAIN chart.

To avoid reformatting a new chart from scratch, we copy the chart for I¢ by highlighting
the Ic-Chart, right clicking and using COPY/PASTE. The result is shown in Figure 37.

c [ o [ E [ F [ & [ H [1I] i [k T L (M w [ o [ F [ @ [ R [ &

| 3 |

4

5 _ Enter Data Here P L]

A uo gve_ra"Ga'” JE— Supply Yoltage ¥CC= 16 140:‘ . D;’:iran ain

7 120 4 23ign 1zzoema_ Output Swing Youts § 120 g % fa2 0600
| & | 100 Load R FiL= 1.0000E.03 = 100

B g a0 I3 Source R F_g= 100 3 JAR

[} = &0 Fi P Forard ek Vaate 0.4 b 5 I -

:12 S w0 (} \ Currentin F_2 12_mas 2 g o i
1 20 20 \

13 o iy OC beta Ede= 100 7

14 Thermal Voltage Wthe 002535 o

:: 1E-04 1E-02 LEEEUC [IT:;E;UZ 1E0+  1E.05 Soale Current i 04 ED2 MEO 1E02  1E04 1E0
W[4 w [m]f Bdc_varies £ 12_Varies / IC_Varies % Charts / J LI

FIGURE 37
Creating a new Gain chart on worksheet “Charts” to be modified to report the gain from
worksheet “12_Varies”
Next we change the label on the x-axis to |_2 (mA). Then we click on the curve in the
chart and right-click to get the SOURCE DATA menu shown in Figure 38.

Data Range |
— Iy erallGai
140 D DESIgn | 1'!! {[{k]]
120 ,ﬂ .
- 100 l‘ \.
z 3
t' &0
.E &0 -"
8 ., f/' N\
20 \\
1]
1E-04 1E-03 1E-02 1E-01 1F+5Ei“:£jﬂ1 1.E+02 1E+03 1E+04 1E+05
Series
il ~|  mame: |=IC varies $aEs4 =
2siqn
W¥alues:  |=1C_Varies!$G45:$G440 =
7| wvalues: |=IC_variesigassiganges el
Aadd | Remove |
Ok I Cancel

FIGURE 38
The SoURCE DATA menu for the data in the copied chart

We want to change the X-VALUES and Y-VALUES entries for the Gain data from the
worksheet “IC_Varies” to the worksheet “I2_Varies”. In the menu of Figure 38, we highlight the

portion of each label that says IC_Varies!, and then click on the 12_Varies worksheet name tab.
The IC-Varies changes to 12_Varies, and the chart now appears as in Figure 39 below.
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FIGURE 39

The chart on the right now reports the Gain data from worksheet “12_Varies”

ADDING A DESIGN MARKER

The square data point DESIGN still refers to the chart on the left in Figure 39, instead of the new
worksheet. To fix this, we need to construct a new DESIGN REPORT column on worksheet “Charts”,
as described in Appendix 1. The modified DESIGN REPORT section of “Charts” is shown in Figure

c | o | e [ F [ &G | H [1] d Ik ] L MW | o | P a | R [ 8§
| 3 |
4
5 i Enter Data Here o u |
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FIGURE 40

Design report updated to include report from worksheet 12_Varies
The design marker with x-value AG50 and y-value AH 50 then is added to the chart to replace the

old design marker, as shown in Figure 41 below.
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FIGURE 41

Inserting the DESIGN boxed point on the Gain chart : Cell AH50 from Row 50 is selected
from the DESIGN REPORT section of “Charts”

Following the addition of the design marker, the chart is now as we want it, as shown in Figure

42.
c_ | o | E | F [ &6 [ H [1] J [ k| L fm W | o | F [ @ [ & | -]

| 2 | Charts Worksheet
|3 |

4

5 - Enter Data Here

g it I gve,ra”ea'” — Supply Yoltage ¥EC= 15 160 oy n

7 120 H Esian @ |122.06010__ | Diutput Swing Youts B 10 ‘2208010

g S 1 FA) Load R Fi_L= 1.0000E+03 S —‘Fﬁb :

a|l 3 m lr." 3 Sowce R FS= 100 2 Y i

0 Max Forward ¥eb Wsat= 0.4 c p— :

1 g ] Currentin R_2 12_mas 2 ® B OueralGain l\\
| o 40 = —Th= o 40 O Design

12 " ¥ kY 20 i | o
| 13| 0 iy DIC beta Edo= 100 i ; : @
| 4 LG4 1E07  LE-00  1E:02  1E-04  1Es06 Thermal ¥oltage Vth= 002586 1E-04  1E-02  1Es00  1Es02  1E«D4  1E0E
| 15 1_C {mA) Scale Current | S= 1E-14 1.2 (mA)

15 - —

T le [mlf IC waries % Charts
FIGURE 42

Final version of “I2_Varies” gain plot with design marker
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