
  

Abstract—The Circuit System Design cards described here 
allow students to design complete circuits with sensors and op-
amps by laying down a sequence of cards.  The cards teach 
students several important concepts:  system design, Thevénin 
equivalents, input/output resistance, and op-amp formulas.  
Students may design circuits by viewing them as combinations of 
system building blocks portrayed on one side of the cards.  The 
other side of each card shows a circuit schematic for the building 
block.  Thevénin equivalents are the crucial ingredient in tying 
the circuits to the building blocks and vice versa. 
 

Index Terms—Linear, circuit, system design, cards, Thevénin 
equivalent 

I INTRODUCTION 
HE deck of 32 Circuit System Design (CSD) cards allows 
users to design complete circuits by laying down cards in 

sequence from left-to-right.  The cards have two sides: a 
system design side (with red-hatched surrounding and yellow 
background) and a circuit schematic side (with white 
background).  On the system design side, the processing of 
signals is represented by mathematical operations such as 
addition or multiplication, or by logic operations such as AND 
and OR.  The user may design a system using only the system 
side of the cards and then flip the cards over to see the circuit 
schematic and detailed formulas for deriving resistor values 
that will yield desired additive factors and gains. 

Ideally, the transfer function of each block in a system 
design would be independent of the preceding and succeeding 
blocks.  For circuits, however, connecting a second block to 
the output of a first block may cause loading that changes the 
output voltage of the first block.  A unique feature of the CSD 
cards is that they account for these loading effects while 
retaining the system design motif.  For linear system design, 
the CSD cards give exact formulas for calculating the voltages 
in a system in the presence of loading, and the calculation 
proceeds left-to-right, like the system design. 

The key idea underlying the design of the CSD cards is the 
Thévenin equivalent, i.e., a circuit model consisting of a series 
voltage source and resistance, and the realization that the 

 
N. E. Cotter is with the Electrical and Computer Engineering Dept., 

University of Utah, Salt Lake City, UT 84112 USA (phone 801-581-8566, e-
mail: necotter@ece.utah.edu). 

C. Furse is with the Department of Electrical and Computer Engineering, 
University of Utah, Salt Lake City, UT 84112-9206 USA and also with 
LiveWire Test Labs, Inc., Salt Lake City, UT 84117 USA (e-mail:  
cfurse@ece.utah.edu). 

 

signal being processed in the system design is the Thévenin 
equivalent voltage rather than the circuit output voltage per se.  
Furthermore, the Thévenin equivalent may be extended from 
one card to the next, moving left-to-right, with pre-calculated 
formulas. 

This paper discusses how the cards are used and the theory 
on which they are based.  The next section discusses one card 
in detail, and the following section discusses a two-card 
system.  The final sections catalog the symbols incorporated 
on the cards and the entire set of card images. 

II ONE-CARD EXAMPLE 
One side of each CSD card shows a system view of how the 

card processes its input signal.  Fig. 1(a) shows the system 
side of the Voltage Reference card that produces an output 
voltage, vTh, from a power supply voltage, VCC.  Fig. 1(b) 
shows the circuit side of the Voltage Reference card with the 
circuit diagram and formulas in terms of resistor values. 

 
(a) 

 
(b) 

Fig. 1.  Voltage Reference card.  (a) System side, (b) Circuit side. 
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As the system side of the card (with yellow background and 
read margin) shows, the input voltage, VCC, is scaled by 
gain, G.  The formula for the Thévenin equivalent output 
voltage, vTh, is shown next to the output and represents the 
system output value. 
 vTh = GVCC   (1) 

The arrow through the multiplier indicates that the gain is 
adjustable (by a potentiometer on the other side). 

The symbols in the right margin indicate how cards interact.  
The black arrow on the output line indicates that the gain on 
this card is adjustable.  The card also has the beginning of a 
large red arrow with a smaller arrow through it in the right 
margin.red.  This marking indicates that the Thévenin output 
resistance is significantly larger than zero and may affect the 
gain of the next card, (if the input resistance for that card is 
too low).  If the next card has a low input resistance, the base 
of the red arrow will be continued on the next card to form a 
complete red arrow.  In that case, the Thévenin equivalent 
resistance will have to be taken into account in the system 
response. 

On the circuit side of the Voltage Reference card, the 
formula for the Thévenin equivalent output resistance is 
shown near the right edge. 
 RTh = Ra || Rb   (2) 

where the parallel operator, ||, is used as a shorthand for the 
calculation of parallel resistance: 

 Ra || Rb = (Ra
−1 + Rb

−1)−1   (3) 

The formula for gain G, found in the upper left, is revealed 
to be the voltage divider ratio of resistors. 

 G= Rb
Ra + Rb

 (4) 

Resistors Ra and Rb, constituting the potentiometer resistance, 
R, affect both the gain, G, and the Thévenin output resistance, 
RTh.  A change in the Thévenin output resistance may change 
the behavior of the next card. 

Note that the entire Voltage Reference card is equivalent to 
a voltage source of value vTh in series with a resistance of 
value RTh, although the Thévenin equivalent circuit is not 
explicitly shown.  By itself, the Voltage Reference card tells 
the user how to convert the voltage divider circuit into its 
Thévenin equivalent, making it a useful reference tool.  
However, the cards become even more powerful when the 
system design is extended by appending cards on the right. 

III TWO-CARD EXAMPLE 
Fig. 2 shows a two-card system design for a negative-

voltage-reference circuit with low output resistance.  On the 
system side of the cards, the Thévenin output voltage of the 
first card (on the left) is the input of the second card (on the 
right).  The input of the second card is denoted as vTh<.  The 
"<" symbol in the subscript means "from the card to the left". 

The transfer function for the entire system is found by 
calculating the transfer functions from left-to-right.  The 
output of the first card is given in (1) above.  Thus, our input 
to the second card is given by (5). 
  

 
(a) 

 
(b) 

Fig. 2.  Two-card system design for negative-voltage-reference circuit with low output resistance.  (a) System side, (b) Circuit side. 



 vTh< = GVCC   (5) 

The gain, G, listed in (4) and repeated here is given on the 
circuit side of the first card. 

 G= Rb
Ra + Rb

 (6) 

The second card multiplies the value in (6) by a second 
gain, also denoted by G, yielding the output value of the entire 
system. 

 vTh = −GvTh< = −G Rb
Ra + Rb

VCC   (7) 

The gain, G, shown on the system side of the second card 
depends on the Thévenin resistance of the first card, as 
indicated by the large red arrow in the margins between the 
cards and the small red line and arrow passing through the 
multiplier on the second card. 

The formula for G shown on the circuit side of the second 
card shows the dependence on the Thévenin resistance of the 
first card, the latter being denoted by RTh<, which is given by 
(2).  Using (2), we have the gain formula in (8) for the second 
card. 

 G=
Rf

Rs + RTh<
=

Rf
Rs + Ra || Rb

 (8) 

Substituting (8) into (7) yields the formula for the entire 
circuit's Thévenin equivalent output voltage. 

 vTh = −
Rf

Rs + Ra || Rb

⎛
⎝⎜

⎞
⎠⎟

Rb
Ra + Rb

⎛
⎝⎜

⎞
⎠⎟
VCC   (9) 

The designer is now free to choose values for resistors to 
achieve a desired output value for a given power supply 
voltage, VCC.  Since the gains depend on ratios of values, 
which is typically the case with op-amp circuits, answers are 
non-unique.  The designer must choose practical resistor 
values that limit currents and noise to reasonable values.  
Values from 10 kΩ to 1 MΩ are work satisfactorily for op-
amp circuits. 

A final note on the system design is that the Thévenin 
output resistance is approximately zero since op-amps have 
low output resistance.  The circuit side of the second card 
explicitly lists the Thévenin output resistance as 
approximately zero.  The system side of the second card 
indicates the Thévenin output resistance is approximately zero 
by having a white (or blank) box in the right margin.  The 
presence of a blank box on either the input side (high 
resistance) or the output side (low resistance) breaks the chain 
of dependence of gains on previous cards. 

In other words, the blank box blocks arrows and means the 
RTh< value from the previous card may be ignored.  Cards 
may then be treated as independent steps in the system design, 
dramatically simplifying designs.  For introductory op-amp 
designs, students may insert an Op-Amp Buffer (V-Follower) 
card, shown in Fig. 3, between circuit stages to block 
Thévenin resistance dependencies. 

 
(a) 

 
(b) 

Fig. 3.  Op-Amp Buffer (V-Follower) card. 
          (a) System side, (b) Circuit side. 

IV CARD SYMBOLS AND NOTATION 

A. Overview 
Fig. 4 shows features on the circuit side of a card, and Fig. 5 
shows features on the system side of a card.  The following 
subsections describe variations in the features. 

B. Card Suits and Numbers 
CSD cards come in four suits: Wire ( ), Component ( ), 

Amplifier ( ), and Gate( ).  Suits may also be abbreviated 
as the first letters: W, C, A, and G respectively.  With the 
exception of the "W", these are the same letters as appear in 
the base pairs of DNA.  The authors have avoided the 
temptation to promote this analogy, however. 

C. Notation for Recursive Thévenin Equivalent v and i 
As noted above, the "<" symbol means "from the card to the 

left".  When there are two inputs to a card, a "1" or "2" 
subscript is added, and the Thévenin equivalent voltage inputs 
are labeled on both sides of the card.  The corresponding 
Thévenin equivalent resistances also have a "1" or "2" 
subscript. 

D. Using Multiple Rows 
When cards have two inputs, the second input comes from 

below, implying that circuits may have more than one row.  
The right-angle wire card is used to bring the signal in from 
the bottom.  A system could also have more than two rows, 
but another wire card from a second set of cards would be 
required. 



 
Fig. 4.  Circuit System Design card circuit-side elements. 

 

 
Fig. 5.  Circuit System Design card system-side elements. 

 

E.  Calculating Transfer Functions Given Gain Constraints 
One challenge for students is determining which cards can 

provide a given gain formula, especially with two inputs.  The 
challenge arises from the constraints on gains that are listed on 
the system side of the cards.  Students may be given transfer 
function problems that involve only the system side of the 
cards, which separates the mathematical system problem from 
the circuit design problem. 

All gains on cards are positive numbers.  Negative gains are 
indicated by adding a minus sign in front of the gain on the 
system side of the card. 

F.  Large Arrows and Boxes in Margins 
On the system side of the card, arrows or boxes in the 

margin indicate interactions between cards that affect gains, 
owing to Thévenin equivalent resistances.  The meanings of 
the arrows and boxes is as follows: 

1) large red arrow formed by adjacent cards = interaction. 

2) red box = interaction from previous card is forwarded to 
next card, possibly completing a large red arrow over 
three cards. 

3) white box = interaction from previous card is blocked, so 
gains are determined only by the circuit on the card 
itself. 

G. Arrows for variable gains 
Red arrows on the input side of a card lead to small red 

lines and arrows that indicate which gains on a card are 
affected by which Thévenin equivalent resistances of previous 
cards. 

H. Op-Amp Differential Amp Formulation 
The Op-Amp Differential Amp card allows for analysis of 

circuits with mismatched input voltage dividers.  Normally, 
the input voltage dividers will be matched, and the system 
path shown in gray for the E (for error) signal will be zero.  
Nevertheless, the E term is available if error analysis is 
desired. 



I. Black arrows in margin on output wires 
Black arrows on output wires indicate a variable output 

arising from the presence of a potentiometer on the card.  
Changing the output voltage may also change the Thévenin 
equivalent resistance. 

J.  Component picture in lower left on circuit side 
To help beginning students understand circuits they build 

on breadboards, pictures of the primary component on each 
card is shown in the lower left-hand corner on the circuit side.  
Though small, the component pictures of integrated circuits 
also show pin numbers. 

K. How to print and cut cards 
The Adobe Illustrator® file for the cards is set up for 

printing eight two-sided cards on a page.  By turning layers on 
or off, pages may be printed from Illustrator itself.  The top 
layer in the file contains instructions for printing. 

A small set of eight cards may be used for covering just op-
amps.  These cards are useful as references for the various 
types of op-amp amplifiers. 

The outer box on the circuit side of the cards serves as a cut 
line.  The wide, red, hatched margin on the system side is 
intentionally made larger than necessary to allow for a 
mismatch in the registration of the images on the two side of 
the cards. 

L. Assembly and use of Level-shifter Card 
The Op-Amp Level Shifter can translate low and high input 

voltages into different low and high output voltages.  The 
complexity of the equations for the level shifter necessitated 
the use of two cards.  The two cards may be taped on one edge 
to create a single hinged card that swings open to reveal the 
equations for the level shifter design.  The suit and number are 
dimmed on the sides of the level shifter cards that go on the 
inside when the level shifter card is closed. 

V CONCLUSION 
The CSD cards allow the user to design simple circuit 

systems by laying down cards from left to right representing 
common circuit building blocks such as voltage sources, 
resistors, op-amps, logic gates, and LED's.  On the system 
side, the cards show Thevenin equivalent voltages being 
altered by additions and multiplications to create a final output 
value that may be displayed on an LED or used to run an 
output device.  On the circuit side, the cards show the 
formulas, in terms of component values, for the additions and 
multiplications from the system side.  These formulas allow 
the user to complete a circuit design. 

Examples presented in this paper illustrate the design 
process for an LED temperature indicator and show how the 
cards may be used to find Thevenin equivalents of basic 
circuits.  In each case, the key idea is to collapse a circuit into 
a new Thevenin equivalent after adding a system (or circuit) 
block to its output.  Formulas on the right side of the circuit 
side of the cards indicate how to do this. 

By processing Thevenin equivalent voltages rather than the 
output voltages from each stage, the CSD cards achieve a 
generality that extends beyond conventional approaches that 
require blocks with ideal input or output resistances. 
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APPENDIX:  CARD CATALOG 
 

      

      

      

      

      

      

      
Fig. A1.  Circuit System Design card catalog:  Wire and Component cards.  Circuit side with white background.  System side, with yellow background. 
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Fig. A2.  Circuit System Design card catalog:  Amplifier and Gate cards.  Circuit side with white background.  System side, with yellow background. 

 


