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Datapath example

Transistors and abstraction

Bus-based datapath example



Today

• One more datapath example

• Transistors and abstraction
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• Laser light travels at speed of light, 3*108 m/sec 
• Distance is thus D = T sec * 3*108 m/sec  / 2
• Inputs/outputs

• B: bit input, from button to begin measurement
• L: bit output, activates laser
• S: bit input, senses laser reflection
• D: 16-bit output, displays computed distance 
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Layers of abstraction and 
managing complexity
• Managing abstraction

• You can’t think about an entire design at once.
• True for meaningful C++ programs; true for, say, a car

• When designing a program, we figure out what needs to 
get done and work on each part.
• If we did a good job breaking things down, the amount you 

need to know about one part, while designing another, is small 
and well understood.

• “Largely independent” is what you are hoping for

• Even if just one person is working on the project, that 
lets that person focus on the task at hand without 
jumping around to other things.
• But also allows groups to each work on their own parts.
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Managing abstraction: 
Digital logic
• We’ve seen some of this already.

• We had gates.  Then we had MSI devices.
• You can use the MSI devices without knowing how they are 

implemented.
• Some problems just work better with MUXes and Adders than 

with AND and OR gates.

• And we can build new things that use MSI devices 
and then use *those* to solve some other problem
• A counter might be a good example.
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Managing abstraction:
Your career
• While you can ideally break things into different 

“levels” and not have to worry about how the other 
levels work
• The real world is rarely so neat.

• Whatever you do for a living, it behooves you 
• A) Be aware of what the level(s) above and below your 

job are

• B) Know a bit about each of those things and probably a 
fair bit about at least one.
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Managing abstraction:
Today’s material…
• Today we’ll look at a level below the level we’ve 

been working at.
• We’ll look at one way to build gates.

• Worth being aware there are other ways.

• Later in the term we’ll look a bit at topics above 
digital logic in abstraction
• FPGAs

• Maybe a bit on computers (but 370 does that job for 
real).
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Transistors and switches (1/2)

• Gates can, and have, 
been made up of 
various devices.  
• Relays (1930s)
• vacuum tubes (40’s)
• discrete transistors 

(50s) 
• integrated circuits (60s)

• There have also been 
mechanical, water, and 
light-based gates 
developed. 
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Transistors and Switches (2/2)

• Let’s try to use switches to design the simplest gate—
an inverter.  Say we apply a “1” to the control input the 
switch closes (that is conducts from the source input to 
the output as shown in the lower diagram above) and if 
we apply a “0” to the control input the switch is open 
(as in the top part of the above figure).  Given:

• One or more switches

• A resistor

• Full access to ground (0) and Vcc (1)

• Can you build an inverter?  (Those without Phy 240 or 
EECS 215 are excused!) 
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Inverter design with NMOS, PMOS and 
full access to ground and Vcc.
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Pull-up/Pull-down

• Due to the electrical 
properties of transistors
• PMOS transistors only work 

well when they are connected 
to power (VDD in the diagram 
to the left)

• NMOS when they are 
connected to ground (VNN in 
the figure on the left).

• So the PUN network is a “pull-
up” network and PDN is a pull-
down network.  
• In static CMOS devices all of 

our devices will consist of a 
pull-up and pull-down 
network as shown.  

• The networks are “duals” of 
each other.  

13



14

NAND gate design with NMOS, PMOS and 
full access to ground and Vcc.
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AND gate design with NMOS, PMOS and 
full access to ground and Vcc.
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19Simple example 1



20Simple example 2



21Less trivial example
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Mealy machines

• A Mealy machine is one where the outputs depend 
directly on the inputs.
• This means that the outputs will change soon after the inputs 

change and won’t wait for the next rising edge of the clock.  
• That can be handy (fast response time) 
• But also annoying (recall our traffic light example—you really don’t 

want the light changing from green to yellow to green again).  

• Less intuitively, it means that we can sometimes reduce the 
number of states!

• On the state transition diagram, we will put the outputs 
on the edges (arcs) of the state diagram rather than in 
the states.  
• Why is that?
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• Using a Moore machine which takes one input X and 
generates one output Z, design it so that Z goes high iff X 
has been high for the last two cycles. 

• Now solve the same problem with a Mealy machine.
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Analyzing adders

• Let’s do a though experiment with different adder 
types.
• For this section, we’ll look at 4-bit adders in an attempt to get 

some intuition about how each works.

• We will be talking about area vs. delay.
• We’ll look at two different estimates of area:

• Number of gates
• Number of gate-inputs

• So a 3-input gate counts as 3.

• And similarly, two different ways of estimating delay
• Worst case path number of gates.
• Worst case path where each gate takes log2(# inputs)

• So 2 input gate, has a delay of 1, 4 input gate has a delay of 2.

• We’ll use 1.5 for 3-input (rather than 1.58).
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Ripple-carry adder

• Ripple-carry adders are slow.  
• How many gate delays do we have for a 4-bit ripple-

carry adder (in the worst case)?  

• For a 32-bit RCA?

• They are however pretty small.  
• How many gates total for a 32-bit RCA?
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SoP adder

• Let’s consider a 4-bit “Sum-of-
Products” (so one level of AND gates 
and one OR gate) adder. 
• Need to generate the 9-input truth table 

and then minimize it.
• That’s pretty tricky.  I can’t find a nice on-line 

tool that lets me do something that big 
(there are tools that can easily do so).

• Let’s consider the worst case.
• 5 outputs. 

• S0 is pretty simple (just the sum bit of a full 
adder)

• But Cout is probably ugly.

• Worst case for a 9-bit function of one 
variable in SoP form is XOR.  
• Has 256 AND gates each with 9 inputs.
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Larger carry-lookhead?

• It seems obvious that the larger we get, the bigger the 
lookahead logic gets.
• Each extra bit more than doubles that logic.

• Bummer.

• We can’t just do this for a 32-bit adder and expect anything 
good.
• How many gate-inputs in the last bit of an N-bit adder?
• What is the log(2) gate delay for just this part for an N-bit adder?

34



Other ways to get bigger?

• We could just use our slightly faster adder and 
chain them.
• Helps a bit…

• But back to ripple-carry 
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But we can do (a lot) better
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