	CS 152: Computer Organization
	Issued: 7/19/02

	Lab #3: A Four-bit Adder
	Due: 1 wk after lab


Lab Objectives

Your mission this week is to design and test a combinational device that performs two’s-complement addition on two 4-bit numbers, producing a 5-bit result:
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As part of the lab write-up (see last sheet in this handout) you’ll be asked to hand in a netlist printout showing your circuit including all of its subcircuits.  You will use gate-level simulation this time, which is part of the JSim package (stdcell.jsim).

Supplemental Discussion

The full adder module has 3 inputs (A, B and Ci) and 2 outputs (S and Co).  A sample implementation has already been given in the lecture.  It will be a good idea to use that and if possible, improve it for this lab.
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The module performs the addition of two one-bit inputs (A and B) incorporating the carry in from the previous stage (Ci).  The result appears on the S output and a carry (Co) is generated for the next stage.  A possible schematic for the 4-bit adder is shown below:
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Start with a ripple-carry implementation of the 4-bit adders.

Standard Cell Library

The building blocks for our design will be a family of logic gates that are part of a standard cell library.  The available combinational gates are listed in the table below along with information about their timing, loading and size.  You can access the library by starting your netlist with the following include statements:

.include “nominal.jsim”
.include “stdcell.jsim” 

Everyone should use the provided cells in creating their design.  The timings have been taken from a 0.18 micron CMOS process measured at room temperature.

	Netlist
	Function
	tCD

(ns)
	tPD

(ns)
	tR

(ns/pf)
	tF

(ns/pf)
	load

(pf)
	size
((2)

	Xid z constant0
	
[image: image4.wmf]0

=

Z


	—
	—
	—
	—
	—
	0

	Xid z constant1
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=

Z


	—
	—
	—
	—
	—
	0

	Xid a z inverter
	
[image: image6.wmf]A

Z

=


	.005
	.02
	2.3
	1.2
	.007
	10

	Xid a z inverter_2
	
	.009
	.02
	1.1
	.6
	.013
	13

	Xid a z inverter_4
	
	.009
	.02
	.56
	.3
	.027
	20

	Xid a z inverter_8
	
	.02
	.11
	.28
	.15
	.009
	56

	Xid a z buffer
	
[image: image7.wmf]A

Z

=



	.02
	.08
	2.2
	1.2
	.003
	13

	Xid a z buffer_2
	
	.02
	.07
	1.1
	.6
	.005
	17

	Xid a z buffer_4
	
	.02
	.07
	.56
	.3
	.01
	30

	Xid a z buffer-8
	
	.02
	.07
	.28
	.15
	.02
	43

	Xid e a z tristate
	
[image: image8.wmf]A

Z

=

 when e=1
else Z not driven
	.03
	.15
	2.3
	1.3
	.004
	23

	Xid e a z tristate_2
	
	.03
	.13
	1.1
	.6
	.006
	30

	Xid e a z tristate_4
	
	.02
	.12
	.6
	.3
	.011
	40

	Xid e a z tristate_8
	
	.02
	.11
	.3
	.17
	.02
	56

	Xid a b z and2
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A

Z

×

=


	.03
	.12
	4.5
	2.3
	.002
	13

	Xid a b c z and3
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B

A

Z

×

×

=


	.03
	.15
	4.5
	2.6
	.002
	17

	Xid a b c d z and4
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C

B

A

Z

×

×

×

=


	.03
	.16
	4.5
	2.5
	.002
	20

	Xid a b z nand2
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A

Z

×

=


	.01
	.03
	4.5
	2.8
	.004
	10

	Xid a b c z nand3
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B

A

Z

×

×

=


	.01
	.05
	4.2
	3.0
	.005
	13

	Xid a b c d z nand4
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Z

×

×

×

=


	.01
	.07
	4.4
	3.5
	.005
	17

	Xid a b z or2
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A

Z

+

=


	.03
	.15
	4.5
	2.5
	.002
	13

	Xid a b c z or3
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B

A

Z

+

+

=


	.04
	.21
	4.5
	2.5
	.003
	17

	Xid a b c d z or4
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+

=


	.06
	.29
	4.5
	2.6
	.003
	20

	Xid a b z nor2
	
[image: image18.wmf]B

A

Z

+

=


	.01
	.05
	6.7
	2.4
	.004
	10

	Xid a b c z nor3
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	.02
	.08
	8.5
	2.4
	.005
	13

	Xid a b c d z nor4
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	.02
	.12
	9.5
	2.4
	.005
	20

	Xid a b z xor2
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Z

Å

=


	.03
	.14
	4.5
	2.5
	.006
	27

	Xid a b z xnor2
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	.03
	.14
	4.5
	2.5
	.006
	27

	Xid a1 a2 b z aoi21
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	.02
	.07
	6.8
	2.7
	.005
	13

	Xid a1 a2 b z oai21
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	.02
	.07
	6.7
	2.7
	.005
	17

	Xid s d0 d1 z mux2
	Z = D0 when S = 0

Z = D1 when S = 1
	.02
	.12
	4.5
	2.5
	.005
	27

	Xid s0 s1 d0 d1 d2 d3 z mux4
	Z = D0 when S10 = 00

Z = D1 when S10 = 01

Z = D2 when S10 = 10

Z = D3 when S10 = 11
	.04
	.19
	4.5
	2.5
	.006
	66

	Xid d clk q dreg
  tsetup = .15, thold = 0
	D(Q on CLK(
	.03
	.19
	4.3
	2.5
	.002
	56


Gate-level Simulation

Since we’re designing at the gate level we can use a faster simulator that only knows about gates and logic values (instead of transistors and voltages).  You can run JSim’s gate-level simulator by clicking [image: image25.png]


 in the toolbar.  Note that your design can’t contain any mosfets, resistors, capacitors, etc.; this simulator only supports the gate primitives in the standard cell library.

Inputs are still specified in terms of voltages (to maintain netlist compatability with the other simulators) but the gate-level simulator converts voltages into one of three possible logic values using the VIL and VIH thresholds specified in nominal.jsim:

0 logic low (voltages less than or equal to VIL threshold)

1 logic high (voltages greater than or equal to VIH threshold)

X
unknown voltages or undefined voltages between the thresholds

A fourth value “Z” is used to represent the value of nodes that aren’t being driven by any gate output (e.g., the outputs of tristate drivers that aren’t enabled).  The following diagram shows how these values appear on the waveform display:
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“W” voltage source
Generating 32-bit data for tests can be tedious using 1-output voltage sources and piece-wise linear specifications.  JSim includes a “W” voltage source that generates digital waveforms for many nodes (e.g., a bus) at once:

Wid nodes… nrz(vlow,vhigh,tperiod,tdelay,trise,tfall) data…
If N nodes are specified, think of them as an N-bit value where the node names are listed most-significant bit first.  The “W” source will set those nodes to a sequence of data values using the data specified at the end of the “W” statement.  At each step of the sequence, the N low-order bits of each data value will be used to generate the appropriate voltage for each of the N nodes.  The voltage and timing of the signals is given by the nrz parameters:

vlow

voltage used for a logic low value (usually 0)

vhigh

voltage used for a logic high value (usually 5.0V)

tperiod

interval (in seconds) at which values will be changed

tdelay

initial delay (in seconds) before period value changes start

trise

rise time (in seconds) for low-to-high transitions

tfall

fall time (in seconds) for high-to-low transitions

Note that the times are specified in seconds, so don’t forget to specify the “n” scale factor when entering times!  For example, the netlist

.include “nominal.jsim”

Wtest a[2:0] nrz(0v,5.0v,10ns,0ns,.1ns,.1ns) 7 6 0x5
+ 0 1 0b010 3
.tran 80ns

.plot a2

.plot a1

.plot a0

.plot a[2:0]

produces the following plot when run using the gate level simulator
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Note that you can specify data values in decimal, hex (“0x” prefix), octal (“0” prefix) or binary (“0b” prefix).  The last data value is repeated if necessary.  JSim knows how to plot a set of nodes as a single multi-bit data value, as shown in the bottom channel of the plot above.  If you zoomed in on one of the transition times, you would see that the values actually turn to “X” for 0.1ns while making the transition between valid logic levels.

Connecting electical nodes together using .connect

JSim has a control statement that lets you connect two or more nodes together so that they behave as a single electrical node: 

.connect node1 node2...

The .connect statement is useful for connecting two terminals of a subcircuit or for connecting nodes directly to ground. For example, the following statement ties nodes compare1, compare2, ..., compare31 directly to the ground node (node "0"): 

.connect 0 compare[31:1]

Note that the .connect control statement in JSim works differently than many people expect.  For example,


.connect A[5:0] B[5:0]

will connect all twelve nodes (A5, A4, …, A0, B5, B4, …, B0) together – usually not what was intended.  To connect two busses together, one could have entered


.connect A5 B5


.connect A4 B4


…

which is tedious to type.  Or one can define a two-terminal device that uses .connect internally and then use the usual iteration rules (see next section) to make many instances of the device with one “X” statement:


.subckt knex a b


.connect a b


.ends


X1 A[5:0] B[5:0] knex

Using iterators to create multiple gates with a single “X” statement
JSim makes it easy to specify multiple gates with a single "X" statement. You can create multiple instances of a device by supplying some multiple of the number of nodes it expects, e.g., if a device has 3 terminals, supplying 9 nodes will create 3 instances of the device. To understand how nodes are matched up with terminals specified in the .subckt definition, imagine a device with P terminals. The sequence of nodes supplied as part of the "X" statement that instantiates the device are divided into P equal-size contiguous subsequences. The first node of each subsequence is used to wire up the first device, the second node of each subsequence is used for the second device, and so on until all the nodes have been used. For example: 

Xtest a[2:0] b[2:0] z[2:0] xor2

is equivalent to 

Xtest#0 a2 b2 z2 xor2
Xtest#1 a1 b1 z1 xor2
Xtest#2 a0 b0 z0 xor2

since xor2 has 3 terminals. There is also a handy way of duplicating a signal: specifying "foo#3" is equivalent to specifying "foo foo foo". For example, xor'ing a 4-bit bus with a control signal could be written as

Xbusctl in[3:0] ctl#4 out[3:0] xor2

which is equivalent to 

Xbusctl#0 in3 ctl out3 xor2
Xbusctl#1 in2 ctl out2 xor2
Xbusctl#2 in1 ctl out1 xor2
Xbusctl#3 in0 ctl out0 xor2
Exercise

( Here’s a list of design tasks you will use in this lab.  Note that you will use these adders in future lab exercises so it will be a good idea to save it in a separate file which you can call adder.jsim.

1.  Draw a gate-level schematic for the full-adder module (You can use the one from lecture).  XOR gates can be used to implement the S output; two levels of NAND gates are handy for implementing Co as a sum of products.  Enter a .subckt definition for the full-adder, building it out of the gates in stdcell.jsim.  Use Jsim to test your design with all 8 possible combinations of the three inputs.  Use 8clocks.jsim and use the gate-level simulation.  Check that your full-adder is working as required.  Turn in your full-adder netlist and the waveform for all the possible combinations.

.subckt FA a b ci s co
… full-adder internals here
.ends


gate level schematic // no more nfets pfets just the gates

netlist

test code for the full adder module

waveform with the 8 combinations. // wag na itong putulin!!!
2.  Enter the netlist for the four-bit adder and test it using Jsim.


.subckt ADDER a0 a1 a2 a3 b0 b1 b2 b3 s0 s1 s2 s3 s4
* remember the node named “0” is the ground node
* nodes c0 through c3 are internal to the ADDER module
Xbit0 a0 b0 0 s0 c0 FA
Xbit1 a1 b1 c0 s1 c1 FA
Xbit2 a2 b2 c1 s2 c2 FA
Xbit3 a3 b3 c2 s3 s4 FA

.ends

netlist

testcode

representative sample of the waveform // just 4
Again, you can use 8clocks.jsim to test that your four-bit adder is properly working.  Test all the possible combinations of inputs to your four-bit adder.  The following is a sample test program.

Xtest clk1 clk2 clk3 clk4 clk5 clk6 clk7 clk8 s0 s1 s2 s3 s4 ADDER
.tran 1280ns
.plot clk[4:1]
.plot clk[8:5]
.plot s[4:0]

Turn in a representative sample of the output waveform of your test file of all possible input combinations.

Note: At this point you may want to consider using the “W” voltage source.

3.  Go back to your full-adder.  This time, try the input transition from ABCi = 100 to ABCi = 101.  Measure the propagation delays (S and Cout) of your full-adder for this input transition.  Turn in the waveforms (at least, Ci, S, and Cout) for this exercise clearly showing the input transition and the propagation delays and record the measured propagation delays for S and Cout.

Waveform carry in out

Propagation delays for the change in carryin
4.  Now, go back to your 4-bit adder.  Try the input transition from A + B = 1111 + 0000 to A + B = 1111 + 0001.  Measure the propagation delay of your four-bit adder for this input transition set and record it.  In this case, the propagation delay is measured from the time bit 0 of B becomes 1 to the end of the shaded region of the result (s[4:0]).  Also, turn in the waveforms for this exercise showing A, B, and S as numbers.

Give propagation delay of S
5-a.  Look at the transitions at the output (s[4:0]) for all the different pairs of inputs in part 2.  How do the propagation delays associated with each one of these compare to the propagation delay measured in part 4?  Why is the delay in part 4 longer than most, if not all, of the delays in part 2?  (If this is not the case in your report, explain why not.)  

just get around 3 propagation delays of somewhere not did in part 4

compare it with part 4.

5-b.  Theoretically, how does the propagation delay measured in part 3 relate to the propagation delay you measured in part 4?  Do your measured values verify your theory?  Explain.

Compare 3 and 4 propagation delatys.

Give measurements to prove.

Explain why.
Note: To answer the questions in this number, you may need to go back and analyse your implementation of your full-adder subcircuit.

Good luck.  Don’t be shy about asking questions. (
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