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Abstract- Data processing has been driven by an Arithmetic
Logic Unit, ALU in any computer. A four bit ALU began by
Intel Corporation in 1971 in the design of 4004
microprocessor, first of kind. The basis of any logic gate is a
transistor which can raise to a logic 1 or Logic 0 in less than
100 pico seconds (Ps) which translates 10 Giga Hertz, GHz.
16 Giga bit memory chip has been in production since 2012
but 64 bit microprocessor have been produced only at end of
2015 simple because of arithmetic operation and software
development of course with cost. The time delay of a 64 bit
operation of addition or subtraction may take twenty or fifty
times more than a clock cycle and multiplication would take
more than hundred clock cycles. So the design with reduction
in area to make faster processing has been pushing
semiconductor technology with 180 nano meter (nm) to 90 nm
to 65 nm or even 45 nm but the cost or power or time to
delivery has to evaluated. The Electronic Design Automation
(EDA) tools have been heavily used to make front end design
with netlist with rapid strides along backend design of layout
with tape out also. This paper show the usage of Mentor EDA
tools in the front design of 64 bit ALU at 130 nm technology
with simulation.

Keywords- Arithmetic Logic Unit, Microprocessor, Giga
Hertz, Electronic Design Automation and Mentor Tools.

I. INTRODUCTION

Data processing has been driven by an ALU in any
computer which began by the 4004, first microprocessor by
Intel with Metal Oxide Silicon (MOS) technology with 2300
transistors using 4 bit processing in 1971.But 8 bit processing
in 1974 and 16 bit processing by 1978 created a glorious
technology diffusion of Personal Computers led by IBM, Intel
and Microsoft thought Apple, Atari, Tandy, and others made
big strides but IBM model continued with faster speed and 32
bit processing by middle of 1990s. Millions of PC have led to
huge number of applications as well as new devices called
mobile later smart phone but ALU has been key aspect with
memory in any advanced design of these devices.

The key aspect is the technology scaling down from
250 nm of CMOS gate to 180 nm to 130 nm with more
transistors can be packed in same area but bigger chips can be
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made. So 64 and 128 bit data processing have taken place
since 2015. Mass production of integrated circuits (IC) in
semiconductor technology of fabrication is a complex, costly,
and deals with yield. As propagation delay approached 100 Ps
in 180 nm technology with 10 GB memory development led to
64 bit microprocessor based devices in 2015 with billions of
devices. Operating system advancements and application of
many types in millions made a 64 bit processing a key aspect
of design. Area, Delay, Power and Reliable fabrication have
become the key design constraints. Any ALU has to add or
subtract or bit wise operations or increment or decrement.

1. ADDITION

Fundaments design of any ALU is based on addition
and bit wise comparisons. So an adder plays a critical role in
Very Large Scale Integration (VLSI) design of 64 bit addition
which require over 5000 gates to be simulated. An adder can
also convert to do subtraction. There are two adders.

The full adder performs addition of two inputs from
A and B and another input called carry in, Cin. There are two
outputs are Sum and Carry Out, Co. Since there are three
inputs there will be eight combinations in binary and the input
combinations would generate the output as truth table for a
full adder shown in the table 1.

Table 1: Truth table for Full Adder

A |BE | Cno| S5um| Co
1] 0 [0 1] 1]
1] 0 [T I 1]
0 1 0 1 0
1] I I 1] I
1 0 [0 I 1]
1 0 |1 ] 1
1 I 1] 1] I
1 1 1 1 1

When one transpose these values into a Karnaugh
map and with simplification of sum of products one get
equation for Sum and Carry Out, Co. This is shown in figure
1.
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Figure 1: Full Adder

Sum = A’B’Cin + A’BCin’ + AB’Cin’ + ABCin = (A XOR B)
XOR Cin

Carry Out = AB + ACin + BCin or AB + (A XOR B)Cin
111. SUBTRACTION

A subtraction can be performed using a modification
to a Full Adder. A — B can be written as A + (2’s complement
of B). A 2’s Complement needs a XOR with control input
when 0 passes B and inverts bits when 1. This control input
will be connected to Carry in when 1 it will added to A with
complement of B. This is shown in figure 2.

A-B=A+(-B)=A+-B+1

A A Sum
- -
E Full
— o B Adder
Cin __{
Co
-
» Cin

Figure 2: Adder as a Subtractor
IV. LOGICAL OPERATIONS

A bitwise operation of AND is good for IP address
identification with 64 NANDs with INV. There is OR
operation, XOR (Parity Check), XNOR (Equivalency) of 64
bits.

V.INCREMENTING AND DECREMENTING

The input ain can be incremented it can be
incremented or decrement with 1’s or 2’s complement.

V1. FLAGS

A carry occurs when the final addition or subtraction
is too big to fit into 64 bits which comes out of final carry out
of 64 bit adders. A Zero is done with AND gate to signify the
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zero value at the output of the ALU. Parity of One is also
checked.

VI1I. TOP LEVEL DESIGN IN MENTOR USING
VERILOG

We have used Mentor tools to create the top design
with five blocks. Each block has been coded and compiled to
verify logically there are correct. There is a Logic_unit_64 for
64 bit wise operations with AND, OR, XOR, and XNOR using
sel(1:0) as control. A block with “a_logic” to perform
increment or decrement operation on input ain. Another block
with “b_logic” to perform increment or decrement operation
on input bin. Two bit control operators used with “sel” along
anther operator “m” to select bit wise AND, OR, XOR, XNOR
when 0 and else other when 1. When “Co” = 0, add will be
done in the adder_64 block and subtraction when “Co” = 1.

A block by name “mux_2byl” used to select the
output from the adder block vs logic block and control is “m”.
When m=0, output at “result(63:0)” will from the logical
operations defined by sel(1:0), if m=1 then the output of
adder_64 will be passed to “result(63:0)” .
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ez 1]
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e 0] o)
D 1] 0
D fir31] bt
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Figure 3: Top level 64 bit ALU

The following table shows the mode of operation of
ALU with four control variables ”sel0”, “sel1”, “m” and “Co”.
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Table 1: Operations for ALU

hoda| 3l [sel [Co [Function Uparations
L 1 |0

] I [0 = [AANDE [AND

] 7 T = [AOEE OF

] T 0 = [AX0OEE [XOK

] T T |= [AEHOEE [ZIN0E

I W (I [ N Fasz A

I 00T JA+1 Inc A

I o T [0 [A+E Add

I 0 [T T [A+B+T [Add +Ine
I T [0 0 [A+F A+TsE
I T [0 T JA+E +1 [A+I:E
I T T [0 [A"+E I'sA+E
I T T T [A"+BE+T1 [ sA+E

The coding is done in verilog using mentol tool as
shown in figure 4 with two inputs ain and bin defined to have
64 bits. Two inputs of control are m and co and other two are
sel(1:0). Output of 64 bits is defined as result with flags as
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other input will be driven by Carry out from addition of each
bit. The verilog coding for sum and carry is
/I full adder: <str> (V)

module full_adder(cout,sum,ain,bin,cin);
input ain,bin,cin;

output cout,sum;

wire wl,w2,w3;

half_adder hal(wl,w2,ain,bin),
ha2(w3,sum,wz2,cin);

or orl(coutwl,w3);

endmodule

/Ihalf adder <str> (V)

module half_adder(carry,sum,ain,bin);
input ain,bin;

output sum,carry;

xor xorl1(sum,ain,bin);

and and11(carry,ain,bin);

parity, cout, z, n, ¢, and v. endmodule
A& gt Paces Sysem @ [ 1€ 4 Monlr 2T 0P PSKRF e Pacs Syten § ) 7 PR vaNan, 120 wer
0: fhome(PSKRF/HDS/my_projectLimy_project].libjhdl/alu_64.v ] b Mentor Graphics- LeanardoSpectrum Level 3 - [Instance- .my project lib.alu_64.INTERFACE XRTL.add1 Page 1 of 8] L
e Bl 3 Fex Dot Tk s g o BB Yoo Ik Embovem Pron I
8365 L6RISA 5 ERR MR RAAR ETEY AL AR B
w4 a ks Rl o [48RE-BY adgzacle [ - |
g 03240 Qe szt ‘ T,
)
v feo| St e dow o e ordersadpage et puscae 2 W, e x
. B 5 el 1 o e s B 1 | ) T
FuBloci: 2 H |
’—jﬂ sivce wy_pretees] Lib.clu 64 J Tirby ; Py
: ES B
—Cole Etaaar El i)""fk . ™
2 La3t) i 3
! LFRED i L
¢ o 201 Jesigrei ) 20508 (Beitd &
i
1o [messtail
13 |tiescale tasfitps
el e, 06, o i el
(el ﬂ 1) 7 :z
kg J 1% —, S5l
- E et ¥ ’\ ‘E_\” SO C adl
B — [ T
s
b ; [Tl }
b fgamy it: | _i]:
Dt j:}—:"ﬂ’\y
M Feld | : d bn b fu— =
I L) |
’
i — T i
T "w_k i Bhed %_‘.J%]:"_,—L_/
18
il I, ;
S B ] § [ | U] AT A il e il | 5
- - R : . i [
Flgure 4: Verllog codmg of Top level 64 b|t ALU : d
u [ [k i s ekt Wit
B s, |~ s g [~ [ benenset,~ logtin |15 sk L 1 e | e [

7.1 Adder Block

This block has 64 inputs of ain and bin which are
used to create add logic with XOR and passed to a AND gate.
Then carry out is identified with a OR logic with one input
from AND of ain and bin. The second input is from ANDing
XOR of ain and bin with cin. Carry out of ain0 and bin0 will
be carry in “cin” for ainl and binl. At bit 31, this will be carry
flag. This is shown in figure 5.

There is a second level of XOR output is Sum. One
input of this XOR is from the output of ain XOR bin with

Page | 983

Figure 5: 64 bit Adder in ALU

For addition of 64 bits there are 64 full adder
references in verilog from the above full adder definition as

/164 bit adder : <str> (\/)

module adder_64 (cp,cout,sum,ain,bin,cin);
input [63:0] ain,bin;

input cin;

output [63:0] sum;

output cp,cout;

wire [62:0] c;

full_adder fulla0(c[0],sum[0],ain[0],bin[0],cin),
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fullal(c[1],sum[1],ain[1],bin[1],c[O]),
fulla2(c[2],sum[2],ain[2],bin[2],c[1]),
this continues for 63" bit from bit zero.

7.2 Logical Block

There are four logical implementations in this block.
One is AND all 64 bit ain with bin. Second is OR all 64 bit ain
with bin. Third is XOR all 64 bit ain with bin and fourth is
XNOR. The verilog code that generates the logic is
module logic_low_unit
(and_out,or_out,xor_out,xnor_out,ain,bin);
input ain,bin;
output and_out,or_out,xor_out,xnor_out;
wire wl,w2;
/hwire and_out,xnor_out;
nand aand1(wa1,ain,bin);
not nnotl(and_out,w1l);

nor oorl(w2,ain,bin);
not nnotl1(or_out,w2);

or oor2(xnor_out,and_out,w2);
not nnot2(xor_out,xnor_out);
endmodule

module logic_unit_64(res_out,sel,ain,bin);
input [63:0] ain,bin;

input [1:0]sel;

output [63:0] res_out;

wire[63:0] and_out,or_out,xor_out,xnor_out;

logic_low_unit
llu0(and_out[0],or_out[0],xor_out[0],xnor_out[0],ain[0],bin[0]
),
llul(and_out[1],or_out[1],xor_out[1],xnor_out[1],ain[1],bin[1]
), continues for 63" bit.
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Figure 6: 64 bitwise Logic implementation
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VIII. GATE COUNT
There are two 64 bit inputs, four control inputs (m,
sel0, sell, Co), one 64 bit output results and six output as

flags, so total 202 ports as show in figure 7.

The total number gates And, Or, Inv, XOR, are 6125.
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Figure 7: Gate for all the five blocks designed for 64 bit
ALU
IX. SIMULATION

The first wave form shown is the 64 bit input “ain”
and next is input “bin”. The third wave form is the control
input “m” when it is 1 it select addition and subtraction as
seen going 1 at 1375ns on x-axis. When m is ZERO logical bit
operations are performed. Fourth wave form is carry in “co”
which goes from low to high at 2500 ns. Next is two input
“sel(1:0)” and also each input sell and selO is shown figure 8.
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Figure 8: Results of Logical verification of 64 bit ALU
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Eight waveform is the 64 bit output of “result” which
goes to all Ones at 1000 ns along with the outputs parity and
carryout too. By 1300 ns another pattern is checked and the
flags change too as per the operation.

X. RESULTS

A propagation delay for adder from stage zero was
identified and given in figure 9. A NOR gate has a worst case
delay of 0.26 ns and a NAND gate has a worst delay of 0.32
ns. A logical OR output took 0.62ns, a logical AND took
0.97ns, a XOR took 1.79ns and a XNOR took 2.21ns at the
end of the mux shown in the top level logic diagram.

A 64 bit addition has 39.36 ns delay from input “ain”
and “bin” to output “result_out” for adding 64 bits at 130 nm
technology library of Leonardo Spectrum Level 3 of Mentor
tool. This is shown in figure 9 and figure 10 shows results for
last adders.

Critical Path Report

Critieal path #1, (unconstrained path)

HANE GLTE ARRIVAL
sel(0)/ 0,00 0.00 dn
io_sel(0)/X IBCD2 0.26 0.26 dn
bl ix597/X WGI1 0.36 0.65 up
bl _ix521/X NDZNO 0.32 0.97 dn
bl ix593/X CEDC 0.82 1.79 dn
b1 _ix515/% MEZLO 0.43 .21 up
addl_ix1/X ZRETO 0.59 3.12 dn
addl_ix963/X L0210 0.36 3.46 up
addl_ix21/X ORIZHD 0.51 .99 dn
addl_ix975/% L0210 0.50 4.49 up
addl_ix45/X ORIZHD 0.51 5.00 dn
addl_ix967/X L0210 0.50 5.50 up
addl_ix67/X ORIZHD 0.51 6.01 dn
addl ix999/X L0210 0.50 6.51 up
addl_ix93/X ORIZHD 0.51 7.02 dn
addl_ix1011/X% L0210 0.50 7.52 up
addl_ixll5/X ORIZHD 0.51 8.03 dn
addl_ix1023/X% L0210 0.50 .53 up
addl_ix139/X ORIZHD 0.51 9.04 dn
add1_ix1035/% L0210 0.50 9.54 up
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addl_ix139/% OLIZNOD 0.51 9.04 dn 0.14
addl_ix1035/% A0ZI0 0.50 9.54 up 0.13
addl_ix161/% OLIZNOD 0.51 10.06 dn 0.14
addl_ix1047/% A0ZI0 0.50 10.56 up 0.13
addl_ix189/% OLIZNOD 0.51 11.07 dn 0.14
addl_ix1055/% A0ZI0 0.50 11.57 up 0.13
addl_ix211/% OLIZNOD 0.51 12.08 dn 0.14
addl_ix1071/% A0ZI0 0.50 12.58 up 0.13
addl_1x235/% OLIZNOD 0.51 13.09 dn 0.14
addl_ix1083/X A0ZI0 0.50 13.59 up 0.13
addl_ix257/% OLIZNOD 0.51 12,10 dn 0.14
addl_ix1095/% A0ZI0 0.50 12,60 up 0.13
addl_ix283/% OLI2NOD 0.51 15.11 dn 0.14
addl_ix1107/% A0ZI0 0.50 15.61 up 0.13
addl_ix305/% OLIZNOD 0.51 16.12 dn 0.14
addl_ix1118/% A0ZI0 0.50 16.62 up 0.13
addl_1x329/% OLIZNOD 0.51 17,153 dn 0.14
addl_ix1131/% A0ZI0 0.50 17.63 up 0.13
addl_ix351/% OLIZNOD 0.51 15.14 dn 0.14
addl_ix1143/% A0ZI0 0.50 18.64 up 0.13
addl_ix381/% OLIZNOD 0.51 19,15 dn 0.14
addl_ix1155/% A0ZI0 0.50 19.65 up 0.13
addl_ix403/% OLIZNOD 0.51 20.16 dn 0.14
addl_ix1167/X A0ZI0 0.50 Z0.66 up 0.13
addl_ix427/% OLIZNOD 0.51 2117 dn 0.14
addl_ix1179/% A0ZI0 0.50 1.67 up 0.13
addl_ix449/% OLIZNOD 0.51 22.18 dn 0.14
addl_ix1191/X A0ZI0 0.50 Z2.68 up 0.13
addl_ix475/% OLIZNOD 0.51 23.19 dn 0.14
addl_ix1203/% A0ZI0 0.50 23.69 up 0.13

Figure 9: Propagation Values of Logical Comparisons and
Adders of 64 bit ALU
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Figure 10: Propagation Values for the last stage Adders of
64 bit ALU

XI. CONCLUSIONS

This is a CMOS VLSI design of 64 bit ALU with
addition, subtraction, bit wise operations of AND, OR, XOR
and XNOR verified with mentor tools at 130 nm technology at
room temperature. The efficiency design time increases for
three or four fold with EDA tools and the blocks can be
reused. Addition can be reduced with a carry look ahead adder
and in future will do at the cold and hot temperatures as well
as scaling down the technology too.
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