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Abstract:

A simple Four Function calculator is actually afairly complex hardware design. Using two Xilinx Spartan
XCS10PC84 FPGA's, this project is able to use familiar keypad inputs to calculate the sum or difference of
two integers. The user can typein an input on akeyboard in familiar decimal form, press the control keys
like a standard calculator, and then see the result of the operation displayed in hexadecimal on a eight
number hexidecimal display. The design consists of control of the keyboard input, arithmetic logic, control
and number storage units, the interface between the FPGA’s, and output logic.



Introduction

A common four-function calculator is actually afairly complex piece of hardware to implement.
For a seven number display, one must find away to perform arithmetic functions on numbers as large as
ten to the seventh minus one (9,999,999) as small as ten to the negative seventh (.0000001). Although
speed is not particularly vital for such a specialized system, chip area and systems resources are vitally
important. Asthis project progressed, difficulty in implementing various system components and fitting
our design onto the Xilinx Spartan X CS10PC84 field programmable gate array (FPGA) forced usto
simplify our design. What started as a four function calculator using |EEE 754 floating point numbers
ended up as asimpler binary integer adder/subtractor. We were, however able to at least implement each
sub system in software and completed enough of the design to show proof of concept of our origina
design.



Schematics

The design of the circuit which we used isfairly simple. The first FPGA evaluation board
handles the input and the arithmetic logic. It ishooked up to the key pad and to the other FPGA EVB. The
keypad is a standard 4x4 matrix keypad aswas used in lab 4. The keypad is set up so that the rows are tied
high through 1kWresistors and are monitored while the columns are powered such that three are high and
oneislow at any given time. When akey is pressed, the row pin will be shorted to ground when the
appropriate column pin islow. By deciphering what row and column are low, the logic can determine what
key is being pressed.

The interface between the boards consists of seven datawires. Thefirst five are used as afive bit
wide seria datainterface which sends data to the second FPGA EVB. One pin sends asignal which
synchronizes the input and output of the two boards so that data on both ends matches. The last pin sends
aserror signd if thereis overflow or another arithmetic error.

The second FPGA controls the output of the system. Its pins are taken up be the interface with the
first FPGA and with pins used to display data on the seven segment displays. By using multiplexed output,
that is switching the data back and forth between two displays and only powering the appropriate display,
we cut down the number of necessary pinsin half. Two PNP transistors are powered through 330W
resistors to the base. They are powered one at atime. The collectors are connected to 5v and the emitters to
the power pins of the seven segment displays. In this manner, only one of the two numbers on the display
ispowered at agiven time. The seven segment displays use a common anode set up so each LED or
number segment is lit when is pulled low through a 330Wresistor. Figure one shows the setup of our
system.
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FPGA Design

The mgjority of this project was spent in designing and trouble shooting the logic on our two
FPGA’s. The systemisdivided such that the first FPGA EVB is used to interpret the input and perform
the arithmetic operation. The second FPGA EVB isused to convert the data from binary to the data used
by the actual seven segment displays. Each FPGA also contains the appropriate logic for interfacing with
each other.

The number foramt which we used consists of twenty five bits. The top bit isasign bit and the
bottom twenty five bits are the significand. This format was chosen because of its smplicity for
multiplication and decoding. Thereisno shifting or exponent bits so the first bit always corresponds to
one, the second to two, the third to four and so on.

Thetop level layout of the first FPGA can be seen in figure two. Basically, it controls the three
registers and the inputs to the adder logic so that the correct datais displayed at the correct time.  Thefirst
register (Rdt) isused to store the data from the adder and feeds it back into the adder. The next register
(disp) aso stores data from the adder and it feeds the output logic. The reason why two registers are
needed is because when afunction or equals key is pressed, the data in the result register clears but the
display register keepsthe data. The display register stores the data so that the user can till see the result.
The result register is cleared so that on the next number press, a new number is started rather than
appending it to the end of the old number. The shift left logic is used to compute the number in the register
times ten by adding eight times the number plus two times the number. Thisis done when ever anumber is
pressed so that the user interface isin adecimal format. For example, if the user pressed two followed by
one, the number would be interpreted as twenty-one. The final register (arg) stores the first argument of the
main operation being performed. For example if the user input “45 + 90,” the argument register would
hold the data “45” while the user input the second number.
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The logic which controls the input is one of the more complicated subsystems of this design.
Fortunately, it was aready completed as part of lab 4. The only change that had to be made was to change
the decoder module and to remove the end so that it out put a number and a function code rather than
signals for a seven-segment display. The basic layout can be seen in figurethree.  The clock counter dows
the clock frequency so that the debouncer islooking at the signal in terms of milliseconds rather than
microseconds. The keypad driver outputs to the keypad a one low signal which is used to determine what
column a pressed key isin. The Three-Cycle delay block simply delays the data from the keypad driver so
that it arrives at the same time as the data from the debouncer. The mux separates out the datawhich is
debouncing form the three stable signals coming from the keypad. The debouncer debouces that one hit.
Finally the decoder takes the driver and debouncer data together to determine what key was pressed.
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Input Logic

The Adder logic is based on afinite state machine as shown in figure four. Basicaly itisjust a
twos compliment adder set up so that the data which comes out is positive and that the sign bit of the result
and the sign bit of the result is adjusted accordingly. The add step ssimply adds the inputs. The invert state
works by subtracting the data from the number zero. The sign of the answer is changed here too. The send
state writes an output register so that the datais steady. Thereis also overflow detection in this software.
Because the data to the adder is always positive, it simply states overflow if the sign bit is high on the ALU
output and the operation was positive. The sign bit of the output is adjusted also if the first argument is
negative. If thisisthe case, the result hasto be arithmetically inverted.
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Figure Four: Finite State Machine for adder

The output logic isfairly smple. It isasix-state finite state machine. In thefirst state, the “ send”
command is high and the datawires are low. This state is used to synchronize the states of the input and
output. The dataisthen sent five bits at atime with bits zero through four being sent first. Following that,
the datais sent five bits at atime until the end isreached. The cycle then repeats.

The finite state machine of the control logic can be seen in figure five. Thelogic
basically waits for akey to be pressed then goes through a few states according to the function code from
the input decoder. If anumber is pressed, the datain the result register is multiplied by ten then added to
the number which was pressed. If the number in the result register was negative, then the number from the
decoder is subtracted. If afunction key is pressed, plus or minus, the operation code is stored, the number
in the result register is written to the argument register, and the result register is cleared. Thisiswherethe
display register is needed. If it were not there, then the old number would disappear when the function key
was pressed or the next number pressed would simply be appended onto the end of thefirst. A clear
command makes the result and display registers go to zero. The argument register is not cleared. Thisisso
that if amistake is made by the user, they can clear the number which they are inputting without losing the
first argument. The plus minus key inverts the sign bit of the result and display registers. The equals key,
performs the operation which is stored in the opcode register, writes the data to the argument register and
then clearsthe result register.



Figure Five: Finite state
Machine for Control logic

The second FPGA handles the output of the system. It receives the 5-bit wide seria input from
the other FPGA and then drives the seven segment displays. The input block of this FPGA isbasically a
shift register with aFSM control. The states simply count the clock cycles since the send signal from the
output was high. Once that count reaches five, the datais done transferring and so the data in the shift
register iswritten to the out put register. The out put register is then read by the output encoder (called
out_reg). This module uses a multiplexor to read the input bits four at atime. It runs those four bits
through a decoder which convert afour bit number to the appropriate signal for the seven segment display.
On the other side of the decoder, eight 8-bit registers store the data from the decoder. Theregisters are
written when the corresponding eight bits are being read. For example, if the four least significant bits are
being read, then the first register iswritten with that data. The registers are eight bits so that the decimal
point can be used, even though are system does not useit. The display is multiplexed using PNP transistors
asinlab 3. When the display clock is high, thefirst, third fifth and seventh numbers on the display are
driven and the even ones are driven when the clock islow.



Results

In the end, this system can add and subtract integers which are input through the key pad.
Unfortunately, we were unable to get the system to work in floating point as originally planned. Also, we
were unable to integrate the multiplication and division due to space restraints. We did prove that our
original design would work if we had adightly larger FPGA or alittle more time to squeeze the needed
logic on our chips.

Originally, we planned to implement our design in |EEE 754 floating point. We were successful
in implementing all of the needed code to perform the operations. However, when we tried to program our
chip, the system required far more CLBs then were available. Our first attempts at optimization were
basically in cleaning up our code so that we implied less hardware, mainly ALUs.. Thiswas far from
enough. The major progress we did make in reducing the size of our logic was that we changed the adder
from a single cycle design to a multicycle design. The modules which performed variable shift were very
large as they implied often twenty three way, twenty-three bit multiplexors. These were replaced in the
multicycle approach by single step shifts and control logic which could repeatedly perform such steps. This
design uses only one ALU to perform all of the various addition and subtraction needed in the floating
point process. This reduced the adder itself to about sixty percent usage of the CLB’s or about 120 CLB.
This was a vast improvement over our early single cycle designs which were in the range of two hundred
percent. The problem was that the Xilinx software would not right the eight bit exponent from the twenty-
six bit ALU. Despite trying a large number of ways around this problem we could not find away to get it
towork. Also, the multiplier hardware would not perform multiplication on larger numbers after being
recorded. Smaller numbers would come out correctly but large ones would cause problems. Due to the
impending deadline and the troubles we were having with the arithmetic logic, we decided to go with a
simpler solution so that we could meet our deadline. Looking back, it would have been a good ideato go to
binary coded decimal due to the ease of decoding. However, our twenty five bit format required us to
change only a small amount of hardware, mainly in the adder to get the system working. With the deadline
looming, we were unableto fit the adder, input software, and the multiplier on one chip. The design, with
all of this hardware only required ten more CLB than we had available. Given just another day, we
probably could have further optimized the code to the point here it would havefit. The easiest way to do
this would have been to use the same ALU for the adder and the multiplier which probably would be
enough to fit the multiplier on the chip (atwenty five bit ALU usually takes up about 12 CLBsin
implementation with the foundation software). So in the end, we ended up with the adder, control logic
and registers, the interface with the second ALU, and the input system on the first chip. Thisimplemented
using 113 CLBs of the available 196 or about 57%.

The main reason we decided to use two chips was that we could fit the decimal decoder on the
second chip. Since the system uses a simple binary number format, the decoder does not require any
complicated hard ware for performing arithmetic. We were able to design the decoder which worked
perfectly in simulation and only used sixty eight percent of the CLBs with the input system and output
registers. However, when we actually tried the system, the outputs were only zero and error. Thiswas
probably due to atiming error. We implemented the final system with the second FPGA with only the
interface system and the output registers so that the result would come out in hexadecimal. This system
works perfectly so the problem isin the actual decimal decoder. Again, with the impending deadline, we
were unable to fully track down this problem, but it is probably only arelatively minor mistake.

Onefina note on our implementation is that the system only worksin the one megahertz mode on
the EVBs. The output becomes blurry when we use the two mega hertz mode probably because the data
does not have enough time to stabilize and fully stabilize the seven-segment displays before it changes to
the other number.

Over all , the designs worked, at least in simulation, it was fitting them on the chip and worrying
about timing in the real world that was the greatest challenge. Thisis probably a very good lesson to learn
asthisis exactly the sorts of things practicing engineers worry about. The system isat least minimally
functional and contains enough functions to prove our conceptual design. With aday or two more time,
multiplication could have been squeezed in and decimal decoding could have been worked out. Practicing
engineers also have to work with deadlines though.
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Appendix A: Hardware not included in Final System

Through the course development of this design, several radically different approaches were taken
to the arithmetic logic. Also, the conversion of numbersto decima wastried. Unfortunately, size and
timing constraints forced the omission of these systems from the final system. This appendix will address
multiplication, division, decimal conversion and floating point addition logic which was omitted from the

final design.

Binary Multiplier

When implementing our origina design, the multiplier inferred in Verilog was optimized for
operational speed, but took up too more space than any other component. Because of this, there was a need
to design our own binary multiplier, which operated at a much, much slower rate but took up considerably
less area on the chip.

The multiplication algorithm used is the same as the one that is presented in Patterson and
Hennesy, which was chosen due to its relatively small area and simplicity of components. It consists of
two registers, one being 24-bitsin length (given a 23-bit significand plus an appended leading one) and an
enabled 48-hit register (product register). There also exists a 24-bit adder, athree to one multiplexer, and a
finite state controller, which sends the appropriate control signals to the hardware. The hardware looks like

the following:
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Data 1 and Data 2 represent the numbers that are being multiplied. The multiplication process
takes 24 cycles, but this sacrifice in speed alows for areduction of area, which was crucial for our project.
The actual control algorithm isimplemented in afinite state machine, which is outlined below:
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Intheinitial state the registers are initialized with the two values that are to be multiplied, and the
counter isreset to zero. Then the least significant bit of the product register is tested to seeif it is high or
low. If the bit ishigh, the left half of the product is added to the multiplicand then written to the left half of
the product register. If the bit islow, then the product register is shifted right by one bit. Next, the counter
isincremented to denote the passing of acycle. This step isfollowed by atest of the counter, to seeif all
the necessary cycles have been performed. Since we are multiplying two 24-bit numbers, the counter must
equal 24 before we are finished. Once the 24™ repetition has been performed, the multiplier is finished and
exertsavalid signal for two clock cycles before beginning the process again.

Floating-Point Multiplier
The floating-point multiplier was the largest single element in our design, eating up 86% of our

available configurable logic blocks on the chip. The hardware for the multiplier is outlined below:
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The two floating-point numbers being multiplied are held in two 32-bit enabled registers. The
sign bit of the product is found by simply performing an exclusive-or on the two sign bits. Thisresult is
then written directly to the product register. The exponents are sent to a 9-bit ALU which adds the two
exponents and then either passes on the sum (minus the 127 bias), or the sum plus one if overflow occursin
the multiplier. Thisis controlled using a2 to 1 multiplexer, which receives a select signal from the control
logic. The significand are multiplied using the binary multiplier discussed earlier. The result from this
block is also sent to a multiplexer, which is sent a control signal denoting whether overflow has occurred or
not. If it has, the right shifted product is sent to the product register significand, if not then the unaltered
product is sent. The control signal detects overflow in the binary multiplier by examining the top bit of the
significand product, which is one bit larger than necessary. Overflow and underflow in the product register
are detected by looking at the most significant bit of the exponent, which is also allowed one extra bit for
this detection. If the most significant bit of the exponent is high after normalization, then thereis an error
and the product register isinvalid. Setting an error signa high denotes this occurrence, which can be seen
by top level control.

The control logic was again implemented in afinite state machine. An outline of the algorithm
used is shown below. Theinitia state isthe reset state, in which the two floating-point numbers are loaded
into the appropriate registers, the exponent result register is enabled, and the valid signal is set low. The
FSM then enters a delay state, in which it waits for the binary multiplier to finish, since through it liesthe
critical path of the design. Once the binary multiplier is finished, the result is written to the product
significand. The control logic then checks the most significant bit of the binary multiplication product to
seeif itisnormalized. If itis, then the exponent product register iswritten. However, if it isnot, then the
right shifted binary multiplication product is sent to the significand product register, and the exponent is
incremented by one. Once thisis complete, overflow and underflow are checked for and the error bit is set
accordingly. Thefinal state sets the valid signal high, and sends the FSM back to itsinitialization state.
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Floating-Point Division

Floating-Point division resembles floating-point multiplication, however the dilemmait presented
was much more immediate because Verilog does not support the division of non-constant numbers.
Immediately it was apparent that we would need to design our own binary division hardware, then use it to
implement our floating-point division. Unfortunately, once we decided that floating-point division was
outside the scope of our project, the Verilog code disappeared. However the basic algorithm that was used
still holds true and is outlined below.

Thisis very similar to floating-point multiplication, however now we are taking the difference of
the exponents and dividing the two significands. First to find the sign we can again exclusive-or the sign
bits. Next, to solve for the exponent, take the difference of the two input exponents. The significands are
then divided, making sure to append the leading one for each. This result may not be normalized and must
be checked for normalization. If it isthe casethat it is not, then smply shift the result right one bit and
increment the exponent by one. Finally, we need to check for overflow and underflow. If either of these

cases occur we have an exception that must be set.
Xor sign bits Dividethe
significands
no
Normalize
Increment exponent

Over/Underflow?

Figure A.5

Takethe
difference of the
exponents and add
the bias.

yes

finished

The binary divider algorithm is analogously similar to the binary multiplication agorithm, again
instead of additions, now we are performing subtractions. The algorithm that was implemented in our
design is outlined below:
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This design required one 25-bit divisor register and one 50-bit remainder register. These are one
and two bits larger than necessary respectively, however sign becomes an issue in this procedure and must
be accounted for in the design. The easiest way to do so isto add a sign bit to the numbers being
manipulated. The design also requires a 25-bit ALU that performs the necessary functions upon the two
registers, and some multiplexersto the appropriate outputs at the appropriate times. The control logicis
modeled after the algorithm above, and must count repetitionsin order to write the output at the appropriate
time.

Unfortunately we were never able to successfully implement this design, although steps had been
made in the right direction. Ultimately time constraints forced usto eliminate division from the scope of
our project, and area restrictions may have forced it out also, considering what little space remained after
our successful implementation of just the addition and subtraction modules.

Binary to Binary Coded Decimal Decoder

In order to be simple and easy to use, we wanted to display our output in decimal. It was an
obvious choice because only a select few people know what 528 isin hexadecimal off the top of their
heads. Thus we needed some way of decoding these numbers we were calculating in binary to a binary
coded decimal representation. We eventually settled upon a method that goes as follows.

Since our output could be no larger than 9,999,999 and no smaller than 0, we proposed to subtract
the first four powersof 2 (20 =1, 21 = 2, 22 = 4, 23 = 8) scaled by the decimal unit range desired
(1070 through 10"6) to produce a binary coded decimal number for each unit displayed. We would begin
by subtracting the largest amount from the encoded number, or 8,000,000 and work our way down in
descending order to 1. If the result of a difference is negative, then the encoded register remains unchanged
and the binary coded decimal register for that unit is sent azero. However, if the differenceyields a
positive number, then that difference is written to the result register and the binary coded decimal register
receivesaone. Thisagorithm and a brief example are given on the next page.
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The example above is ssimple, only taking into account the ones place, however this method can be
expanded to all decimal places, and was donein our design. The BCD register consisted of a 28-bit shift
register, that shifted one bit left and placed the incoming bit as the least significant bit. Furthermore, since
we had afinite amount of numbers to subtract, we implemented a look up table that provided the necessary
value. Thisdesign worked in simulation, however did not perform well in the actual implemented design.
We believe that timing difficulties existed in the actual implementation that somehow erroneously reset the
display to zero continuoudly.

Floating Point Addition

Floating point addition is afairly complex process. First the difference between the two
exponents must be found. Thisinformation is then used to shift the smaller numbers significand so that the
two numbers line up correctly. The exponents are then added or subtracted appropriately. The result must
then be arithmetically inverted if it is negative and the result sign has to then be changed. The new exponet
has to be shifted and the exponent changed so that the result has the right exponent and the significand isin
the right position with the implied leading one. Thefinal step isto round the significand with taking into
consideration that if the significand is al ones, then the exponent may have to be incremented. Originally,
thiswas donein this project in asingle cycle. This, unfortunately, was far too large to fit on a chip even
after significant optimization. After that, a multicycle approach was tried using fewer ALU’s and big
muxes. Thisunfortunately, didn’t work. We were unable to get the foundation software to use the ALU to
increment and decrement the exponent so the answer would not come out right.

A single cycle implementation requires several different components the datais processed as
described above on a continuous basis. Thisis understandably very large in implementation. The set-up of
such asystem can be seen in figure A.8. The origina verilog code for thisis called float_add and a more
opimized version can be seen in float_add_op in appendix C.
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Asistrue for most multicycle processes, floating point addition is far more coplicated in several
steps rather than just one. Theidea of thisisthat by using just one ALU and only shifting the data one bit
at atime, one can save agreat deal of space. Theimplementation of this system did, in fact take up far less
space than the single step implementation.  As stated earlier, the hardware had trouble incrementing and
decrementing the exponent. It did however, correctly find the difference between two exponents. Dueto
time constraints, this problem was not solved. There is probably away to fix this problem but it was not
found in several hours of trouble shooting. A finite state machine of this system is shown in figure A.9.
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Appendix B: Verilog Code in Fina System

FPGA 1

module binary_main3 (key_in, key_out, clk, reset, out, midclk, midclkb, send, error);
/[ thisis the main module used on the first FPGA

/linput and output declarations
input [3:0] key_in;

input clk ;

input reset ;

output midclk, midclkb, send, error;
output [3:0] key_out ;

output [4:0] out;

/Iwire declarations

wire sclk, mux2db, db2dcdr, enbl, full_enbl, ovrflw, rdt_wrt, adderOp;
wirerdt_clr, disp_clr, disp_wrt;

wire [2:0] funct, opcode;

wire[3:0] M, S, n, num, state3;

wire [24:0] encdr_out, addr_out, addr2aluA, addr2aluB, aluOut, result;
wire [24:0] display, answer, mult_out, arg2;

wire arg_wrt, Inv, rdt_src, sub, m_error;
wire [1:0] addSrcB, addSrcA,;
wire [12:0] control;

reg error;
reg [24:0] addrArgB, addrArgA,;

assign addSrcA = control[12:11];
assign addSrcB = control[10:9];
assign rdt_clr = control[8];
assign disp_clr = control[7];
assign rdt_wrt = control[6];
assign disp_wrt = control[5];
assign arg_wrt = control[4];
assign Inv = control[2];

assign rdt_src = control[1];
assign sub = control[O];

assign answer = rdlt_src?mult_out: addr_out;
always @(posedge clk or posedge reset)

if (reset) error <=0;

elseif (ovrflw || m_error) error <=1,

[lthe keypad is dirven by the current state
assignkey out =S;

/Imidclkb is used to run the multiplexed display
assign midclkb = ~midclk;
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[[figure the inputs to the input module (calulate input plus result or result times ten)

always @(addSrcA or result or arg2)
case(addSrcA)
2'b00: addrArgA <= {result[24], result[20:0], 3'b0};
2'b01: addrArgA <= result;
2'b10: addrArgA <= arg2;
default: addrArgA <= result;
endcase
always @(addSrcB or result or encdr_out)
case(addSrcB)
2'b00: addrArgB <= {result[24], result[22:0], 1'b0} ;
2'b01: addrArgB <= encdr_oult;
2'b10: addrArgB <= result;
default: addrArgB <= result;
endcase

/Icalls to the submodul es
/Iclock control
cntr cntrl(clk, midclk, sclk, reset);

/linput debounce and decode

driver driverl (reset, sclk, S);

MUX mux1(key_in, midclk, reset, M, mux2db);

dbncr dbnerl(mux2db, midclk, db2dcdr, reset);

enblr enblrl(enbl, midclk, sclk, full_enbl, reset);

binary_encoder ncdrl(encdr_out, funct, enbl, state3, M, db2dcdr);
three_cyc_dly dlyl(midclk, reset, S, state3);

//adder module
binary_adder adder(addrArgA, addrArgB, addr_out, sub, clk, reset, ovrflw, addr2aluA, addr2aluB,
adderOp, aluOut);

/[dummy multiplier
pmultplr multplrl(result, arg2, mult_out, m_error, clk, reset);

/IAlu
au_25b ALU(addr2aluA, addr2aluB, aluOut, adderOp);

/lresult register
ERreg_25b rdt(result, addr_out, midclk, rdt_wrt, reset, rdlt_clr, Inv);

/ldisplay register
ERreg_25b disp(display, addr_out, midclk, disp_wrt, reset, disp_clr, Inv);

/largument2 register
ERreg 25b_simp arg(arg2, result, midclk, arg_wrt, reset);

/[control module
control cont(full_enbl, reset, midclk, funct, result[24], contral);

/loutput module
serial_out_put_5x5 outp(display, out, send, clk, reset);

endmodule
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module binary_adder (A, B, C, sub, clk, reset, ovrflw, argA, argB, au_op, Alu_res);
/Ibinary adder contains the logic used to perform addition and subracation on a
//25-bit signed binary number. It uses an outside alu so that the same ALU can be used
[[for other operations

//declarations

input [24:0] A ;

input [24:0] B ;

output [24:0] C;

input sub ;

input clk ;

input reset ;

output ovrflw, alu_op;
output [24:0] argA, argB;
input [24:0] Alu_res,

/Iwires
wire op, SignA, signB, opSd;

/Iregisters

reg signC;

reg [1:0] state, next_state;
reg [24:0] res _reg, C;

/Ithe sign bits are the top bits
assign signA = A[24];
assign signB = B[24];

//determines the operation which the ALU will carry out
assign op = (signA " signB) " sub;
assign alu_op = opSel?1:op;

//determines the inputs to the ALU
assign argA = state[0] 725'b0:{ 1'b0, A[23:0]};
assign argB = state[ 0] 7res_reg:{ 1'b0, B[23:0]};

/ldermines if overflow occurs by checking sign bit versus operation
assign ovrflw = ~op & Alu_req24];

/[control the registers
always @(posedge clk or posedge reset)
if (reset)
/lon reset al registers go to zero
begin
state <= 0;
res reg <=0;
C<=0;
signC <=0;
end
/lotherwise the ALU result iswritten to the result register,
/Ithe state advances, and possibly the sign of the answer isinverted
/land the output is put to zero.
ese
begin
res reg <= Alu_res,
State <= next_state;
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if (state == 2'b01)
signC <= ~s€ignA;
else SgnC <=€ignA;
if (state]1])
C <= ovrflw?20:{signC, res reg[23:0]};
end

/Inext state logic
always @(state or res_reg)
case (state)
2'b00: next_state <= res_reg[24]72'b01:2'b10;
2'b01: next_state <= 2'b10;
2'b10: next_state <= 2'b00;
endcase

endmodule
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module alu_25b (A, B, C, sub) ;
/Ithisisasimple ALU which performs two’ s compliment addition
// and subtraction on two 25-bit numbers

//declarations
input [24:0] A ;
input [24:0] B ;
output [24:0] C;
input sub ;

wire [24:0] B_arg;

//sets the B argument depending on the function
assign B_arg = sub?~B:B;

/Iperforms addtion
assign C=B_arg + A + sub;

endmodule
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//Josh Kihm
/lthis module is the control for the binary cal culator

module control (full_enbl, reset, midclk, funct, sign, cntrl) ;

//declarations

input full_enbl, reset, midclk, sign;
output [12:0] cntrl;

input [2:0] funct ;

wire rdt_wrt, opwrt;
wire [1:0] strd_op;

reg [3:0] state, next_state;
reg [12:0] cntrl;

parameter SO0 = 4'b0000;
parameter SO1 = 4'b0001,
parameter S02 = 4'b0010;
parameter SO3 = 4'b0011,
parameter S04 = 4'b0100;
parameter SO5 = 4'b0101;
parameter S06 = 4'b0110;
parameter SO7 = 4'b0111,
parameter SO8 = 4'b1000;

/Ithisis a enable register which stores the op code
ERreg_2b op_reg(strd_op, funct[1:0], midclk, opwrt, reset);

/[control signal logic based on state and the stored operation
always @(state or strd_op)
case(state)
S00: entrl <= 13'h0000000000000;
S01: entrl <= 13'h0000001100000;
S02: entrl <= 13'h0101001100000;
S03: entrl <= 13'h0000110000000;
S04: entrl <= 13'h0000000011000;
S05: entrl <={11'b10100001100, strd_op[1:0]};
S06: entrl <= 13'h0000000000100;
S07: entrl <= 13'h0101001100001;
S08: entrl <= 13'h0000100000000;
endcase

/Iwrite the op_reg when ever the appropriate signal is high
assign opwrt = cntrl[3];

/Iregister control
always @(posedge midclk or posedge reset)
if (reset)
state <= S00;
ese
state <= next_state;

/Inext state logic

always @(state or full_enbl or funct or sign)
case (state)
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S00: i

SO1:
S02:
S03:
S04:
S05:
S06:
SO7:
S08:
defaul

f (full_enbl)
case (funct)
3'b000: next_state <= SO1;//number
3'b001: next_state <= S06;//+/-
3'b010: next_state <= S05;//=
3'b100: next_state <= S04;//add
3'b101: next_state <= S04;//sub
3b110: next_gtate <= S04;//mult
3'blll: next_state <= S03;//clear
endcase
else next_state <= SO0;
next_state <= sign?S07:S02;
next_state <= S00;
next_state <= S00;
next_state <= S08;
next_state <= S08;
next_state <= S00;
next_state <= S00;
next_state <= S00;
t next_state <= S00;

endcase

endmodule
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module seria_out_put_5x5 (in, out, send, clk, reset) ;

/Ithisis the output module for the interface between the two chips
/lit outputs the input five bits at atime. It has a send signa which
/Imarks the beginning of the transfer so that the input and output are
/Isynchronized.

//declarations
input [24:Q] in;
output [4:0] out ;
output send;
input clk, reset ;

reg [2:0] state, next_state;
reg [4:0] out;

wire[4:0] inl, in2, in3, in4, in5;

parameter SO = 3'b000;
parameter S1 = 3'b001;
parameter S2 = 3'b010;
parameter S3 = 3'b011;
parameter S4 = 3'b100;
parameter S5 = 3'b101;

/lthe send signal goes high in thefirst state
assign send = (statef2:0] == S0);

/Igive names to the different sections
assigninl =in[4:0];

assignin2 =in[9:5];

assign in3 =1in[14:10];

assign ind =in[19:15];

assign in5 =in[24:20];

/ladvance the state with clock

always @(posedge clk or posedge reset)
if (reset) state <= SO;
€lse state <= next_state;

/Inext state logic and output control based on state
always @(state or inl or in2 or in3 or in4 or in5)
case(state)
SO:begin
next_state <= S1,
out <= 5'b0;
end
Sl:begin
next_state <= S2;
out <=inl;
end
S2:begin
next_state <= S3;
out <=in2;
end
S3:begin
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next_state <= 4,
out <=in3;
end

SA:begin
next_state <= S5;
out <=in4;
end

S5:begin
next_state <= S0;
out <=in5;
end

endcase

endmodule
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module dbncr (mux2db, midclk, db2dcdr, reset) ;
/ldebouncer module from lab four.

//declarations
input reset;
input mux2db ;
input midclk ;
output db2dcdr ;

reg datal, data?, data3, db2dcdr;
wire AllSame;

//if the siganl is steady for three cycles, Allsame goes high
assign AllSame = ((datal == data?) & & (data2 == datal));

/Ishift register determines the last three values of the input
always @(posedge midclk or posedge reset)
if (reset)
begin
datal <=1,
data2 <=1,
data3 <=1,
db2dcdr <= 1;
end
ese
begin
datal <= mux2db;
data? <= datal;
data3 <= data2;
db2dcdr <= AllSame?data3:db2dcdr;
end

endmodule

module MUX (K, midclk, reset, M, mux2db) ;

/lthis module selects the appropriate signal to send to the
/I debouncer if thereis a change in change in any of the
/I siganls.

//declarations
input [3:0] K ;
input midclk ;
input reset ;

output [3:0] M ;
output mux2db ;

reg [3:0] M;
reg mux2db ;

wireA, B, C, D;
/Igive names to signals
assign A = K[Q];

assign B = K[1];
assign C=K]2];
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assign D = K[3];

/loutput register sends on the opposite of the input
always @(posedge midclk or posedge reset)

if (reset) M <= 4'b0000;

dseif (K I=4'b1111) M <= ~K;

//determines which signal goes to the debouncer
always @(M or A or B or C or D)
begin
case (M)
4'b0001 : mux2db = A;
4'b0010 : mux2db = B;
4'b0100 : mux2db = C;
4'b1000 : mux2db = D;
default : mux2db = 1;
endcase
end

endmodule

module driver (reset, sclk, S) ;
/lthe driver circuit sends the four bits that drive the rows of the keypad

input reset ;
input sclk ;
output [3:0] S;

reg[3:0] S;

/lon reset, the default value is given, otherwise it cycles through the
//''one cold' encoding.
always @(posedge sclk or posedge reset)
if (reset) S <=4'b1110;
ese
begin
3] <=92];
2] <=91];
1] <=90;
§0] <=93];

end

endmodule

module enblr (enbl, midclk, sclk, full_enbl, reset) ;

/lenblr makes sure that asignal is only read once by sending a

/I high signal when the signal only when the enabl signal from the
//decoder islow for the first time since it was last low in the current state.

/! delcarations

input enbl ;
input midclk ;
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input sclk ;
input reset ;
output full_enbl ;

reglst_enbl1;
reg [3:0] Ist_enbl2;

/Ishift register at Slow slock frequency, Ist_enbl2[3] hold the
/lenble input form when the last time the locgic was in the current state
always @(posedge sclk or posedge reset)
if (reset) Ist_enbl2 <=0;
ese
begin
Ist_enbl2[0] <= enbl;
Ist_enbl2[1] <=Ist_enbl2[0];
Ist_enbl2[2] <=Ist_enbl2[1];
Ist_enbl2[3] <=Ist_enbl2[2];
end

/Nlast_enbl1 holds the enbl signal from the last cycle of midclk
always @(posedge midclk or posedge reset)

if (reset) Ist_enbl1 <=0;

dselst_enbll <= enbl;

/lonly if enbl is high and it was low on the last cycle of midclk and
[[four cycles of sclk ago, isfull unble high.
assign full_enbl = enbl && ~Ist_enbl1 && ~Ist_enbl2[3];

endmodule

module cntr (clk, midclk, sclk, reset) ;

/[counter is used to dow down the clock for use by the
/I various system components. Midclk runs at 1/1024
/lclk frequency and sclk runs at 1/8196 clk frequency

input clk ;
input reset;
output midclk ;
output sclk ;

reg [11:0] cnt;

assign midclk = cnt[8];
assign sclk = ent[11];

always @(posedge clk or posedge reset)
if (reset) cnt <=0;
elsecnt <= cnt +1;
endmodule
module binary_encoder (binary, funct, enbl, state, mux, db2dcdr) ;

/Ibinary encoder is asimple, combinational logic module that
/[converts the debounced data from the keypad to the appropriate

30



/Inumber and function symbols.

output [24:0] binary ;
output enbl ;

output [2:0] funct;
input [3:0] state ;
input [3:0] mux ;
input db2dcdr ;

reg [2:0] funct;
reg [4:0] low_bits;

assign binary = {21'b0, low_bits};
assign enbl = ~db2dcdr;

/Inumber logic

always @(state or mux)

case ({ state, mux})
8'b01110100: low_hits <=4'b0000; //0
8'b11101000: low_hits <=4'b0001, //1
8'b11100100: low_hits <=4'b0010; //2
8'b11100010: low_bits <=4'b0011, //3
8'b11011000: low_hits <=4'b0100; //4
8'b11010100: low_hits <=4'b0101, //5
8'b11010010: low_bits <=4'b0110; //6
8'b10111000: low_bits <=4'b0111, //7
8'b10110100: low_hits <=4'b1000; //8
8'b10110010: low_hits <=4'b1001, //9
default: low_bits <=0;

endcase

/[function logic

always @(state or mux)

case ({ state, mux})
8b11100001: funct <= 3'b100; //add
8'b11010001: funct <= 3'b101; //subtract
8'010110001: funct <= 3'b110; //mult
8101110001: funct <= 3'b111; //clear
8'101111000: funct <= 3'b001; //plus/minus
8'h01110010: funct <= 3'b010; //equa
default: funct <= 0; //no funct

endcase

endmodule

module three_cyc_dly (midclk, reset, S, state3) ;

[/Ithree cycle delay is basically a shift register used to delay the state data

/I which runs to the decoder in order tocompenste for the delay through the
// debouncer.

input midclk ;
input [3:0] S;
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input reset ;
output [3:0] state3;

reg[3:0] statel, state?, states;

always @(posedge midclk or posedge reset)
if (reset)
begin
satel <= 4'b1111,
sate2 <= 4'b1111,
sate3 <= 4'b1111,
end
ese
begin
dtatel <= S,
sate? <= statel;
sate3 <= state?;
end

endmodule

module pmultplr (A, B, C, error, clk, reset) ;
/lpmultplr is a dummy multiplier module used so that
/[ the main module and the control module need not be
/I changed when the multiplier is taken in and out.

/I it actually performs alogic and on the inputs

input[24:0] A, B;
output[24:0]C;
output error;
input clk;

input reset;

reg [24:0] C;

assign error = 0;

always @ (posedge clk or posedge reset)
if (reset) C<=0;
gdseC<=A & B;

endmodule

module ERreg_2b (out, in, clk, enbl, reset) ;
/I thisis atwo bit enable register with asynchronous reset

input [1:0] in;
output [1:0] out ;
input enbl ;
input reset ;
input clk ;
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reg [1:0] out;

always @(posedge clk or posedge reset)
if (reset) out <=0;
elseif (enbl) out <=in;

endmodule

module ERreg_25b_simp (out, in, clk, enbl, reset) ;
/I thisis a 25-bit enable register with asynchronous reset

input [24:Q] in;
output [24:0] out ;
input enbl ;

input reset ;

input clk ;

reg [24:0] out;

always @(posedge clk or posedge reset)
if (reset) out <=0;
elseif (enbl) out <=in;

endmodule

module ERreg_25b (out, in, clk, enbl, reset, clr, inv) ;
/I thisis a 25 bit enable register with both synchronous and asynchronous reset
/l asswell asainv input witch causes the top bit to be inverted

input [24:Q] in;
output [24:0] out ;
input enbl ;

input reset ;

input clk, clr, inv ;

reg [24:0] out;

always @(posedge clk or posedge reset)
if (reset) out <=0;
elseif (clr) out <=0;
elseif (enbl) out <=in;
elseif (inv) out [24] <= ~out[24];
endmodule
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FPGA 2

module main (in, clk, reset, outl, out2, out3, out4, receive, midclk, midclkb) ;
/lthisis the main module of FPGAZ2, it calls the input module to interface with the
/lother FPGA and the out_reg module to output to the seven segment displays

/lit also uses the cntr module to produce slower clock signals

input [4:0] in;

input clk ;

input reset, receive ;
output [7:0] outl ;
output [7:0] out2 ;
output [7:0] out3 ;
output [7:0] out4 ;
output midclk, midclkb;

wire [24:0] num;
wire sclk;

assign midclkb = ~midclk;

cntr cnt(clk, midclk, sclk, reset);

seria_input_5x5 inpt(num, in, receive, clk, reset) ;

out_reg o_reg({ 7’b0,num}, outl, out2, out3, out4, clk, midclk, reset);

endmodule



module seria_input_5x5 (out, in, receive, clk, reset) ;
/lthis module is the receiving module for our chip to chip interface
/I'if is basically a shift register

//declarations
output [24:0] out ;
input [4:0] in;
input receive ;
input clk, reset ;

wire [24:0] wirel;

reg [2:0] state, next_state;
reg [24:0] shft_out;
reg [24:0] out;

parameter SO = 3'b000;
parameter S1 = 3'b001;
parameter S2 = 3'b010;
parameter S3 = 3'b011;
parameter S4 = 3'b100;
parameter S5 = 3'b101;

/lon clk up, state gets the next state, the new datais shifted in and if
/l the state is state 5, then the output is written
always @(posedge clk or posedge reset)
if (reset)
begin
shft_out <=0;
out <=0;
sate<=0;
end

ese
begin
state <= next_state;
shft_out <= {in, shft_out[24:5]};
if (state == S0) out <= shft_out;
end

/Inext state calculation, if recive is high, the next state is S1
always @(state or receive)
case(state)
S0: next_state <= receive?S1:S0;
S1: next_state <= receive?S1:S2;
S2: next_state <= receive?S1:S3;
S3: next_state <= receive?S1:34;
S$4: next_state <= receive?S1:S5;
S5: next_state <= receive?S1:S0;
endcase

endmodule
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module out_reg (in, outl, out2, out3, out4, clk, midclk, reset) ;
/lthis module uses one display decoder and several registers to diplay the output

/I input and output declarations
input [31:0] in;

output [7:0] outl ;

output [7:0] out2 ;

output [7:0] out3;

output [7:0] out4 ;

input clk ;

input midclk ;

input reset ;

/l reg and wire declarations
reg [2:0]cntr;
reg [6:0] decout, decl, dec2, dec3, dec4, decb, dec6, dec?, decS;

wire [3:0] numl, num2, num3, num4, num5, num6, num7, NUM8, muxout;
wire [7:0] dec_plc, reg_enbl, ansl, ans?, ans3, ans4, ans5, ansb, ans/, ansS;

/I the counter ssimply cycles through eight states
always @(posedge clk or posedge reset)

if (reset)

cntr <=0;

ese

cntr <=cntr + 1;

/lthese lines divde up the output, the decimal point is set to off
/Ireplace these 9 lines with decode logic
assign numl1 =in[3:0];

assign num2 =in[7:4j;

assign num3 =in[11:8];

assign num4 =in[15:12];

assign num>5 =1in[19:16];

assign num6 =in[23:20];

assign num?7 =in[27:24];

assign num8 =in[31:28];

assign dec_plc=8b11111111;

/Ithis converts the counter into a one hot signal
one_hot_encdr encdr(cntr, reg_enbl);

/lthis mux deicdes th input to the decoder
mux8_4b mux1(numl, num2, num3, num4, num5, num6, numy7, num8, muxout, cntr);

/Ithis decodes the number for the 7-seg display
/Ireplace with dec_dcdr
Hex_Dcdr dedr(muxout, decout);

/lthese registers are written at the appropriate time as the data comes out
/lof the 7-segment decoder. The registers are written one at atime so that
/lonly one decoder is needed.

erreg_8b regl(ansl, ({ decout, dec_plc[0]}), clk, reset, reg_enbl[0]);
erreg_8b reg2(ans2, ({ decout, dec_plc[1]}), clk, reset, reg_enbl[1]);
erreg_8b reg3(ans3, ({ decout, dec_plc[2]}), clk, reset, reg_enbl[2]);
erreg_8b regd(ans4, ({ decout, dec_plc[3]}), clk, reset, reg_enbl[3]);

36



erreg_8b reg5(ansb, ({ decout, dec_plc[4]}), clk, reset, reg_enbl[4]);
erreg_8b reg6(ansb, ({ decout, dec_plc[5]}), clk, reset, reg_enbl[5]);
erreg_8b reg7(ans’, ({ decout, dec_plc[6]}), clk, reset, reg_enbl[6]);
erreg_8b reg8(ans8, ({ decout, dec_plc[7]}), clk, reset, reg_enbl[7]);

/lthe outputs are simply multiplexed so that fewer pins are needed
assign out1 = midclk?ansl:ans?;
assign out2 = midclk?ans3:ans4;
assign out3 = midclk?ans5:anss;
assign out4 = midclk?ans7:ansS;

endmodule
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module one_hot_encdr (in, out) ;
/lone hot encoder is a combinational moduel that converts
/I a binary number to aone hot signa

input [2:0] in;
output [7:0] out ;

reg [2:0] out;

parameter ONE = 8'h00000001;
parameter TWO = 8'b00000010;
parameter THREE = 8'b00000100;
parameter FOUR = 8'b00001000;
parameter FIVE = 8'b00010000;
parameter SIX = 8b00100000;
parameter SEVEN = 8'b01000000;
parameter EIGHT = 8'b10000000;

always @(in)

case (in)

0: out <= ONE;

1: out <= TWO;
:out <= THREE;
: out <= FOUR;

. out <= FIVE;
:out <= SIX;
:out <= SEVEN;

7: out <= EIGHT;

endcase

U WN

endmodule
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module mux8_4b (d1, d2, d3, d4, d5, d6, d7, d3, out, sdl) ;
/I eight way, 4-bit mux

input [3:0] d1, d2, d3, d4, d5, d6, d7, d8 ;
output [3:0] out ;
input [2:0] s ;

reg [3:0] out;

always @(d1 or d2 or d3 or d4 or d5 or d6 or d7 or d8 or sdl)
case (sd)

0: out <=d1;

1: out <= d2;
Tout <=d3;
T out <= d4;
s out <=d5;
: out <= d6;
T out <=d7;
T out <=d8;
ase

NN WN

3
e

endmodule

module erreg_8b (out, in, clk, reset, enbl) ;
//8 bit enable register w/ asynchronous reset

input [7:0] in;
input reset ;
input enbl ;
input clk ;
output [7:0] out ;

reg [7:0] out;

always @(posedge clk or posedge reset)
if (reset) out <=0;
elseif (enbl) out <=in;

endmodule

module cntr (clk, midclk, sclk, reset) ;

/[counter is used to dow down the clock for use by the
/I various system components. Midclk runs at 1/1024
/lclk frequency and sclk runs at 1/8196 clk frequency

input clk ;
input reset;
output midclk ;
output sclk ;
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reg [11:0] cnt;

assign midclk = cnt[8];
assign sclk = ent[11];

always @(posedge clk or posedge reset)
if (reset) cnt <=0;
esecnt <= cnt +1;

endmodule
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Appendix C: Verilog code not in final System
module float_add (A, B, sub, C) ;

input [31:0] A ;
input [31:0] B;
input sub ;
output [31:0] C;

//declarations

wire Sa, Sh, Sc;
wire[7:0] Ea, Eb, Ec;
wire [22:0] Ma, Mb, Mc;

wire [8:0] Edif;
wire [8:0] NegEdif;
wire EdifS;

wireinc;
wire MnsPIsA, MnsPIsB;
wire [7:0] intE;

wire [8:0] ShftAmt_1;
wire [4:0] ShftAmt;
wire [4:0] shftLAmt;

wire arglsgn, arg2sgn, ALUsub;
wire[25:0] argl, arg2;

reg [25:0] arglf, arg2f;

wire [25:0] arg2p, AluRes;
wire [25:0] AluResP;

wire [2:0] lead;

assign lead = 3'b001;

/lbreak up the inputs
assign Sa=A[3]];
assign Sh = B[31];
assign Ea= A[30:23];
assign Eb = B[30:23];
assign Ma= A[22:0];
assign Mb = B[22:0];

/[assembl e the output

assign C ={Sc, Ec, Mc};

/ffind the difference betweent the exponents
assign Edif = Ea-Eb;

assign EdifS = Edif[8];

assign NegEdif = -Edif;

/[figure out whether the argumanets are added or subtracted
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assign MnsPIsA = Sg;
assign MnsPIsB = Sh ” sub;

assign arglsgn = EdifS 2MnsPIsB:MnsPIsA;
assign arg2sgn = EdifS 2MnsPIsA:MnsPIsB;
assign ALUsub = arglsgn ” arg2sgn;

/[shift the smaller argument right
shft_right shftl(arg2, arg2p, ShftAmt);

/[figure out an expected output
assign intE = EdifS? Eb: Eg;

/[figure out how far to shift the smaller argument

assign ShftAmt_1 = EdifS? NegEdif: Edif;

/I if the sfift amount is greater than 31, then 31 is sent to the shifter
assign ShftAmt = ~[ShftAmt_1[8:5] ?ShftAmt_1[4:0]:5b11111;

/ladd leading ones, overflow bit, and sign bit to arguments
/I 'and dicide which one goes to which port of the ALU

assign argl = EdifS? ({lead[2:0], Mb}): ({lead[2:0], M&});
assign arg2 = EdifS? ({lead[2:0], Ma}): ({lead[2:0], Mb});

//do any necesary unary inversion on the arguments
always @(EdifS or MnsPIsA or MnsPIsB or argl or arg2p)
case ({ EdifS, MnsPIsA, MnsPIsB})
3'b000: begin
arglf <= argl,;
arg2f <= arg2p;
end
3'b001: begin
arglf <= argl,;
arg2f <= -arg2p;
end
3'b010: begin
arglf <= -argl;
arg2f <= arg2p;
end
3'b011: begin
arglf <= -argl;
arg2f <= -arg2p;
end
3'b100: begin
arglf <= argl,;
arg2f <= arg2p;
end
3'b101: begin
arglf <= -argl;
arg2f <= arg2p;
end
3'b110: begin
arglf <= argl,;
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arg2f <= -arg2p;
end
3'b111: begin
arglf <= -argl;
arg2f <= -arg2p;
end
default: begin
arglf <= argl,;
arg2f <= arg2p;
end
endcase

/ladd the arguments and find the sign
assign AluRes = arglf+arg2f;
assign Sc = AluReg[25];

/Iperform unary inversion if necissary
assign AluResP = Sc? -AluRes: AluRes;

/[figure out how far to shift the result
shft_fndr one(AluResP, shftL Amt);

/Ishift the result that far
Shft_Ift IftShft(shftLAmt, AluResP, Mc, inc);

/[figure out the result exponent as the estimated exponent, minus the
/I amount of shifting necissary, plus the overflow bit, plus two

/I (two is the amount of shifting necissary if there was no overflow)
assign Ec =intE - shftLAmt + inc + 2;

endmodule
module float_add op (A, B, sub, C) ;

input [31:0] A ;
input [31:0] B;
input sub ;

output [31:0] C;

//declarations

wire Sa, Sh, Sc;
wire[7:0] Ea, Eb, Ec;
wire [22:0] Ma, Mb, Mc;

wire [8:0] Edif;
wire [8:0] NegEdif;
wire EdifS;

wireinc;
wire MnsPIsA, MnsPIsB;
wire [7:0] intE;

wire [8:0] ShftAmt_1;
wire [4:0] ShftAmt;
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wire [4:0] shftLAmt;

wire arglsgn, arg2sgn, ALUsub;
wire [25:0] argl, arg2, arg2f, arg2p, AluRes;
wire [25:0] AluResP;

wire [2:0] lead;

assign lead = 3'b001;

//break up the inputs
assign Sa=A[3]];
assign Sh = B[31];
assign Ea= A[30:23];
assign Eb = B[30:23];
assign Ma= A[22:0];
assign Mb = B[22:0];

/[assembl e the output
assign C ={Sc, Ec, Mc};

/ffind the difference betweent the exponents
assign Edif = Ea-Eb;

assign EdifS = Edif[8];

assign NegEdif = -Edif;

/[figure out whether the argumanets are added or subtracted
assign MnsPIsA = Sg;
assign MnsPIsB = Sh " sub;

assign arglsgn = EdifS 2MnsPIsB:MnsPIsA;
assign arg2sgn = EdifS 2MnsPIsA:MnsPIsB;
assign ALUsub = arglsgn ” arg2sgn;

/[shift the smaller argument right
shft_right shftl(arg2, arg2p, ShftAmt);

/[figure out an expected output
assign intE = EdifS? Eb: Eg;

/[figure out how far to shift the smaller argument

assign ShftAmt_1 = EdifS? NegEdif: Edif;

/I if the sfift amount is greater than 31, then 31 is sent to the shifter
assign ShftAmt = ~[ShftAmt_1[8:5] ?ShftAmt_1[4:0]:5b11111;

/ladd leading ones, overflow bit, and sign bit to arguments
/I 'and dicide which one goes to which port of the ALU
assign argl = EdifS?{lead[2:0], Mb}: {lead[2:0], M&};
assign arg2 = EdifS?{lead[2:0], M&} : {lead[2:0], Mb};

assign arg2f = ALUsub?(~arg2p):arg2p;
/ladd the arguments and find the sign

assign AluRes = argl + arg2f + ALUsub;
assign Sc = AluReq[25] ™ arglsgn;



/Iperform unary inversion if necissary
assign AluResP = arglsgn? -AluRes: AluRes;

/[figure out how far to shift the result
shft_fndr one(AluResP, shftL Amt);

//shift the result that far
Shft_Ift IftShft(shftLAmt, AluResP, Mc, inc);

/[figure out the result exponent as the estimated exponent, minus the
/I amount of shifting necissary, plus the overflow bit, plus two

/I (two is the amount of shifting necissary if there was no overflow)
assign Ec = intE - shftLAmt + ({1'b1, inc});

endmodule

/[This code performs floating point multiplication on two |EEE 754
[[floating point numbers

modulef_mult(aclk, areset, d1, d2, result, aerror);

input aclk, areset;

input  [31:0] di1,d2;

output [31:0] result;

output aerror;

reg [31:0] result;

wire  [3L:0] multiplier, multiplicand;

wire  [8:0] exp_sum; /lone bit larger than actual exponent to account for
overflow
wire  [80] exp_inc; /lexponent incremented by 1

wire  [8:0] emux_out;
wire  [8:0]  exponent;

wire  [47:0] product; /148 bitsin length, 23 bits plusinferred leading one
wire  [22:0] significand; /123 bit significand

wire  [22:0] smux_out;

wire sign, aerror;

wire SMUX, emux; /Imux select signals

wire en_input, en_sig, en_exp; //enable signals

wire complete; //goes high upon multiplication completion
parameter BIAS =7'b111 1111; /Ibias of 127 decimal

parameter MAX_EXP =8Db1111 1110; /loverflow limit = 254 decimal for given bias
parameter MIN_EXP = 1'b1; /lunderflow limit = 1 decimal for given bias

assign exp_inc = exponent + 1;
assign sign = multiplier[31] » multiplicand[31]; /lexclusive-or the sign bits

f_mult_cont fcont(aclk, areset, significand[22], exponent[8], m_valid, smux, emux, en_input, en_sig,
en_exp, aerror, complete);
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reg_32 d1_reg(aclk, areset, en_input, d1, multiplier);
reg_32 d2_reg(aclk, areset, en_input, d2, multiplicand);
reg 23 sig_reg(aclk, areset, en_sig, smux_out, significand);
reg 9 exp_reg(aclk, areset, en_exp, emux_out, exponent);

wire  [22:0] rshift_sig;
assign rshift_sig = {0, significand[22:1]}; //right shifted significand, used if unnormalized

/Imux used to select for unnormalized significand
/lif unnormalized, set smux = 1
mux2_1 23b sig_mux(smux, product[47:25], rshift_sig, sSmux_out);

mux2_1 9b exp_mux(emux, exp_sum, exp_inc, emux_out);

wire  [23:0] digl, sig2;

assign sigl ={1, multiplier[22:0]};

assign sig2 ={1, multiplicand[22:0]};

/Imultiplication is dlow and takes upwards of 120 clock cycles

/Imust wait for m_valid signal before floating-point multiplication is correct

mult f_product(aclk, areset, sigl, sig2, product, m_valid);

/lif biasisnot 127, need to change alu_8 code
alu_8f_exponent(multiplier[ 30:23], multiplicand[30:23], BIAS, exp_sum);

always @ (posedge aclk or posedge areset)
if (areset) result = 0;
else if (complete) result = { sign, exponent[7:0], significand};

endmodule

/la 24-bit unsigned multiplier controller

modulef_mult_cont(clk, reset, msb_sig, msb_exp, m_valid, smux, emux, en_input, en_sig, en_exp, efror,
complete);

input clk, reset;

input msb_sig; /Imsb of product register, used to detect normalization
input msb_exp; /Imsb of exponent register, used to detect over/underflow
input m_valid; /lindicates completion of mult module

output SMuX; //selects significand mux output

output emux; //sel ects exponent mux output

output en_exp; /lenables exponent register

output en_input, en_sig; //enables new inputs and significand register

output complete; /Imulitplication is finished

output error; /lover/underflow occurs

reg SMUX, emux;

reg en_input, en_sig, en_exp;

reg complete, error;

parameter
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S0 = 3'h000,
S1 = 3b001,
Sla= 3'b010,
S2 = 3b011,
S3 = 3h100,
$4 = 3b101,
S5 = 3b110;

reg [3:0] current_state;
reg [3:0] next_state;

always @ (posedge clk or posedge reset)
begin
if (reset) current_state <= SO;
else current_state <= next_state;
end

always @ (current_state or msh_sig or msb_exp or m_valid)

begin
case (current_state)
SO: begin
en_input <= 1; /linputs are enabled
en exp<=1; /lexponent register is enabled
en sig<=0; /Isignificand register is disabled
complete <= 0; /Imultiplication is hot complete
smux <= 0; //set mux for normalized product
emux <= 0; //set for sum of exponents
error <=0;
next_state <= S1,
end
S1: begin /Iwait for mult product
en_input <=0; /Nlock inputsinto registers
if (m_vaid==0) /Nloop until mult module produces a valid result
next_state <= S1,
ese
begin
en sig<=1; /Iwrite product to significand register
next_state <= Sla;
end
end
Sla begin
en sig<=1; //keep significand enabled to product is written
next_state <= S2;
end
S2: begin /[check if normalized
if (msb_sig==1) /lproduct is not normalized
begin
smux <= 1; /Inormalize by setting smux high
en sig<=1; /lenable sig_reg
next_state <= S3;
end
else /lproduct is aready normalized
next_state <= &4,
end
S3: begin /lincrement exponent
en sig<=0; //disable significand register
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emux <= 1; //set emux for incremented exponent
next_state <= 4,

end
S4: begin /Icheck for over/underflow
en sig<=0; /ldisable sig_reg
en exp<=0; //disable exponent register
if (msb_exp==1) /loverflow occurs
error <= 1;
next_state <= S5;
end
S5: begin /Imultiplication is complete

complete <= 1;
next_state <= S0;
end
default: next_state <= S0;
endcase
end
endmodule
/la 24-bit multiplier
module mult(clk, reset, d1, d2, dout, done, error);

input clk, reset;
input  [23:0] d1, d2;
output [23:0] dout;
output done, error;

reg [23:0] dout;
reg done, error;

wire  [23:0] multiplicand;

wire  [47:0] rshift_product; /Iright shifted product register
wire  [47:0] product;

wire  [47:0] mux_out;

wire  [23:0] add_out;

wire  [L0] smux;

wire enable, en_multreg, valid;

parameter ZERO = 24'h00_0000;
parameter MAX_VALUE = 24'd9999999,;

assign rshift_product = product >> 1; /Iright shifted product register

/Imultiplication controller
mult_cont mcont(clk, reset, product[Q], smux, enable, en_multreg, valid);

reg_48 product_reg(clk, reset, enable, mux_out, product); /lenabled product register
reg_24 mult_reg(clk, reset, en_multreg, d1, multiplicand); /Imultiplicand register

/124-hit addition module
assign add_out = multiplicand + product[47:24];

/13 to 1 mux module
mux3_1 product_mux(smux, {add_out, product[23:0]}, rshift_product, { ZERO, d2}, mux_out);

always @ (posedge clk or posedge reset)
begin
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if (reset)
begin
dout <=0;
error <=0;
done<=0;
end
eseif (valid==1)
begin
done<=1;
dout <= product[23:0];
if (product > MAX_VALUE)
error <=1;

dout <=0;
done<=0;
error <=0;
end//a 24-bit unsigned multiplier controller

module mult_cont(clk, reset, din, smux, enl, en2, valid);

input clk, reset;
input din; /lIsh of product register
output [1:0] smux; //selects mux output
output enl, en2, valid; //indicates write to register enables, valid product
reg [1:0] smux;
reg enl, en2, valid;
parameter

S0 = 3'b000,

S1 =3'b001,

S2 = 3'b010,

S3 =3'b011,

4 = 3'b100,

S5 = 3'b101,

S6 = 3'b110,

S7 =3b111;
reg [4:0] rep; /Irepetition register

reg [3:0] current_state;
reg [3:0] next_state;

always @ (posedge clk or posedge reset)
begin
if (reset) current_state <= SO;
else current_state <= next_dstate;
end

always @ (posedge clk) /lincrement counter at given states on posedge clk
begin
if (current_state == S0) rep <=0;
elseif (current_state ==4) rep<=rep + 1;
end
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always @ (current_state or din or rep)
begin
case (current_state)
S0: begin
enl <=1, [Iwrite to register
en2 <=1,
valid<=0;
SMUX <= 2; /Iselect initial input to multiplier
next_state <= S1,
end
S1: begin /Itest 1sb of product register
enl <=0; /[don't write product register
en2 <=0; /Imultiplication register never changes
if (din==0) next_state <= S3;
else next_state <= S2;
end
S2: begin /ladd multiplicand to left half of product and place in left half
of product
smux <=0; /Iset mux for addition output
enl <=1, [Iwrite to register
next_state <= S3;
end
S3: begin /Iright shift the product register by 1 bit
smux <= 1; /Iset mux for right shift output
enl <=1, [Iwrite to register
next_state <= 4,
end
S4: begin
enl <=0; //disable register
if (rep==23)
begin
valid <=1;
next_state <= S6;
end
else next_state <= S1,
end
S6: begin
enl <=0; //disable register
next_state <= S7,
end
S7: next_state <= S0; /ldelay state so valid signal is read correctly
default: next_state <= SO;
endcase
end
endmodule

/IChrisKaima
/[This code performs floating point division on two |EEE 754
[[floating point numbers

module div(clk, reset, num, den, result, error);
input clk, reset;

input  [31:0] num, den;
output [31:0] result;
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output error;

reg [8:0] exponent; /lone bit larger than actual exponent to account for
overflow

reg [47:0] quotient; /148 bits in length, 23 bits plusinferred leading one

reg [22:0] significand; /123 bit significand

reg sign, error;

/Ibias of 127 decimal
/loverflow limit = 254 decimal for given bias
/lunderflow limit = 1 decimal for given bias

parameter BIAS =7b111 1111;
parameter MAX_EXP = 8b1111_1110;
parameter MIN_EXP = 1'b1;

1
/IASSUMES num/den
1

always @ (posedge clk or posedge reset)
if (reset)

begin
error = 0;
sign=0;
exponent = 0,
significand = 0; end
eseif (hum[22:0] ==0)
begin
error = 0;
sign=0;
exponent = 0,
significand = 0; end

//set result to zero on reset

/lset result to zero if num=0

eseif (den[22:0] == 0) /ldivide by zero

begin //set result as indeterminate = FFCO_0000

error = 1; //set error as high to show invalid result
sign=1;

exponent = 8b1111 1111;
significand = 23'b100_0000_0000_0000_0000_0000; end
else begin
/lcompute resultant exponent
exponent = num[30:23] - den[30:23] - BIAS;
/lcompute resultant significand
quotient = {1,num[22:0]} / { 1,den[22:0]} ;//append leading ones and divide

/ltake the difference of exponents and subtract bias

if (quotient[47] == 1) begin
exponent = exponent + 1;
quotient = quotient >> 1; end
guotient = quotient << 2;
significand = quotient [47:25];
/Icheck for overflow and underflow
if (exponent[8] ==1)
error = 1;
ese
error = 0;
/lcompute resultant sign
sign = num[31] " den[31];
end

/Icheck highest bit to see if normalized
/lincrement exponent

/Ishift quotient right one bit

/Ishift |eft by 2 to truncate leading one
/Iplace high 23 bitsin significand

/Imsb will go high if overflow or underflow occurs

/lexclusive-or the sign bits

assign result = { sign, exponent[ 7:0], significand};
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endmodule

module out_main (in, clk, reset, outl, out2, out3, out4, receive, midclk, midclkb) ;

input [4:0] in;

input clk ;

input reset, receive ;
output midclk, midclkb;
output [7:0] outl ;
output [7:0] out2 ;
output [7:0] out3 ;
output [7:0] out4 ;

wire [27:0] bed_num;
wire [24:0] num;
wire sclk, sign;

parameter ERROR = 32'hffff_ff60;

assign midclkb = ~midclk;
assign sign = num[24];

cntr cnt(clk, midclk, sclk, reset);

seria_input_5x5 inpt(num, in, receive, clk, reset);

result_decoder decode(clk, reset, num[23:0], bcd_num);

out_reg o_reg(bcd_num, sign, outl, out2, out3, out4, clk, midclk, reset);
endmodule

module result_decoder(clk, reset, din, dout);

input clk, reset;
input  [23:0] din; /lunsigned 24-bit input
output [27:0] dout; //28-bit BCD output

wire  [27:0] bcd_num;

wire  [23:0] mux_out, alu inl;

wire  [23:0] du_in2;

wire  [23:0] ml, m2, m3, m4, m5, m6, m7;

wire  [20] |_mux;
wire  [L:0] s lut
wire S mux, en, en_s, vaid,

[ltesting purposes
wire  [24:0] difference;
assign difference=alu_inl- au_in2;

wire  sign;

assign sign = difference[24];

wire  num;

assign num = ~sign; /IBCD takes opposite of sign value for our method

decode_cont cont(clk, reset, sign, s mux, |_mux, s lut, en, en_s, valid);
mux2_1 24b d_mux(s_mux, din, difference[23:0], mux_out);
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mux7_1_24b lut_mux(l_mux, m7, m6, m5, m4, m3, m2, ml, alu_in2);
reg 24 d_reg(clk, reset, en, mux_out, alu_inl);
lut_onesones(s lut, ml);

lut_tenstens(s lut, m2);

lut_hund hund(s_lut, m3);

lut_thou thou(s_lut, m4);

lut_ttho ttho(s _lut, m5);

lut_htho htho(s_lut, m6);

lut_mil mil(s_lut, m7);

shift_reg28 out_reg(clk, reset, en_s, num, bcd_num);
reg_28 oreg(clk, reset, vaid, bcd_num, dout);

endmodule
/[FSM to control the decoder
/Iworks by cycling through all 7 powers of ten (7 digit display)

/land subtracting decreasing powers of two (3-0)

module decode_cont(clk, reset, din, s mux, |_mux, s_lut, en, en_shift, complete);

input clk, reset, din;
output S_mux, en, en_shift, complete;
output [1:0] s lut;
output [2:0] |_mux;
reg [1:0] s lut
reg S _mux, en, en_shift, complete;
parameter
S0 = 3'b000,
S1 =3'b001,
S2 = 3'b010,
S3 =3'b011,
4 = 3'b100,
S5 = 3b101;

reg [2:0]  current_state;
reg [2.0] next_state;
reg [20]  rep;

assign|_mux =rep; /[sets1_mux for proper power of ten

always @ (posedge clk or posedge reset)
begin
if (reset) current_state <= SO;
else current_state <= next_dtate;
end

always @ (posedge clk or posedge reset)
begin
if (reset) rep <=0;
elseif (current_state == $4)
rep<=rep+ 1,
elseif (complete)
rep <=0,
end
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always @ (current_state or din or rep)

begin
case (current_state)
SO: begin
complete <= 0;
en<=1, /lenable decode register
S mux <=0; //set mux to result register
en_shift <=0;
next_state <= S,
end
S1: begin
S mux <=1; //set mux to alu output
en_shift <=1; /lenable shift register
if (din==0) en<=1; //if positive, enable decode register
eseen<=0; //if negative, maintain decode register
s lut<=0; /Nlook up first value
next_state <= S2;
end
S2: begin
if din==0)en<=1,
edseen<=0;
s lut<=1,
next_state <= S3;
end
S3: begin
if din==0)en<=1,
eseen<=0;
s lut<=2;
next_state <= 4,
end
S4: begin
if din==0)en<=1,
eseen<=0;
s lut<=3;
next_state <= S5;
end
S5: begin
en_shift <=0;
en<=0;
s lut<=0;
if (rep==7)
begin
complete <= 1;
next_state <= S0;
end
ese
next_state <= S1,
end
default: next_state <= SO;
endcase
end
endmodule



module float_encoder (float, funct, enbl, state, mux, db2dcdr) ;

output [31:0] float ;
output enbl ;
output [2:0] funct;
input [3:0] state ;
input [3:0] mux ;
input db2dcdr ;

reg [2:0] funct;
reg [31:0] float;

assign enbl = ~db2dcdr;

always @(state or mux)

case ({mux, state})
8'h01000111: float <= (32'h00000000); //0
8'h10001110: float <= (32'h3f800000); //1
8'h01001110: float <= (32'h40000000); //2
8'h00101110: float <= (32'h40400000); //3
8'h10001101: float <= (32'h40800000); //4
8'h01001101: float <= (32'h40A00000); //5
8'h00101101: float <= (32'h40C00000); //6
8b10001011: float <= (32'h40E00000); //7
8'h01001011: float <= (32'h41000000); //8
8'h00101011: float <= (32'h41100000); //9
default: float <=0;

endcase

always @(state or mux)
case ({ state, mux})
225: funct <= 3'b100; //add
226: funct <= 3'b101; //subtract
228: funct <= 3'b110; //mult
232: funct <= 3'b111; //divide
120: funct <= 3'b001; //plus/minus
216: funct <= 3'b010; //decimal
default: funct <= 0; //no funct
endcase

endmodule
module float_encoder?2 (float, funct, enbl, state, mux, db2dcdr) ;

output [31:0] float ;
output enbl ;
output [2:0] funct;
input [3:0] state ;
input [3:0] mux ;
input db2dcdr ;

reg [2:0] funct;
reg [31:0] float;
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assign enbl = ~db2dcdr;

always @(state or mux)

case ({ state, mux})
184: float <=32'h00000000; //0
113: float <=32'h3f800000; //1
177: float <=32'h40000000; //2
209: float <=32'h40400000; //3
114: float <=32'h40800000; //4
178: float <=32'h40A00000; //5
210: float <=32'h40C00000; //6
116: float <=32'h40E00000; //7
180: float <=32'nh41000000; //8
212: float <=32'h41100000; //9
default: float <=0;

endcase

always @(state or mux)

case ({ state, mux})
225: funct <= 3'b100; //add
226: funct <= 3'b101; //subtract
228: funct <= 3'b110; //mult
232: funct <= 3'b111; //divide
120: funct <= 3'b001; //plus/minus
216: funct <= 3'p010; //decima
default: funct <= 0; //no funct
endcase

endmodule

module num_dcdr (enbl, n, s, m, db2dcdr) ;

output enbl ;
output [3:0] n;
input [3:0] s;
input [3:0] m;
input db2dcdr ;

assign enbl = ~db2dcdr;

assign n[0] = ~9[0] || (3] && m[2]) || (2] && m[3]);

assign n[1] =~§0] || m1] || (M[2] && ~53]);

assign n[2] = (M[3] && 2]) || (~91] && ~m[2]) [| (~g[2] && m[0]) || (M[2] && (~§[3] || ~H[0]));

assign n[3] = (~[1] && ~m[1]) || (~92] && m(1]) || (~50] && (M[1] | M[3])) || (~S[3] && (M[Q] || m[2]));

endmodule

module multplr (A, B, C, error, clk, reset) ;
input [24:0] A ;

input [24:0] B ;

output [24:0] C;

output error ;
input clk, reset;
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wire sign, done;
wire[23:0] ans;

assign sign = A[24] " B[24];
mult mult1(clk, reset, A[23:0], B[23:0], ans, done, error);
ERreg 25b simp result_reg(C, {sign, ang23:0]}, clk, done, reset);

endmodule

module dec_dcdr (in, out) ;

output [6:0] out;
input [3:0] in;

reg out;

/I define a set of numbers representing the outputs
parameter BLNK = 7'b111 1111;
parameter ZERO = 7'b000_0001;
parameter ONE = 7'b100_1111;
parameter TWO = 7'b001_0010;
parameter THREE = 7'b000_0110;
parameter FOUR = 7'b100_1100;
parameter FIVE =7'b010_0100;
parameter SIX  =7'b010_0000;
parameter SEVEN = 7'b000_1111;
parameter EIGHT = 7'b000_0000;
parameter NINE = 7'b000_0100;
parameter MINUS = 7'b111 1110;
parameter E =7'b011_0000;

aways@(in)
case (in)

T out <= ZEROQ;

:out <= ONE;

:out <= TWO;

: out <= THREE;

:out <= FOUR;

s out <= FIVE;

Tout <= SIX;

:out <= SEVEN;

s out <= EIGHT;

- out <= NINE;
10 : out <= MINUS;
15: out <=E;
default : out <= BLNK;

endcase
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endmodule

module dly (s, sdlyd, midclk, reset) ;
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input reset, midclk;
input [3:0] s;
output [3:0] sdlyd ;

reg [3:0] s1, 2, sdlyd;

always @(posedge midclk or posedge reset)
if (reset)
begin
sl <=4'b1111,
R <=4'b1111,
sdlyd <= 4'b1111;

endmodule

module num_mem (full_enbl, midclk, n, num, reset) ;

input full_enbl ;
input midclk ;
input [3:0] n;
output [3:0] hum;
input reset ;

reg [3:0] numl, num2;
assign num = midclk?num1:num2;

always @(posedge midclk or posedge reset)
if (reset)
begin
numl <= 0;
num2 <= 0;
end

else
if(full_enbl)
begin
numl <= full_enbl?n:numi,;
num2 <= full_enbl?num1:num2;
end

endmodule

module shft_fndr (In, out) ;
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input [25:0] In;
output [4:0] out ;

wire Norl, Nor2, Nor3, Nor4, Nor5, Nor6, Nor7, Nor8, Nor9, Nor10, Nor11, Norl12, Norl3;

assign Norl = ~|(In[25:10));
assign Nor2 = ~|(In[25:18));
assign Nor3 = ~|(In[9:2]);
assign Nor4 = ~|(In[25:22));
assign Nor5 = ~|(In[17:14]);
assign Nor6 = ~|(In[9:6]);
assign Nor7 = ~|(In[25:24]);
assign Nor8 = ~|(In[21:20));
assign Nor9 = ~|(In[17:16]);
assign Nor10 = ~|(In[13:12]);
assign Nor11 = ~|(In[9:8]);
assign Nor12 = ~|(In[5:4]);
assign Nor13 = ~|(In[1:0]);

assign out[4] = Norl,

assign out[3] = (~Norl & Nor2) | (Norl & Nor3);

assign out[2] = (~Norl & ~Nor2 & Nor4) | (~Norl & Nor2 & Nor5) | (Norl & ~Nor3 & Nor6);

assign out[1] = (~Norl & ~Nor2 & ~Nor4 & Nor7) | (~Norl & ~Nor2 & Nor4 & Nor8) | (~Norl & Nor2 &
~Nor5 & Nor9) | (~Norl & Nor2 & Nor5 & Nor10) | (Norl & ~Nor3 & ~Nor6 & Norll) | (Norl & ~Nor3
& Nor6 & Norl2) | (Norl & Nor3 & Norl3);

assign out[0] = (~Norl & ~Nor2 & ~Nor4 & ~Nor7 & ~In[25]) | (~Norl & ~Nor2 & ~Nor4 & Nor7 &
~In[23]) | (~Norl & ~Nor2 & Nor4 & ~Nor8 & ~In[21]) | (~Norl & ~Nor2 & Nor4 & Nor8 & ~In[19]) |
(~Norl & Nor2 & ~Nor5 & ~Nor9 & ~In[17]) | (~Norl & Nor2 & ~Nor5 & Nor9 & ~In[15]) | (~Norl &
Nor2 & Nor5 & ~Nor10 & ~In[13]) | (~Norl & Nor2 & Nor5 & Norl10 & ~In[11]) | (Norl & ~Nor3 &
~Nor6 & ~Norll & ~In[9]) | (Norl & ~Nor3 & ~Nor6 & Norll & ~In[7]) | (Norl & ~Nor3 & Nor6 &
~Nor12 & ~In[5]) | (Norl & ~Nor3 & Nor6 & Nor12 & ~In[3]) | (Norl & Nor3 & ~Norl3 & ~In[1]);

endmodule

module Shft_|ft (shft_amt, in, out, inc) ;

input [25:0] in;
input [4:0] shft_amt ;
output [22:0] out ;
output inc;

reg [25:0] int;
wire [23:0] int2;

reg [22:0] out ;

always @(in or shft_amt)
case(shft_amt)

: int <= {in[24:0], 1'b0};
int <= {in[23:0], 2'b0};
int <= {in[22:0], 3b0};
int <= {in[21:0], 4b0};
int <= {in[20:0], 5'b0};
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6: int <= {in[19:0], 6'b0};
7 int <= {in[18:0], 7'b0};
8 int <= {in[17:0], 8b0};
9 int <= {in[16:0], 9'b0};

10: int <= {in[15:0], 10'b0};
11: int <= {in[14:0], 11'b0};
12: int <= {in[13:0], 12'b0};
13: int <= {in[12:0], 13'b0};
14: int <= {in[11:0], 14'b0};
15: int <= {in[10:0], 15'b0};
16: int <= {in[9:0], 16'b0};
17: int <= {in[8:0], 17'b0};
18: int <= {in[7:0], 180} ;
19: int <= {in[6:0], 19'b0};
20: int <= {in[5:0], 20'b0} ;
21 int <= {in[4:0], 21'b0};
22: int <= {in[3:0], 22'b0};
23 int <= {in[2:0], 23'b0};
24: int <= {in[1:0], 24'b0};
25: int <= {in[Q], 25'b0};
default: int <= 0;

endcase

/lint2 rounds off the two LSB of int
assignint2 =int[25:2] +int[1];

/linc checks for overflow
assign inc = ~int2[23];

/lout getsinc2 minus the implied leading one. if thereis overflow, then the
/I answer is shifted one more place
always @(int2)
if(int2[23])
out <= int2[22:0];
ese
out <=int2[23:1] + int2[0];

endmodule

module shft_right (Din, Dout, Shft_amt) ;

input [25:0] Din;
output [25:0] Dout ;
input [4:0] Shft_amt ;

reg [47:0] int;

always @(Din or Shft_amt)
case(Shft_amt)

: int <= {Din[25:0], 22'b0};

int <= {1'b0, Din[25:0], 21'b0};
int <= {2'b0, Din[25:0], 20'b0} ;
int <= {3'b0, Din[25:0], 19'b0} ;
int <= {4'b0, Din[25:0], 18'b0};
int <= {5'b0, Din[25:0], 17'b0};

agRhwdhdRO

60



6: int <= {6'b0, Din[25:0], 16'00} ;
7 int <= {7'b0, Din[25:0], 15'b0} ;
8 int <= {8Db0, Din[25:0], 14'b0} ;
9 int <= {9'b0, Din[25:0], 13'b0};

10: int <= {1000, Din[25:0], 12'b0} ;
11: int <={11'b0, Din[25:0], 11'b0};
12: int <={12'b0, Din[25:0], 10'b0} ;
13: int <= {13'b0, Din[25:0], 9'b0};
14: int <= {14'v0, Din[25:0], 8'b0};
15: int <= {150, Din[25:0], 7'b0};
16: int <= {1600, Din[25:0], 6'b0};
17: int <= {17'b0, Din[25:0], 5'b0};
18: int <= {18b0, Din[25:0], 4b0};
19: int <= {1900, Din[25:0], 3'b0};
20: int <= {20'b0, Din[25:0], 2'b0};
21: int <={21'b0, Din[25:0], 1'b0};
22: int <={22'b0, Din[25:0]};
default int <=48'b0;

endcase

/fround off
assign Dout = int[47:22] + int[21];

endmodule

moduleio_tester (in, out, clk, reset) ;

input [24:Q] in;
output [24:0] out ;
input clk ;

input reset ;

wiresr;
wire[4:0] int;

serial_out_put_5x5 outp(in, int, sr, clk, reset);
seria_input_5x5 inp(out, int, sr, clk, reset);

endmodule

module lab_4 (clk, reset, midclk, midclkb, S, out, K) ;

input clk ;

input reset ;
input [3:0] K;
output midclk ;
output midclkb ;
output [3:0] S;
output [6:0] out ;

reg [3:0] statel, state?, states;
wire sclk, mux2db, db2dcdr, enbl, full_enbl;
wire [3:0] M, n, num;
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assign midclkb = ~midclk;

cntr  cntrl (clk, midclk, sclk, reset);

driver driverl (reset, sclk, S);

Hex_Dcdr hex1(num, out);

MUX mux1(K, midclk, reset, M, mux2db);

dbncr dbnerl(mux2db, midclk, db2dcdr, reset);

enblr enblrl(enbl, midclk, sclk, full_enbl, reset);
num_mem num_mem1(full_enbl, midclk, n, num, reset);
num_dcdr num_dcdrl(enbl, n, state3, M, db2dcdr);

always @(posedge midclk or posedge reset)
if (reset)
begin
satel <= 4'b1111,
sate2 <= 4'b1111,
sate3 <= 4'b1111,
end
ese
begin
dtatel <= S,
sate? <= statel;
sate3 <= state?;
end

endmodule

module min_main (key_in, key_out, clk, reset, outl, out2, out3, out4, midclk, midclkb);

/linput and output declarations
input [3:0] key_in;

input clk ;

input reset ;

output midclk, midclkb;

output [3:0] key_out ;

output [7:0] outl, out2, out3, out4 ;

/Iwire declarations

wire sclk, mux2db, db2dcdr, enbl, full_enbl;
wire [2:0] funct;

wire[3:0] M, S, n, num, state3;

wire [31:0] ncdr_out, result;

[lthe keypad is dirven by the current state
assignkey out =S;

/Imidclkb is used to run the multiplexed display
assign midclkb = ~midclk;

/Icalls to the submodul es

/[clock control
cntr  cntrl (clk, midclk, sclk, reset);
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/linput debounce and decode

driver driverl (reset, sclk, S);

MUX mux1(key_in, midclk, reset, M, mux2db);

dbncr dbnerl(mux2db, midclk, db2dcdr, reset);

enblr enblrl(enbl, midclk, sclk, full_enbl, reset);
float_encoder ncdrl(ncdr_out, funct, enbl, S, M, db2dcdr);
three_cyc_dly dlyl(midclk, reset, S, state3);

/Iresult register
ERreg_32b rdt(result, ncdr_out, midclk, full_enbl, reset);

/loutput register
out_reg oput(result, outl, out2, out3, out4, clk, midclk, reset);

endmodule

moduletest_main (key_in, key_out, clk, reset, outl, out2, out3, out4, midclk, midclkb);//, result, ncdr_out,
sub, add_out) ;

/linput and output declarations
input [3:0] key_in;

input clk ;

input reset ;

output midclk, midclkb;

output [3:0] key_out ;

output [7:0] outl, out2, out3, out4 ;

/loutput [31:0] result, ncdr_out, add_out;
/loutput sub;

/Iwire declarations

wire sclk, mux2db, db2dcdr, enbl, full_enbl, M_error, sub;
wire [2:0] funct;

wire[3:0] M, S, n, num, state3;

wire [31:0] ncdr_out, add_out, result;

[lthe keypad is dirven by the current state

assignkey out =S

assign sub =0;

/[assign the exponent output as the exponent of the answer

/Imidclkb is used to run the multiplexed display
assign midclkb = ~midclk;

/Icalls to the submodul es
/Iclock control
cntr  cntrl (clk, midclk, sclk, reset);

/linput debounce and decode

driver driverl (reset, sclk, S);

MUX mux1(key_in, midclk, reset, M, mux2db);

dbncr dbnerl(mux2db, midclk, db2dcdr, reset);

enblr enblrl(enbl, midclk, sclk, full_enbl, reset);
float_encoder ncdrl(ncdr_out, funct, enbl, S, M, db2dcdr);
three_cyc_dly dlyl(midclk, reset, S, state3);
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/larithmetic logic
float_add op addri1(result, ncdr_out, sub, add_out);

/Iresult register
ERreg_32b rdt(result, add_out, midclk, full_enbl, reset);

/loutput register
out_reg oput(result, outl, out2, out3, out4, clk, midclk, reset);

endmodule
module final_main (key_in, key out, float_exp, clk, reset, outl, out2, out3, outd, midclk, midclkb) ;

/linput and output declarations

input [3:0] key_in;

input clk ;

input reset ;

output midclk, midclkb;

output [3:0] key_out ;

output [7:0] float_exp, outl, out2, out3, out4 ;

/Iwire declarations

wire sclk, mux2db, db2dcdr, enbl, full_enbl, M_error;
wire [2:0] funct;

wire[3:0] M, S, n, num, state3;

wire [31:0] ncdr_out, mult_out, add_out, result;

parameter TEN = 32'nh41200000;

[lthe keypad is dirven by the current state

assignkey out =S

/[assign the exponent output as the exponent of the answer
assign float_exp = result [30:23];

/Imidclkb is used to run the multiplexed display

assign midclkb = ~midclk;

/Icalls to the submodul es
/Iclock control
cntr  cntrl (clk, midclk, sclk, reset);

/linput debounce and decode

driver driverl (reset, sclk, S);

MUX mux1(key_in, midclk, reset, M, mux2db);

dbncr dbnerl(mux2db, midclk, db2dcdr, reset);

enblr enblrl(enbl, midclk, sclk, full_enbl, reset);
float_encoder ncdrl(ncdr_out, funct, enbl, S, M, db2dcdr);
three_cyc_dly dlyl(midclk, reset, S, state3);

/larithmetic logic
mult mitplr(clk, reset, TEN, result, mult_out, M_error);
float_add addr1(mult_out, ncdr_out, 1'b0, add_out);

/Iresult register
ERreg_32b rdt(result, add_out, midclk, full_enbl, reset);



/loutput register
out_reg oput(result, outl, out2, out3, out4, clk, midclk, reset);

endmodule

/Ibinary encoded decimal conversion look up table
module lut_ones(select, dout);

input  [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)

case (select)
0: dout = 23'd8; //eight
1: dout = 23'd4; //four
2: dout = 23'd2; //two
3: dout = 23'd1;//one
default: dout = 0O;
endcase

endmodule

/Ibinary encoded decimal conversion look up table
module lut_tens(select, dout);

input [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)

case (select)
0: dout = 23'd80;
1: dout = 23'd40;
2: dout = 23'd20;
3: dout = 23'd10;
default: dout = 0O;
endcase

endmodule

/Ibinary encoded decimal conversion look up table
module lut_hund(select, dout);

input  [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)
case (select)
0: dout = 23'd800;
1: dout = 23'd400;
2: dout = 23'd200;
3: dout = 23'd100;
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default: dout = 0O;
endcase
endmodule

/Ibinary encoded decimal conversion look up table
module lut_thou(select, dout);

input  [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)

case (select)
0: dout = 23'd8000;
1: dout = 23'd4000;
2: dout = 23'd2000;
3: dout = 23'd1000;
default: dout = 0O;
endcase

endmodule

/Ibinary encoded decimal conversion look up table
module lut_ttho(select, dout);

input  [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)

case (select)
0: dout = 23'd80000;
1: dout = 23'd40000;
2: dout = 23'd20000;
3: dout = 23'd10000;
default: dout = 0;
endcase

endmodule

/Ibinary encoded decimal conversion look up table
module lut_htho(select, dout);

input  [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)

case (select)
0: dout = 23'd800000;
1: dout = 23'd400000;
2: dout = 23'd200000;
3: dout = 23'd100000;
default: dout = 0O;
endcase
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endmodule

/Ibinary encoded decimal conversion look up table
module lut_mil(select, dout);

input  [1:0] sdect;
output [23:0] dout;
reg [23:0] dout;

always @(select)

case (select)
0: dout = 23'd8000000;
1: dout = 23'd4000000;
2: dout = 23'd2000000;
3: dout = 23'd1000000;
default: dout = 0O;
endcase

endmodule

module add_24(d1, d2, dout);

input  [23:0] d1, d2;
output [23:0] dout;

assign dout = d1 + d2;

endmodule

/IAddition: select = 1

/ISubtraction: select =0

/[Performs d1 (+-) d2

module alu_24(clk, d1, d2, select, dout);

input clk, select;

input  [23:0] d1, d2;

output [23:0] dout;

reg [23:0] temp; [/ltemp used for subtraction

/125 bit mask of 1's
parameter MASK =24'b1111 1111 1111 1111 1111 1111;

always @(posedge clk)
begin
if (select)
temp = d2;
ese
temp = (d2 * MASK) + 1; /linvert bits of d2 and add one for two's comp
end

assign dout = d1 + temp;
endmodule
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/IA 25-bit addition-subtraction unit [alu_25]
/IAddition: select = 1

/ISubtraction: select =0

/[Performs d1 (+-) d2

module alu_25(clk, d1, d2, select, dout);

input clk, select;

input  [24:0] d1, d2;

output [24:0] dout;

reg [24:0] temp; /ltemp used for subtraction

/125 bit mask of 1's
parameter MASK =25'b1 1111 1111 1111 1111 1111 1111;

always @(posedge clk)
begin
if (select)
temp = d2;
ese
temp = (d2 * MASK) + 1; /linvert bits of d2 and add one for two's comp
end

assign dout = d1 + temp;
endmodule

/IA speciaized 8-bit addition-subtraction unit [alu_8]
/[Performs d1 + d2 and outputs a nine-bit number to account for overflow
module alu_8(d1, d2, bias, dout);

input  [7:0] di,d2
input  [6:0] hias;
output [8:0] dout;

assign dout = (d1 + d2) - bias;

endmodule

/IA 8-bit enabled register with asyncronous reset
module reg_9(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [8:0] din;

output [8:0] dout;

reg [8:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable)
dout <=din;
end
endmodule
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/IA 50-bit register with asyncronous reset
module reg_50(clk, reset, din, dout);

input clk, reset;
input  [49:0] din;
output [49:0] dout;

reg [49:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
else dout <=din;
end
endmodule

/IA 48-hit enabled register with asyncronous reset
module reg_48(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [47:0] din;

output [47:0] dout;

reg [47:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable)
dout <=din;
end
endmodule

/IA 32-bit enabled register with asyncronous reset
module reg_32(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [31:0] din;

output [31:0] dout;

reg [31:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable)
dout <=din;
end
endmodule

/IA 28-bit enabled register with asyncronous reset
module reg_28(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [27:0] din;
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output [27:0] dout;
reg [27:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0; //set to zero on reset
elseif (enable) dout <=din;
end
endmodule

/IA 25-bit enabled register with asyncronous reset
modulereg 25 4(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [4:0] din;

output [4:0] dout;

reg [4:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable) dout <=din;
end
endmodule

/IA 25-bit enabled register with asyncronous reset
module reg_25(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [24:0] din;

output [24:0] dout;

reg [24:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable) dout <=din;
end
endmodule

/IA 24-hit enabled register with asyncronous reset
module reg_24(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [23:0] din;

output [23:0] dout;

reg [23:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable) dout <=din;
end
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endmodule

/IA 23-bit enabled register with asyncronous reset

module reg_23(clk, reset, enable, din, dout);

input clk, reset, enable;
input  [22:0] din;

output [22:0] dout;

reg [22:0] dout;

always @(posedge clk or posedge reset)
begin
if (reset) dout <=0;
elseif (enable)
dout <=din;
end
endmodule

module ERreg_3b (out, in, clk, enbl, reset) ;

input [2:0] in;
output [2:0] out ;
input enbl ;
input reset ;
input clk ;

reg [2:0] out;

always @(posedge clk or posedge reset)
if (reset) out <=0;
elseif (enbl) out <=in;

endmodule

module erreg_8b (out, in, clk, reset, enbl) ;
//8 bit enable register w/ asynchronous reset

input [7:0] in;
input reset ;
input enbl ;
input clk ;
output [7:0] out ;

reg [7:0] out;
always @(posedge clk or posedge reset)
if (reset) out <=0;

elseif (enbl) out <=in;

endmodule

module ERreg_32b (out, in, clk, enbl, reset) ;
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input [31:0] in;
output [31:0] out ;
input enbl ;

input reset ;

input clk ;

reg [31:0] out;

always @(posedge clk or posedge reset)
if (reset) out <=0;
elseif (enbl) out <=in;

endmodule

module shift_reg28(clk, reset, en, din, dout);
input clk, reset, din, en;
output [27:0] dout;

reg [27:0] dout;
reg en;
always @(posedge clk or posedge reset)
if (reset) dout = 0;
elseif (en) dout ={dout[26:0], din}; [Ishiftsleft

endmodule

module flop(clk, din, dout);
input clk, din;

output dout;

reg dout;

always @(posedge clk)
dout = din;

endmodule

module mux2_1 4(SEL, A, B, OUT);

input SEL,;
input [4:0] A,B;
output [4:0] OUT;
reg [4:0] OUT,;

always @(SEL or A or B)

begin
case (SEL)
1'b0: OUT =A;
1'bl: OUT =B;
default : OUT =0;
endcase
end
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endmodule

module mux2_1 9b(SEL, A, B, OUT);

input SEL,;
input [8:0] A,B;
output [8:0] OUT;
reg [8:0] OUT,;

always @(SEL or A or B)
begin
case (SEL)
1'b0: OUT = A;
1'bl: OUT =B;
default : OUT =0;
endcase
end

endmodule

module mux2_1 24b(SEL, A, B, OUT);

input SEL,;
input [23:0] A,B;
output [23:0] OUT;
reg [23:0] OUT;

always @(SEL or A or B)
begin
case (SEL)
1'b0: OUT = A;
1'bl: OUT =B;
default : OUT =0;
endcase
end

endmodule

module mux2_1(SEL, A, B, OUT);

input SEL,;
input [24:0] A, B;
output [24:0] OUT;
reg [24:0] OUT;

always @(SEL or A or B)

begin
case (SEL)
1'b0: OUT =A;
1'bl: OUT =B;
default : OUT =0;
endcase
end
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endmodule
module mux2_1 32b(SEL, A, B, OUT);

input SEL,;
input [31:0] A,B;
output [31:0] OUT;
reg [31:0] OUT;

always @(SEL or A or B)
begin
case (SEL)
1'b0: OUT = A;
1'bl: OUT =B;
default : OUT =0;
endcase
end

endmodule

module mux3_1(SEL, A, B, C, OUT);

input [1:0] SEL;
input [47:0] A,B,C;
output [47:0] OUT;
reg [47:0] OUT;

always @(SEL or A or B or C)
begin
case (SEL)
2b00: OUT = A;
2b01: OUT =B;
2b10: OUT =C;
default : OUT =0;
endcase
end

endmodule

/IA 5to 1 multiplexer

/Ihas a 50-bit width for inputs and outputs
/[FAILS AT 50-BIT WIDTH!!!!

module mux5_1(sdlect, a, b, ¢, d, e, dout);

input  [2:0] sdect;
input [40:0] ab,cd €
output [40:0] dout;

reg [40:0] dout;

always @(select or aor b or cordor €)
begin
case(select)
3'b000 : dout = &
3'b001: dout =b;
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3'b010: dout =c;
3b011: dout=d;
3'b100: dout =€
default : dout = 0;
endcase
end
endmodule

module mux7_1_24b(SEL, A, B, C, D, E, F, G, MUX_OUT);

input [2:0]  SEL;

input [23:.0] A,B,C,D,EFG;
output [23:0] MUX_OUT;

reg [23:0) MUX_OUT;

always @(SEL or AorBorCorD or Eor For G)
begin
case (SEL)
3'b000 : MUX_OUT = A;
3b001 : MUX_OUT =B,;
3b010: MUX_OUT =C;
3b011 : MUX_OUT = D;
3b100: MUX_OUT =E;
3b101: MUX_OUT =F;
3b110: MUX_OUT = G;
default : MUX_OUT = 0;
endcase
end

endmodule

module mux8_4b (d1, d2, d3, d4, d5, d6, d7, d8, out, sd) ;

input [3:0] d1, d2, d3, d4, d5, d6, d7, d8 ;
output [3:0] out ;
input [2:0] s ;

reg [3:0] out;

always @(d1 or d2 or d3 or d4 or d5 or d6 or d7 or d8 or sdl)
case (sd)

0: out <=d1;

1: out <= d2;
Tout <=d3;
T out <= d4;
s out <=d5;
: out <= d6;
T out <=d7;
out <= d8;
ase

NoOoUAWN
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2 >

endmodule
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module mux2_4b (a, b, out, sd) ;

input [3:0] a;
input [3:0] b;
output [3:0] out ;
input s ;

reg out;

always @(aor b or sdl)
if (sel)
out <=b;
ese
out<=g

endmodule

module mux2_32b (out, a, b, sdl) ;

output [31:0] out ;
input [31:0] a;
input [31:0] b;
input s ;

reg [31:0] out;

always @(aor b or sdl)
if (sel)

out <= b;

ese

out<=g

endmodule

module mux3_32b (out, g, b, ¢, sdl) ;

output [31:0] out ;
input [31:0] 4 b, Cc;
input [1:0] s ;

reg [31:0] out;

always @(aor b or c or sdl)
case (sd)

00: out<=ga;

01: out <=b;

10: out <=¢;

default: out <=0;

endcase

endmodule

module mux4_32b (out, a, b, ¢, d, sd) ;



output [31:0] out ;
input [31:0] &, b, c, d;
input [1:0] s ;

reg [31:0] out;

always @(aor b or cordor sel)
case (sd)

00: out<=ga;

01: out <=b;

10: out <=¢;

11: out <=d;

endcase

endmodule
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