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1. Design Implementation:

By implementing the above design on paper I found that the overflow bit is not required. The overflow bit shifts into the product register. To implement the 32 bit-register I had two initialized product registers, preg1 and preg2. Preg1 has the multiplier in the least significant 32-bit positions and the most significant 32-bits are zeros. Preg2 has the multiplicand in the most significant 32-bit positions and the least significant 32-bits are zeros. If the least significant bit of the multiplier product register, preg1, is a ‘1’, then the multiplicand product register, preg2, is added to the multiplier product register and the result stored in the multiplier product register is shifted right by one bit. If the least significant bit of the multiplier product register is a ‘0’, the bits in the multiplier product register are right shifted by one bit without the addition of the multiplicand product register. This is done 32 times. The result in the multiplier product register after 32 clock cycles is the final product.
    The code for the design described above is written in VHDL as shown below:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity mul is

Port ( mplier,mcand: in std_logic_vector(31 downto 0);

       clk,start,reset:in std_logic;

       done:out std_logic;

       product: out std_logic_vector(63 downto 0));

end mul;

architecture behavioral of mul is

signal count: integer range 0 to 33;

signal preg1,preg2: std_logic_vector(63 downto 0);

begin

product <= preg1(63 downto 0);

process(clk,reset)

variable t: std_logic_vector(63 downto 0);

begin

if (reset='1') then

count<=0;

preg1<="0000000000000000000000000000000000000000000000000000000000000000";

preg2<="0000000000000000000000000000000000000000000000000000000000000000";

elsif (clk'event and clk ='1') then

    case count is

        when 0 =>

            if (start='1') then

            preg1<="00000000000000000000000000000000" & mplier;

            preg2<=mcand & "00000000000000000000000000000000";

            count <= 1;

        end if;

        when 1|2|3|4|5|6|7|8|9|10|11|12|13|14|15|16|17|18|19|20|21|22|23|24|25|26|27|28|29|30|31|32 =>

        if (preg1(0)='1') then

           t:= preg1 + preg2;

           t:='0' & t(63 downto 1);

           preg1<=t;

           count<=count + 1;

         else    --if (preg1(0) ='0') then

            preg1<='0' & preg1(63 downto 1);

            count<=count+1;

         end if;

         when 33 =>

             count<=0;

    end case;    

    end if;

end process;

done<='1' when count=33 else '0';

end behavioral;

2. Design Verification:

The design was simulated for various inputs on the modelsim simulator for verification of the design. Some test cases are tabulated below:
	Multiplier
	Multiplicand
	Product

	0000B4CA
	00001EB5
	15AF7ED2

	0094B4CA
	00441EB5
	2791DBFB7ED2

	029690DA
	006D5EBD
	11B10DF2AFCF2

	0EB694DA
	176D5EBD
	158B08EDE45F0F

	2EBEF4DA
	17EDDEBD
	45E97745F21D0F2

	AEBAD45A
	576DDEBD
	3BAC7BBE0466D272

	BEBA5442
	5F6CDABD
	47183ED7852868BA


The results obtained after optimization for minimum area using Leonardo Spectrum and TSMC 0.35 technology are shown below:
                                            Area Report:
*******************************************************

Cell: mul    View: INTERFACE    Library: work

*******************************************************

 Cell       Library  References     Total Area

and03       tsmc035_typ     1 x      2      2 gates

and04       tsmc035_typ     1 x      2      2 gates

ao21        tsmc035_typ     1 x      2      2 gates

aoi21       tsmc035_typ     8 x      1     10 gates

aoi22       tsmc035_typ    60 x      1     89 gates

aoi222      tsmc035_typ     1 x      2      2 gates

aoi32       tsmc035_typ     1 x      2      2 gates

dffr        tsmc035_typ   101 x      6    564 gates

fake_gnd    tsmc035_typ     1 x      1      1 fake_gnd

inv01       tsmc035_typ    69 x      1     52 gates

inv02       tsmc035_typ    39 x      1     30 gates

mux21_ni    tsmc035_typ    62 x      2    112 gates

nand02      tsmc035_typ    39 x      1     39 gates

nand03      tsmc035_typ     2 x      1      2 gates

nor02_2x    tsmc035_typ     1 x      1      1 gates

nor02ii     tsmc035_typ     3 x      1      4 gates

oai21       tsmc035_typ    34 x      1     42 gates

oai22       tsmc035_typ    30 x      1     44 gates

or02        tsmc035_typ     2 x      1      2 gates

or03        tsmc035_typ     1 x      2      2 gates

or04        tsmc035_typ     1 x      2      2 gates

xnor2       tsmc035_typ    62 x      2    118 gates

 Number of ports :                     132

 Number of nets :                      618

 Number of instances :                 520

 Number of references to this view :     0

 Total accumulated area :
 Number of fake_gnd :                    1 

 Number of gates :                    1123

 Number of accumulated instances :     520

 Clock Frequency Report:
                        Clock Frequency Report


Clock                : Frequency

      ------------------------------------


clk                  : 76.1 MHz

                        Critical Path Report

Critical path #1, (unconstrained path)

NAME                           GATE           ARRIVAL           LOAD

---------------------------------------------------------------------------------

clock information not specified

delay thru clock network                     0.00 (ideal)

reg_preg2_33_/Q                dffr        0.00  0.51 dn         0.04

ix5545/Y                       xnor2       0.23  0.74 up         0.03

ix415/Y                        inv01       0.11  0.85 dn         0.01

ix5087/Y                       aoi32       0.49  1.34 up         0.03

ix425/Y                        inv01       0.10  1.44 dn         0.01

ix5106/Y                       aoi22       0.28  1.72 up         0.03

ix429/Y                        inv01       0.10  1.82 dn         0.01

ix5120/Y                       aoi22       0.27  2.09 up         0.03

ix433/Y                        inv01       0.10  2.19 dn         0.01

ix5134/Y                       aoi22       0.27  2.46 up         0.03

ix437/Y                        inv01       0.10  2.56 dn         0.01

ix5148/Y                       aoi22       0.27  2.83 up         0.03

ix441/Y                        inv01       0.10  2.93 dn         0.01

ix5162/Y                       aoi22       0.27  3.21 up         0.03

ix445/Y                        inv01       0.10  3.30 dn         0.01

ix5176/Y                       aoi22       0.27  3.58 up         0.03

ix449/Y                        inv01       0.10  3.67 dn         0.01

ix5190/Y                       aoi22       0.27  3.95 up         0.03

ix453/Y                        inv01       0.10  4.05 dn         0.01

ix5204/Y                       aoi22       0.27  4.32 up         0.03

ix457/Y                        inv01       0.10  4.42 dn         0.01

ix5218/Y                       aoi22       0.27  4.69 up         0.03

ix461/Y                        inv01       0.10  4.79 dn         0.01

ix5232/Y                       aoi22       0.27  5.06 up         0.03

ix465/Y                        inv01       0.10  5.16 dn         0.01

ix5246/Y                       aoi22       0.27  5.43 up         0.03

ix469/Y                        inv01       0.10  5.53 dn         0.01

ix5260/Y                       aoi22       0.27  5.81 up         0.03

ix473/Y                        inv01       0.10  5.90 dn         0.01

ix5274/Y                       aoi22       0.27  6.18 up         0.03

ix477/Y                        inv01       0.10  6.27 dn         0.01

ix5288/Y                       aoi22       0.27  6.55 up         0.03

ix481/Y                        inv01       0.10  6.65 dn         0.01

ix5302/Y                       aoi22       0.27  6.92 up         0.03

ix485/Y                        inv01       0.10  7.02 dn         0.01

ix5316/Y                       aoi22       0.27  7.29 up         0.03

ix489/Y                        inv01       0.10  7.39 dn         0.01

ix5330/Y                       aoi22       0.27  7.66 up         0.03

ix493/Y                        inv01       0.10  7.76 dn         0.01

ix5344/Y                       aoi22       0.27  8.03 up         0.03

ix497/Y                        inv01       0.10  8.13 dn         0.01

ix5358/Y                       aoi22       0.27  8.40 up         0.03

ix501/Y                        inv01       0.10  8.50 dn         0.01

ix5372/Y                       aoi22       0.27  8.78 up         0.03

ix505/Y                        inv01       0.10  8.87 dn         0.01

ix5386/Y                       aoi22       0.27  9.15 up         0.03

ix509/Y                        inv01       0.10  9.24 dn         0.01

ix5400/Y                       aoi22       0.27  9.52 up         0.03

ix513/Y                        inv01       0.10  9.62 dn         0.01

ix5414/Y                       aoi22       0.27  9.89 up         0.03

ix517/Y                        inv01       0.10  9.99 dn         0.01

ix5428/Y                       aoi22       0.27  10.26 up        0.03

ix521/Y                        inv01       0.10  10.36 dn        0.01

ix5442/Y                       aoi22       0.27  10.63 up        0.03

ix525/Y                        inv01       0.10  10.73 dn        0.01

ix5456/Y                       aoi22       0.27  11.00 up        0.03

ix529/Y                        inv01       0.10  11.10 dn        0.01

ix5470/Y                       aoi22       0.27  11.38 up        0.03

ix533/Y                        inv01       0.10  11.47 dn        0.01

ix5484/Y                       aoi22       0.27  11.75 up        0.03

ix537/Y                        inv01       0.10  11.84 dn        0.01

ix5501/Y                       aoi22       0.24  12.09 up        0.02

ix547/Y                        xnor2       0.21  12.30 dn        0.01

ix5498/Y                       nand03      0.17  12.47 up        0.01

ix4273/Y                       oai21       0.20  12.66 dn        0.02

reg_preg1_62_/D                dffr        0.00  12.66 dn        0.00

data arrival time                             12.66

data required time                                   not specified

---------------------------------------------------------------------------------

data required time                                   not specified

data arrival time                                       12.66

                                                     ----------

                                                  unconstrained path

---------------------------------------------------------------------------------
Circuit Statistics:

	No. of primary inputs
	67

	No. of primary outputs
	65

	No. of flip flops
	101

	No of gates
	1123

	No of combinational gates
	559

	Clock fequency
	76.1MHz

	Critical path delay
	12.66


3. Sequential ATPG Test Vector Generation:
Test vectors were generated by invoking flextest. The following results were found:
Fault list statistics:

	Fault Class
	Uncollapsed
	Collapsed

	Full (FU)
	4158
	2824

	Det_Simulation (DS)
	3802
	2527

	Hyp_Testable (HT)
	140
	84

	Unused (UU)
	138
	138

	Tied (TI)
	2
	1

	Redundant (RE)
	1
	1

	Atpg_untestable (AU)
	3
	1

	Unobserved (UO)
	72
	72

	Fault Coverage
	93.12%
	90.97%

	Test Coverage
	96.39%
	95.72%

	Atpg Effectiveness
	96.58%
	95.96%


Test Pattern Statistics:
Total Test cycles generated             444

Total Test cycles simulated             1750

User CPU Time: 157.5 sec

System CPU Time: 1.6 sec

Fault Classification:
The full class represents the total number of faults in the circuit.
Det_Simulation(DS) faults are faults that are detected by simulation.

Det_Implication (DI) faults indicate faults that are detected by implication.

Tied faults (TI) are similar to stuck-at faults. These faults occur because the fault site is tied to a value.

Unused faults(UU) occur on nets that are not connected in the circuit

Redundant faults(RE) are not detected by test patterns because of redundant logic.

Atpg_untestable(AU) faults occur due to the violation of design rules. The test generator is not able to generate a test pattern for these faults.
Unobserved faults(UO): Faults that are unobserved are undetected. These faults cannot be propagated to a primary output or scan cell. 

4. Scan Implementation:

The full scan design was implemented using the DFTadvisor tool from Mentor Graphics and the test generation for full scan was done by invoking Fastscan tool from Mentor Graphics.

Area Report:
*******************************************************

Cell: mul    View: INTERFACE    Library: work

*******************************************************

 Cell       Library  References     Total Area

and03       tsmc035_typ     1 x      2      2 gates

aoi21       tsmc035_typ     7 x      1      9 gates

aoi22       tsmc035_typ    60 x      1     89 gates

aoi222      tsmc035_typ     1 x      2      2 gates

aoi32       tsmc035_typ     1 x      2      2 gates

fake_gnd    tsmc035_typ     1 x      1      1 fake_gnd

inv01       tsmc035_typ    68 x      1     52 gates

inv02       tsmc035_typ    38 x      1     29 gates

mux21_ni    tsmc035_typ    62 x      2    112 gates

nand02      tsmc035_typ    40 x      1     40 gates

nand03      tsmc035_typ     3 x      1      4 gates

nand04      tsmc035_typ     1 x      1      1 gates

nor02_2x    tsmc035_typ     1 x      1      1 gates

nor02ii     tsmc035_typ     3 x      1      4 gates

nor04       tsmc035_typ     1 x      1      1 gates

oai21       tsmc035_typ    35 x      1     43 gates

oai22       tsmc035_typ    30 x      1     44 gates

or02        tsmc035_typ     1 x      1      1 gates

sffr_ni     tsmc035_typ   101 x      7    695 gates

xnor2       tsmc035_typ    31 x      2     59 gates

xor2        tsmc035_typ    31 x      2     66 gates

 Number of ports :                     134

 Number of nets :                      654

 Number of instances :                 517

 Number of references to this view :     0

Total accumulated area : 

 Number of fake_gnd :                    1

 Number of gates :                    1256

 Number of accumulated instances :     517

Circuit Statistics:

	No. of primary inputs
	69

	No. of primary outputs
	65

	No. of scan flip flops
	101

	No of gates
	1256

	No of combinational gates
	561

	Clock fequency
	72.3MHz

	Critical path delay
	13.17


The results obtained after invoking fast scan are shown below:

CMD> report statistics

            Statistics report

-------------------------------------------

                          #faults   #faults

fault class               (coll.)   (total)

-----------------------   -------   -------

FU (full)                   3162      4566

-----------------------   -------   -------

DS (det_simulation)         2454      3783

DI (det_implication)         640       714

UU (unused)                   66        66

TI (tied)                      1         2

RE (redundant)                 1         1

-----------------------   -------   -------

test_coverage             100.00%   100.00%

fault_coverage             97.85%    98.49%

atpg_effectiveness        100.00%   100.00%

-------------------------------------------

#test_patterns                          48

#simulated_patterns                     96

CPU_time (secs)                        6.1

-------------------------------------------

The fault classification for fastscan is same as the fault classification for the flextest results.

No. of scan test cycles:
From the report statistics:

No of combinational test vectors, ncomb = 47 (since the 1st test vector is used for testing the scan chain)

No. of scan flip flops, nsff: 101

No of scan test cycles is obtained by:  (ncomb + 2) nsff + ncomb + 4 

                                                             (47 + 2)101 + 47 +4

                                                             5000

Therefore scan length is 5000.

5. Gate overhead calculation:

Gate overhead is calculated by the formula:  [4 nsff/(ng+10nff)] x 100%
where ng=no. of combinational gates, nsff = no. of scan flip flops and nff = no. of flip flops.

Therefore gate overhead: [(4*101) / (561+(101*10))]*100%

                                         25.71%

Therefore estimated gate overhead: 25.71%

Actual gate overhead:  (1256 – 1123)/1256 * 100%

                                     =10.5%
DONE
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