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a) Example for the multiplier:
multiplicand = 0x12345678 = 00010010001101000101011001111000
multiplier   = 0x87654321 = 10000111011001010100001100100001

	CK
	LSB
	64-bit PRODUCT (HEX)

	0
	1
	0000000087654321

	1
	0
	091a2b3c43b2a190

	2
	0
	048d159e21d950c8

	3
	0
	02468acf10eca864

	4
	0
	0123456788765432

	5
	1
	0091a2b3c43b2a19

	6
	0
	0962fc95e21d950c

	7
	0
	04b17e4af10eca86

	8
	1
	0258bf2578876543

	9
	1
	0a468acebc43b2a1

	10
	0
	0e3d70a35e21d950

	11
	0
	071eb851af10eca8

	12
	0
	038f5c28d7887654

	13
	0
	01c7ae146bc43b2a

	14
	1
	00e3d70a35e21d95

	15
	0
	098c16c11af10eca

	16
	1
	04c60b608d788765

	17
	0
	0b7d30ec46bc43b2

	18
	1
	05be9876235e21d9

	19
	0
	0bf9777711af10ec

	20
	0
	05fcbbbb88d78876

	21
	1
	02fe5dddc46bc43b

	22
	1
	0a995a2ae235e21d

	23
	0
	0e66d851711af10e

	24
	1
	07336c28b88d7887

	25
	1
	0cb3e1505c46bc43

	26
	1
	0f741be42e235e21

	27
	0
	10d4392e1711af10

	28
	0
	086a1c970b88d788

	29
	0
	04350e4b85c46bc4

	30
	0
	021a8725c2e235e2

	31
	1
	010d4392e1711af1

	32
	0
	09a0cd0570b88d78


The final correct result is:

0x12345678×0x87654321=0x09a0cd0570b88d78
b) Verilog HDL source code:
module mul(done, of, prod, m1, m2, start, ck);

output done, of;

output [63:0] prod;

input [31:0] m1, m2;

input start, ck;

wire done, of;

wire [31:0] m1, m2;

reg [31:0] mul;

reg [63:0] prod;

reg [5:0] cnt;

wire lsb = prod[0];

wire [31:0] sum;

assign done = cnt[5];

wire shiftr = ~cnt[5];

wire [31:0] lsbmul = {32{lsb}} & mul;

adder32 adder32i(.of(of), .sum(sum), .d1(prod[63:32]), .d2(lsbmul));

always @(posedge ck)

if (start)


mul <= m1;

always @(posedge ck)

if (start)


cnt <= 6'b000000;

else


cnt <= cnt + shiftr;

always @(posedge ck)

if (start)


prod <= {32'b0, m2};

else if (shiftr)


prod <= {of, sum, prod[31:1]};

endmodule

module adder32(of, sum, d1, d2);

output of;

output [31:0] sum;

input [31:0] d1, d2;

wire [31:0] d1, d2, sum;

assign {of, sum} = d1 + d2;

endmodule
The example (a) and other test cases are used for verifying the circuit.  All tests get correct results. The 32-bit multiplier uses 1 clock cycle to load the multiplicand and multiplier into the registers and takes 32 clock cycles to complete the calculation, i.e. compute 1 bit of multiplier at each clock cycle. After 32 computing cycles, the multiplier output done and overflow signals and 64-bit products. 
c) The multiplier is synthesized by Leonardo with TSMC0.18 technology
Cell       Library  References     Total Area

aoi21       tsmc018_typ     3 x      1      4 gates

dff         tsmc018_typ   114 x      4    504 gates

inv01       tsmc018_typ     8 x      1      6 gates

mux21       tsmc018_typ    66 x      2    107 gates

mux21_ni    tsmc018_typ    62 x      2    116 gates

nand02      tsmc018_typ    45 x      1     45 gates

nand03      tsmc018_typ     2 x      1      2 gates

nand04      tsmc018_typ     2 x      1      3 gates

nor02       tsmc018_typ     1 x      1      1 gates

nor02ii     tsmc018_typ     1 x      1      1 gates

nor03       tsmc018_typ     1 x      1      1 gates

oai21       tsmc018_typ     6 x      1      7 gates

oai32       tsmc018_typ    32 x      2     55 gates

or02        tsmc018_typ     1 x      1      1 gates

or03        tsmc018_typ     1 x      1      1 gates

or04        tsmc018_typ     1 x      2      2 gates

xor2        tsmc018_typ    62 x      2    133 gates

 Number of ports :                     132

 Number of nets :                      541

 Number of instances :                 408

 Number of references to this view :     0
Total accumulated area : 

Number of gates :                     992

Number of accumulated instances :     408

                        Clock Frequency Report


Clock                : Frequency

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


ck                   : 141.9 MHz

Critical path #1, (unconstrained path)

NAME                   GATE              ARRIVAL              LOAD

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

reg_prod(0)_rep_1/Q    dff         0.00  0.36 up             0.04

ix3054/Y               nand02      0.08  0.44 dn             0.02

ix1015/Y               xor2        0.25  0.69 up             0.03

ix3063/Y               mux21_ni    0.25  0.94 dn             0.02

ix3076/Y               mux21_ni    0.20  1.14 dn             0.02

ix3091/Y               mux21_ni    0.20  1.34 dn             0.02

ix3106/Y               mux21_ni    0.20  1.54 dn             0.02

ix3121/Y               mux21_ni    0.20  1.73 dn             0.02

ix3136/Y               mux21_ni    0.20  1.93 dn             0.02

ix3151/Y               mux21_ni    0.20  2.13 dn             0.02

ix3166/Y               mux21_ni    0.20  2.33 dn             0.02

ix3181/Y               mux21_ni    0.20  2.52 dn             0.02

ix3196/Y               mux21_ni    0.20  2.72 dn             0.02

ix3211/Y               mux21_ni    0.20  2.92 dn             0.02

ix3226/Y               mux21_ni    0.20  3.12 dn             0.02

ix3241/Y               mux21_ni    0.20  3.31 dn             0.02

ix3256/Y               mux21_ni    0.20  3.51 dn             0.02

ix3271/Y               mux21_ni    0.20  3.71 dn             0.02

ix3286/Y               mux21_ni    0.20  3.91 dn             0.02

ix3301/Y               mux21_ni    0.20  4.10 dn             0.02

ix3316/Y               mux21_ni    0.20  4.30 dn             0.02

ix3331/Y               mux21_ni    0.20  4.50 dn             0.02

ix3346/Y               mux21_ni    0.20  4.70 dn             0.02

ix3361/Y               mux21_ni    0.20  4.89 dn             0.02

ix3376/Y               mux21_ni    0.20  5.09 dn             0.02

ix3391/Y               mux21_ni    0.20  5.29 dn             0.02

ix3406/Y               mux21_ni    0.20  5.49 dn             0.02

ix3421/Y               mux21_ni    0.20  5.68 dn             0.02

ix3436/Y               mux21_ni    0.20  5.88 dn             0.02

ix3451/Y               mux21_ni    0.20  6.08 dn             0.02

ix3466/Y               mux21_ni    0.20  6.28 dn             0.02

ix3481/Y               mux21_ni    0.20  6.47 dn             0.02

ix3496/Y               mux21_ni    0.20  6.67 dn             0.02

ix3494/Y               xor2        0.18  6.85 up             0.01

ix2209/Y               oai32       0.12  6.97 dn             0.01

reg_prod(62)/D         dff         0.00  6.97 dn             0.00

data arrival time                        6.97

d) Generate test vectors in the sequential mode.
*****Circuit Statistics*****

# of primary inputs = 66

# of primary outputs = 66

# of library design cells = 408

# of library leaf cells = 408

# of combinational library primitives = 434

# of sequential library primitives = 114

# of simulation primitives = 1629

*****Fault List Statistics*****

Fault Class              Uncollapsed   Collapsed

Full (FU)                       3410        2484

Det_simulation (DS)             2837        1937

Hyp_testable (HT)                151         148

Posdet_untestable (PU)             2           2

Posdet_testable (PT)               6           6

Unused (UU)                       94          94

Atpg_untestable (AU)             228         228

Unobserved (UO)                   92          69

Fault coverage                85.53%      81.12%

Test coverage                 87.95%      84.31%

ATPG effectiveness            95.00%      94.12%

*****Test Patterns Statistics*****

Total Test Cycles Generated = 133

Total Test Cycles Simulated = 1218

All UU faults are QB pins of DFF cells. They are untested by ATPG because they are not connected to other nets. All AU faults are CLK pins of DFF cells. They are untested by ATPG because the primary outputs would be unavailable if clock pin is faulty.
e) Insert scan and generate combinational test vectors.
Total number of sequential instances           =   114

Number of inserted scan chains                 =     1

*****Circuit Statistics*****

# of primary inputs = 68

# of primary outputs = 66

# of library design cells = 408

# of library leaf cells = 408

# of combinational library primitives = 548

# of sequential library primitives = 114

# of simulation primitives = 1956

*****Fault List Statistics*****

Fault Class              Uncollapsed   Collapsed

Full (FU)                       3870        2914

Det_simulation (DS)             3631        2676

Hyp_testable (HT)                200         199

Posdet_untestable (PU)            35          35

Unused (UU)                        2           2

Unobserved (UO)                    2           2

Fault coverage                96.86%      95.85%

Test coverage                 96.91%      95.91%

ATPG effectiveness            97.36%      96.52%

*****Test Patterns Statistics*****

Total Test Cycles Generated = 437

Total Test Cycles Simulated = 743
Two UU faults are QB pins of register signal ‘done’ and untested because they are not connected to other nets. 
Area and timing reports of the netlists with scan chain inserted.

Cell       Library  References     Total Area

aoi21       tsmc018_typ     3 x      1      4 gates

inv01       tsmc018_typ     8 x      1      6 gates

mux21       tsmc018_typ    66 x      2    107 gates

mux21_ni    tsmc018_typ    62 x      2    116 gates

nand02      tsmc018_typ    45 x      1     45 gates

nand03      tsmc018_typ     2 x      1      2 gates

nand04      tsmc018_typ     2 x      1      3 gates

nor02       tsmc018_typ     1 x      1      1 gates

nor02ii     tsmc018_typ     1 x      1      1 gates

nor03       tsmc018_typ     1 x      1      1 gates

oai21       tsmc018_typ     6 x      1      7 gates

oai32       tsmc018_typ    32 x      2     55 gates

or02        tsmc018_typ     1 x      1      1 gates

or03        tsmc018_typ     1 x      1      1 gates

or04        tsmc018_typ     1 x      2      2 gates

sff         tsmc018_typ   114 x      6    637 gates

xor2        tsmc018_typ    62 x      2    133 gates

 Number of ports :                     134

 Number of nets :                      589

 Number of instances :                 408

 Number of references to this view :     0

Total accumulated area : 

 Number of gates :                    1125

 Number of accumulated instances :     408

                        Clock Frequency Report


Clock                : Frequency

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


ck                   : 134.0 MHz

                        Critical Path Report

Critical path #1, (unconstrained path)

NAME               GATE              ARRIVAL              LOAD

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

reg_prod_33_/QB    sff         0.00  0.39 dn             0.04

ix1015/Y           xor2        0.27  0.67 up             0.03

ix3063/Y           mux21_ni    0.25  0.92 dn             0.02

ix3076/Y           mux21_ni    0.20  1.12 dn             0.02

ix3091/Y           mux21_ni    0.20  1.31 dn             0.02

ix3106/Y           mux21_ni    0.20  1.51 dn             0.02

ix3121/Y           mux21_ni    0.20  1.71 dn             0.02

ix3136/Y           mux21_ni    0.20  1.91 dn             0.02

ix3151/Y           mux21_ni    0.20  2.10 dn             0.02

ix3166/Y           mux21_ni    0.20  2.30 dn             0.02

ix3181/Y           mux21_ni    0.20  2.50 dn             0.02

ix3196/Y           mux21_ni    0.20  2.70 dn             0.02

ix3211/Y           mux21_ni    0.20  2.89 dn             0.02

ix3226/Y           mux21_ni    0.20  3.09 dn             0.02

ix3241/Y           mux21_ni    0.20  3.29 dn             0.02

ix3256/Y           mux21_ni    0.20  3.49 dn             0.02

ix3271/Y           mux21_ni    0.20  3.68 dn             0.02

ix3286/Y           mux21_ni    0.20  3.88 dn             0.02

ix3301/Y           mux21_ni    0.20  4.08 dn             0.02

ix3316/Y           mux21_ni    0.20  4.28 dn             0.02

ix3331/Y           mux21_ni    0.20  4.47 dn             0.02

ix3346/Y           mux21_ni    0.20  4.67 dn             0.02

ix3361/Y           mux21_ni    0.20  4.87 dn             0.02

ix3376/Y           mux21_ni    0.20  5.07 dn             0.02

ix3391/Y           mux21_ni    0.20  5.26 dn             0.02

ix3406/Y           mux21_ni    0.20  5.46 dn             0.02

ix3421/Y           mux21_ni    0.20  5.66 dn             0.02

ix3436/Y           mux21_ni    0.20  5.86 dn             0.02

ix3451/Y           mux21_ni    0.20  6.05 dn             0.02

ix3466/Y           mux21_ni    0.20  6.25 dn             0.02

ix3481/Y           mux21_ni    0.20  6.45 dn             0.02

ix3496/Y           mux21_ni    0.20  6.65 dn             0.02

ix3494/Y           xor2        0.18  6.83 up             0.01

ix2209/Y           oai32       0.11  6.94 dn             0.01

reg_prod_62_/D     sff         0.00  6.94 dn             0.00

data arrival time                    6.94
Area in number of gates: increase to 1125 from 992 (13.4% overhead)
Estimated gate overhead: 4Nsff/(Ng+10Nsff) = 4*114/(488+10*114) = 28%

Timing in maximum clock frequency: reduce to 134.0MHz from 141.9MHz
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