Final Project: 32-bit multiplier

                             by Jia Yao
A. The missing part in this figure is that, when the 64-bit register shifts right, the    

“overflow” signal from the 32-bit adder should be used as the MSB of the register. 
      My design is when “start”=1, the initialization of all registers begin, and then “start”   

      signal change to 0, the circuit execute properly.
The principle of this circuit is mainly based on the idea that when the bit of the multiplier is 1, we add the multiplier with multiplicand and shift the result one bit to the right, if the the bit is 0, we just shift the result. And then we are going to look at the next bit (which can be achieved by shift the multiplier one bit to the right and then we can always examine the LSB of multiplier), and decide if adder is used.        

  module mul (Clock, m1,m2,pr,done,start,OF);

 input Clock;

 input start;

 input [31:0] m1,m2;

 output [63:0] pr;

 output done, OF

 wire [31:0] m1, m2;

 reg [63:0] pr;

 reg [5:0] count;

 reg OF;

 wire [32:0] ss;

 reg done;

 assign             ss = pr[63:32]+m1;

 assign             OF = ss[32];

 always @ (posedge Clock)

 if (start==1)

       begin

       count[5:0] <= 6'b0;

       pr[31:0] <= m2[31:0];

       pr[63:32] <= 32'b0;

       end

 else

  begin  

     count <= count+1;

     if (count[5]==0)

        begin

           if (pr[0]==1)

             begin

               pr[63:31] <= ss[32:0];

               pr[30:0] <= pr[31:1];

             end

          else

             begin

               pr [62:0]<=pr[63:1]; 

             end

        end 

  else  done = 1;

 end       

 endmodule      
B. Verification by some test cases
    As setting proper start and clock signals and observing the product register, the right result can be achieved after 32 clock cycles. Some test cases are examined by hand.
	Multiplicand (m1)
	Multiplier (m2)
	Result

	8’h00000008
	8’h00000008
	16’h0000000000000040

	8’h0000000f
	8’h00000006
	16’h000000000000005a

	8’h01010101
	8’h01010101
	16’h0001020304030201

	8'h10acd569e
	8'h8bc543ed
	16’h05e5d0e92f5a8a46

	8’habcd1234
	8’hcdef5678
	16’hc1b8b70f28018337

	8’h12345678
	8’h87654321
	16’h010d4392e1711af1

	8’h1abcd4e9
	8’h78c5f12a
	16’h193a609a6d6e8e74

	8'h1974a416
	8'h5e3312ad
	16’h12bbd0b0577cddbc

	8’h7df5129a
	8’h67edc512
	16’h33229754a11dd0d4

	8'h197df562
	8'h8bdc42ea
	16’h0ded5324dc9d8f94


C. Result after optimized for minimum area

Using TSMC0.35 technology
	# of primary inputs
	66

	# of primary outputs
	66

	# of  dffs
	71

	Total # of gates
	825

	# of combinational gates
	485

	Clock frequency
	75MHz

	Critical path delay
	13.13 us


                                                         Area Report:

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

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

Cell: mul    View: INTERFACE    Library: work

Cell: mul    View: INTERFACE    Library: work

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

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

Cell       Library  References     Total Area

and02       tsmc035_typ     1 x      1      1 gates

aoi21       tsmc035_typ     3 x      1      4 gates

aoi22       tsmc035_typ    30 x      1     44 gates

aoi222      tsmc035_typ     1 x      2      2 gates

aoi32       tsmc035_typ     1 x      2      2 gates

dff         tsmc035_typ    71 x      5    340 gates

inv01       tsmc035_typ    63 x      1     48 gates

inv02       tsmc035_typ    17 x      1     13 gates

mux21_ni    tsmc035_typ    94 x      2    170 gates

nand02      tsmc035_typ     9 x      1      9 gates

nand03      tsmc035_typ     1 x      1      1 gates

nand04      tsmc035_typ     1 x      1      1 gates

nor02_2x    tsmc035_typ     5 x      1      5 gates

nor02ii     tsmc035_typ     3 x      1      4 gates

nor03_2x    tsmc035_typ     3 x      1      4 gates

oai21       tsmc035_typ     1 x      1      1 gates

oai22       tsmc035_typ    31 x      1     46 gates

or02        tsmc035_typ     2 x      1      2 gates

xnor2       tsmc035_typ    32 x      2     61 gates

xor2        tsmc035_typ    31 x      2     66 gates

Number of ports :                     132
Number of nets :                      498

Number of instances :                 400

Number of references to this view :     0

Number of gates :                     825

Number of accumulated instances :     400

Clock Frequency Report

Clock                : Frequency

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

Clock                : 75.0 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_pr(33)/QB                      dff         0.00  0.40 dn             0.04

ix2668/Y                           xor2        0.60  1.00 up             0.03

ix293/Y                            inv01       0.11  1.11 dn             0.01

ix2675/Y                           aoi32       0.50  1.61 up             0.03

ix303/Y                            inv01       0.10  1.70 dn             0.01

ix2685/Y                           aoi22       0.28  1.99 up             0.03

ix307/Y                            inv01       0.10  2.08 dn             0.01

ix2696/Y                           aoi22       0.27  2.36 up             0.03

ix311/Y                            inv01       0.10  2.45 dn             0.01

ix2707/Y                           aoi22       0.27  2.73 up             0.03

ix315/Y                            inv01       0.10  2.83 dn             0.01

ix2718/Y                           aoi22       0.27  3.10 up             0.03

ix319/Y                            inv01       0.10  3.20 dn             0.01

ix2729/Y                           aoi22       0.27  3.47 up             0.03

ix323/Y                            inv01       0.10  3.57 dn             0.01

ix2740/Y                           aoi22       0.27  3.84 up             0.03

ix327/Y                            inv01       0.10  3.94 dn             0.01

ix2751/Y                           aoi22       0.27  4.21 up             0.03

ix331/Y                            inv01       0.10  4.31 dn             0.01

ix2762/Y                           aoi22       0.27  4.58 up             0.03

ix335/Y                            inv01       0.10  4.68 dn             0.01

ix2773/Y                           aoi22       0.27  4.96 up             0.03

ix339/Y                            inv01       0.10  5.05 dn             0.01

ix2784/Y                           aoi22       0.27  5.33 up             0.03

ix343/Y                            inv01       0.10  5.42 dn             0.01

ix2795/Y                           aoi22       0.27  5.70 up             0.03

ix347/Y                            inv01       0.10  5.79 dn             0.01

ix2806/Y                           aoi22       0.27  6.07 up             0.03

ix351/Y                            inv01       0.10  6.17 dn             0.01

ix2817/Y                           aoi22       0.27  6.44 up             0.03

ix355/Y                            inv01       0.10  6.54 dn             0.01

ix2828/Y                           aoi22       0.27  6.81 up             0.03

ix359/Y                            inv01       0.10  6.91 dn             0.01

ix2839/Y                           aoi22       0.27  7.18 up             0.03

ix363/Y                            inv01       0.10  7.28 dn             0.01

ix2850/Y                           aoi22       0.27  7.55 up             0.03

ix367/Y                            inv01       0.10  7.65 dn             0.01

ix2861/Y                           aoi22       0.27  7.92 up             0.03

ix371/Y                            inv01       0.10  8.02 dn             0.01

ix2872/Y                           aoi22       0.27  8.30 up             0.03

ix375/Y                            inv01       0.10  8.39 dn             0.01

ix2883/Y                           aoi22       0.27  8.67 up             0.03

ix379/Y                            inv01       0.10  8.76 dn             0.01

ix2894/Y                           aoi22       0.27  9.04 up             0.03

ix383/Y                            inv01       0.10  9.14 dn             0.01

ix2905/Y                           aoi22       0.27  9.41 up             0.03

ix387/Y                            inv01       0.10  9.51 dn             0.01

ix2916/Y                           aoi22       0.27  9.78 up             0.03

ix391/Y                            inv01       0.10  9.88 dn             0.01

ix2927/Y                           aoi22       0.27  10.15 up             0.03

ix395/Y                            inv01       0.10  10.25 dn             0.01

ix2938/Y                           aoi22       0.27  10.52 up             0.03

ix399/Y                            inv01       0.10  10.62 dn             0.01

ix2949/Y                           aoi22       0.27  10.89 up             0.03

ix403/Y                            inv01       0.10  10.99 dn             0.01

ix2960/Y                           aoi22       0.27  11.27 up             0.03

ix407/Y                            inv01       0.10  11.36 dn             0.01

ix2971/Y                           aoi22       0.27  11.64 up             0.03

ix411/Y                            inv01       0.10  11.73 dn             0.01

ix2982/Y                           aoi22       0.27  12.01 up             0.03

ix415/Y                            inv01       0.10  12.10 dn             0.01

ix2993/Y                           aoi22       0.27  12.38 up             0.03

ix2991/Y                           xnor2       0.23  12.61 dn             0.01

ix445/Y                            oai22       0.20  12.81 up             0.01

ix1883/Y                           mux21_ni    0.32  13.13 up             0.02

reg_pr(62)/D                       dff         0.00  13.13 up             0.00

data arrival time                                    13.13
data required time                                not specified

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

data required time                                not specified

data arrival time                                    13.13

                                                  ----------                                               

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

D. Results achieved before inserting scan
	Fault Class
	Uncollapsed
	Collapsed

	Full (FU)
	3110
	2208

	Det_simulation (DS)
	2774
	1893

	Hyp_testable (HT)
	108
	90

	Unused (UU)
	78
	78

	Uninitializable (UI)
	6
	3

	Atpg_untestable (AU)
	143
	143

	Unobserved(UO)
	1
	1

	Fault coverage(single stuck-at fault)
	90.93%
	87.77%

	Test coverage
	93.27%
	90.99%

	ATPG effectiveness
	98.23%
	97.92%

	Total # of test patterns
	569

	Total test cycles simulated
	1971

	User CPU Time
	23.5 seconds

	System CPU Time
	2.0 seconds

	Memory Used
	69.289 MB


“DS” and “HT”  in the table mean the type of faults which are testable
I summarized the reason for untested faults as following:  

UU (unused): 
Unused faults are the faults such like the register “count” which is used to count 32 times of shifting right. QB pins of theses ff are not connected into the whole circuit. So these pins are classified as unused faults which are therefore untested. The QB pins in dffs of “product register” also belong to UU faults.
            UU    /reg_pr_29_/QB

            UU    /reg_pr_30_/QB

            UU    /reg_pr_31_/QB

            UU    /reg_pr_32_/QB

            UU    /reg_done/QB

            UU    /count_5__rename/QB

            UU    /count_ix14/QB

            UU    /count_ix17/QB

            UU    /count_ix20/QB

            UU    /count_ix8/QB
UI(uninitializable):

These class of faults occur to the register “done”. Because “done” is given a value when 32 times shifting is done, test generator is unable to find a initialized pattern for it.  
                        UI    /reg_done/Q

            UI    /done

            UI    /reg_done/D
AU (ATPG_untestable):

All ATPG_untestable faults belong to the clock pin of each sequential element.
These pins are classified to ATPG_untestable faults is due to that the test generator is unable to find a pattern to create a test for the clock and so can’t prove the fault redundant.

           AU    /reg_pr_0_/CLK

           AU    /reg_pr_1_/CLK

           AU    /reg_pr_2_/CLK

           AU    /reg_pr_3_/CLK

           AU    /count_ix20/CLK

           AU    /count_ix20/CLK

           AU    /count_ix17/CLK

           AU    /count_ix14/CLK
E. After inserting scan
Because the total number of flip-flops in original circuit is 71, 71 scan-ff is inserted as a scan chain and also two new input pins are inserted.
CMD> report statistics

Total number of sequential instances           =    71

Number of inserted scan chains                 =     1

Number of new pins inserted = 2
	# of primary inputs
	68

	# of primary outputs
	66

	# of  dffs
	71

	Total # of gates
	917

	# of combinational gates
	485

	Clock frequency
	73.2MHz

	Critical path delay
	13.20 us


	Fault Class
	Uncollapsed
	Collapsed

	Full (FU)
	3398
	2486

	Det_simulation (DS)
	3171
	2264

	Hyp_testable (HT)
	72
	67

	Posdet_untestable (PU)
	87
	87

	Unused (UU)
	68
	68

	Fault coverage(single stuck-at fault)
	95.66%
	94.17%

	Test coverage
	97.61%
	96.82%

	ATPG effectiveness
	98.94%
	98.65%

	Total # of test patterns
	470

	Total test cycles simulated
	608

	User CPU Time
	15.1 seconds

	System CPU Time
	1.5 seconds

	Memory Used
	67.125 MB


“DS” and “HT” in the table mean the type of faults which are testable

  I summarized the reason for untested faults as following:
PU (posdet_untestable):

Posdet means possible_detected. PU is a subclass of Posdet fault which means that these faults are proven ATPG_untestable posdet faults. A Posdet fault will result in a 0-X or 1-X difference at an observation point. That’s exactly what clock signal is like. And also before inserting scan circuitry, these clock signals have already been identified as ATPG_untestable faults.
                      PU    /reg_pr_55_/CLK

                      PU    /reg_pr_54_/CLK

                      PU    /reg_pr_53_/CLK

                      PU    /reg_pr_52_/CLK

                      PU    /reg_pr_51_/CLK

                      PU    /reg_pr_50_/CLK
UU (Unused)

Similar to the unused faults in the design before inserting scan circuit, unused faults belong to the QB pins of sequential elements. But the number of unused faults is reduced compared to the non-scan design. The reduced ones belong to the QB pins of the “count”
UU    /reg_done/QB

                     UU    /reg_pr_0_/QB

                     UU    /reg_pr_1_/QB

                     UU    /reg_pr_2_/QB

                     UU    /reg_pr_3_/QB

                     UU    /reg_pr_4_/QB

                     UU    /reg_pr_5_/QB

                     UU    /reg_pr_6_/QB

The estimated gate overhead = [4*Nsff/ (Ng+10Nff)] *100%

                                               = [4*71/(485+10*71)]*100%
                                               = 7.119%
Actual gate overhead = (917-825)/825= 11.1%
Area Report

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

Cell: mul_areaarea    View: INTERFACE    Library: work

Cell: mul_areaarea    View: INTERFACE    Library: work

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

Cell       Library  References     Total Area

and02       tsmc035_typ     1 x      1      1 gates

aoi21       tsmc035_typ     3 x      1      4 gates

aoi22       tsmc035_typ    30 x      1     44 gates

aoi222      tsmc035_typ     1 x      2      2 gates

aoi32       tsmc035_typ     1 x      2      2 gates

inv01       tsmc035_typ    63 x      1     48 gates

inv02       tsmc035_typ    17 x      1     13 gates

mux21_ni    tsmc035_typ    94 x      2    170 gates

nand02      tsmc035_typ     9 x      1      9 gates

nand03      tsmc035_typ     1 x      1      1 gates

nand04      tsmc035_typ     1 x      1      1 gates

nor02_2x    tsmc035_typ     5 x      1      5 gates

nor02ii     tsmc035_typ     3 x      1      4 gates

nor03_2x    tsmc035_typ     3 x      1      4 gates

oai21       tsmc035_typ     1 x      1      1 gates

oai22       tsmc035_typ    31 x      1     46 gates

or02        tsmc035_typ     2 x      1      2 gates

sff         tsmc035_typ    71 x      6    432 gates

xnor2       tsmc035_typ    32 x      2     61 gates

xor2        tsmc035_typ    31 x      2     66 gates
Number of ports :                     134
Number of nets :                      505

Number of instances :                 400

Number of references to this view :     0

Number of gates :                     917

Number of accumulated instances :     400
Clock Frequency Report
Clock                : Frequency

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

Clock                : 73.2 MHz

Critical Path Report
NAME                               GATE              ARRIVAL              LOAD

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

clock information not specified

delay thru clock network                             0.00 (ideal)

reg_pr_33_/QB                      sff         0.00  0.50 dn             0.04

ix2668/Y                           xor2        0.58  1.09 up             0.03

ix293/Y                            inv01       0.11  1.20 dn             0.01

ix2675/Y                           aoi32       0.50  1.69 up             0.03

ix303/Y                            inv01       0.10  1.79 dn             0.01

ix2685/Y                           aoi22       0.28  2.07 up             0.03

ix307/Y                            inv01       0.10  2.17 dn             0.01

ix2696/Y                           aoi22       0.27  2.44 up             0.03

ix311/Y                            inv01       0.10  2.54 dn             0.01

ix2707/Y                           aoi22       0.27  2.82 up             0.03

ix315/Y                            inv01       0.10  2.91 dn             0.01

ix2718/Y                           aoi22       0.27  3.19 up             0.03

ix319/Y                            inv01       0.10  3.28 dn             0.01

ix2729/Y                           aoi22       0.27  3.56 up             0.03

ix323/Y                            inv01       0.10  3.66 dn             0.01

ix2740/Y                           aoi22       0.27  3.93 up             0.03

ix327/Y                            inv01       0.10  4.03 dn             0.01

ix2751/Y                           aoi22       0.27  4.30 up             0.03

ix331/Y                            inv01       0.10  4.40 dn             0.01

ix2762/Y                           aoi22       0.27  4.67 up             0.03

ix335/Y                            inv01       0.10  4.77 dn             0.01

ix2773/Y                           aoi22       0.27  5.04 up             0.03

ix339/Y                            inv01       0.10  5.14 dn             0.01

ix2784/Y                           aoi22       0.27  5.42 up             0.03

ix343/Y                            inv01       0.10  5.51 dn             0.01

ix2795/Y                           aoi22       0.27  5.79 up             0.03

ix347/Y                            inv01       0.10  5.88 dn             0.01

ix2806/Y                           aoi22       0.27  6.16 up             0.03

ix351/Y                            inv01       0.10  6.26 dn             0.01

ix2817/Y                           aoi22       0.27  6.53 up             0.03

ix355/Y                            inv01       0.10  6.63 dn             0.01

ix2828/Y                           aoi22       0.27  6.90 up             0.03

ix359/Y                            inv01       0.10  7.00 dn             0.01

ix2839/Y                           aoi22       0.27  7.27 up             0.03

ix363/Y                            inv01       0.10  7.37 dn             0.01

ix2850/Y                           aoi22       0.27  7.64 up             0.03

ix367/Y                            inv01       0.10  7.74 dn             0.01

ix2861/Y                           aoi22       0.27  8.02 up             0.03

ix371/Y                            inv01       0.10  8.11 dn             0.01

ix2872/Y                           aoi22       0.27  8.39 up             0.03

ix375/Y                            inv01       0.10  8.48 dn             0.01

ix2883/Y                           aoi22       0.27  8.76 up             0.03

ix379/Y                            inv01       0.10  8.85 dn             0.01

ix2894/Y                           aoi22       0.27  9.13 up             0.03

ix383/Y                            inv01       0.10  9.23 dn             0.01

ix2905/Y                           aoi22       0.27  9.50 up             0.03

ix387/Y                            inv01       0.10  9.60 dn             0.01

ix2916/Y                           aoi22       0.27  9.87 up             0.03

ix391/Y                            inv01       0.10  9.97 dn             0.01

ix2927/Y                           aoi22       0.27  10.24 up             0.03

ix395/Y                            inv01       0.10  10.34 dn             0.01

ix2938/Y                           aoi22       0.27  10.62 up             0.03

ix399/Y                            inv01       0.10  10.71 dn             0.01

ix2949/Y                           aoi22       0.27  10.99 up             0.03

ix403/Y                            inv01       0.10  11.08 dn             0.01

ix2960/Y                           aoi22       0.27  11.36 up             0.03

ix407/Y                            inv01       0.10  11.45 dn             0.01

ix2971/Y                           aoi22       0.27  11.73 up             0.03

ix411/Y                            inv01       0.10  11.83 dn             0.01

ix2982/Y                           aoi22       0.27  12.10 up             0.03

ix415/Y                            inv01       0.10  12.20 dn             0.01

ix2993/Y                           aoi22       0.27  12.47 up             0.03

ix2991/Y                           xnor2       0.23  12.70 dn             0.01

ix445/Y                            oai22       0.20  12.91 up             0.01

ix1883/Y                           mux21_ni    0.29  13.20 up             0.01

reg_pr_62_/D                       sff         0.00  13.20 up             0.00

data arrival time                                    13.20

data required time                                not specified

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

data required time                                not specified

data arrival time                                    13.20

Based on the comparison between the designs before and after inserting scan, we can arrive to the conclusion that, the fault coverage and ATPG effectiveness become better after inserting scan circuitry. Also, the number of untested faults is reduced. And there is no unobservable fault after inserting scan. 
Besides, the clock frequency is smaller that will lead to higher performance although the critical path delay increases for only 0.07 us. 
