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9.1 Design Template for Numerical Hardware

* A. Design Architecture

— Datapath:

« Two memory blocks, ""'memQ0" and ""'mem1", are utilized to buffer the
input and output data frames.

« Data processing unit: constructed using multiple FP operations through
parallel and pipeline structures and may result in a long data path.

— FSM for the functions of timing control.

* 1) Generates control signals; 2) Communicate with the datapath to
trigger FP operations; and 3) Monitor the status of the datapath.

FSM-Datapath
Datapath
st_data_in mem( rddata‘a; data. wrdataf; meml —= st_data_out
S N dpath_in| processing [dpath_out | ERER R
rst *lmem_rd} datapath® readyf [datapath fmem_wr
clk —> _cmd ctl -vid | ¢ _sta _cmd
FSM
L’ nxt_state[p d
en »| nxt_state > cur_state| output fi
——CLK|
clk
FIGURE 9.1

Design Structure of Numerical Hardware



9.1 Design Template for Numerical Hardware

« B. Timing Diagram

— Mem0 Read & Datapath In" : ALE R S
. JUUULUULUL
« Performs two tasks: reading L P Ell""j """ suuees BRI

data from ""'mem0Q" and
inputting the same data into

ready __I - i

mem_rd_cmd QDO

Mem0 Read
& Datapath
In

the data processing unit. L gt COARADADADC ) |
— “Mem1 Write & Datapath Out": 2% - D (1 3 €3
. o =& o
- Output data (with one cycle 55 N
dela and Write the same data :::::.:::::::::::::::::::::::::::‘?::::5::::::::::5::::j:::::::::::::::::;
into y‘)mem1" =% s i
- HH o1 L
— The FSM controller § cur_stated-N SDEDEDEDEDEDED |
» Generates and updates the
d and writ q FIGURE 9.2
réad ana wriie commands Timing Diagram of Numerical Hardware

» Generates the indicator signals
such as the data valid indicator
“vid" and the data processing
end indicator ""fi"
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9.2 Register Files

« 9.2.1 RTL Design on Regqister Files

— Custom register files hold a significant position in RTL design.

« They function both as simulation models for random access memories
(RAMs) and as synthesizable implementations of reqgister arrays.

 ASICs:

— RF: High cost in terms of silicon real estate and are not intended for
storing large data sets on ASICs.

— Once a fabrication technology is established, it becomes feasible to
replace large-sized register files with synthesizable RAM blocks.

 FPGAs:

— RF: Presents challenges because of constraints on available
resources like flip-flops and registers within the FPGA device.

— FPGA vendors offer pre-designed Block RAM or Ultra RAM IP
cores, which can be integrated into SoC designs, simplifying the
development process and ensuring efficient utilization of available
FPGA resources.




9.2 Register Files

« 9.2.2 Single-Port Register File

— A. Design Specification
« Memory write/read enable signal “"en”:

— Enables the write (binary one) or read (binary zero) operation of the
register array.

Write enable signal ~“we":

— The corresponding data byte within the write data bus (multi-byte) is
written into the register array.

Write/read address “"addr”:

— The address at which the data is to be written or read.
Data input buses "'din”

— The input data to be written into the register array.

« Data output buses ""dout”: e —
— The output data read from the specified address.;‘: > simple_single |» dout
a r —7 >
din —>
FIGURE 9.3

Block Diagram of Single-Port Register File



9.2 Register Files

« 9.2.2 Single-Port Register File:

— A. Design Specification
(a) Simultaneous writing of the entire data word into the designated register.

(b) The lower three bytes of the write data bus are writable into the register
corresponding to the address.

(c) The lower two bytes of the write data bus.

(d) The least-significant byte can be written into the register at the
corresponding address.

{din[31:24], din[23:16], din[15:8], din|7:0]}

y y y

!

addr[1:0]=2'h0 —y)]

addr|[1:0]=2'h1 —»

addr[1:0]=2'h2 —>

addr[1:0]=2'h3 —

{din[31:24], din[23:16], din[15:8], din|7:0]}

(a) we[3:0]=4'hf

Y Y ¥

Y

addr[1:0]=2'h0 —]

addr[1:0]=2'h1 —»|

addr[1:0]=2'h2 —»|

addr[1:0]=2'h3 —»

FIGURE 9.4

(c) we[3:0]=4'h3

{din[31:24], din[23:16], din[15:8], din[7:0]}

v ' ' ¢

addr[1:0]=2'h0 —y)

addr{1:0]=2'h1 —

addr|1:0]=2'h2 —»

addr|[1:0]=2'"h3 —»

(b) we[3:0]=4'h7

{din[31:24], din[23:16], din[15:8], din[7:0]}

4 4 Y Y

addr{1:0]=2'h0 —]

addr[1:0]=2'h1 —»

addr|[1:0]=2'"h2 —»

addr|1:0]=2'h3 —»

(d) we[3:0]=4'h1

Register File Access Utilizing Write Enable Signal (Register Bytes in White
Boxes Indicate Data Writing Enabling)



9.2 Register Files

9.2.2 Single-Port Register File:
— B. Timing Diagram
 (a) Write and read the entire word

« (b) Demonstrates write operations performed in words and half-words to

showcase the difference.
: 1 i 2 b 3 : 4 ! 5 : 6 : 7 ' 8 9
oo LML e
. l : : , ;
TN S G GLID GU5S GLES G GLITD @D GRS |
we 4'hf )
hnh : : : :

din

32'h14151617
32'h :32'h

i 2 4 5 6 7 8 9

clkc HEEEE o e O e

en i L - 4 : L : -

addr 1000 X 10'hL X 10°'h0 Y 10h1_X_10'h0 Y _10°h1_X_10h0 X T0%h1 D)

we : £hi 5 X T 4h3 : D)
' : {32 5 5 '

din 32'h8%abeder ) (IIETHIE ¢ T~ 32h14151617 )
: :32'h : : : :32'h 32'h

dout X

32'h456789ab

(b) Timing Diagram of Register File Access with “we=4’hf" and “we=4"h3”

FIGURE 9.5
Timing Diagram of Register File Access Utilizing Write Enable Controlling



« 9.2.2 Single-Port Register
File:
— C. Verilog Design

['=] W =1 o 5] P - R N -
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34

“define WIDTH 32

9.2 Register Files

“define DEPTH 1024
“define ADDR_WIDTH 10

“"define WE_WIDTH

module simple_single (input

reg [ ]

always @(posedge
if (en) begin
if (wel
ram[ 10

end
if (wel
ram[ 1L

end
if (wel
ram/[ 1L

end
if (wel
ram[ 1L

end
end else begin
dout <= ram|[
end
end
endmodule

4
input
input [
input [
input [
output reg [
ram[ 1

clk) begin

1) begin
. 1<=
din [
1) begin
d;n[
1) begin
d;n[
1) begin
ain
1;

1<=

1<=

1<=

clk ,
en .
we ,
addr ,
din ,
dout);



9.2 Register Files

« 9.2.3 Dual-Port Register File

— A. Design Specification
 Memory write enable signal ““ena”:
— Enables the write operation of the register array.
Write enable signal ““wea”:

— The corresponding data byte within the write data bus (multi-byte) is
written into the register array.

Write address ""addra”:
— The address at which the data is to be written.
Data input buses ""dina”:
— The input data to be written into the register array.
Memory read enable signal ~“enb":
— The read operation of the register array. e
Write/read address ““addrb”: wrt 73] simple_dual 1> doutb
— The address from which the data is to be read. i
Data output buses ""doutb”:

addrb —»
— The output data read from the spegiiegt adcress.
Block Diagram of Dual-Port Register File

clka ——




9.2 Register Files

« 9.2.3 Dual-Port Register File:
— B. Timing Diagram

Different clocks: "“clka" and ""clkb" signals

Overlapping: The read operations can be performed in parallel with the
ongoing write operations.

Read after Write: the read operation for address 2'h0 occurs two clock cycles
after the write operation to the same address.

Address Collision Issues: it is crucial to highlight that simultaneous write and
read operations to the same address within the same clock cycle are not
permitted in a dual-port register array.

: 1 : 2 : 3 : 4 : S : 6 : 7
uotof CEeeEgAAARd] (ESEES |AAAAA) FEER JSCESGH USSR dhonic SEceees SSadian FEEEOS)ccadiad [FERH) haceen ESERY |
clkb i : : - . : :
ena z i 5 L : i
addra @0 )0 Y 1onz X : T0'h3 : ))
wea % T )

D320 32 39 : : :
dina T 30 hI4151617 )

enb I

P D @I G ¢
_i32h __i32h

addrb

doutb

FIGURE 9.7
Timing Diagram of Dual-Port Register File Access



9.2 Register Files

« 9.2.3 Dual-Port Register | e woms

. 3 ~define ADDR_WIDTH 10
F||e 4+ “define WEA_WIDTH 4
5 module simple_dual (input clka ,
. . & input ena ,
— C. Verilog Design : et I 1 wea |
s input [ ] addra,
o input [ ] dina ,
10 input clkb ,
11 input enb ,
12 input [ ] addrb,
13 output reg [ ] doutb);
14 reg [ 1 ram[ 1;

16 always @(posedge clka) begin

17 if (ena) begin

18 if (wea [ 1) begin

18 raml[ 1L : 1=

20 dina [ H 1
21 end

22 if (weal 1) begin

23 ram[ 1L : <=

24 dina [ H 1
25 end

26 if (weal 1) begin

27 ram[ 1L : 1<=

28 dina [ : 1;
20 end

a0 if (weal 1) begin

31 raml[ 1L : 1«=

a2 dina [ : 1;
33 end

34 end

35 end

38

37 always @(posedge clkb) begin

as if (enb) begin

30 doutb <= raml[ 1
40 end

41  end

42 endmodule



9.2 Register Files

* 9.2.4 Ping-Pong Buffer

— A. Design Specification
« Comprise two single-port memories.

— The control signals, namely ""u0_wr" and ~"u0_rd", are responsible
for overseeing write and read access to the “"'u0_mem" memory.

— The signals ""u1_wr" and ""u1_rd" govern write and read access to
the “"u1_mem" memory.
— When ""u0_rd" is asserted, indicating active reading or data

processing in “"u0_mem", it facilitates concurrent execution of
“ul_wr" to update data in “"'u1_mem°”.

— When ""u1_rd" is asserted, signaling a P STag pang buller
read operation and data processing in enn_ L[ o] u0_mem [0
alddra i - dil »
“ul_mem", it enables simultaneous data ana P2 i
. . s " . enh _; = =l
feeding into “"'u0_mem" with an asserted addtb | a1 mem [
“u0_wr" s
- . uﬂ_?wrfuﬂ_nl
ul_wrful_rd
FIGURE 9.8

Block Diagram of Ping-Pong DBuffer
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38
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“include "simple_single.v"

module ping_pong_buffer (input clk
input ull _wr,
input ul _wr,
input ud_rd .
input ul_rd,
input ena ,
input [ ] wea
input [ ] addra,
input L 1 dina ,
input enb .
input [ ] addrb,
output [ 1 douthb);

wire en0 = {(ul_wr&emna) | “(ul_rd&enb) ;

wire enl = {(ul_wr&emna) | “{(ul_rd&enb) ;

wire [ ] weld = ud_wr 7 wea : "“WEA4;

wire [ ] wel = ul_wr ? wea : "“WEA4;

wire [ 1l addr0 = ul_wr 7 addra

ud_rd ? addrb : “ADDR_WIDTH'®'bO;
wire [ ]l addrl = ul_wr 7 addra
ul_rd ? addrb : “ADDR_WIDTH'®'bO;

wire [ ] dind uld_wr ? dina "WIDTH'bO

wire [ ] dinl = ul_wr 7 dina "WIDTH'bO

wire [ ] dout0 ;

wire [ ] doutl ;

assign doutb = uwl_rd ? dout®

ul_rd ? douti

simple_single u0_mem {(.clk (clk
.en (en0
.we (wel

.addr (addr0) ,
.din (din0 ),
.dout (deut0)) ;

simple_single ul_mem (.clk (clk
.en (enl
.We (wel

.addr (addri) ,
.din (dimnl ),
.dout (doutl)) ;

endmodule

"ADDR_WIDTH ' hoO;

9.2 Register Files

« 9.2.4 Ping-Pong Buffer

— B. Verilog Design
* The first-stage

multiplexer (described in
lines 14-24)

* The second-stage

multiplexer (Lines 26-29)
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9.3 Design Example: FP Matrix-Matrix Adder

* Design Example: FP Matrix-Matrix Adder

— The FP matrix addition can be performed with multiple FP
adders in parallel.

« The mathematical equation for a 4x4 matrix addition can be

written as
200 201 202 <03 Too To1r To2 To3 Yoo Yo1 Yo2 Yo3
10 211 212 Z13 | _ | ®10 11 ZTi2 T3 I Yio Y1 Y12 Y13
220 221 222 223 To2p T21 T22 T23 Y20 Y21 Y22 Y23
230 231 232 233 T30 T31 T32 T33 Yo Y31 Y32 Y33
(9.1)
Too + Yoo Toil T Yo1 o2 +Yo2 To3 + Yo3
Tio+Y0 T +Y11 T2 T Y12 Ti3 + Y13
Too + Y20 T21 Y21 Loz + Y22 Taz + Yo3
T30 + Y30 T31+Ys1 T32+Ys2 X33+ Yss

— Three register arrays are designed to store the matrices.

» As two arrays are used only for reading and one is used only
for writing, single-port memory blocks are utilized.



9.3 Design Example: FP Matrix-Matrix Adder

« 9.3.1 Design Structure of FP
Matrix-Matrix Adder

— Datapath: T
« “mem0” and “mem1” and memd .
“mem?2”: ’“%f e
— 128 bits data bus Vit ﬁ:@» 2
— The columns of each matrix REOME
are stored in memory row-
Wise ‘rrd{]/rdl ‘rrda(ldrl]/rdadrl “wrZAwrader
. Parallel 4x 32-bit FP Adders o —— e R
— Timing controller
FIGURE 9.9

¢ Reading four rows from memory; Design Structure of FP Matrix-Matrix Adder

* Performing four rounds of 128-bit
FP additions;

» Writing the outcomes back into
memory.



9.3 Design Example: FP Matrix-Matrix Adder

« 9.3.2 Timing Diagram of FP Matrix-Matrix Adder

— A. Assumption for Test Cases:

* The four word-sized data in “'rddata0[127:96]", " "rddata0[95:64]",
“rddata0[63:32]", and " 'rddata0[31:0]" are all identical, as are the four word-
sized data in “"rddata1[127:96]", "'rddata1[95:64]", 'rddata1[63:32]", and
“rddata1[31:0]". Consequently, the data on the "'x0-x3" buses for all four
adders are identical, and the data on the ""'y0-y3" buses are also identical.

» This results in the summations ""z0-z3" being the same as well. Therefore, all
four word-sized data on ““wrdata2[127:96]", ~“wrdata2[95:64]",
“wrdata2[63:32]", and ““wrdata2[31:0]" will also be identical.

« By making this assumption, we can simplify the timing diagram to display
only one set of data buses: ~"rddata0[127:96]/x0", "‘rddata1[127:96]/y0", and

h Wrd ataz [1 27 : 96]/20" . memO0/mem1 read ! FP OPS mema2 write
rdaddr0[127:96] [T.0 Xg: 20
rdaddr0[95:64] [T1.0 li— >

3.0 | wraddr2[127:96]
3.0 | wraddr2[95:64]
3.0 | wraddr2[63:32]
3.0 | wraddr2[31:0]

rdaddr0[63:32] [T.0 ] Xl ~ z1
rdaddr0[31:0]  [T0 _I yl h®—
rdaddr1[127:96] |2.0 j+— v2 (+
rdaddr1[95:64] 2.0 [ix3
rdaddr1[63:32] [20—13"(+)23
rdaddr1[31:0] 2.0 f——>

YVYVYY

B B N el

FIGURE 9.10
Data Processing Example of FP Matrix-Matrix Adder



9.3 Design Example: FP Matrix-Matrix Adder

« 9.3.2 Timing Diagram of FP
Matrix-Matrix Adder
B. Timing Diagram of FP

rd0/rdl

Matrix-Matrix Adder {23 rdaddrtjdaddri %muu’/////f
- 4 rddata0[127:96)x0 (CDTOCOCOENT D |
° em eaaq: : rddatal[127:96]/y0 CZDCOCDEOCHT :
Mem0&1 Read -...-
— Four rows are read from 2o wrdaa2]127:06) COCDEDIDODO |
ZEg z ; ; =
“mem0" and "mem1" S22 wr2 : L
over four clock cycles L e
Addition & Mem2 Write 23 " D
=g e .
— In cycles 3-6, The PO mx_add_fi ————— 1 L _ !
summations are written
in "mem2°. FIGURE 9.11
Timing Diagram of FP Matrix-Matrix Adder

« FSM Controller
— In the last cycle, sets the
"mx_add_fi" indicator to
signal the completion of
the matrix addition.
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9.3 Design Example: FP Matrix-Matrix Adder

« 9.4.3 Verilog Code for FP Matrix-Matrix Adder

— Lines 15-38 contain the instantiation of four 32-bit FP adders.

module mx_add (input

input

input

output
wire [ ] x0, x1, x2, x3;
wire [ 1 yo, y1, y2, y3;
wire [ ] z0, z1, =z2, =z3;
wire wr2, rdO, rdil;

clk
rst
mx_add_en
mx_add_fi

reg [ 1l wraddr2, rdaddrO, rdaddrl;

Matrix x
memi

zl

zl

Matrix =
mem2

o
15O

Matrivy | * :I.D_, 7
=O%

z3

L 4

)

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

FP_adder

FP_adder

FP_adder

FP_adder

u0_fp_add (.

clock (clk

.reset (rst

.io_in_a (xO
.io_in_b (yO

.io_out_s(z0

ul_fp_add (.

clock (clk

.reset (rst
.io_in_a (=x1

.io_in_b (yl
.io0_out_s(z1l

u2_fp_add (.

clock (clk

.reset (rst
.io_in_a (x2

.io_in_b (y2

.io_out_s(=z2

u3_fp_add (.

clock (clk

.Treset (rst

.io_in_a (x3
.io_in_b (y3

.io_out_s(z3

S N S SN NS

N
we

R R e



9.3 Design Example: FP Matrix-Matrix Adder

« 9.4.3 Verilog Code for FP Matrix-Matrix Adder

— Inlines 40-60, three memory blocks are used to store the matrices.

— Each 128-bit data read from “~"u0/1_mem" is divided into four words
which serve as inputs " 'x0-x3” and ""y0-y3" for the four FP adders.

— The outputs of the four FP adders, ~"z0-z3", are combined to form the
128-bit input for “"u2_mem2". .

41 simple_single uO_mem(.clk (clk

)
42 .en (rdo )
43 . we ("WEA4 )
44 .addr (rdaddroO )
45 .di (128°h0 ) .,
46 .dout ({x0,x1,x2,x33}));
A7
Datapath 4s simple_single ul_mem(.clk (clk )
Matrix x 49 .en (rdil )
el 50 . we ("WEA4 )
_I_Eg‘::@_, 20 (W 51 .addr (rdaddril )
: mem? 52 .di (128 °h0 )
. ﬂ:@_.d;: 53 .dout ({y0,y1l,y2,y3}));
Matrix ¥ :@—p y 4 54
el -
E::(D—p 23 55 simple_single u2_mem(.clk (clk )
L 56 .en (wr2 )
57 . We ("WEA4 )
58 .addr (wraddr? )
50 .di ({z0,z1,22,23})

60 .dout ( 1)



9.3 Design Example: FP Matrix-Matrix Adder

« 9.4.3 Verilog Code
for FP Matrix-Matrix
Adder

— The timing controller
design is illustrated
in lines 62-101.

— Memory read and
write operations are
explained in lines
77-99.

62

reg [ ] cnt ;
wire cnt_en = mx_add_en | |cnt;
wire [ ] nxt_cnt=(cnt==3°d5) 7?7 3:d0 :

always Q@(posedge clk) begin
if(rst) begin

cnt_en 7 (cnt+3°d1)

: cnt;

A

cnt <=3°d0 H 4
’ rrdﬂf"rd 1 |rdaddro/rdadrl

end else begin

F -~
wir | wraddr2

cnt<=nxt_cnt; ki
end mx_add_en '.:II cnt |I » mx_add_fi
end
(a) Design Structure of Matrix Adder

assign rd0 = mx_add_en ;

assign rdl = mx_add_en ;

wire [ ] nxt_rdaddrO0 = rd0 ? rdaddrO0+2°’hl : rdaddrO;
wire [ ] nxt_rdaddrl = rdl ? rdaddri+2’hl : rdaddri;

alwvays Q@(posedge clk) begin
if(rst) begin
rdaddr0<=2°h0 3
rdaddr1 <=2°h0 ;
end else begin
rdaddr0<=nxt_rdaddr0 ;
rdaddrl <=nxt_rdaddrl ;
end
end



9.3 Design Example: FP Matrix-Matrix Adder

* 9.4.3 Verilog Code for FP Matrix-Matrix Adder

— The completion of the matrix addition is indicated by the ""'mx_add_fi"
output in line 101.

Datapath

Matrix x
memi

z0

x0
| ¥0

¥

Matrix &
mem?

Matrix ¥
e |

z3

hie

|ﬂ
¥3

rrdﬂf"rd 1

A

-
rdaddrd/rdadr]

3
wraddr2

-
wrl

FSM

mx_add_en —@7* mx_add_fi

(a) Design Structure of Matrix Adder

91

92

93

04

95

96

a7

o8

99

100

101

102

assign wr2 = cnt>=37d2 & cnt<=3’d5 ;
wire [ ] nxt_wraddr?2 = wr2 7 wraddr2+2’hl : 2°h0;
always @(posedge clk) begin
if(rst) begin
wraddr2 <=2’ho0
end else begin
wraddr2 <=nxt_wraddr2 ;
end
end

assign mx_add_fi = &wraddr2;
endmodule
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9.4 Design Example: FP AXPY Calculation

* Design Example: FP AXPY Calculation

— The mathematical expression y =a * x + y is described in
hardware utilizing multiple single-precision FP adders and

Yoo Yo1
Y10 Y1
Y20 Y21

Yo2  Yos
Y12 Y13
Y22 Y23

multipliers.
* In this equation, x and y are 4x4 FP matrices, while ais a FP
constant.
Yoo Yo1 Yo2 Yo3 Too o1 To2z To3
Yo Y11 Yiz2 Y1z | _ a L1p 11 T12 13
Y20 Y21 Y22 Y23 Top T21 T22 T23
Y30 Y31 Y2 Y33 T30 T31 T32 I33

axopo + Yoo ATo1 + You
arip + Yo ar11 + Y11
argo + Y20 QAT21 + Y21
arzp + Yo aT31 + Y31

Y30 Y

axp2 + Yo2
arie + Y12
araz + Y22
arzs + Y32

Y32 Y33
(9.2)

axp3 + Yo3
axr13 + Yi3
ara3 + Y23
arsz + Y33

— Since the output matrix is still y, the results need to be written back
to the same memory, necessitating the use of a dual-port memory

block.



9.4 Design Example: FP AXPY Calculation

* 9.4.1 Design Structure of FP

AXPY Calculation
- Datapath Datapath
e ) atrix x a z z0 =
« "mem0" and “mem1°: M O e U < O T
i —‘pxli(:)-’zl—_r O
- 128 bltS data bUS i2::®—b22 : %i:@—b vp2
a z3
— The columns of each —— < OR S Y s O 5 M
. . _meml ¥
matrix are stored in »
memory row-wise )
e Para”el 32'b|t FP |V|U|t|p|lerS rdOf’rdl‘rdaddrOr’rdadrl jwrlj wraddrl
following with Adders Timing Controller
. . axpy_en > cnt » axpy_fi
— Timing controller N
« Reading four rows from FIGURE 9.12
memory; Design Structure of FP AXPY

« Performing four rounds of
128-bit FP multiplications and
additions;

» Writing the outcomes back
into memory



9.4 Design Example: FP AXPY Calculation

* 9.4.2 Timing Diagram of

FP AXPY Calculation apigigigh
MemO0&1 Read: rd0 §
E daddro0 :
* Four rows are read from ég; s rddat30[12r7:36]/;0 ;
“memO0" and "mem1" L 20 :
over four clock cycles. i 1l ;
. ' rdaddrl @72 :
— AXPY & Mem1 Write | rddata1]127:96]/y0 Qi XLDDGIX !
* In cycles 4-7, The E::}Bb'/%?i-'cl':ii%l'['ii?§6i""’""""""""""'""'"""
. . ol :
summations are written w22 wrl :
in “"mem?2°. e R L S—
FSM Controller o en— oo i L=
L7 g ent O™ !
* In the last cycle, sets the P E A e
: axpy ﬁ . N . N N M :

“axpi_fi" indicator to Fremrnemsnensnene et T
signal the completion of L.~ tRE 0.13

the axpy. Timing Diagram of FP AXPY
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9.4 Design Example: FP AXPY Calculation

* 9.4.3 Verilog Code for FP AXPY Calculation
In line 8, the FP constant ""a" is assigned as 32'h3f800000 (FP 1.0).
— Lines 17-40 instantiate four parallel 32-bit FP multipliers

[is] £ | (s W (S

w [V =]

=

module axpy (input clk
1nput rst R 17
input axpy-en 15 FP_multiplier uO_fp_mul(.clock (clk
output axpy_fi ) 19 .reset (rst
20 .io_in_a (a
21 .io_in_b (xO0
wire [31:0] a=32’h40000000; 22 -dio_out_s (20
wire [ 1 x0, x1, x2, x3; 23
wire [ 1 yo, yi1., y2, y3; 24 FP_multiplier ul_fp_mul(.clock (clk
wire [ ] z0, z1, z2, =3; 25 .reset (rst
wire [ 1 ypO, ypl, yp2, yp3; 26 .io_in_a (a
_ 27 .io_in_b (x1
wire wrl, rdO, rdi; - .io_out_s (z1
reg [ ] wraddril, rdaddr0O, rdaddri; N
Datapath so FP_multiplier u2_fp_mul(.clock (clk
N - 31 .reset (rst
Matrix x IO::@»:o 303@" ypo . .io_in_a (a
——"Pil:@*ﬂ—b 3]]:®—>y|1l Sk .io_in_b (x2
a Yy 72 — 34 .io_out_s(=z2
B2 [ 5RO w2 N
a 3
3 _ f . . .
YT 13:@—>z 33:@_.”)3 s6 FP_multiplier u3_fp_mul(.clock (clk
meml | a7 .reset (rst
" 38 .io0_in_a (a
:' 39 .io_in_b (x3
40 .io0_out_s (z3

" w w -

N’
-

L L
w w w

L . g
"]

N’
-
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* 9.4.3 Verilog Code for FP AXPY
Calculation
— Lines 42-65 instantiate four parallel

32-bit FP adders.

« The outputs ""z0-z3" of the FP
multipliers are connected to the
inputs of the four 32-bit FP adders,
while the other inputs ""y0-y3" of
the adders are read from ""'mem1°.

» The outputs of the adders are sent
out on the buses " "yp0-yp3".

Datapath

Aok

zl)

zl 2y
)

z2
z3

z0
vy
zl
¥l
z2
¥2
z3
¥3

Y

ypo
ypl
yp2
yp3

Matrix x a
x0
] a
—Xp x1
a
x2
a
Matrix ¥ x3
_meml |y
_yp

42

43

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

// FP adders instantiation

FP_adder uO_fp_add(.

clock

.reset

.1o_in_a
.io_1in_b

.1o_out_s

FP_adder ul_fp_add(.

clock

.reset

.l1o0_in_a
.io_in_b

.1o_out_s

FP_adder u2_fp_add(.

clock

.reset

.1lo_in_a
.10_1in_b

.1o0_out_s

FP_adder u3_fp_add(.

clock

.reset

.1o_in_a

.io_in_b
.1o_out_s

(clk
(rst
(z0
(yO
(ypO

(clk
(rst
(z1
(y1
(yp1l

(clk
(rst
(z2
(y2
(yp2

(clk
(rst
(z3
(y3
(yp3

R T S M N N N N S N N N N

R e g



9.4 Design Example: FP AXPY Calculation

« 9.4.3 Verilog Code for FP AXPY Calculation
— Lines 67-86 show the instantiation of two dual-port memories,
“u0_mem" for matrix x and “"u1_mem" for matrix y.

— The memory's 10O port “"a" is for write and port "*b" is for read operations.

« "u0_mem" is only used for read operations, so the “"a" port is disabled by
assigning the enable signal ""ena" as binary 1'b0.

67

6s simple_dual uO_mem(.clka (clk )
69 .ena (1°b0 )
70 .wea ("WEA4 )
71 .addra(2°h0 )
72 .dia (128°h0 )
Datapath 73 .clkb (clk )
— a Z0 74 .enb (rdoO )
vyl ;0:@*“’ i?:@* ypl 7s .addrb (rdaddr0 ) .
__-‘}x]:@—)zl—-‘:‘_}),]::@—bypl 76 .dob ({x0,x1,x2,x3}));
2=t [T 5O w2 i
a z3 7s simple_dual ul_mem(.clka (clk )
Matrix y ‘3:@_.13 r F3::®_’ yp3 79 .ena (wril ),
~heml | ¥ 80 .wea ("WEA4 ),
L 81 .addra(wraddri )
X 82 .dia ({ypO,ypl.yp2.yp3})
]3 .clkb (clk
84 .enb (rdi )
85 .addrb(rdaddri

86 .dob ({yO,yl,yZ,YS} )) s



9.4 Design Example: FP AXPY Calculation

* 9.4.3 Verilog Code for FP AXPY Calculation

— Lines 88-127 describe the timing controller with a simple counter design.
« Line 92: counter enable:

— The counter enable signal “"cnt_en" is activated as soon as the circuit
enable "axpy_en" is turned on and

— if it's non-zero using a Reduction OR operation (denoted as [cnt).
* Line 93: nx_cnt design

— Uses a Reduction AND operation (represented as &cnt[2:1]) to
determine whether the two most significant bits are both binary ones.

reg [2:0] cnt;

wire cnt_en = axpy_en | |cnt ;
wire [ ] nxt_cnt = &cntl ] 7 3°40 :
cnt_en ? (cnt+3°dl) : cnt;
always @(posedge clk) begin
if(rst) begin r r 3
cnt <=3 °d0 rdidrdl |rdaddri¥rdadrl |wrl | wraddrl
end else begin F5M
cnt<=nxt_cnt ; axpy_en > cnt » axpy_hi

end

nd (a) Design Structure of axpy



9.4 Design Example: FP AXPY Calculation

* 9.4.3 Verilog Code
for FP AXPY
Calculation

— inline 127, the
“axpy_fi" indicator
is asserted when
the write address
reaches its
maximum value of
decimal 2'b11,

* can be determined
with a Reduction

AND expression
as &wraddr1.

103

104

105

106

107

108

[

09

110

111

112

113

114

115

116

[y

17

118

119

[y

20

121

122

123

124

125

126

127

128

rdi/rdl

rdaddriVrdadrl |wrl

wraddrl

FSM

AXpy_en > cnt

» axpy_fi

(a) Design Structure of axpy

assign rdO axpy_en ;
cnt>=32d1l & cnt<=3°d44;
nxt_rdaddr0 = rd0 ? rdaddrO0+2°hl
wire [ ] nxt_rdaddrl = rdl ? rdaddri+2°’hil
always @(posedge clk) begin
if(rst) begin
rdaddr0<=2’h0 ;
rdaddrl1 <=2’h0 3
end else begin
rdaddr0<=nxt_rdaddr0 ;
rdaddr1 <=nxt_rdaddrl ;

end

assign rdl =
wire [ ]

end

assign wrl = cnt>=3°d3 & cnt<=3°4d6;
wire [ ] nxt_wraddrl = wrl ? wraddri1+2°’hil
alwvays @(posedge clk) begin
if(rst) begin
wraddrl <=2°h0 ;
end else begin
wraddrl <=nxt_wraddrl ;
end
end
assign axpy_fi = &wraddril;
endmodule

2?h0;
2°h0;

2?2h0;
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9.5 Design Example: Basic Design on FP DDOT

* Design Example: Basic Design on FP DDOT

— Mathematical ddot calculation performs a vector
multiplication-addition of z = xT x y where x, y are FP
vectors and z is the FP ddot summation.

z=(20 x1 22 23 x4 25 26 27)« (9.3)

=20-y0+2xl-yl4+22-y2+23-y3+x4d-yd+25-y5+26- y6 4+ 27 - y7
— An example implementation would use eight parallel FP

multipliers for the eight products and seven cascading FP
adders to sum them up as the final result z.



9.5 Design Example: Basic Design on FP DDOT

« 9.5.1 Design Structure of
Basic Design on FP DDOT

— Datapath: T
« Eight parallel FP multipliers in 2 L
the first stage v 00 s
EEmON "
- In the subsequent stages, four N @)L = Oz md
FP adders in the second stage, ’E E: " 2 ‘
two FP adders in the third stage, e 1 p@»ﬁ
and finally one FP adder in the Oy
last stage are employed to sum T T
up the eight products to —
generate the final result “"z" in | cur_
four clock cycles. ready 1> | state [ "% [
— Timing controller e

» Control and morptor the FIGURE 9.14
datapath operations Design Structure of Basic Design on FP DDOT



9.5 Design Example: Basic Design on FP DDOT

* 9.5.1 Design Structure of Basic
Design on FP DDOT

— Latency: o N —
e 1+ log, N, where N represents the }E ~%§9ﬁ“
streaming width of the design engine 2 INoSE u
« FSM: "S0" for the first stage of e O
parallel multiplications and ~"S1-S3" PRIl
for the three cascading stages of y§ E;%&fﬁ
additions. = s::“s. —
— " ready-vld" handshake o~
- The input ““ready" indicates that the md,-L’ wi ] gl e
data on the ~"x0-x7" and " 'y0-y7"
buses are ready to enter tk?/e c}ldot Al
datapath, FIGURE 9.14

Design Structure of Basic Design on FP DDOT

* The output "vid" indicates that the
data on the ""Z" output is valid.



9.5 Design Example: Basic Design on FP DDOT

« 9.5.2 Timing Diagram of
Basic Design on FP DDOT

Calculation
Multiplicati 1.2 :3.4.5.6.7.8.9:.10
ultiplications a LN NN
 1stcycle, the state is " S0" ready 11 R
which activates the eight SOOI
parallel multipliers. T e ——
" cur_state
— Additions B -
vid ——— 1 L]
« 2nd cycle, the four FP adders : TS

are activated, producing the
summations 's0-s3" in the FIGURE 9.15
fo||owing Cyc|e_ Timing Diagram of Basic Design on FP DDOT

 The summations ""s4-s5"
are produced in the third
cycle, followed by the final
result "z=FP 16.0" in the
fifth cycle, when the "vId"
output is asserted.
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9.5 Design Example: Basic Design on FP DDOT

« 9.5.3 Verilog Code for Basic Design on FP DDOT

— The design instantiates eight FP multipliers in parallel in lines 14-61,
with the products of each FP multiplier being connected to "~ p0-p7".

module basic_ddot (input clk
input rst
input ready,
input [ ] x0,x1,x2,x3,x4,x5,x6,x7,
input [ ] y0,y1,y2,y3,y4,y5,y6,y7,
output reg vld
output [ 1l =z )
wire [ ] pO, pl, p2, p3, p4, p5, p6, p7;
wire [ ] sO, s1, s2, s3, s4, sb5;
Datapath
o J3Cnge
¥0 7 QL
xl sl
x2 - p2
v2 sl
x3 ——v() > 54
P ,
41— pd Ig:}___'z
v §2
x5 .2
g sl
X6 — N6
}15 _:_:®-LL !‘\‘.3
x7 =
J;r e |:I

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

FP_multiplier

FP_multiplier

FP_multiplier

FP_multiplier

ul0_fp_mul (.

.reset

clock (clk

(rst

.io_in_a (xO
.io_in_b (yO
.io_out_s (p0

ul_fp_mul (.

.reset

clock (clk

(rst

.io_in_a (=x1
.io_in_b (y1
.io_out_s (p1

u2_fp_mul (.

.reset

clock (clk

(rst

.io_in_a (x2
.io_in_b (y2
.io_out_s (p2

u3_fp_mul (.

.reset

clock (clk

(rst

.10_in_a (x3

.io_in_b (y3
.io0_out_s (p3

R N e R N e R N e g

Nt N NS N NS



FP_multiplier ué4_fp_mul (.

.reset

9.5 Design Example: Basic Design on FP DDOT

(clk
(rst

clock

.io_in_a (x4

.io_in_b (y4
.io_out_s (p4

FP_multiplier ub_fp_mul (.

. reset

(clk
(rst

clock

.io_in_a (x5
.io_in_b (yb
.io_out_s (p5b

FP_multiplier u6_fp_mul(.

.reset

clock (clk

(rst

.io_in_a (x6
.io_in_b (y6

.io_out_s (p6

FP_multiplier u7_fp_mul (.

.reset

clock (clk

(rst

.io_in_a (x7

.io_in_b (y7

.io_out_s (p7

Datapath

)
),
),
)
)

)

" N N N [P L Y

— N N N N
M M M

on FP DDOT

— These products are then fed into the
second-stage FP adders in lines 63-86,
with the summation outputs being
connected to 32-bit buses

63

G

65

66

a7

68

68

7o

71

72

73

Td

75

T6

77

TE

7a

80

51

52

B3

84

85

=151

FP_adder uO_fp_add(.

.reset

clock (clk

(rst

.io_in_a (pO
.io_in_b (p1
.io0_out_s (s0

FP_adder ul_fp_add(.

.reset

clock (clk

(rst

.io_in_a (p2
.io_in_b (p3
.io0_out_s (s1

FP_adder u2_fp_add(.

.reset

clock (clk

(rst

.io_in_a (p4
.io_in_b (p5
.io0_out_s (s2

FP_adder u3_fp_add(.

.reset

clock (clk

(rst

.io_in_a (p6
.io_in_b (p7
.io0_out_s (s3

)

)

« 9.5.3 Verilog Code for Basic Design

"s0-s3".

H

H
H



BE

BO

an

al

a3

=5

ag

a8

ag

100

101

102

103

104

105

104

9.5 Design Example: Basic Design on FP DDOT

FP_adder u4_fp_add(.

clock (clk

.Teset (rst
.ie_in_a (=0

.ie_in_b (sl
.io_out_s(s4d

FP_adder ub_fp_add(.

clock (elk

.reset (rst

.io_in_a (s?2
.io_in_b (=83

.io_out_s(s5

FP_adder u6_fp_add(.

clock (clk

.Teset (rst

.io_in_a (s4
.ie_in_b (=5

.io_out_s (=

« 9.5.3 Verilog Code for Basic Design on

e e e R L L S

R e e

FP DDOT

— The third-stage FP adders are instantiated
in lines 88-99, taking " 's0-s3" as inputs and
providing 32-bit outputs connected to buses
“s4" and s5”.

— The final stage is a single FP adder
instantiated in lines 101-106, which sums
up s4" and "s5" to produce the final
output "z".

Datapath




9.5 Design Example: Basic Design on FP DDOT

« 9.5.3 Verilog Code for Basic Design on FP DDOT

— The valid output "*z" is pushed out after the final state ~"S3". To assert
the indicator output " "vid", one more clock cvcle is added.

108

— Inlines 136-143, a register is
created to describe the vid" output. :» parameter S0 = 2710 ;
112 parame er = 3
113 parameter S2 = 27h2 ;
138 wire nxt_vld = cur_state==53; 114 parameter 53 = 2'h3 ;

115

157 always @(posedge clk) begin

138 if(rst) begin e TEg E : % nxt_state;
7T re : cur_state;
130 vld <= 1?B0 H g - )
. 115 always @(cur_state ,ready)begin
140 end else begin
118 case({cur_state)
14 vld <= nxt_vld; 120 S0: if(ready) nxt_state = S1;
142 end 121 S1: nxt _state = 52
145 end 122 S2: nxt_state = 53;
144 endmodule 123 S3: nxt _state = S0;
124 default : nxt _state = 50;
125 endcase
128 end
FSM 127
_— cur 12 always @(posedge clk) begin
nxl_ | stafe stafe Y | f t) begi
ready = | state » reg + e if(rst) begin
. 130 cur_state <= 50
L* output [ reg » vid 131 end else begin
132 cur_state <= nxt_state;
{a) Basic Design Structure of Ddot 133 end

134  end
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