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Figure 2. Timing Diagram
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» Maximum Conversion Rate 65 MSamples/s = Throughput ist 65 MHz

> | takes 7 clock cylces from analog in to digital out = Latency is 7 clock cylces
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architecture rtl of del_sta is
function cnt_ones (x : unsigned) return integer is Tt Anels

variable cnt : integer range O to x’length;
begin

cnt := 0;

for i in x’range loop

if x(i) = ’1’ then
cnt := cnt + 1;
end if;

end loop;

return cnt;
end function;
signal sum : unsigned (47 downto 0);
signal res, res_reg : std_ulogic;
signal no_of_ones : integer range O to sum’length;
begin
res <= ’1’ when no_of_ones > sum’length/2 else ’0°’;
res_reg <= ’0’ when rst_n = ’0’ else res when rising_edge(clk);
sum <= (others => ’0’) when rst_n = ’0’ else sum + 1 when rising_edge(clk);
no_of_ones <= cnt_ones(sum);

end architecture;

https://gitlab.elektrotechnik.hs-augsburg.de/haf/2023-vlsi-lab-problems/-/blob/main/
src/del_sta.vhd


https://gitlab.elektrotechnik.hs-augsburg.de/haf/2023-vlsi-lab-problems/-/blob/main/src/de1_sta.vhd
https://gitlab.elektrotechnik.hs-augsburg.de/haf/2023-vlsi-lab-problems/-/blob/main/src/de1_sta.vhd
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Clock frequency limitations

What limits the maximum
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D-Flipflop Timings

Setup- and Holdtime

The D-Flipflop stores the data at the D-Input at a rising edge at the clock input. The signal at the D
input must be stable during an interval around the clock edge. The interval is defined by the setuptime
tsu and the holdtime ty. The setuptime is the time before the clock edge and the holdtime is the time
after the edge.

Clock to Output Delay

The state of the flipflop will be visible after the Clock-to-Output Delay tcq after the rising edge of the
clock signal at the output Q.

d{D Q4
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Simple Circuit - slack and maximum clock frequency

tp, Inverter = 4NS, tcQ = 2ns, tsetup = 1ns, thoig = 1.5ns, fe = 100MHz

! d q
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» Maximum clock speed depends on combinational delay of the logic, Clock to output delay and

Setup time of FF.

> The signal at the d input of a FF has to be stable for the setup time before the next clock edge.

» The slack is the margin until a timingviolation will happen. Here the slack is 3ns.

» Minimum possible clock period 7ns (slack = Ons). Maximum clock frequency: 142 MHz.



FPGA - Logic Elements

Figure 2-3. LE in Normal Mode
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Timings of the Cyclone Il FPGA

Table 5-16. LE_FF Internal Timing Microparameters
-6 Speed Grade | -7 Speed Grade | -8 Speed Grade
Symbol Parameter Unit
Min Max Min Max Min Max
tsu LE register setup time before clock 35 40 46 ps
th LE register hold time after clock 170 190 211 ps
tco LE register clock-to-output delay 255 282 310 ps
tcLr Minimum clear pulse width 191 217 244 ps
tpRE Minimum preset pulse width 191 217 244 ps
toLkL Minimum clock low time 252 306 362 ps
toLkH Minimum clock high time 249 304 359 ps
tlut LE combinational LUT delay for 447 556 664 ps
data-in to data-out
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FPGA - Logic Elements + Routing

Figure 2-5. Cyclone Il LAB Structure
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Timings of the Cyclone Il FPGA

Table 5-15. Cyclone Il Performance Notes (Part 1 of 2)

Notes (1), (2)

Resources Used Performance
Applications LEs MEM;;V DSP | -6 Speed | -7 Speed | -8 Speed ||, .
Blocks Blocks | Grade Grade Grade

LE 16-to-1 multiplexer (3)| 11 0 0 382.99 302.84 259.87 | MHz

32-to-1 multiplexer (3)| 24 0 0 292.74 237.98 204.49 | MHz

16-bit counter 16 0 0 44523 387.74 34164 | MHz

64-bit counter 64 0 0 188.82 168.37 150.92 | MHz

Memory Simple dual-port RAM 0 1 0 260.01 216.73 180.57 | MHz
M4K block | 128 x 36 bit

True dual-port RAM 0 1 0 260.01 216.73 180.57 | MHz
128 x 18 bit

FIFO 128 x 36 bit 24 1 0 260.01 216.73 180.57 | MHz
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Technology Map Viewer after synthesis EE

Timing Analysis +

Pipelining
£y Technology Map Viewer - Post-Fitting - /home/caeuser/projects/2023-visi-lab-problems/pnr/del_sta/del sta - del_sta - v 9 Prof. Dr.-Ing.
File Edit View Tools Window Help & Search altera.com @‘ Friedrich Beckmann
[IPage Titte:fostFitting: del sta [Page] 1 of 1_F[|| @ G e & o] k[aa Ulf[=[F @ &
Properties @x [ = del_sta:1l |

Timing Analysis
Selected block: ,_




Synopsys Design Constraints file *.sdc

1 create_clock -period 20.0 -name CLOCK_50 [get_ports CLOCK_50]
2 set_input_delay -clock CLOCK_50 2 [all_inputs]
3 set_output_delay -clock CLOCK_50 2 [all_outputs]

» Define 20 ns clock period = 50 MHz for CLOCK_50 port

» Constrain inputs and outputs with "virtual” registers clocked with CLOCK_50
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a
0
d D Q k y[63..0]
+ Yy 1 B
R Q
1p —b
en_i
CLOCK_50
rst_n

> Almost all paths are constrained by defining the clock period of CLOCK_50

»> The paths from the primary inputs (here en_i) ending at the D inputs of the flipflops are missing.
»> The paths from the Q outputs of the flipflops to the primary outputs (y[63..0]) are missing

> |dea: "virtual” flipflops clocked also with CLOCK_50 and input/output logic delay



SDC file - Constraining primary outputs

1p

y[6

3..0]

ol

en_i

CLOCK_50

tp = 2ns

rst_n

1 set_output_delay -clock CLOCK_50 2 [all_outputs]

P set_output_delay defines "virtual” flipflops clocked with CLOCK_50 and a "virtual” logic with 2ns

propagation delay

» The flipflops are virtually connected at all outputs.
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SDC file - Constraining primary inputs

enLi

1p

ol

Es
.

CLOCK_50 rst-n

1 set_input_delay -clock CLOCK_50 2 [all_inputs]

» set_input_delay defines a "virtual” flipflop clocked with CLOCK_50 and a "virtual” logic with 2ns

propagation delay
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Quartus Static Timing Analysis for 50 MHz clock frequency - o.k.

Report a8
E3 TimeQuest Timing Analyzer Sur

File View Netlist Constraints Reports Script Tools Window Help %

28 SDC File List

P R0t Timing |

I
28 x

Report SDC

=3 Report Ignored Constraint.
.20 Check Timing

=D Report Partitions
[ Custom Reports
[m} Report Timit

] Report Minimum Pulse Wic
] Report False Path...
] Report Path..
] Report Exceptions...
] Report Bottlenecks...
] Report Net Timing...
] Report Skew.
] Report Max Skew...
[T Create Slack Histogram...
] Report Timing Closure Rec
&7 Macros
=0 Report All Summaries
=7 Report Top Failing Paths
53 Report All 1/O Timings
57 Report All Core Timings
&7 Create All Clock Histogran
[T write SDC File...

TimeQuest Timing Analyzer - /home/caeuser/projects/2022-visi-lab-problems/pnr/del_sta/del_sta - del_sta -
Search altera.com |@|c
ort Timing ©-H
Command Info  Summary of Paths | r
Slack | From Node | To Node | Launch Clock | Latch Clock | Relationship Clock Skew | Data Delay | ﬂ
1 sum[47] res_reg CLOCK_50 CLOCK_50 20.000 -0.009 12.344
2 [7.787 |sum[47] res_reg CLOCK_50 CLOCK_50 20.000 -0.009 12.242
3 7.794  [sum[47] res_reg CLOCK_50 CLOCK_50 20.000 -0.009 12.235 =
| Path #1: Setup slack is 7.685
Path Summary | Statistics | DataPath ~Waveform
9.302 ns
Launch Clock Lﬂ“"ﬂhl |
Setup Relationshi 20.4ins
Lateh Clock J | LatchI
Data Arrival X
Slack 7.685 ns
Tine > 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 2.5
| [0%  00:00:00 [Ready

Bl caeuser@vcae: ~/proj...

[ [Software Updater] &

2 & & ) 1809 O
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MEng VLSI - Static

Quartus Static Timing Analysis for 100 MHz clock frequency - violated it Al

Pipelining

Qj TimeQuest Timing Analyzer - /home/caeuser/projects/2022-visi-lab-problems/pnr/del_sta/del sta - del sta =
File View Netlist Constraints Reports Script Tools Window Help & Search altera.com
= =
= TimeQuest Timing Analyzer Sur | Command info | _Summary of Paths |
=8 SDC File List | Slack | From Node | To Node l Launch Clock l Latch Clock | Relationship | Clock Skew | Data Delay

g Report Timing | T 2519

] res_reg CLOCK 50 CLOCK 50 10.000 [-0.185 12.245
2 |-2.499 |sum[38] res_reg CLOCK 50 CLOCK 50 10.000 -0.185 12.225
3 1-2.498 |sum[37] res regq CLOCK 50 CLOCK 50 10.000 -0.185 12.224

Path #1: Setup slack is -2.519 (VIOLATED)
Path Summary | Statistics | Data Path ~Waveform

Prof. Dr.-Ing.
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L
Tasks B8 x
23 Report RSKM Al Launen crock LE“"EhJ | ‘

=3 Report DDR

=7 Report Metastability
[ Diagnostic

=7 Report Clocks
57 Report Clock Transfers Latch Clock J |
=7 Report Unconstrained Paths
7 Report SDC Oata Arrival
=7 Report Ignored Constraints
59 Check Timing
57 Report Partitions
[ Custom Reports

IS report Timing...|
] Report Minimum Pulse Width
] Report False Path... STadk
] Report Path...
] Report Exceptions...
] Report Bottlenecks... Daka Respaied X
] Report Net Timing...
] Report Skew...
] Report Max Skew...

Console X

0.319 ns

W2 1073 Ecaeuser@veae: ~/proj... {[Software Updater] e (3) Qu 00l 2 & £ o) 1745 O




Clock frequency limitations

Increasing clock frequency by pipelining
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Clock frequency limitations

Idea: Reduce logic depth by introducing a register in the middle
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Introduce Pipeline Register

architecture rtl of del_sta is
function cnt_ones (x : unsigned) return integer is

variable cnt : integer range O to x’length;
begin

cnt := 0;

for i in x’range loop

if x(i) = 1’ then
cnt := cnt + 1;
end if;

end loop;

return cnt;
end function;
signal sum : unsigned (47 downto 0);
signal clk, rst_n : std_ulogic;
signal res, res_reg : std_ulogic;
signal no_of_ones : integer range O to sum’length;
signal no_of_ones_1, no_of_ones_u,

no_of_ones_l_reg, no_of_ones_u_reg : integer range O to sum’length/2;

begin
res <= ’1’ when no_of_ones > sum’length/2 else ’0°’;
res_reg <= ’0’ when rst_n = ’0’ else res when rising_edge(clk);
sum <= (others => ’0’) when rst_n = ’0’ else sum + 1 when rising_edge(clk);
no_of_ones <= no_of_ones_l_reg + no_of_ones_u_reg;
no_of_ones_u <= cnt_ones(sum(sum’high downto sum’length/2));
no_of_ones_u_reg <= no_of_ones_u when rising_edge(clk);
no_of_ones_1 <= cnt_ones(sum(sum’length/2-1 downto 0));
no_of_ones_l_reg <= no_of_ones_1 when rising_edge(clk);
end architecture;
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= no_of_ones_u_reg[4..0] DATAIN_cloud0
Sum[47..0) nio_of_ones_u_reg[4..0]

p P

no_of_ones_|_feg[4..0] DATAIN_Eioudo
lo_of ones | reg[Z{0]

res_reg_DATAIN_cloud
res_reg

s QL EDRS. 0]

KEY0 [
CLOCK_50 [

> Result is still computed for every clock cycle = Throughput identical

> Result is delayed by one clock cycle = Latency increased by one clock cycle



Timing Analysis with Pipeline Registers at 100 MHz - Slack 1.35 ns

File View Netlist Constraints Reports Script Tools Window Help %

ort Timing
Command Info

Summary of Paths |

TimeQuest Timing Analyzer - /home/caeuser/projects/2022-visi-lab-problems/pnr/del_sta/del_sta - del_sta =

Search altera.com @

+ X

@ x|

Report a8
E3 TimeQuest Timing Analyzer Sur
-8 SDC File List
P Rcpor Timing |
]
Tasks a8 x
59 Report 5DC -

=3 Report Ignored Constraints

.= Check Timing
=3 Report Partitions
[ Custom Reports
] rETiming....

[Z] Report Minimum Pulse Width
] Report False Path...
] Report Patl
] Report Exceptions...
[C] Report Bottlenecks.
] Report Net Timing..
] Report Skew...
[C] Report Max Skew..
[ Create Slack Histogram...
] Report Timing Closure Recon
[ Macros
=3 Report All Summaries
3 Report Top Failing Paths
=0 Report All I/0 Timings
=9 Report All Core Timings
ED Create All Clock Histograms
[C] Write SDC File...

Slack | From Node | To Node Launch Clock Latch Clock | Clock Skew | Data Delay | ﬂ

1 sum[15] no_of ones_|_reg[4] | CLOCK 50 CLOCK_50 10.000 -0.005 8.708
2 1329 |sum[15] no_of_ones_|_regl4] | CLOCK_50 CLOCK_50 10.000 -0.005 8.704

3 1360 |sum[15] no_of ones_|_reg[4] | CLOCK_50 CLOCK_50 10.000 -0.005 8.673 =
| Path #1: Setup slack is 1.325

Path Summary | Statistics | DataPath ~Waveform |

3.258 ns

Launch Clock La“”D’"J ‘

Setup Relationshi ditine

Latch Clock J ‘ LatchI

Data Arrival X

e 1.325 ns

Tine > 0.0 1.25 2.5 3.7 5.0 6.25 75 8.75 10.0 1.2 125

| [0%  00:00:00 [Ready

Bl caeuser@vcae: ~/proj...

[ [Software Updater] &

2 & £ o) 1759 O
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Timing Analysis with Pipeline Registers at 116 MHz - Slack 59 ps

Report a8
E3 TimeQuest Timing Analyzer Sur
28 SDC File List

P R0t Timing |

I
28 x

Report SDC

=3 Report Ignored Constraint.
.20 Check Timing

=D Report Partitions
[ Custom Reports
[m} Report Timit

] Report Minimum Pulse Wic
] Report False Path...
] Report Path..
] Report Exceptions...
] Report Bottlenecks...
] Report Net Timing...
] Report Skew.
] Report Max Skew...
[T Create Slack Histogram...
] Report Timing Closure Rec
&7 Macros
=0 Report All Summaries
=7 Report Top Failing Paths
53 Report All 1/O Timings
57 Report All Core Timings
&7 Create All Clock Histogran
[T write SDC File...

ort Timing

Command Info  Summary of Paths |

TimeQuest Timing Analyzer - /home/caeuser/projects/2022-visi-lab-problems/pnr/del_sta/del_sta - del_sta =
File View Netlist Constraints Reports Script Tools Window Help

+ X

Search altera.com @

@ x|

Slack | From Node | To Node

| Launch Clock | Latch Clock | Relationship

Clock Skew | Data Delay | ﬂ

1 sum[21] no_of_ones_|_reg[4] CLOCK_50 CLOCK_50 8.600 0.000 8.579
2 0063 |sum[21] no_of_ones_|_regl4] | CLOCK_50 CLOCK_50 8.600 0.000 8575
3 0133 |sum[21] no_of ones_|_reg[4] |CLOCK_50 CLOCK_50 8.600 0.000 8.505 =
| Path #1: Setup slack is 0.059
Path Summary | Statistics | DataPath ~Waveform |
1.782 ns
Launch Clock LE“”C'J |
Setup Relationshi e
Latch Clock J | LaWhl
Data Arrival ><:
Slack 0.089 1
Tine > 0.0 1.075 2.15 3.225 a3 5.37 6.95 7.025 8.6 .67 10.75

[0%  00:00:00 [Ready

Bl caeuser@vcae: ~/proj...

[ [Software Updater] &

2 & & ) 1805
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Timing Analysis 48 Bit Counter at 166 MHz - Slack 37 ps

TimeQuest Timing Analyzer - /home/caeuser/projects/2022-visi-lab-problems/pnr/del_sta/del_sta - del_sta -
File View Netlist Constraints Reports Script Tools Window Help Search altera.com |@c
Report 18 ort Timing ©-H
5 TimeQuest Timing Analyzer Sur | Command Info = Summary of Paths | [
B3 SDC File List slack | FromNode [ ToNode [ Launchclock [ Latchclock [ Relationship | Clock skew | DataDelay | ﬂ
PgrcpoTiming] 1 sum[1] sum[47] |CLOCK_50 CLOCK_50 6.000 -0.004 5.997
2 0117 |sum[1] sum[46]  |CLOCK_50 CLOCK_50 6.000 -0.004 5.917
3 0197 |sum[1] sum[45] | CLOCK_50 CLOCK_50 6.000 -0.004 5.837 =
| Path #1: Setup slack is 0.037
Path Summary | Statistics | DataPath ~Waveform
]
Tasks REx 0.0 ns
59 Report Removal Summaryal | Launch clock Launch ‘ | L
=3 Report Minimum Pulse Wit
=9 Report Max Skew Summar | . 6.0ns
[ Datasheet o
&7 Report Fmax Summary
=9 Report Datasheet Latch Clock ‘ LatchI \_
[ Device Specific =
= Report TCCS P X:
3 Report RSKM -
=3 Report DDR L
7 Report Metastability
[z Diagnostic
3 Report Clocks
=3 Report Clock Transfers
=9 Report Unconstrained Patl || sy, 0.09]
3 Report SDC
=7 Report Ignored Constraint;
=3 Check Timing Data Reguired
E7 Report Partitions
[ Custom Reports
ISl Report Timing.
eport Minimum Pulse Wit
[~ Report False Path...
] Report Path.. Time (ns> olo 0.75 1.5 2.25 3.0 3.75 4.5 5.25 6.0 6.75 7.5 8.25
[ [0%  00:00:00 [Ready

Bl caeuser@vcae: ~/proj...

{#/[Software Updater] K

2 & & o) 1834 (Y
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