6.5965
Digital Systems Laboratory |l

Lecture 5:
Some Intro Digital Signal Processing,
and maybe Drivers and Monitors
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Charles R. Swindoll
THREE STEPS

Vivado 2025.1 TWO STEPS

* 2025.1 has indeed fixed some bugs compared
to 2024.1*

e Current new issue that we’ve seen to look for:

* On updating IP, Vivado may possibly not realize the
IP has updated (and can’t be convinced
otherwise)... The fix is: Close and reopen project

* On updating IP, Vivado causes a core dump. The fix
is to just let computer restart and move on.

*which weren’t around in 2023.1 or .2
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Sighal Processing on the
FPGA

eeeeeeeeeeeeeeee



6.5965 RFSoC

* UltraScale+ ZU48DR:

38 Mb of BRAM

+22Mb of UltraRAM

4272 DSP slices

930,000 Logic Cells

Four 5-Gsps 14 bit ADCs
Two 10-Gsps 14 bit DACs

Four 1.3 GHz ARM 53
Processors

* Two Real-time 533 MHz ARM
Processors
* Board has 4GB of DDR4 for FPGA portion (’PL”) and 4 GB
of DDR4 for processors (“PS”)

https://www.amd.com/en/products/adaptive-socs-and-fpgas/soc/zyng-
ultrascale-plus-rfsoc.html#tabs-b3ecea84f1-item-e96607e53b-tab

September 16, 2024 6.5965 Fall 2024 4




Pynqg Z2 Board \ \ ovour
AUDIO OUT ->
* Series 7000 XC7Z020: "
* 5.04 Mb of BRAM
e 220 DSP slices
e 85K logic cells
* Two 650 MHz A9 ARM processors

* High-speed interconnects between
two resources

e Board has 512 MB of DDR3

https://www.amd.com/en/products/adaptive-socs-and-fpgas/soc/zyng-7000.html
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Digital Design and DSP

* A lot of sighal manipulation and signal
processing involves doing huge amounts of
math.

* Much of that math is irreducible.

* But also, much of that math exists in algorithms
that are “embarrassingly parallel”, meaningitis
very easy to split up and do in parralel

* And hardware is very good at that.
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If you accidentally clicked “OK” rather

than “cancel” after your bitstream build
completes...

* It’ll open up your design...you can see the entire
circuit

project_1-[/home/fpga/projects_f25/lab_3dev/project_1/project_1.xpr] - Vivado 2025.1

@ x
File Edit Flow Tools Reports Window Layout View Help Address Map write_bitstream Complete  +/
= ® b B H O & > Default Layout v

4 IMPLEMENTED DESIGN - xc72020cig400-1
Create Block Design
Netlist Device
Open Block Design
E - | o
Generate Block Design
design_1_wrapper
> Nets
v SIMULATION .
> & Leaf Cells
Run Simulation » IF db_hub
> [1] design_1_i
v RTLANALYSIS
P Run Linter
> Open Elaborated Design
v SYNTHESIS
P Run Synthesis
> Open Synthesized Design
v IMPLEMENTATION
Properties
» Run Implementation 5
~ Open Implemented Design ®
Constraints Wizard
Open Dataflow Design
Edit Timing Constraints
© Report Timing Summary
Report Clock Networks
Utilization
Report Clock Interaction
Q = =2 4Q T % (% Hierarchy hd
Report Methodology _ >
Register driven from within the ~ Nome A, SlicelUTs SliceRegisters F7Muxes F8Muxes Slice  LUTaslogic LUTasMemory BlockRAM DSPs BondedIOB  Bonded IOPADs IDELAYCTRL IBUFDS  IDELAYE
Report DRC v Register driven from outside th (53200) (106400) (26600) (13300) (13300) (53200) (17400) Tile (140) (220) (125) (130) 4) (121
Report Noise LUT infront of the register § v N design_1_wrapper 8.40% 6.17% 055% 0.06% 16.23% 8.12% 0.85% 071%  40.91% 20.80% 100.00% 2500%  331%
LUT in front of the register > 1E dbg_hub 0.84% 0.70% 0.00% 0.00% 0.80% 0.14% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Report Utilization
v LUT as Logic > [T design_t_i 7.56% 5.48% 0.55% 0.06% 7.32% 0.71% 071% 4091% 0.00% 0.00% 2500%  331%
% Report Power using 06 output only<>T as Log
> schematic using 05 and 06<>T as Logic
+ Memorv v
< 2 < 2

v PROGRAM AND DEBUG utilization 1

™ v
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Keep Zooming...

* Shows you every wire... And every component in
your design

project_1-[/home/fpga/projects_f25/lab_3dev/project_1/project_1.xpr] - Vivado 2025.1 B 6 &
Flle Edit Flow Tools Reports Window Layout View Help Address Map write_bitstream Complete  +/
® b, 1 H O B 8 = Default Layout v
Flow Navigator = IMPLEMENTED DESIGN - xc7z020clg400-1
Create Block Design
Netlist 4 Device
Open Block Design
=4 o - e Q X & dll R @ @ o &
Generate Block Design
design_1_wrapper
> Nets
v SIMULATION
> Leaf Cells
Run Simulation N dbg_hub
> [1] design_1_i
v RTLANALYSIS
P RunLinter
> Open Elaborated Design
v SYNTHESIS
P Run Synthesis
> Open Synthesized Design
v IMPLEMENTATION
Properties
» RunImplementation P
\ Open Implemented Design b
Constraints Wizard
Open Dataflow Design
Edit Timing Constraints
@ Report Timing Summary
Report Clock Networks
Utilization
Report Clock Interaction
Q = 2 «Q I 2 % Hierarchy &
Report Methodology _ »
Register driven from within the e A‘ Slice LUTs  Slice Registers ~ F7 Muxes ~ F8 Muxes Slice LUTaslogic LUTasMemory BlockRAM DSPs BondedIOB BondedIOPADs IDELAYCTRL IBUFDS  IDELAYEZ
Report DRC v Register driven from outside th (53200) (106400) (26600) (13300) (13300) (53200) (17400) Tile (140) (220 (129) (130) 4) (121)
Report Noise LUT in front of the register v I design_1_wrapper 8.40% 6.17% 0.55% 0.06%  16.23% 8.12% 0.85% 071% 40.91% 20.80% 100.00% 25.00%  331%
LUT in front of the register > 1E dbg_hub 0.84% 0.70% 0.00% 0.00%  1.74% 0.80% 0.14% 0.00%  0.00% 0.00% 0.00% 0.00%  0.00%
Report Utilization e
v LUT as Logic > design_1_i 7.56% 5.48% 0.55% 0.06%  14.56% 7.32% 0.71% 0.71% 40.91% 0.00% 0.00% 25.00% 3.31%
% Report Power using 06 output only<>T as Loc
*4 Schematic using 05 and 06<>T as Logic
v Memorv v
SHLI< >
v PROGRAM AND DEBUG utilization 1
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You can go all the way down to the

flip-flops

project_1-[/home/fpga/projects_f25/lab_3dev/project_1/project_1.xpr] - Vivado 2025.1

B @ 6

Flle Edit Flow Tools Reports Window Layout View Help Address Map write_bitstream Complete  +/
® b, 1 H O B 8 = 1 Default Layout v
low Navigator IMPLEMENTED DESIGN - xc7z020clg400-1
Create Block Design N
Netlist Device
Open Block Design
= % |« Q@ a x'x o | ) o
Generate Block Design
pOout_1312_1 ~ ~
p_0_out_133_1
v SIMULATION p.0_out_14
Run Simulation p.0_out_15
p_0_out_15_.i_1
v RTLANALYSIS p_0_out_15_i_2_1 (L
» Run Linter p_0_out_15.i3_1/(L
p_0_out_16
> Open Elaborated Design
p_0_out_16_i_1_1
p_0_out_17
v SYNTHESIS p.0_out_17.i_1
P Run Synthesis p.0_out_17.i2
> Open Synthesized Design p_0_out_17i3_1 (LUT
p_0_out_18 (DSP48E1) N
v IMPLEMENTATION
Cell Properties
» RunImplementation P
. 1
~ Open Implemented Design p0_out_18 - bl
Constraints Wizard Name:
Open Dataflow Design Parent Node: CLBLM_M_AQ
Site pin: AQ
Edit Timing Constraints < Site pin direction: Output
. . v
® Report Timing Summary General F Cost code: 7
Cost code name: OUTPUT
Report Clock Networks o Net: intmdt_term_reg[10]_9[24]
ek Utilization Base tile: CLBLM_L_X60Y91
Report Clock Interaction Base clock region: X1Y1
Q = 2 4 Q T £ (% Hierarchy g o
Report Methodology -
Register driven from within the ~ Name o , SlicelUTs Slice Registers F7 Muxes  F8 Muxes Slice LUTaslogic LUTasMemory BlockRAM DSPs BondedIOB  BondedIOPADs  IDELAYCTRL IBUFDS  IDELAYEZ
Report DRC « Register driven from outside th (53200) (106400) (26600) (13300) (13300) (53200) (17400) Tile (140) (220 (125) (130) 4) (121)
Report Noise LUT in front of the register design_1_wrapper 8.40% 6.17% 055% 006% 16.23% 8.12% 0.85% 0.71% 40.91% 20.80% 100.00% 2500%  331%
LUT in front of the register > 3E dbg_hub 0.84% 0.70% 0.00% 0.00%  1.74% 0.80% 0.14% 0.00%  0.00% 0.00% 0.00% 0.00%  0.00%
Report Utilization
v LUT as Logic > design_1_i 7.56% 5.48% 0.55% 0.06%  14.56% 7.32% 0.71% 0.71% 40.91% 0.00% 0.00% 25.00% 3.31%
% Report Power using 06 output only<>T as Loc
*4 Schematic using 05 and 06<>T as Logic
v Memorv v
2 < 2
v PROGRAM AND DEBUG utilization_1

9/17/25

- v
ite pin: AQ Site pin direction: Output Costcode:7 Cost code name: OUTPUT  Net: intmdt_term_reg[10]_9[24] Base tile: CLBLM_L_X60Y91

Base clock region: X1Y1
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Logic, BRAM, also DSP blocks

Flow Navigator

A

<

<

<

<

Eile

Edit Flow Tools

B

Create Block Design
Open Block Design

Generate Block Design

SIMULATION

Run Simulation

RTL ANALYSIS
P RunLinter

> Open Elaborated Design

SYNTHESIS
P Run Synthesis

> Open Synthesized Design

IMPLEMENTATION

P RunImplementation

v Open Implemented Design
Constraints Wizard
Open Dataflow Design
Edit Timing Constraints

® Report Timing Summary

Report Clock Networks

Report Clock Interaction

Report Methodology
Report DRC

Report Noise
Report Utilization

& Report Power

>4 Schematic

v PROGRAM AND DEBUG

[ [ErR—
Tile: VBRK_X148Y95 Row: 61

9/17/25

Reports

v

project_1-[/home/fpga/projects_f25/lab_3dev/project_1/project_1.xpr] - Vivado 2025.1

B O &
Window Layout View Help Q- Address Map write_bitstream Complete
® p X O & = » Default Layout v
IMPLEMENTED DESIGN - xc72020clg400-1 ? X
Sources | Netlist  x 2 _00 Project Summary Device x fir wrapper.v 200
=4 B |- @ @ ¥ M O EH R H @ @ o &
p_0_out_13.i2_1(L A
p_0_out_13.i LUT.
p_0_out_14 (DSP48E
p_0_out_15 (DSP4SE
p.0_out_15.i_1
p_0_out_15__2_1 (LUT
p_0_out_15__3_1 (LUT
p_0_out_16 (DSP48E
p_0_out_16_i_1_1 (LUT
p_0_out_17 (DSP48E
p.0_out_17_i1_1 (L
p.0_out_17.i2_1 "
Tile: VBRK_X148Y95
p_0_out_17_i3_1(LUT2 Row: 61
p_0_out_18 (DSP48E1) v Column: 148
Clock region: X1Y1
Cell Properties 2_00X
p.0_out_18 - &
~
Name: design_1_i/fir_wrapper_0/inst/genblk1[C
Parent: desig rapper_0/inst/genbl
. v
< >
General ties Power C
Tcl Console ages |Log | Repo DesignRuns | IP Status | DRC | M Power  Timing  Utilization ?2 00
Qlxz & = % Hierarchy =
Register driven from within the ~ Name "‘ Slice LUTs  Slice Registers ~ F7 Muxes ~ F8 Muxes Slice LUTaslogic LUTasMemory BlockRAM DSPs BondedIOB Bonded IOPADs IDELAYCTRL IBUFDS  IDELAYEZ
~ Register driven from outside th (53200) (106400) (26600)  (13300)  (13300)  (53200) (17400) Tile (140)  (220) (125) (130) 4 (121)
LUT in front of the register § ~ N design_1_wrapper 8.40% 6.17% 0.55% 0.06% 16.23% 8.12% 0.85% 071% 40.91% 20.80% 100.00% 2500%  331%
LUT in front of the register > 3E dbg_hub 0.84% 0.70% 0.00% 0.00%  1.74% 0.80% 0.14% 0.00%  0.00% 0.00% 0.00% 0.00%  0.00%
v LUT as Logic > design_1_i 7.56% 5.48% 0.55% 0.06%  14.56% 7.32% 0.71% 071% 40.91% 0.00% 0.00% 25.00% 331%
using 06 output only<>T as Loc
using 05 and 06<>T as Logic
+ Memorv v
1 §Ks >

utilization_1

Column: 148  Clock region: X1Y1
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DSP Blocks???
* Logic is for Logicking
* Memory is for Remembering

e What are DSP blocks for?

September 16, 2024 6.5965 Fall 2024
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DSP Blocks

* Multiply-then-add is a common operation chain
in many things, particularly Digital Signal
Processing

* FPGA has dedicated hardware modules called
DSP48 blocks on it

* Capable of single-cycle multiplies

* Can get inferred from using * in your Verilog that
iIsn’t a power of 2:

e x*y, for example, will likely will result in DSP getting
used

* May take a full clock cycle so would need to budget
timing accordingly
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6.5965 Pynq Z2 Board

\ \ HDMI OUT
HDMI IN
AUDIO OUT

i WY

* Series 7000 XC72020: — P
* 5.04 Mb of BRAM AUDIO IN e
e 220 DSP slices ‘
e 85K logic cells
* Two 650 MHz A9 ARM processors

* High-speed interconnects between
two resources

e Board has 512 MB of DDR3

https://www.amd.com/en/products/adaptive-socs-and-fpgas/soc/zyng-7000.html
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6.5965 RFSoC

* UltraScale+ ZU48DR:

38 Mb of BRAM

+22Mb of UltraRAM

4272 DSP slices
930,000 Logic Cells

Four 5-Gsps 14 bit ADCs
Two 10-Gsps 14 bit DACs

Four 1.3 GHz ARM 53
Processors

* Two Real-time 533 MHz ARM
Processors
* Board has 4GB of DDR4 for FPGA portion (’PL”) and 4 GB
of DDR4 for processors (“PS”)

https://www.amd.com/en/products/adaptive-socs-and-fpgas/soc/zyng-
ultrascale-plus-rfsoc.html#tabs-b3ecea84f1-item-e96607e53b-tab
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September 16, 2024

48-Bit Accumulator/Logic Unit

| . _ P
p > a/
> 25x18
A Multiplier

Pre-adder -

>

’—~ Pattern Detector

UG479_c1_21_032111

Figure 1-1: Basic DSP48E1 Slice Functionality

https://www.xilinx.com/support/documentation/user_guides/ugd79_7Series_DSP48E1.pdf
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DSP48E2 (Ultrascale +

48-Bit Accumulator/Logic Unit

» XOR

_ Pattern

B » .
>
A >
> >
27 x 18
_ P Multiplier
D o > Pre-adder
L
c >
>

D>

Y

Pattern Detector

X16750-082917

Figure 1-1: Basic DSP48E2 Functionality

September 16, 2024 6.5965 Fall 2024
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DSP48 Macro
© Documentation IP Location C Switch to Defaults
OC S IP Symbol nstruction summary . Component Name |xbip_t dsp48_macro, 0
nstructions  Pipeline Options mplementation

Show disabled ports
Pipeline Options | Automatic  +

Custom Pipeline options

Tier:

D > == -
I » R EINELONER
CLK B > g — " j@u
Al17:0] S — _ I})\
B[17:0] P[47:0] B il
(o > > —_— —_—
C[47:0] j
D[17:0] = -> [ — O |—
L -»> — ——

DSP register

nnnnnnnnnnn

Global D A B CONCAT C M P SEL/CARRYIN

* Can manually instantiate them
* Oryou can have their usage come from inference

* Oryou can use IP which has already laid them out
efficiently (for example an FFT block).
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The need to Multiply-then-Add...

* |s pervasive in DSP applications, hence their
name

* We'll see why in a bit.

9/17/25 6.5965 Fall 2025
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A Digital System in an Analog World

* Many physical phenomena (sound, light, physics in
general) are best-described as continuous entities

Sampling,
Quantization,
Digitizatio
) Reconstruction
[ ) [ \
Analog 7 Digital Analog
phenomena System phenomena
U Vi J

Manipulatiorr/

September 16, 2024 6.5965 Fall 2024 19



The “System” can be
very large now.

* In the case of me watching

Cat TV on youtube, the
signals:
* departthe analog realmin
Cornwall, England where itis i,
recorded. )
* Largely stays in dig.ital' format Anatog
(with some transmission phenomena | System
exceptions) until it exits my Manipulator——"

phenomena

Reconstruction

phone or computer display
and hits my cat’s or my eyes in
Boston.

9/17/25 6.5965 Fall 2025
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Visualizing Sampling

eeeeeeeeeeeeeeee



Continuous in Value and in Time

AV

>

V(t)

September 16, 2024 6.5965 Fall 2024
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Discretization in Time

N T

V(t)

September 16, 2024 6.5965 Fall 2024
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Discretization in Time and
Quantization in Value

A

NS

t

V(t)

4 bit value encoding

September 16, 2024 6.5965 Fall 2024 24



Discretization in Time and
Quantization in Value

A

V(t)

t

v[n] =1[9,11,5,7,11,11,10,8,5,4,]

4 bit value encoding
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Store in memory
*v[n]=19,11,5,7,11,11,10,8,5,4,]

* 10 4-bit values: need 40 bits to represent!

September 16, 2024 6.5965 Fall 2024
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Reconstruction of Signal

A

V(t)

t

v[n] =1[9,11,5,7,11,11,10,8,5,4,]

4 bit value encoding
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Reconstruction (with first-order hold

Interpolation)
A
>

t

v[n] =1[9,11,5,7,11,11,10,8,5,4,]

4 bit value encoding
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Compare to original... not bad

A

V(t)

t

v[n] =1[9,11,5,7,11,11,10,8,5,4,]

4 bit value encoding
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Errors

* Discretization Error: How ”off” our readings are
in time due to sampling at discrete intervals

* Quantization Error: How “off” our readings are
in reproduced value...if our bin size is 50mV and
our signal varies only by 20mV this is going to
cause problems

September 16, 2024 6.5965 Fall 2024 30



Continuous in Value and in Time

A

V(t)

September 16, 2024 6.5965 Fall 2024
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Discretization in Time and
Quantization in Value

A

V(t)

4 bit value encoding

September 16, 2024 6.5965 Fall 2024 32



Discretization in Time and
Quantization in Value

A

V(t)

t

v[n] =[9,11,5,7,5,12,10,7,5,4,]

4 bit value encoding

September 16, 2024 6.5965 Fall 2024
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Reproduce

A

V(t)

t

v[n] =[9,11,5,7,5,12,10,7,5,4,]

4 bit value encoding
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Reproduce

A

V(t)

t

v[n] =[9,11,5,7,5,12,10,7,5,4,]

4 bit value encoding
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Compare to original... Did not Capture
the high-frequency Wiggles!

V(t)

v[n] =[9,11,5,7,5,12,10,7,5,4,]

Potentially Bad Discretization Error
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Continuous in Value and in Time

A

V(t)

September 16, 2024 6.5965 Fall 2024
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Discretization in Time and
Quantization in Value

A

V(t)

t

4 bit value encoding
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Discretization in Time and
Quantization in Value

A

V(t)

t

v[n] =1[9,9,9,9,9,9,9,9,9,9]

4 bit value encoding

September 16, 2024 6.5965 Fall 2024
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Store in memory
*v[n]=[9,9,9,9,9,9,9,9,9,9]

* 10 4-bit values: need 40 bits in memory!
* Great. Allis good.

September 16, 2024 6.5965 Fall 2024
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Reproduce

A

V(t)

t

v[n] =1[9,9,9,9,9,9,9,9,9,9]

4 bit value encoding
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Reproduce

A

V(t)

t

v[n] =1[9,9,9,9,9,9,9,9,9,9]

4 bit value encoding
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Compare... to original also meh

A

V(t)

>
t sf\".‘ght
v[n] =[9,9,9,9,9,9,9,9,9,9] .nyw\g%\:ant\n
| o
: , P
Potentially Really Problematic Tg:iea\w;?nte)(:z‘;
1 / in av>’
Quantization Error! cef"j‘heartbe
fin
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Conclusions

* Care must be taken when choosing what rate
you sample (discretize) your signal and at what
bit-depth you quantize your sample

* There’s no right answer, since it depends on
context/use cases.

* |deally want to sample at high rate and quantize
with many bits...

* But taken to the extreme this uses a lot of
resources (lots of memory and resources/lots of
bits) so downward pressure on choices
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|s that all there is to It?

* No, it is wayyy more complicated
* Let’s just consider sample rate for right now

September 16, 2024 6.5965 Fall 2024
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Sample Rate

* How frequently we sample our signal directly
Influences what we can effectively capture.
* Asample rate of f; is only capable of expressing

signals with frequencies less than%

A

Signals with frequencies ®

in this region of the 7

spectrum can be fully ~ =

captured

0 >

Nyquist, Shannon, few Js frequency
others showed this in the

1930s

V\——v Y P

“Nyquist Rate
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Let’s consider this situation though....

A

V(t)
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Let’s digitize it...at this sample rate we
shouldn’t be able to capture it

A

V(t)

4 bit value encoding
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Discretization in Time and
Quantization in Value

A

V(t)

t

v[n] =[9,11,5,7,5,12,10,7,5,4,]

4 bit value encoding

September 16, 2024 6.5965 Fall 2024
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Store in memory

*v[n]=[9,11,5,7,5,12,10,7,5,4,]
* 10 4-bit values: need 40 bits in memory!
* Easy-peasy one-two-threesy

September 16, 2024 6.5965 Fall 2024
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Reconstruct

V(t)

t

v[n] =[9,11,5,7,5,12,10,7,5,4,]

4 bit value encoding
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Reproduce

A

V(t)

t

v[n] =[9,11,5,7,5,12,10,7,5,4,]

4 bit value encoding
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Compare to original... Did not Capture
the high-frequency Wiggles!

V(t)

>

Great....but we still captured something! What is
that signal expressed by the red interpolation?
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Or....consider this...

V(t)

September 16, 2024 6.5965 Fall 2024
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Sample it...

A

V(t)

| —

September 16, 2024
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Store it...

V(t)
®

September 16, 2024
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Reconstruct It...

V(t)
5
\\
//

>

We’ve created a a different signal from what was before! WTH?
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Or Consider this...
If we start with this data, knowing
nothing else......

V(1)
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And we Reconstruct the signal...is
this ok?

A

V(t)
N
/
N\

First-order hold (connect-the dots)
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If it came from this, ok... but...

A

V(t)
>

September 16, 2024 6.5965 Fall 2024
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It could have also come from
this...Uh oh

A
___7(/4\' 7
= [ ————i§ H
S A S -
¢ [ | ‘\\ _ pd
v %‘<~?/‘ &

t

First-order hold (connect-the dots)
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Which one Made the Signal

w\h
A
o

>
t

There’s ambiguity in what those samples could represent...that
means it really doesn’t convey much, if any, information
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Aliasing

* While we can’t fully capture and reproduce signals
with a frequency higher than the Nyquist sampling
rate, it doesn’t mean they won’t have an impact!

* Energy from that high frequency will leak into the
frame...a form of “spectral leakage”

* A sample rate of f; can fully capture all information
In a signal if and only if, the highest frequency in that
signal is at or below% !

* If you don’t do this, aliasing will appear (higher
frequencies appear as a different signal (an “alias”))
that can be expressed with the sample rate
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Aliasing Can Happen in Space too

* Just like there are temporal frequencies (in time),
images have spatial frequencies.
* Same issues arise!

="

This font has been

processed with an
= anti-alias filter to
Anti-alias Filtered Not Anti-alias Filtered prevent artifacts

when displayed
https://en.wikipedia.org/wiki/Aliasing
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Solution

* The ONLY way to guarantee that a set of discrete points
can unambiguously represent a signal is to guarantee
that prior to sampling, we remove all energy that it exists
in frequencies higher than the Nyquist Sampling Rate

 To do this we need a Low-Pass Filter!

Nothing can exist in

Signals with frequencies this region of the

A /nthis region of the

spectrum
spectrum can be fully
O
captured
< e >
>
0 fs frequency

L——> N [oh

[13 M
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There are exceptions
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Low Pass Filter

* Prior to Sampling, we must be sure that our
signal has no significant energy above our
Nyquist Rate

Signalin

Filtered( ]Dom[nstream
Signal| ampler

k J
K “Anti-Aliasing Filter”
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How Do You Actually Make a Filter?

* Several types of filters. Two big ones:
* lIR: Infinite Impulse Response:
* Uses past output history for filtering

 FIR: Finite Impulse Response:
* Uses input history for filtering

* CIC: Cascaded Integrator Comb:
* Special case of FIR mixed with down-samplers/decimators
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Filters

* Stateful systems that analyze history signals to
select for particular signal attributes:
* Low-pass Filter: Lets through low-frequency signals
* High-pass Filter: Lets through high-frequency signals
 Band-pass Filter: Lets through selective group of
frequencies

* Band-stop Filter: Blocks selective group of frequencies

e Matched-Filter: Values come from time-series of feature
of interest being convolved with signal

September 16, 2024 6.5965 Fall 2024
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Infinite Impulse Response Filter (lIR)
yln] = a-yln—-1] + B - x[n]

* The current output (y[n]) of the filter is based on
the weighted sum of the previous output (y[n — 1])
of the filter + the value of the input (x|n))*

* Sometimes called a recursive filter: “y is based off
of yis based off of y...”

* Information enters the system through x but its
Influence on the output is dependent on the values
of e and [

*can also be based on multiple past values of y and x
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Infinite Impulse Response (Modified)

yinl=a-yln-1]+ (1 —-a) - x[n]
0<ac<l

* Fix the relationship of the new input and old
output to one variable « :

* Asa — 1 input has less weight (takes time for it to
affect output...blocks more high frequency events)

* As a — 0 input has more weight (output quickly
follows input...allows through more high frequency
events (and everything actually)
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» t

yinl = a-yln-1]+ (1 —a) - x[n]

IR Filter
A

72
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Infinite Impulse Response (Modified)
yin] = a-yln—-1]+ (1 — a) - x[n] 0<a<l

a

|
* @

X

1l—«
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Infinite Impulse Response (Modified)

yinl=a-yIn—-1]+ Q1 —a)-x[n] 0<a<1
a Need to keep in mind bits!
M A
N+M+1 N
@)@l L[}y
N N+M
N+M
/
X 7
N a would be scaled up by 2"
M and
1 — Then the result is shifted back
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IR
* Computationally lightweight

* No very flexible, often poor performance since
not a lot of parameters to adjust.
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Finite Impulse Response

* Have the output be based off of a sliding window
of the past history of the input.

* Literally just convolution basically

yln] = by - x|n] + by - xIn — 1] + b, - x[n — 2]

* Very powerful!! Huge flexibility in choosing those
coefficients and can get a ton of behaviors!
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yln] = by - x[n] + by - x[n — 1] + b, - x[n — 2]

FIR Filter

» t

77
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FIR Filters

* Extremely flexible

* Often times many, many “taps” long (N in 100s
IS not uncommon)

ylnl = > by -x[n—k
k=0

* The values you pick for these taps are arrived at
using a number of DSP-oriented algorithms
(beyond scope of course...but in 6.341, etc)
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FIR Filters Yl = Y by xfn— 1

« Some online tools, Matlab, Python, Vivado all have
tools that allow you to:
* specify how you want your filter to look
* Provide you the coefficients needed to generate that filter

* The b coefficients are generally provided as real
numbers between 0 and 1. But since we don’t want
to do floating point arithmetic, we usually scale
them by some power of two and then round to
integers.

e Since coefficients are scaled by 2M we’ll have to re-scale
the answer by dividing by 2M. But this is easy —just getrid
of the bottom M bits!

* More taps generally means you can get better
response:

e Closertoideal filter!
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FIR Filters

* They implement convolution, so can be much
more than just “filters”

* You can use them to:
* Remove complicated features to signals
* Add complicated features to signals

* Making an FIR filter “dynamic” can lead to systems
that dynamically tune themselves.

e Make a "matched filter” to look for features.

* Very much a work-horse type module.
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FIR Filters Use A Lot of Math

* Each sample of a FIR involves the same amount
of multiply-accumulates as there are taps

* This means you can end up needing to do 100’s
of heavy math operations per sample

* And you also need access to all those old
samples to make it work.
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FIR Filter (Iterative Implementatlon)

Ebk x|n — k|

* For audio and mid-frequency phenomena, usually plenty
of clock cycles exist between each signal sample (you
have 2000 clock cycles of 100 MHz between each audio

sample of 48 ksps audio for example!)

 Just make a low-resource state-machine-based module.

* After every sample, do each multiply-accumulate for each

tap. As long as you have enough cycles, you can do
thousands of taps. Can even break up into more
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Memory Requirements

* FIR filters may require large histories of sighals
(thousands of samples back)

* |deally you’d hold in a dense format (like BRAM)
but that only allows 1 or 2 reads per cycle.

* Might be fine for low data rates.
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Circular Buffer/Pointer

offset
) 0
) |
)
) 3
4
5
6

29
) 30
) 31

yln] =) xln - k]b[k]

September 16, 2024

X[n-3]

X[n-2]

X[n-1]

X[n]

X[n-31]

X[n-30]

X[n-29]

AoN KON KoM KoX
Al A Kl K
A W NP O x

(6]

X[n-5]

X[n-4]

x[n —30]b[30] +
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Higher Speed FIRs get nasty
though

* |If your data stream is now operating closer to your
clock rate, for FIRs of any reasonable size, you won’t
have enough clock cycles to get and do everything
serially.

* Pipelining is the solution here.
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How Much Data is That?

* If you’re handling a 200 MHz data stream, and running
It through a 30 tap FIR filter....

* That means you need to be doing 6 billion multiply-
accumulates per second

* This is where FPGAs, hardware systems really start to
shine
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Finite Impulse Response Implementation

ylnl = ) by -x[n—k
k=0

x[n—1] x[n — 2] x[n — 3] x[n—N + 1]

x[n]T A j—' A T_'

A I '
by~ bNTC?

Disgustingly long combinational path...too much propagation delay

-
L —— L
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Finite Impulse Response (Modified)

ylnl = ) by x[n— k]
k=0

U
4444

Much nicer critical path (worst propagation delay)



N-1

Bit Growth y[n] = 2 b - x[n — k]
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to not lose precision...will grow at between 1 bit per N and 1 bit per log,(N)!
But this can grow large so there’s ways to handle it

https://zipcpu.com/dsp/2017/07/21/bit-growth.html
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Most FIR Filters (not all) are
symmetric too.

* Depending on situation can double-up and feed
back delayed signal

el

° > Z-1

x[K]

o)

o\,
Figure 4.23: Example of a symmetric 11-weight FIR filter.
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DSP Blocks

* If we return to the DSP blocks we spoke about

earlier...

* It is like it was made for this (it was):

48-Bit Accumulator/Logic Unit

B ; \
AT N ( : )"
@ 25x 18
D _ A Multiplier
Pre-adder
C

Pattern Detector

Figure 1-1: Basic DSP48E1 Slice Functionality
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Week 3’s Assignment

* Design (SV) and verify (cocotb and numpy) a
simple 15-tap FIR filter

* Drop it into a video pipeline on the Pynqg board
* Control its tap values using an MMIO interface

* Use ILA to see bits and eyes to see results
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{ Non-time- \

Week 3- I sensitive I
. I communication: I

l_ . I

ITlme—sen.sm\{e > |

\ Communication: J

Python
MMIO
Computer . Monitor
(video source) FIR filters (video sink)
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{ Non-time- \
Week 3- | sensitive I
. I communication: I
I_ L |
ITlme—sen.sm\{e > 1
\ Communication: y
e - - -s = . -
Python
Debugging
MMIO
Computer Logic . Monitor
FIR filt
(video source) Analyzer FHers (video sink)
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Math is pretty impressive

* We’ll be running 15-tap FIR filters on on all three
color channels at 720p video rate

* That works out to be 3.3 billion multiply-and-
accumulates per second controlled completely

from python
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Original Video
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Low-Pass Filter
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High-Pass Filter
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Few Observations

* The filter that we’re applying is 1D meaningitis
only applied in the horizontal direction as the

pixels scan across the page.

* This is very rarely done in image
processing...usually do FIR filters in two
dimensions in which case we call it a kernel
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Starting Images

. AT e T D

M istock
Vertical Stripes Fabric Stock Phot...
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coeffs = [0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1]

o

Stripe Pat... ertical strine
o e e T T R
‘ ] i 111!
|
|
|
|

iStock
Vertical Stripes Fabric Stock Phot...
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coeffs = [0,0,0,0,0,0,0,0,0,0,0,0,0,0,-1,1]
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coeffs = [1,1,1,1,1,1,1,1,1,1,1,1,1,1,1]
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Vertical patterns aren’t seen!

(Images  Shopping  Videos Shortvideos Forums More -  Tools «

@ o) consos | e o @i

i

shutterstock com - 3004169112 =

Horizontal Stripes Vector Art, Icons, and...  Black And White Stripe .. Pattern Horizontal Strip...  Black and White Minimal Horizontal ...  Horizontal Stripes
© Vecteezy i (D Etsy i @ shutterstock i PP Petite Patterns - Pixels i @ 250 Colors Digital
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coeffs = [3,5,-16,9,12,-5,-41,069,-41,-5,12,9,-16,5,3]
(high pass filter)

x| & @ e )
7
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- @
mm .
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Where do the coefficients come
from?

* Lots of tools to design for them
* Scipy has some

 Matlab has some
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FIR Wizard

* FIRs are so
common, Vivado
actually has some
IP infrastructure to
aid in designing
them

 Cantune how
pipelined vs.
lterative/FSM you
want your FIR!

* Oruse
Python/numpy to
determine
coefficients

September 16, 2024

FIR Compiler (7.2)

@ Documentation

P Symbol

IP Location C' Switch to Defaults

Freq. Response  Implementation Details

Component Name |fir_compiler_0

ilter Options | Channel Specification | Implementation Detailed Implementatio
Freq. Response
Coefficient Options
— Integer
Frequency Response (Magnitude) Coefficient Type Signed
Quantization Integer Coefficients v
50.0
. Coefficient Width 16
40.0 \
30.0
s Coefficient Fractional Bits |0
T 200
o ( Coefficient Structure Inferred v
T 100 T
[
g 0.0 V Data Path Options
-10.0 Input Data Type Signed v
-20.0 Input Data Width 16
-30.0 Input Data Fractional Bits |0 16
-40.0 Output Rounding Mode | Full Precision v
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Normalized Frequency (x Pl rad/sample) Output Width 24 1-2
Output Fractional Bits : 0
Filter Analysis
Pass Band
Range: 0.0 - 05
Min 18.061800 dB
Max 43.525674 dB
Ripple 25.463874 dB v

FIR Compiler (7.2)

@ Documentation IP Location C' Switch to Defaults

Symbol Freq. Response Implementation Details

Resource Estimates

DSP slice count: 1

BRAM count: 0
Information

Start-up Latency: 19

Calculated Coefficients: 21

Coefficient front padding: 0

Processing cycles per output: 11

AX14 Stream Port Structure

S_AXIS_DATA - TDATA
Transaction Field Type
0 REAL(15:0) fix16_0
M_AXIS_DATA - TDATA
Transaction Field Type
] REAL(23:0) fix24_0

Interleaved Channel Sequences

Component Name fir_compiler_0

ter Options  Channel Specification mplementation

Interleaved Channel Specification
Channel Sequence
Number of Channels 1 1-1024
Select Sequence All

Sequence ID List P4-0,P4-1,P4-2,P4-3,P4-4

Parallel Channel Specification

Number of Paths |1 1-16]

Hardware Oversampling Specification
Select Format Frequency Specification

Sample Period (Clock Cycles) 1

Input Sampling Frequency (MHz) |0.001

Clock Frequency (MHz) 300.0

Clock cycles per input:
Clock cycles per output:
Number of parallel inputs
Number of parallel outputs

v

Detailed Impleme

300000
300000
1
1
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