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16-BIT CMOS CARRY-
LOOKAHEAD ADDER

Top Level Block Diagram

Cin
—— Lookahead carry generator ——— Coutl
GEO PBO GEl1 PBI CBO GB2 FPB2 ('f‘ll (]]Tii E‘IT-H ('ILJ.
4-bit CLA 4-bit CLA 4-bit CLA 4-bit CLA
e
bits 0 =3 bits 4 -7 bits 8=11 bits 12=15
A[3:0) 5[3:0] A[T:4]) S5[7:4) All1:8] S[11:8] Al15:12] S[15:12]
B30 Bl 7:4] BI11:8] Bl15:12]
16-bit CLA Adder: Results
Static CMOS, 45 nm (GPDK045), nominal VDD = 1.1 V, 1 ns addition-time spec
CLA vs. ripple-carry (RCA) CLA delay across corners (ps)
worst-case vector A, TT, 27 *C all three test vectors
i _ FF T sS
Transistors Delay (ps) Power (pW) PDP (f]) _35 e 27 °C a5 °C
RCA 448 1008 1231 1241 Lianl n‘]\ 312.7 456.0 676.5
[ CLA 988 456 300.1 136.9 J Vector B 216.9 312.0 459.2
FFFF + FFFF
CLAvs. RCA 2.2X  -55%  2.4x  +10% Vector C 214.4 308.0 453.3

AAAA + AAAA

All cases meet the 1 ns spec (worst case 676.5 ps, outlined)

Process Technology - 45nm (GPDK045)



SCHEMATICS g

Setup

4-Bit Adder Schematic

Intermediate Carry Generation

Sum Generation Carry Out Generation

Propagate/Generate Synthesis Group P/G Generation

Sizing: Wn = 120 nm and Wp = 140 nm, tuned empirically to equalize rise/fall times. Series stacks are
scaled by depth (2x, 3x, 4x)




SIMULATION

Functional Simulation
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Vector A (FFFF + 0001) Vector B (FFFF + FFFF) Vector C (AAAA + AAAA)

Power-Delay Product vs. Supply Voltage

Vector A (FFFF + 0001), TT, 27 *C

850.0m 165.604f

peak

160.0 -

Power-Delay-Product
(PDP) vs VDD

140.0 =

1.1 136.867f
1.2 135779

nominal
minimum

130.0 -{ | 700.0m 128.71f

VDD (V)




DESA-BASED
RUNTIME CONFIGURABLE
SYSTOLIC ARRAY

Reduced-scale RTL reproduction of DESA (Wang et al., IEEE Trans. Computers, 2025). Team
project of five; | designed the systolic array and mode-wave RTL.

iljr:f:ffr — | Systolic Array 1
Wjig(;t — | [e=][re][Pe][re]
al [PE”PEHPEHPE]
System e | e |72 |[7e |
Architecture (7] (el (7 (72

e [IPU features — VPU softmax]

[ SA output| — [ 10U layout — temp / output buffer |

[ Output buffer «—— Memory port

Measured Cycle Reduction

Matched naive vs. DESA RTL across reduction tiles

| w— naive
BN DESA 1.116x

300 4 288
1.147x

234

cycles per attention instance

1 tile 2 tiles
K=4 K=8



ARCHITECTURE

Reduced-Scale Runtime-Configurable Systolic Array: Block Diagram

ode wave, bulfers, and side units (IPU, 10U, VBU) wired around it

4 x 4 grid of configurable FEs with the

[ Controller [Ctl"'_fsll’ll start/done command | buffer addresses | skewed operand streams | mode changes | result capture ]
W [ I
Weight buffer
Mode shift register INTS welghits. one per column
20, seeded at PE(0,0) ¥ L3 ¥ v
boundafy outputs
fixed-point saftmax
r - and LayerNarm

|| pe || pe || PE || PE IPU

Input buffer {10} (1.1 1.2} .3 ow i

Memaory port PE
221

.11

‘ PE H PE
(2.0

B Systolic Array

_’T T‘ ? . Block Diagram

10U (column side)
nesults dut draifs PE accumulators: row-major of transposed (K, V')

:{Uutput huﬂer] l Temp buffer }1

DDD. PEs on the same anti-disgonal switch mode tagather: PEIr ¢} switches at tsr+c + 2
Thr Fres T8 wired sep, el clagapath, 5 ! tieming §

fays Bxace wihen ope

ately from the speral o ifs diagenal

Configurable Processing Element (CPE): Four Runtime Modes

One multiplier, ene accumulator, three data ports, and a 2-bit mode input (cfg_md) that selects the dataflow

(a) OS: Qutput Stationary (b) WS: Weight Stationary

cfg_md = 00 | jpartial sum accumulates in place white operands stream through cfg_md = 01 | stationary operand held in input register; partial sums pass right

Configurable
Processing Element

(c) QO: Quantize and Output (d) RE: Reload

ofg_md = 10 | accumalater drained to the IPLBCU while operands keep streaming ofg_md = 11 | input register reloadad from the IPU; other ragisters hold
Welght reg
B-bit

:-::._ - right o,
B.bit 7

+ @ s out (2ab)

j dowm_out (881 e _out (E5)

— active path unused in this mode — pirgister holds its value

. -- = 2D Mode Wave

- -- Propagation Pattern

t+2 t+4 t+6



Matched naive vs. DESA RTL across reduction tiles

] B naive
BN DESA 1.116x

3001 288
1.147x

234

RESULTS

cycles per attention instance

1 tile 2 tiles
K=4 K=8

Measured Cycle Savings

Fused vs. unfused attention: DRAM traffic
(implemented 4x4 point: 3x)

1 T o |

i Projected Full-
g Scale DRAM
E Traffic Savings
£

sequence length N (d=64, 1 head)

Resource Utilization

FPGA Implementation Results

Xilinx Spartan-7 xc7s25csga324-1 | Vivade 2025.1 | post-route, clock-only constraint

Resource Utilization Timing (post-route)
Resource Used Available Utilization Target clock 17.937 ns / 55.75 MHz
Slice LUTs 8,874 14,600 D 60.78%

l Worst setup slack (WNS) +0.019 ns
Slices 2,525 3,650 D 69.18% Worst hold slack (WHS) +0.159 ns
Slice Registers 2,247 29,200 @ 7.70% Worst pulse-width slack +7.718 ns

Failing endpoints 0 of 6,322
F7 Muxes 161 7.300 @ 2.21% .

Critical path delay 17.863 ns
DSP48E1 10 80 B 12.50% logic f routing 31.8% [ 68.2%
Block RAM Tiles 0 45 0.00% logicllevels 26 (10 CARRY4)
Distributed RAM only (428 LUTS as memory): the design uses no Block RAM, Setup analyzed al the slow process cormer

Critical path: mode-wave shift register =+ IPU running tile-max register
Internal register-to-register result; VO delays were not constrained. so this is a core frequency. not a board-level limit,

- Please see my website nickrathfelder.com for the full paper



FFT CORE

—lead_tvalkd

read_teady

Control Unit

Top Level Block
Diagram

&1_port b_add
g

1K x 32
Dual Port
BRAMD

Complex Butterfly
Unit (BFU)

1K x 32
Dual Port
BRAM1

foad_tvald

toad_ieady-

Simulation Waveform

Name

# clk_100mhz_t

e rst_n_i_t

# load_frame_t

# read_frame_t
> Wsample_t[15:0] 0000
» Wresult_r_t[15:0]
» ®fresult_i_t[15:0]
> Mresult_bi..23][15
> Wi result_bi...23][15§ C

8 load_ready_t

8 read_ready_t

|50. 000000 us

[100, 000000, us,  [150, 000000, us . [200,000000

- 0000 o000

0000 A
0000

aooo,0000,0000,0000...

1000,0000,0000,0000...

0000,0000,0000,0000,0000,0000,0000,0000,00...



SYNTHESIS

! Synthesized
—] = Design
[I F;_E I
Resource Utilization

LUT

rr

BRAM

DSP

10 36%

5r0 7I5 100

Utilization (%)



SIMULATION
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ELECTROMAGNETIC
LAUNCHER

STM32
Interface PCB

Y

G 3V3B10B2 B1 BO

Faman
o=
N

it

C T

© BI2B13BMBISAS AD AMDATIAIZANSE

Final Prototype




DESIGN

yii | Control PCB

hy T vl

?L % N Schematic
i T

E-E Triees A o ! :g

= Faga = iRy

i I
Wire Harness T
Schematic
_L_
:6.:. :6: ¥ uB ﬂg ﬂg F-» MGO0S
e cae or T8 fi:i‘._‘ s MCU Pin

colL_s

Configuration

KEY | STM32F411CEUXx

SERVO_CONTROL [SE8

RED_LeD [ UFQFPN48

8
2
5
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RF REFLECTOMETER
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SCHEMATICS
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SIMULATION

Forward/Reflected Output Gain

transmission
_5 E .
-10 |
- DB(|S(3,1)])
reflectometer
B = DB(|S(4,2)])
reflectometer
-20
-25 _
34 3.45 3.5 3.65 3.6
Frequency (GHz)
Input/Output Return Losses
return losses =-DB(S(1,1)))
20 - reflectometer
< DB(|S(4.4)))
reflectometer
-25
-30
-35
-40
3.4 3.45 35 3.55 36

Frequency (GHz)
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UART CORE +
DEBUG PORT

Block Diagram
(Core only)

VI! COMS - Tera Term VT — O X

File Edit Setup Control Window Help

ESSAGE_0_SENT
ESSAGE_1_SENT [
ESSAGE_2 SENT

ESSAGE_3_SE

ESSAGE_4 SE

. ESSAGE 5 SE
Terminal
Output

ESSAGE_11_SENT
ESSAGE_12_SENT

ESSAGE_13_SENT

ESSAGE 14 SENT
ESSAGE_15_SENT
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WATER RESERVOIR
CONTROL SYSTEM

Interface PCB
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5V-12V BOOST

CONVERTER PCB
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SIMULATED DUAL OUTPUT
AC-DC PSU

Schematic
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