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Project Motivation

Bluetooth Low Energy (BLE) is widely used in loT, mobile,
and embedded systems. However:

e Existing BLE chipsets are proprietary and closed-source
o Internal controller and PHY (physical) designs are
not accessible
e This limits research, education, and customization

Goal:

Develop a fully open-source, fabricatable BLE SoC
(System-on-Chip).




Project Requirements

Functional Requirements:
e Design must be able to interact with other Bluetooth l"'
Low Energy devices
-
A
L -
Sky130 Process Design Kit (PDK) -,
e Final device must be open source

o Must hit BLE 4.0 Specs (Design Doc Sec. 2.1.1)
e Device must be fabricatable using the open source

o Hardware and Software "ll

User Requirements:

e Documentation must be clear
e Device must be delivered with a documented plan for
ChipForge testing




Bluetooth Low Energy Device Solutions Comparison

HackRF One NnRF52 DK
e Software Defined not e Utilizes Nordic SoC to drive
Hardware bluetooth in a manner similar
e Processor and DSP are not to our design
open source e Nordic SoC is not open
e Bluetooth controls are not source

implemented in hardware




Design Context: Bluetooth Low Energy

Bluetooth Low Energy

o Lower data rates than
typical Bluetooth.

e Bluetooth can be divided »

into these layers

e Our major design concern >
is the controller portion

o Software libraries cafrtroter -

be used for host layers

Host —

Bluetooth LE Stack

Host Layers

OSI Reference Model

Link Layer

Transport Layer

Bluetooth LE PHY

Network Layer

v

Data Link Layer (MAC+LLC)

Physical Layer




Design Context: SoC

e Skywater 130nm Process
e \Working on the Caravel template

o Management Core (to be used as Host)

given to us
e Host and Controller all on one System on Chip M1 Host Controller

o Host running on a RISC-V Core Interface

o Qur Link Layer (LL) as custom hardware
(digital)

o Qur PHY as custom hardware (analog
—mostly)




Top Level Overview
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Dataflow
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Host HCI LL PHY Antenna

Host ﬁ

e Open-source Zephyr BLE host
will provide all required host
protocol layers.

e HCI Drivers will need to be
modified by us to work with our
controller

Zephyr Host Protocol Layers

https.//docs.zephyrproject.org/latest/services/connectivity/bluetooth/bluetooth-le-host. html#id 1


https://docs.zephyrproject.org/latest/services/connectivity/bluetooth/bluetooth-le-host.html#id1

Host HCI LL PHY Antenna

Host Controller Interface /j
HCI Control Unit: ACLBuffer «
e Register connected to the Wk{
host via wishbone et )
e \Verify that the commands e
are correct 1
Event Generator: |
e Take in control signals " ot ang {
e Format return events to be I 1771 regeoers
sent to the host ———
Design Doc Section 4.3.2 o o




Host HCI LL PHY Antenna

Link Layer ﬁ
e PDU Generation: Builds outgoing packets

(advertising or data)

e Serializer/Deserializer: Performs CRC, || proresting. 4] beseraizer |4
(de)whitening, and (de)serializes into a Peline
bitstream

e PDU processing Pipeline: Decodes and

A

A 4

check incoming packets (CRC)
e Baseband Controller: handles timing and | uinktayer | o] saseband
Channel SeleCt|On State Control Controller
Design Doc 4.3.3
A\ 4 \ 4
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Host HCI LL PHY Antenna

Link Layer States ﬁ

e Standby: Controller is not sending or
receiving data.

e Advertising: Controller sends advertising
packets on BLE channels 37, 38, and 39.

e Scanning: Controller scans BLE channels
37, 38, and 39 for advertising devices.

e Initializing: Controller found an advertising Advertising
device, and attempts to establish a
connection.

e Connection: Controller enters a connected
state, exchanging Protocol Data Units
(PDUs) while channel hopping in
accordance with BLE Protocol.

Link Layer State Machine




Modulation & Modulation Schemes ot N KOl R W R PHY o Antenn:

e LE 1M is where our project is ﬁ
scoped, which is 1 Million
symbols/s

e Frequency Shift Keying is an
encoding where symbols are 3 Advertising Channels and 37 Data Channels

encoded as positive or negative
frequency deviations from the
center of the channel

e BLE uses Gaussian Frequency

Shift Keying (GFSK), a type of FSK S goramevereosgcsrzrereegsinzgesrlsssnssss
o Agaussian pulse shaping filter 2 .ossssssssssssssssssssssossossssosssssss
- R e e b et
is ran on the frequency R R R R R R R R R R R R R
-
deviations

Bluetooth Low Energy (BLE) Frequency Channels




PHY Radio Architecture

e BLE (and so our architecture) is Half Duplex

e Symbols are sent via modulating the Fractional-N
PLL

e |Q Downconversion Mixers are used to track
whether the received signal is positive or negative
of the channel center (which the PLL should be
set to in receiving)

e 2.4 GHz - 2.483 GHz bandpass filter off chip to
keep signals in BLE range
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Testing
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Virtual Simulation Environment

o

10 Capture for
Testbench

#

Conductor.py
dev_1.py dev_2.py Dev_N.py
Host(Bumble)
Zephyr
DUT phy Zephyr
Babble_Interface
M e i v e e e N e e e e s i s s o e’ e M e




Verilog Functional Simulation OCOtD

Drive inputs into DUT

[ A 4
DUT I/O .
: : cocotb Verilog ;
Running Python Sim Env P Tasthiahah DUT (Verilog)

Recieve outputs and assert correctness



Host Link Layer Ultra-Scale+ FPGA

F P G A Te Stl n g (VexRisc V On FPGA) (On FPGA) T“Z;Si;'ef

e Utilizing the UltraScale+ e :
FPGA’S hlgh Speed Serial : (advertising wirelessly)
transceiver for an FPGA . T '
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Matlab Architectural Simulation

e Proof of physical layer architectural integrity
e Simulink equipped with robust RF/Mixed signal blocksets
e Allows for noise analysis prior to testing within the analog VLSI toolflow

Signal inputs ::> L . :> Signal recovery
Simulink Physical layer and analysis




Schematic Simulation

Schematics are created using Xschem. In
Xschem simulations can be run to test
functionality.

Cadence is a closed source tool, but can

import the SkyWater 130nm PDK.
cadence




Post Layout Testing

e DRC: Design Rule Checks
o Validates our layout and checks if it will be possible to fabricate in the
given process
e LVS: Layout vs. Schematic
o Compares the layout to the schematic and gives you a list of differences
if there is any
e Post-Layout Parasitic Extraction
o Processes and returned the parasitic capacitances that are created from
your layout



Final Tests and Integration

e Final full layout with combined Digital + Analog
e Post-Layout verification

e ChipFoundry Tapeout

Cl2612 ci2612
December 2026 MPW Shuttle

Open Commit Tapeout Mask release Lot start Wafers Packaging Board Customer
Fabrication shipped complete assembly shipped
complete
Aug 1, 2026 Oct 8, 2026 Dec 7, 2026 Dec 21, 2026 Jan 4, 2027 0% Apr 24,2027  May 11,2027  May 20, 2027  May 25, 2027
Actual Projected Projected Projected Projected Projected Projected Projected Projected



Current results

e Digital simulation environment successfully advertise and scan to and from a
Zephyr controller using our architecture.

e Serializer (including CRC and whitening) hardware description
(SystemVerilog) written and tested using real-world BLE data.

e Analog PLL architecture mostly decided, off chip inductor/VCO determined to
likely be a necessity.



FPGA Testing Results

e FSK has currently been achieved
e A gaussian pulse shaping filter has been designed and
implemented as a lookup table in hardware (not used yet)

M1 2. 4022900Hz -5 9d8m od




Risk Severity Mitigation Plan

Risks On chip inductor High Move inductor off chip
& proves to have bad and add ports
o _ characteristics
Mitigation
BLE Protocol Medium Make FPGA test interact
Non-compliance with real BLE device to

show compliance

Parasitic simulation High Utilize ETG VM for

takes too long to run accelerating simulations

Digital pipeline has a Low Gold standard model

deadlock condition provides a non-locking
pipeline



Next Semester Planning

Semester 2 (Weeks)
1 2 3 1 5 6 7 8 9 10 11 12 13 14 15

Digital

Finish Gold Model Implementation
Implement Control Path Modules in Verilog
Implement Send Path in Verilog
Test Advertising on FPGA
Implement Recieve Path in Verilog
Radio Front End PCB for FPGA
Test Scanning on FPGA

Test Connection on FPGA

Analog

System Design Analysis
PLL Component Design
Filter Design
RF Switch

Layout

Integration
Documentation
Floor Planning

Final Placement

Precheck

Tapeout 2
Dec 2026



Status
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Bluetooth LE Stack 0S| Reference Model

Application Layer

Host — Host Layers
\ Presentation Layer
> Session Layer
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