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ABSTRACT

A high-performance ultra-wideband (UWB) radio frequency (RF) front-end architecture
that is inherently designed with a capability to acquire brain signals in real-time in
next-generation neuroprosthetic systems is presented, developed, and experimentally
validated in this paper. As more wireless brain machine interfaces (BMI) and closed-
loop neuroprosthetic devices become clinically useful, the RF front-end circuitry has
been a critical need in support of transmission of low-amplitude, high-resolution neural
activity; such as intracranial electroencephalography (iEEG) and local field potentials
(LFPs) with minimal delays, high fidelity and ultra-low power requirements. The
suggested front-end consists of an integrated-global positioning system (GPS) front-end
architecture that is miniaturized and fully integrated including a low-noise amplifier
(LNA), high-Q bandpass filter, passively conceived frequency mixer with low-phase-noise
local oscillator (LO) and high-rate analog-to-digital conversion interface. The system
is designed based on sophisticated 65 nm CMOS production technology and is working
effectively at an operating frequency of up to 0.1-6GHz UWB and optimized in terms of
implantable or wearable models. Front-end circuit-level Simulation and analysis range
conjugated with Cadence and ADS determine a gain of 18.5 dB, noise figure of less than
1.2 dB and a 2.3 mW power consumption with an end-to-end latency of less than 5
microseconds, assured within the safe limits of biomedical applications. Co-simulation
of electromagnetic in CST also verifies the validity of the RF signal pathway in realistic
layout and packaging parasitics. A prototype was implemented in proof-of-concept
cutting edge to test on synthetic brain signal emulators and wireless transmission
systems having a robust performance with signal recovery below millivolts and minimum
bit error rate (BER) in the context of mobility induced fading. Its high bandwidth, power,
and signal integrity make the system a very promising technique in future consideration
of implantable neural recording and stimulation systems. The present research
establishes a basis of scalable, low-latency, and interference-tolerant RF telemetry in
braincomputer interface living and paves the way to smart neuromodulation systems
that provide real-time feedback.
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signals, e.g. intracranial

electroencephalography

The basis and wide use of the brain brain-machine
interfaces (BMIs) and neuroprosthetic devices bring the
new era of human and technology integration when it
is possible to have direct communication between the
brain and the outside machines to reconstruct motor
functions, help in rehabilitation, and increase cognitive
functions. The paramount aspect in the success of such
systems is that the neural signals must be acquired and
relayed in real-time, at high fidelity, low-latency, and
low power consumption. They are weak, so the neural
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(iEEG), electrocorticography (ECoG) and local field
potentials (LFPs) occupy low frequency bands and are
usually in the microvolt range. Nonetheless, beyond
accessing such signals with great resolution in many
channels, and wireless transmission, the information
flow rate demanded, and the need to ensure that
no information bottleneck occurs requires a wide
bandwidth.

Conventional fixed wired BMI systems have significant
drawbacks that consist of limited patient mobility,
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possible infection as caused by transcutaneous wires,
and no scalability with respect to chronic implantation.
The wireless solutions have found a following in order
to circumvent these obstacles and one such candidate
that is knocking at the doors is the radio frequency (RF)-
based telemetry. Figure 1 The Ultra-Wideband (UWB)
technology has been shown to be promising to an infinite
extent in biomedical telemetry because of its high data
rate capability, power spectral density that is not too
high thereby minimizing interference with other systems
and durability to multipath fading- It is important in
the aspect that it is carried out in on body or in body

communication.
%
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Fig. 1: Conceptual Overview of Traditional and
Proposed UWB RF Front-End Architectures for Brain
Signal Acquisition in Neuroprosthetic Systems

There are, however, several challenges to the design of
a UWB RF front end to acquire signals in the brain. It will
require extreme sensitivity to measure the low amplitude
neural signals, low noise figure to ensure signal integrity
and low power consumption to fit the implantable or
wearable form factor. Besides, the RF circuitry has to add
minimal latency to allow closed-loop neuromodulation
required in clinically important applications such as
motor prosthetics or responsive neurostimulation.

This work can be seen as a response to these issues,
since the paper is introducing a new design of the UWB
RF front-end which is dedicated to the real time brain
signal acquisition in neuroprosthetic gear. This system
is developed to include low-noise amplifier (LNA), high-
selectivity bandpass filter, frequency mixer containing
a stable local oscillator (LO) rubidium frequency
standard as well as analog-to-digital converter (ADC)
interface which is energy efficient in a compact size.
The integration density measured by the design uses 65
nm CMOS technology because of the high integration
density, and low-power consumption, is designed to
operate at frequencies within the range of 0.1- 6 GHz.
The system has a high potential of providing next-
generation wireless neural interfaces that fulfill the
associated continuous, high-fidelity, and interference-
resistant transmission of brain signals in research and

> I

clinical settings due to a thorough simulation, co-design,
and validation of prototypes.

BACKGROUND AND RELATED WORK
Modalities of the Brain Signals

The process of acquiring neural signal is undoubtedly
central to the brain-machine interface (BMI) and neu-
roprosthetic systems, and obtaining specific electro-
physiological signals of cortical and subcortical parts of
the brain lies at the heart of the process. Some of the
modalities most commonly utilized include intracranial
electroencephalography (iEEG), electrocorticography
(ECoG), and the local field potentials (LFPs). There are
frequency components of the signals that are prefera-
bly within 0.1 Hz, and 300 Hz although there have been
instances where the signal frequency component is clas-
sified as higher than this range. The magnitude of the
signal within the 0.1 to 300 Hz is what is considered as
tens and hundreds of microvolts. The spatial resolution
and signal-to-noise ratio (SNR) of IEEG and ECoG are in-
creased as compared to non-invasive EEG, which makes
them relevant to chronic implantation in prosthetic re-
search on motor and cognitive functions [1]. But due to
the low measurement levels and [9] wide band proper-
ties of such signals, the circuits in the front-end must be
able to support signals with high sensitivity, wide band
and good noise characteristics.

RF  Front-End

Weaknesses of the Traditional

Architecture

Currently available RF front-end designs on wireless
neural telemetry have largely been based on narrowband
systems within the industrial, scientific and medical
(ISM) bands (e.g. 433 MHz, 868 MHz and 2.4 GHz).[? 3l
Although such systems do have fundamental wireless
features, there are a number of fatal flaws that they
have in common. First, their limited bandwidth (by
contrast to the unrestricted one) naturally puts a limit
on the data rate achievable; thus they are not directly
applicable to high-channel-count neurall'@ recording
systems. Secondly, most of these systems use classical
modulation schemes like frequency-shift keying (FSK)
orl" amplitude-shift keying (ASK), which trade off
energy efficiency and resistance to multipath fading in a
suboptimal manner. Other disadvantages are that these
architectures tend to consume more noise (>2.5 dB)
and time latency (>10 us), which limits the quality and
time characteristics of closed-loop neuromodulation
systems.[

Ultra-Wideband Technology in Biomedical Applications

The technology of short-range, high-multiple biomedical
telemetry has found its solution in ultra-wideband
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(UWB) communication as this is defined by FCC to be
operating across a spectrum of 3.1-10.6 GHz. [12] UWB
has the intrinsic characteristics of their use-low power
spectal density, high multipath immunity, and wide
available bandwidth which qualifies them ideally to be
used in implantable and wearable systems especially
in electromagnetically cluttered environments.’! Some
researchers have already shown that UWB can be used to
transmit medical signals, such as ECG and EEG, with low
latency and excellent energy efficiency when compared
to narrowband systems.!® 7> 31 But there are quite few
such systems that have managed to meet the most strict
requirements of neural signal acquisition, when the
amplitudes are several orders of magnitude lower and
the latency demand is much stricter.

To mitigate these shortcomings, scientists have either
suggested using hybrid implementations (where low-
noise amplification is coupled with passive mixing
and low-power ADC interfacing) with regard to the
spectral and temporal dynamics of neural signals® or
have found solutions to overcome these shortcomings!®!
in theory and practice. Regardless of this current
progress, there is a major gap in the design of fully
integrated, ultra-low power, wideband RF front-ends
that are specifically geared toward acquisition of iEEG
and LFP signals in neuroprosthetic devices. Our work
extends these previous studies by proposing a high-
fidelity, low-latency brain signal transceiver capable
of transmitting neural signals over the MHz cellular
bands, 0.1-6 GHz) for the first time to implantable
neuroelectronics.

SYSTEM ARCHITECTURE

Overview

The ultra-wideband (UWB) RF front end system with
the specifications, as described in the current proposal,
is carefully selected and designed to fit and address
the challenging specification of real time brain signal
acquisition in neuroprosthetic systems, and optimally

incorporates various important components into an
energy efficient system architecture. The heart of the
design is a low noise amplifier (LNA) designed with the
highest sensitivity in mind, which will amplify microvolt
level neural signals without much degradation. The LNA
can be used with the broad frequency response operating
at 0.1-6 GHz, and a low noise figure of 0.6 dB at 6 GHz
is measured by means of inductive source degeneration
and adjusted biasing effects, and the gain is realized
at high level without compromising the linearity or
power spectrum. After the amplification, a high-order
implementation of the bandpass filter (BPF) is used that
exhibits sharp frequency selectivity that effectively
isolates the desired frequency components of the neural
signal in the desired frequency range, and rejects other
unwanted out-of-band interference and noise that
are particularly important in dense electromagnetic
environments that exhibit lots of noise as observed in
radiative environments like medicine. The output of the
filter is then applied to a passive double-balanced mixer
which, along with a low power, phase-locked loop (PLL)
based local oscillator (LO), frequency-down-converts
the signal to an acceptable intermediate frequency (IF)
to be digitized. The architecture implements a high
speed, low resolution analog-to-digital converter (ADC)
to achieve real-time processing with a minimal power
overhead, and there is excellent trade off between data
throughput and energy for the architecture. These signal
path blocks are complemented by an integrated power
management unit (PMU) that provides on-chip voltage
regulation, adaptive bias control, and power gating
features to achieve power optimization of implantable
biomedical systems on a dynamic energy basis. Such a
comprehensive combination of RF elements does not
only enable the system to be used in an environment of
both low latency and high fidelity with respect to neural
signal acquisition, but also enables a long-term use in
a system with highly constrained power and thermal
requirements, positioning the system itself as one
of possible next-generation wireless neuroprosthetic
platforms.

Table 1: Comparison of Conventional and Proposed UWB RF Front-End Architectures for Neural Signal Acquisition

Parameter

Conventional RF Front-End

Proposed UWB RF Front-End

Communication Band 433 MHz / 868 MHz / 2.4 GHz

0.1-6 GHz (UWB)

Target Signals EEG, ECG, basic telemetry

iEEG, ECoG, LFP (high-resolution neural signals)

Bandwidth Narrowband (<500 MHz) Ultra-Wideband (up to 6 GHz)
Modulation Scheme FSK / ASK High-speed, energy-aware modulation
Noise Figure (NF) >2.5dB <1.2dB

Latency >10 ps <10 ps

Application Suitability

Low channel count, non-critical feedback

High-density, closed-loop BMI systems
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Table 2. Functional and Design Summary of Key Components in the Proposed UWB RF Front-End

Component Functionality

Design Features

Low-Noise Amplifier
(LNA) sensitivity and low noise figure

Amplifies microvolt-level neural signals with high | Inductive source degeneration, optimized for

<1.2 dB NF across 0.1-6 GHz

Bandpass Filter (BPF)

Selectively passes neural frequency band and
suppresses out-of-band interference

5th-order Chebyshev filter with high-Q spiral
inductors and MIM capacitors

Mixer & Local Oscillator
(LO) PLL-based LO

Performs frequency down-conversion using a

Passive double-balanced mixer with low phase-
noise PLL

Analog-to-Digital
Converter (ADC)

Digitizes the signal with low-resolution, high-
speed conversion to reduce latency

Energy-efficient, real-time capable, suitable for
neural signal bandwidth

Power Management Unit
(PMU) bias control, and power gating

Provides on-chip voltage regulation, adaptive

Supports dynamic power scaling and thermal
safety for implantable use

0.1-6 Low-Noise Bandpass i Power
GHz®| Amplifier [®| Filter [—» Mixer > Management
(LNA) (BPF) Unit

Fig. 2: System-Level Architecture of the Proposed
UWB RF Front-End

4, METHODOLOGY

The design and validation of the ultra-wideband RF
front-end was performed in a systematic manner that
included circuit-level design, simulation, prototyping,
and real world experimental testing with realistic brain
signal characteristics. The following are the major stages
in the work flow:

System Specification and Requirements Analysis

The implementation of an ultra-wideband (UWB) RF
front-end used in acquiring brain signals in real-time
in a neuroprosthetic system is an aspect which needs
a very good selection of the signal characteristics and
the biomedical requirements as well as performance
objectives. The requirement analysis was completed
thoroughly so as to come up with critical design
specifications that would fit both the clinical application
tasks and conform to safety regulations.

To begin with, the intracranial electroencephalography
(iEEG), the electrocorticography (ECoG), and the local
field potentials (LFPs) are the target signal modalities
and have their frequency component lying mostly
between 0.1 Hz and 300 Hz and an amplitude value
of tens, and a hundred of microvolts. Such signals are
more prone to noise, distortion in their acquisition,
and transmission. Therefore, powerful front-end with
very low noise amplification and channel to maintain

s I

the entire spectrum of the neural signals is needed to
decode motor intentions, thinking state, or sensory
feedback carefully.

The wide band of operation 0.1 to 6GHz was chosen
because it is preferable to multi-channel data sampling
and it also allows flexibility in the signal processing
and modulation methods to flow in the future. This
bandwidth is also capable not only of supporting high-
throughput data but is at least also capable of using
spread-spectrum and UWB transmission techniques
that are resistant to interferences and have low power
spectral density an important consideration in medical
telemetry implants.

Since the implantable apparatus was thermally sensitive
and the miniature battery had limited capacity,
the power installation was determined as a crucial
parameter. The front-end was consequently constructed
to be in a limiting <2.5 mW power budget so as to
guarantee non-destructive permanent implantation void
of the occurrence of thermal injury to neural tissue.
Simultaneously, the noise of the low-noise amplifier
(LNA) had to be below 1.5 dB so that a proper signal-
to-noise ratio (SNR) could be retrieved even in the
case of a low amplitude of the neural signal in a noisy
environment.

The other major performance measure is latency, which
is of concern especially in closed-loop neuroprosthetic
systems because latencies between transmission of
neural data and subsequent action shall be in near
real-time. Table 3 The range of applications like real-
time motor decoding and adaptive neurostimulation
require end-to-end latency that should be less than 10
microseconds which requires signal conversion to be
efficient, minimal buffering and efficiency in RF down-
conversion paths.

The composite of these requirements, including spectral
coverage, power efficiency, noise suppression, and
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Table 3. Design Specifications and Performance Requirements for the UWB RF Front-End

Design Parameter Specification

Justification / Objective

Target Signals iEEG, ECoG, LFP

High-resolution brain signal acquisition

Signal Frequency Range 0.1 Hz - 300 Hz (baseband)

Covers typical neural oscillation bands

RF Bandwidth 0.1 -6 GHz Supports multi-channel UWB transmission

Power Consumption <2.5mwW Ensures thermal safety and implant longevity

Noise Figure (NF) <1.5dB Maintains high SNR for microvolt-level neural signals
Latency <10 ps Enables real-time feedback in closed-loop systems

Application Suitability

Implantable/Wearable neuroprosthetics | Requires low power, high integration, and EMI resilience

timing requirements, directly informed the architectural
choices and circuit level optimisations used in creating
the UWB RF front-end, and provided the foundation of a
scalable and robust design that fits the specifications of
the next-generation of implantable neurotechnologies.

RF Front-End Circuit Design

The UWB RF front-ends architecture has been logically
divided into four main functional parts; they include - low
noise amplifier (LNA), bandpass filter (BPF), frequency
mixer with control of local oscillator (LO) and analog
to digital converter (ADC) interface. The individual
design and optimization of each block were carefully
considered to meet the extremely demanding criteria
of large bandwidth, low-power consumption, and high
noise robustness needed to amass brain signal in real-
time implantable neuroprosthetic devices.

Low-Noise-Amplifier (LNA)

The LNA is the initial most important part of the signal
chain which does the job of boosting the microvolt
level neural signals and maintains signal integrity.
The common-source topology with inductive source
degeneration was chosen as its wideband input matching
and low noise performance are better than that of the
common-base geometry. The simulation small-signal
gain was greater than 18.5 dB and the amplifier also
demonstrated a consistent performance throughout
the entire operational band at 0.1-6 GHz. LNA biasing
was optimized to draw the least amount of current in
order to adhere to tight power implantable budgets
and as such the power consumption was less than 1 mW
but noise figure (NF) was realized to be around 1.2 dB
according to the nature of device.

Bandpass Filter (BPF)

After amplification, signal is fed into 5th-order Chebyshev
bandpass filter which is selected due to the narrow
frequency selectivity and low in-band ripple hence
reducing the out-of-band noise and adjacent channel
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disturbance. This on-chip filter was applied in spiral
inductors and metal to insulator metal (MIM) capacitors
and hence presented a small footprint and high Q-factor
that can fit in integrated biomedical systems. Further, the
filter contains a tuneable center frequency mechanism
which makes it future-friendly and flexible based on
the characteristics of the neural signals or adapting
modulation codes in neuroadaptive systems.

Local Oscillator (LO) and Mixer

The frequency conversion is accomplished with a passive
and double balanced Gilbert-cell mixer that has the
advantages of low power dissipation, superior linearity,
and high port isolation. This arrangement has the benefit
of being especially useful in the biomedical area where
power efficiency and harmonic suppression is essential.
Figure 3 The mixer is compatible with local oscillator
containing a Phase-Locked Loop (PLL) which has been
designed to operate at low phase noise in its’ frequency
band of 3-6 GHz to facilitate dynamic Frequency-Hopped
focusing, and down-conversion of the received, UWB
signal within the UWB coverage area. The mixer has
close to unity conversion gain so that adequate signal
strength is available at the intermediate frequency (IF)
without excessive noise or spurious reponses.

Combined, these optimised sub-blocks comprise a
coherent and greatly efficient front-end system which
amplifies, filters and translates the weak neural events
within an ultra-wide frequency band, exhibiting low

LOCAL
OSCILLATOR

,

—> MIXER [

ADC
INTERFACE

LOW-NOISE | .| BANDPASS
AMPLIFIER FILTER

i i

POWER
MANAGEMENTUNIT

Fig. 3: Detailed Block-Level Architecture of the UWB
RF Front-End
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noise, low power dissipation and small scale, the latter
feature being a necessity of safe and reliable use in
implantable neural interfaces.

Simulation and Co-Design

To ensure that the proposed UWB RF front-end will have
a good performance, and will be electromagnetically
compatible and implantable, a rigorous simulation and
co-design approach was employed. It was a multi-domain
design technique that included circuit-level analysis, the
system-level behavioral analysis, electromagnetic (EM)
simulation, and thermal safety verification in order to
make sure that the front-end fulfils the needs of real-
time brain signal acquisition by being able to respond
to high performance requirements in neuroprosthetic
systems.

Circuit-Level Simulation

Their fundamental analog subcircuits, such as low-noise
amplifier (LNA), bandpass filter (BPF), mixer, and the local
oscillator (LO), were originally developed and optimalized
in Cadence Spectre. Small-signal S-parameters were used
to determine important measures of the performance
including $11 (input reflection coefficient), S21 (forward
gain), noise figure (NF) and third-order input intercept
point (IIP3). These parameters were compared to those
in theory in order to check the performance of RF and
stability of the entire 0.1--6 GHz band. To optimise
the transistor sizes, transistor biasing currents and the
values of the passive components, parametric sweeps
were run so as to provide a robust performance across
the process, voltage, and temperature (PVT) variations.

Behavioral Modeling

MATLAB based behavioral simulations were carried out in
order tofill the gap between circuit level design and actual
conditions of the neural signal. A Digital model of the RF
signal chain was applied to realistic intracranial EEG and
local field potential (LFP) data sets which was modeled
as microvolt-level baseband signals with characteristic
noise artifacts. This facilitated the measurement of the
signal fidelity, bit error rate (BER), and signal-noise ratio
(SNR) of amplified RF, and mixed and digitized output
signals. The simulations were useful in demonstrating
that neural data structures that are relevant to the BMI
including spikes, rhythms, and event-related potentials
(ERPs) are preserved in the front-end, which forms an
important component of decoding algorithms in BMI.

Co-Simulation of Electromagnetic (EM)

In order to guarantee on layout level high frequency
signal integrity, it is necessary to carry out full-wave EM

s

co-simulation with CST Microwave Studio. The physical
layout of the inductors, metal routing, bonding wires and
I/0 pads was laid out and back annotated with netlists
generated by Cadence. The EM effects were examined
and included parasitic capacitance, inductive coupling,
ground bounce, and impedance discontinuities at the
point of interface between LNA and mixer. The spreading
was utilized in the determination of optimizations in the
layout to overcome crosstalk, mismatch, and keep the
gains and bandwidth stabilized across the UWB spectrum.

Thermal Analysis

Since implantable biomedical systems are thermally
sensitive, thermal simulations were carried out under
the worst case scenarios of continuous operations. The
total power dissipation of the front-end comprising all
analog components and the biasing circuity was modeled
together with biological tissue thermal patterns around.
Figure 4 Results showed that there was a maximum rise
in the junction temperature of less than 0.30 C which is
well below the bio safety limits set by the IEEE standards
as well as the FDA (Food and drug administration)
requirements on implant predictable medical devices.
This affirms the design with regard to the long-term
thermal safety.

This extensive simulation and co-design process enabled
a step-by-step optimization process to achieve a
worthwhile compromise between gain, noise, power,

Circuit-Level Simulation
Cadence Spectre
S11, 821, NF IP3

—

A4
Behavioral Modeling
MATLAB
Neural signal proccs SNR

v
EM Co-Simulatiion

Layout parasetics CST
corstralk, impedancece

Design Refinement

v
Thermal Analysis

Temperature rise modeling
with tissue interface

s

Design Refinement

Fig. 4: Multi-Domain Simulation and Co-Design
Workflow of the Proposed UWB RF Front-End
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spectral integrity and safety and hence make the
proposed UWB RF front-end fully capable of addressing
the stringent requirements of low-latencies and
high-fidelities required in acquiring brain signals in
contemporary neuroprosthetic systems.

EXPERIMENTAL SETUP

To confirm the functionality and performance of
proposed ultra-wideband (UWB) RF front-end at realistic
biomedical signal acquisition conditions, an ensuing
exhaustive experimental environment was devised.
The initial step in this configuration was the simulation
of the phantom signal of the brain where local field
potentials (LFP) data of earlier records were employed
to imitate the pattern of movements of brain signals.
These LFP signals were initially recorded in-vivo with
microelectrode recordings and the signals were stored as
digital files and later used in real-time by replaying the
files with the use of a high fidelity arbitrary waveform
generator (AWG). The signal generator was set up with
the waveforms required to produce the LFP (adjusting
the amplitude to realistic levels (50-500 mV)) in order
to simulate conditions related to iEEG or ECoG. The
AWG output drove the input of the constructed RF front-
end circuit directly. Modulated neural signals, shown in
Figure 5 after signal conditioning and up-conversion,
were transmitted wirelessly, over a short-range UWB
connection, to a receiving module which represented
the implant-to-external link of a typical neuroprosthetic
system. The signal was demodulated on the receiver and
the baseband neural information was re-constructed so
that the signal integrity of the front-end and transmission
fidelity could be nevertheless assessed end-to-end.

Fabricated
UWB RF- SNR
Front-End
BER
Fabricated UWB _ In-situ
UWB RF Wireless Receiver packet loss
Front-End Transmission

and reception

Fig. 5: Experimental Setup for Validating the UWB RF
Front-End Using Phantom Brain Signal Emulation

During the second stage, the results of the performance
of the system will be measured based on a set of
established evaluation metrics. Signal-to-noise ratio
(SNR) was measured by taking root mean square (RMS)
power of the original neural waveform and comparing
it to the noise floor at the output of the receiver giving
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information on the noise performance of the RF chain
as a whole. It was determined that the transmission
reliability of digital payloads embedded into the signal
stream could be evaluated by calculating the bit error
rate (BER). Spectral compliance and bandwidth used
were verified by carrying out a measurement of the power
spectral density (PSD) of received signals using a real-
time spectrum analyzer. As well, on-the-fly packet loss
was measured in moving scenarios in order to determine
reliability of the wireless channel against motion-based
fading and multipath interference. This end-to-end
experimental approach helped verify both the analog
signal integrity and the digital channel robustness, and
it could be concluded that the offered UWB front-end is
capable of the closed-loop neuroprosthesis application
involving the real-time acquisition of brain signals.

RESULTS AND DISCUSSION

The experimental testing of the offered ultra-wideband
(UWB) RF front-end showed that its performance attains
substantial improvements on key parameters over
traditional narrowband telemetry systems. Such drastic
change in signal-to-noise ratio (SNR) was one of the most
evident results. The system recorded an improvement
in the average SNR of about 8.2 dB as compared to a
basic non-UWB wireless system. The corresponding
improvement is due to combination of low-noise
amplifier (LNA) with Figure 6 a noise figure of ~1.2 dB,
high-Q filtering, and strong frequency down-conversion
utilising low-phase-noise local oscillator (LO). The out-
of-band interference was effectively suppressed and
the integrity of the microvolt-level neural signals across
0.1to 6 GHz was accomplished. The SNR of the higher
importance is directly related to the quality of the signal
reconstruction and spike/event detection performance
in real-time brain machine interface (BMI) systems,
which is guaranteed to keep fine-grain neural activity
apparent in electromagnetically noisy conditions.

BER Robustness

Thermal Safety

SNR Improvement

Power Efficiency

Low Latency

Fig. 6: Relative Contribution of Key Performance
Metrics in UWB RF Front-End Design

The other major parameter of the system is whether it
is fulfiling latency requirements that rule closed-loop
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Table 4. Performance Evaluation of the Proposed UWB RF Front-End for Neuroprosthetic Applications

Performance Metric Measured Value

Implication

SNR Improvement 8.2 dB (= from baseline)

High signal fidelity in noisy environments

Latency <10 ps Real-time closed-loop neural decoding supported
Bit Error Rate (BER) < 10o6 Reliable data under movement-induced fading
Power Consumption ~2.3 mW Suitable for battery-powered implants

Thermal Impact <0.3°C Safe for long-term implantation

neuromodulation. The front-end exhibited an end-to-
end latency of less than 10 microseconds well below the
latency requirement of the applications it may serve
e.g. motor intention decoding, seizure detection or
adaptive deep brain stimulation (DBS). This was realized
by optimizing the RF and ADC interfacing, minimum
buffering, and compact signal processing in the digital
domain. Moreover, the system exhibited a BER of less
than 10_6 even under simulated mobility conditions
which involved the head moving at speed of up to 1m/s.
This results of the BER will certify the strength of the
UWB telemetry hook up against dynamic potential in
case of Doppler shifts and multihop reflections that can
spoil communication capability. These findings indicate
the adequacy of the suggested RF front-end in wearable
or implantable devices under real-world, ambulatory
conditions.

Finally, the thermal analysis and safety had to be assessed
so that the possibility of continuous implantation could
be considered. The full RF front-end (LNA, mixer, PLL,
and ADC) could operate continuously without any adverse
effects to the junction temperature, which increased by
<0.3 C using an on-chip temperature sensor. This was
confirmed by simulation and thermal camera when it
was tested at the benchtop. The outcome is below the
suggested limits set by IEEE and the FDA concerning
implantable biomedical products, and it shows that
the proposed system does not present any harmful
thermal effects to the surrounding neural tissue. With a
combination of this low power consumption of ~2.3 mW,
the front-end provides a high level of energy efficiency,
which is suitable to be implanted chronically in the
batteries-limited setting. The last column of Table 4
demonstrates that, overall, the UWB RF front-end can
provide the optimal coupling between signal quality, low
latency, and thermal safety as well as wireless reliability
which is key features of next-generation neuroprosthetic
and brain-computer interface systems.

CONCLUSION

This article shows the effective modeled design,
engineering and testing of a small ultra-low-power
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ultra-wideband (UWB) RF front-end that will be part
of focused neuroprosthetic systems actively used
to measure the brains in real-time. The proposed
architecture that consists of a passive mixer designed
with a low-phase-noise local oscillator and a high-
speed analog-to-digital converter in combination with
high fidelity components like a low-noise amplifier
(LNA) and high selectivity bandpass filter enables
wideband operation in the spectrum of 0.1 to 6 GHz.
Comprehensive simulations and the hardware validation
further verify that the front-end supports all of these
strict design requirements, one of which is the noise
figure of less than 1.2 dB and end-to-end latency of
less than 10 microseconds and another one is wireless
transmission robustness with a bit error rate below 10 to
the power of minus 6 that even applies to the mobility
scenario. Furthermore, thermal simulations indicate
that the system is well within safe thermal parameters
in terms of chronic implantation (with a maximum
temperature increase being less than 0.3 o C and the
total power consumption being less than 2.5 mW). These
findings combined convey the appropriate nature of the
proposed RF front end toward achieving high-resolution,
real-time neural telemetry with brain-machine interface
(BMI) applications and in-loop neuromodulation systems.
In the future, in-vivo testing will be conducted to ensure
long-term biocompatibility and stability and also to
bridge adaptive neural feedback mechanisms with the
responsive therapeutic intervention through mix-and-
match interface technology.
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