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Abstract — Remote sensing of lactate is important in
both healthcare settings and monitoring athlete’s perfor-
mance. Many approaches for noninvasive remote sens-
ing of lactate use on-body resonator circuits that measure
changes in S-parameters to determine lactate concentra-
tion. However, due to their large size, most commercial
vector network analyzers (VNAs) are impractical for
taking on-body measurements of moving participants.
This paper presents an approach that uses smaller, hob-
byist, VNAs to create practical on-body measurement
systems.

Index Terms -  Bluetooth, lactate, MATLAB,
NanoVNA, noninvasive sensing, python, VNA, wireless
communication.

I. INTRODUCTION

Lactate monitoring within the human body can pro-
vide doctors, athletic trainers, and other health profes-
sionals with important information about their patients.
This might include monitoring patients who have been
in low oxygen situations or monitoring the exhaustion
of athletes. Currently, many techniques for measuring
lactate concentration require invasive procedures, such
as pricking a finger to draw blood. There has been
considerable development in noninvasive methods to
measure lactate concentration, which often measure
sweat, saliva, or tears; however, these methods often
require characterization of these samples from external
testing devices [1].

Recently, there has been additional development in
RF and microwave-based devices examining whether
the dielectric properties of lactate can be used with non-
invasive, on-body sensors to detect lactate concentration
[2-5]. Often, these devices use resonators or similar
circuitry and detect shifts in reflection and transmission
coefficients over various frequencies to determine the
concentration of lactate. While some approaches use
transmission responses for characterization [2], these
microwave circuits are often connected to vector net-
work analyzers (VNAs) [3-5].
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Current VNAs are often very large with respect
to on-body sensors that require the measurement of S-
parameters. Although some handheld VNAs do exist,
such as the Keysight FieldFox [6], they are often
still impractical for on-body measurements. However,
within the past 4 years, hobbyist VNAs, such as the
NanoVNA [7] and NanoVNA v2 by NanoRFE [8] have
become widely available and provide relatively small
footprints (though at the cost of measurement accuracy)
that can be attached to a person for remote lactate
sensing.

This paper explores the NanoVNA-H and
NanoVNA v2 hardware as potential measurement
devices for noninvasive lactate sensors.

II. NANOVNA HARDWARE

A. NanoVNA-H

The NanoVNA-H is a compact device that boasts a
variety of hardware capabilities and interfaces designed
to cater to a broad spectrum of RF measurement needs.
It includes two ports, labeled Port 1 and Port 2, and
is capable of measuring S1; and S;. The NanoVNA-
H is equipped with a simple user interface, consisting
of a touchscreen display that can be detached to render
the device more compact, enhancing portability for field
use or in testing environments where physical cables
are impractical or hazardous. Additional specifications
of the NanoVNA-H may be found in Table 1 [7, 9].

Table 1: NanoVNA-H characteristics

Frequency Range 50 kHz to 900 MHz
Frequency Resolution 100 Hz

Noise Floor -40 dB

Max Sweep Points 1024

Interface micro-USB, hardware UART

Moreover, NanoVNA-H hardware is designed to
interface seamlessly with numerous software and plat-
forms. One of the key interfaces is the UART (Uni-
versal Asynchronous Receiver/Transmitter), a hardware
communication protocol that facilitates serial commu-
nication between devices [10]. This interface allows
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the NanoVNA-H to communicate over Bluetooth with
modules like the HC-05, enabling wireless connectiv-
ity. The Bluetooth module connects to the VNA via
jumper wires attached to the VCC, Tx and Rx pins,
and GND. The Tx and Rx pins enable bidirectional
communication, allowing commands to be sent and data
to be received over UART. This wireless capability not
only extends the device’s usability in different settings
but also facilitates real-time data transfer to laptops
or smartphones, eliminating the limitations imposed by
cables.

B. NanoVNA v2

The NanoVNA v2 is an improved hobbyist VNA
created by NanoRFE, but it is not based on the original
NanoVNA-H design or derivatives [8]. Instead, it was
designed to be more performant than previous hard-
ware and was not designed to be compatible with the
NanoVNA-H.

The NanoVNA v2 is a two-port network analyzer,
capable of measuring S;; and Sj;. The authors used a
NanoVNA v2 (see Table 2) [11].

Table 2: NanoVNA v2 characteristics

Frequency Range 50 kHz to 3 GHz

Frequency Resolution 10 kHz

Noise Floor —40dB

Max Sweep Points 1024-65536 (firmware & PC
dependent)

Interface micro-USB

The NanoVNA v2 will interface with a host com-
puter via USB and connects as a virtual serial port.
Binary commands can be issued to the device to set
sweep parameters or read data from the device [11].

III. WIRELESS COMMUNICATION
INTERFACE WITH NANOVNA-H

The NanoVNA-H, while a compact and capable
device for RF measurements, typically requires a direct
USB connection for data interfacing, which limits its
applicability for dynamic and remote sensing applica-
tions. This section presents the integration of an HC-
05 wireless communication module, to enable remote
operation and data acquisition from the NanoVNA-H.

The HC-05 module was selected for its ubiquity,
ease of use, and sufficient data rate to transmit S-
parameters effectively. Interfacing the module required
firmware modifications to the NanoVNA-H, which were
implemented following the support provided by Dave-
Lapp [12]. The firmware release leverages the UART1
port for wireless data transmission when USB is not
active.
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A. Bluetooth module configuration

The HC-05 Bluetooth module was initially con-
figured with AT commands to set the device name
and baud rate, ensuring seamless communication with
the NanoVNA-H. These configurations were critical
for establishing a reliable link and compatibility with
various operating systems and host devices.

B. Hardware configuration

The interfacing between the NanoVNA-H and the
Bluetooth module involved connecting the Tx and
Rx pins to the corresponding UART pads on the
NanoVNA’s printed circuit board (PCB). This hardware
setup facilitated a virtual serial port over Bluetooth,
allowing for the wireless transmission of measurement
data. The UART connections are shown in Fig. 1. The
device under test (DUT) was attached to Port 1 of the
VNA so that it can be measured. This is shown in Figs. 1
and 2.

BRRRRREER  «o

Vee  «
HC-08 GND

TXD

RXD &

TENNNEEEN  sue =

Fig. 1. UART interface pin connections between HC-05
Bluetooth module and NanoVNA-H.

Fig. 2. NanoVNA attached to HC-05 Bluetooth module
via UART connections and a sensor antenna.



C. Software configuration

To capture and visualize the data wirelessly trans-
mitted by the NanoVNA-H, a MATLAB script was
developed and is listed in [13]. This script interfaces with
the Bluetooth module to receive data, applies necessary
calibrations, and plots the S-parameters for real-time
analysis. The use of MATLAB provided robust data
manipulation and visualization capabilities, essential for
interpreting the RF characteristics related to lactate con-
centration.

A Python library was also developed to interface
the NanoVNA-H to a host computer, allowing devices
without MATLAB to perform the same functions [13].
It allows users to control the NanoVNA, acquire S-
parameters data, and process this data for RF analysis.

D. Measurement saving and transfer

The wireless communication setup was tested in
various scenarios to ensure stability and accuracy. The
tests would involve remote monitoring of lactate con-
centrations using resonator circuits attached to the
human body. Figure 3 represents an example resonator
used to take microfluidic lactate samples. The wireless
NanoVNA-H proved to be a valuable tool for dynamic
testing environments where conventional VNAs are
unsuitable due to size and the necessity of a physical
connection.

Fig. 3. Finger resonator setup used for microfluidic
measurements that mimic lactate concentrations.

In this experiment, the NanoVNA-H was connected
via Bluetooth to a computer running the NanoVNA
Saver application, which is available as an open-
source application on GitHub [14]. This setup allowed
for convenient and wireless data acquisition from the
NanoVNA-H, streamlining the measurement process
and enhancing mobility. The control panel for the appli-
cation is shown in Fig. 4. The measurement results
downloaded from NanoVNA Saver are shown in Fig. 5.
The Smith chart, log magnitude, and other relevant plots
were generated in NanoVNA Saver, enabling detailed
examination of the DUT characteristics.

HORA, ELMILADI, ELSHERBENI, AAEN: TESTING AND REMOTE COMMUNICATION OF S-PARAMETERS FOR BIOMEDICAL APPLICATIONS

~Sweep control

Start 0Hz | Center 500MHz
Stop 1Ghz | Span 1GHz
Segments 10.00MHz/step
Sweep settings ...
100%
Sweep

-

Fig. 4. NanoVNA Saver sweep control interface.
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Fig. 5. Comparison of measured S-parameters from
CMT808U laboratory VNA (calibrated) and NanoVNA
(uncalibrated) for the sensor antenna shown in Fig. 2.

Shown in Fig. 5 are S-parameter measurements
for an on-body glucose-sensing antenna developed by
Ostrem, Kringlen, and Evanovich in free space [15].
For comparison, the same antenna is measured on a
CMT-808U laboratory VNA, calibrated on Port 1 using
an S2611 Calibration Kit. The antenna measurements
were initially taken in free space in the range 0-1 GHz,
providing baseline S-parameter data for comparison.

For this antenna, the NanoVNA-H measured the
resonance of the antenna around 430 MHz to an accu-
racy <1 MHz. The magnitude of the reflection coeffi-
cient is within 1 dB at the same measured frequency.
It should be noted that measurements taken on the
NanoVNA express a reflection coefficient >0 dB even
though the device measured is passive. This is because
the NanoVNA cannot transmit calibrated measurements
over UART. In applications where calibration is neces-
sary, measurements of a calibration kit may be taken by
a user prior to use and have calibration applied through
software after measurements are complete.
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IV. WIRELESS COMMUNICATION
INTERFACE WITH NANOVNA V2

Due to the hardware differences from the
NanoVNA-H, the NanoVNA v2 does not provide a
hardware UART port that can be used to interface the
NanoVNA directly to a computer via a USB-to-serial
bridge. Instead, the module can only connect via USB,
which establishes a virtual USB Communication Device
Class (CDC) serial port between the NanoVNA and its
host computer.

A. Hardware configuration

Hardware setup for the NanoVNA v2 is relatively
simple. The DUT is connected to Port 1 (and Port 2, if
applicable) via a coaxial cable as shown in Figs. 6 and 7.
The NanoVNA is then connected via USB to a host
computer. In this paper, the NanoVNA was connected to
a host laptop running Windows 10. A smaller, portable
device such as a Raspberry Pi may be used in lieu
of the laptop to allow all hardware to be attached to
a person, and standard communication protocols such
as WiFi or Bluetooth may be used to transfer data
wirelessly.

WiFi/
Bluetooth

Local PC
(e.g. Raspberry
)

Remote PC

Port 1

Port 2

Fig. 6. Connection diagram of NanoVNA v2 for remote
measurement.

B. Software configuration

Using the USB data interface specification from the
NanoRFE NanoVNA v2 Manual and example firmware
provided on the NanoVNA v2 GitHub repository [16],
a Python library was developed to simplify interfac-
ing of the NanoVNA v2 with a host computer [13].
This Python library uses the pySerial library for serial
interfacing so that the source code is compatible with
Windows, Linux, or MacOS.

Due to firmware limitations, some sweep settings of
the NanoVNA v2 may yield bad measurement results.
For example, it was found that the number of sweep
points must be a power of 2 if more than 256 samples are
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Fig. 7. Test configuration of the sensor antenna using
NanoVNA v2 and a host computer.

being requested from the NanoVNA. Otherwise, some
repeated data will be sent from the NanoVNA v2.

C. Measurement saving and transfer

Using the software developed to interface with the
NanoVNA v2, a sweep of Sy; of the attached antenna
was measured and plotted as shown in Fig. 7. The
developed software is also able to export the measured
parameters to a touchstone file, which may then be
imported into software such as MATLAB for further
analysis. Files can be retrieved from the host computer
to other remote computers using protocols like SCP or
SFTP. The same experiment using the sensor antenna
developed by Collin Kringlen was used to examine
the measurement accuracy of the NanoVNA v2 when
connected remotely.

When examining the major resonance of the
antenna at 2.1 GHz, the NanoVNA has a measurement
accuracy of within 10 MHz. It does not, however, mea-
sure the magnitude of the S-parameters well, displaying
over 5 dB of difference when compared to the NanoVNA
v2. This is an expected tradeoff given the price of the
NanoVNA v2 compared to a professional VNA, though
application where only a shift in resonant frequency is
examined could greatly benefit from the size reduction in
measurement hardware. This setup also suffers from the
same calibration issues where it may report a reflection
coefficient >0 dB for a passive device, though software
libraries such as scikit-rf may be used to measure a
calibration kit and apply the calibration to the measured
data [17].
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Fig. 8. S;; plot of measured antenna on NanoVNA
v2 (uncalibrated) against Copper Mountain CMT808U
(calibrated).

V. DISCUSSION

This paper proposes a simple system for mak-
ing noninvasive on-body measurements of S-parameters
with small-footprint, low-cost VNA technology. How-
ever, there are potential areas where the software devel-
oped can be further improved.

First, it should be noted that direct readings from
the NanoVNA v2 do not reflect any calibration applied
to the device, so calibration needs to be applied in the
software on the host computer. This is evident in Fig. 8
where S;; > 0 dB at some points. Calibration can be
done using a library such as scikit-rf [17] or by custom
implementation, though it has yet to be implemented in
the currently developed Python codebase.

The developed software may also be imported as a
class into other Python modules, which can allow users
to develop real-time streaming of S-parameters or data
analysis. If good models are created that relate a shift in
Si1 or Sy; to lactate concentrations, this would enable
real-time on-body lactate monitoring.

VI. CONCLUSIONS

The integration of microwave sensor technology
with wireless data interfaces in the NanoVNA-H and
NanoVNA v2 paves the way for a new era in biomed-
ical sensing. This research not only contributes to the
field of biomedical engineering but also sets a prece-
dent for future innovations in portable measurement
technologies.

Through the use of a NanoVNA, this study has
demonstrated the feasibility of remote lactate sens-
ing, which has significant implications for health-
care and athletic performance monitoring. The suc-
cessful interfacing of the NanoVNA-H with Blue-
tooth communication modules and the development
of accompanying software in MATLAB and Python
highlights the potential for creating a user-friendly,
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cost-effective, and portable solution for real-time lactate
monitoring. Although an additional single-board com-
puter or similar device is needed to enable similar func-
tionality on the NanoVNA v2, the ability to wirelessly
interface with it provides additional opportunities that
the NanoVNA does not provide, especially enabling
measurement of S-parameters in the 900 MHz to 3 GHz
range.
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