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Abstract—Many neuroscience experiments with animal
subjects require free motion of the animal within a metal cage
environment. In such cage environments, wireless communication
with implanted devices, e.g., neural recording and stimulation
is particularly challenging because the metal cage walls form a
reverberant cavity with dense multipath. In the case of backscat-
ter communication with the implanted device, the multipath
challenge is particularly acute because of the round-trip nature of
the backscatter channel. This paper demonstrates the reverberant
cavity effect via measurement of the channel transfer function
inside a metal cage used for nonhuman primate research in
the 902-928 MHz ultrahigh-frequency industrial, scientific, and
medical band. A reduced-size ceramic patch antenna developed
for the Neurochip neural recording and stimulation device was
affixed to a saline tissue proxy, while a commercial air-dielectric
patch antenna was affixed to the ceiling of the cage. A measured
3 dB channel bandwidth greater than 6.5 MHz with a port-
to-port insertion loss between 14 and 37 dB was achieved at
126 surveyed locations within the cage volume. A 6.25 Mb/s
backscatter data uplink using a differential quadrature phase
shift keying constellation was successfully validated inside the
cage, with effectively 0% packet error rate for all but two of
the surveyed locations. The simulation and experimental results
show good agreement and reveal that wideband backscatter
communication systems can perform well despite the significant
multipath inside the reverberant cage environment.

Index Terms— Backscatter communication, implanted biomed-
ical devices, neural recording, reverberant cavity.

I. INTRODUCTION
HE advent of electrophysiological recording of sin-
gle cortical neurons in awake monkeys [1] enabled
new understanding of neuronal control of muscular move-
ment. Building on these insights, neuroscientists have been
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Fig. 1. Overview of the NC3 Assembly. (a) Stack up of the components inside
the titanium (Ti) enclosure and the Teflon cap. (b) BCI Antenna configuration
showing the ceramic patch, ground plane, FR-4 substrate, and the coax feed.

able to relate neuronal firing rates to various movement
parameters [2]-[5]. Traditionally, the relationship between
neuron firing and physical behavior has been studied by
artificially constraining the movement of a nonhuman pri-
mate (NHP) subject. Systematic control of the test envi-
ronment reduces noise in neural recordings, enables precise
measurement of the behavioral tasks, and prevents injury to
the animal and damage to the wired equipment. However,
stereotyped motion in these constrained experiments has been
found to produce potentially misleading correlations between
movement parameters [2]. To develop an unbiased understand-
ing of the relationship between neural activity and movement,
neural recording in free-moving animals is required.

The ability to accurately measure extracellular activity
of individual neurons and neural ensembles has led to
the development of neural prosthetics referred to as brain
computer interfaces (BCIs). To enable fundamental neuro-
science research in, e.g., induced neural plasticity in freely
behaving animals, BCIs must be able to wirelessly stream
neural recordings from multiple channels for multiple days
in an unconstrained environment, such as the animal’s home
cage [6]-[9]. Conventional wireless standards such as Blue-
tooth Low Energy and Wi-Fi have undesirably high power con-
sumption, which leads to poor battery life and the potential for
tissue heating due to the combination of dc power dissipation
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and high specific absorption rates (SARs) [10], [11]. Energy
efficient, high-data-rate wireless data uplinks using backscatter
could enable an external, nonpower-constrained computing
device to analyze the recorded neural activity. For the case
of bidirectional BCIs, such an external device could also
determine an appropriate stimulation response using complex
signal processing and/or machine learning approaches that are
infeasible on a size- and power-constrained implanted device.

Unlike conventional radios, backscatter-based uplinks do
not require power-hungry active RF amplifiers and oscilla-
tors to generate a communication carrier wave (CW). The
CW is instead provided by an external transceiver having
access to ample power. The backscatter-based device applies
a time-varying impedance to its antenna, which modulates the
amplitude and phase of the incident CW. The modulated signal
is then scattered by the device’s antenna. The backscatter
modality allows for small-form factor systems with high data
rates (>96 Mb/s) [12] at orders of magnitude less power
consumption compared to Bluetooth Low Energy and Wi-Fi
(IEEE 802.11n) [13]. Ultrawideband (UWB) [14] is a viable
alternative to backscatter communication, but we feel that
backscatter communication is an attractive choice for BCIs
(from our perspective) due to its simplicity and lower power
consumption compared with UWB and other alternatives.

The key tradeoff with backscatter is a less favorable link
budget than conventional radios, because the communication
CW must travel a round-trip path from the external system to
the backscatter device and back to the external system. As a
result, in free space, the received signal power is proportional
to the inverse fourth power of distance [15]. This becomes
problematic in locations with dense multipath fading, such
as metal cages, where the metal walls form a reverberating
cavity in which electromagnetic (EM) waves bounce back
and forth. This phenomenon results in many deep nulls in
the communication channel, which impair the backscattered
signal. To design robust backscatter-based devices for BCI
applications in freely moving NHPs, it is, therefore, necessary
to understand the channel transfer function within the animal’s
home cage.

While there is extensive literature on characterizing mul-
tipath channels in urban and indoor office environments, to
the best of our knowledge, this is the first characterization of
the channel transfer function for the 902-928 MHz ultrahigh
frequency (UHF) industrial, scientific, and medical (ISM) band
inside of a metal primate cage. Furthermore, we demonstrate
that backscatter communication systems can perform well
inside of a metal primate cage despite the significant multipath
inside the reverberant cage environment. We present EM
simulation and test results of a 923 MHz ISM band wireless
differential quadrature phase-shift keying (DQPSK) backscat-
ter data uplink system designed for the Neurochip 3 (NC3)
BCI system, the successor to the Neurochip 2 system [6],
operating within an NHP cage. Moreover, we developed a
comms board for the NC3, which provides real-time wireless
backscatter data transfer capabilities. Together, the comms
board, the antenna, a 13 Wh battery pack, and the NC3 com-
pose the assembly (hereby referred to as the NC3 assembly)
that is depicted in Fig. 1(a). The NC3 assembly is designed
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Fig. 2. (a) Block diagram and (b) photograph of the test setup used to
characterize the wireless channel of the NHP cage.

to fit inside a titanium (Ti) tube, sealed with a Teflon cap, and
fabricated to be mounted on the top of the skull of an NHP.

Section II presents the EM analysis and antenna design
used for the system. Methods and results are presented for
both the simulations and experiments performed inside the
NHP cage using a saline tissue proxy to represent the NHP.
Section IIT presents the architecture and design of the com-
munication system, as well as testing of the system within the
cage. Section IV provides conclusions from the results and a
discussion of potential future work.

II. ANTENNA DESIGN AND EM ANALYSIS

In this paper, simulation and validation environments were
arranged to mimic BCI experiments in a typical NHP cage
similar to the one depicted in Fig. 2. Within the cage, two
antennas were used in a monostatic backscatter configuration:
a cage antenna affixed to the top wall of the lower chamber
and a BCI antenna integrated into the NC3 assembly placed
on the top of a tissue proxy or phantom consisting of a plastic
container filled with tissue equivalent saline water.

A commercial antenna was chosen for the external (cage-
mounted) side, whereas a semicustom BCI antenna was
designed to fit inside the NC3 assembly’s Teflon cap using a
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Fig. 3. Simulated frequency-domain surface current at 923 MHz showing
maximum surface current along the patch antenna and minimum around the
Ti enclosure.

commercial ceramic patch element. The NC3 electronics are
contained in an 8.5 cm long, 6.3 cm outer diameter Ti tube.
The Ti tube has an inner diameter of 6.1 cm, whereas the
Teflon cap has an inner diameter of 5.6 cm, an outer diameter
of 6.3 cm, and a length of 3.7 cm.

A. Antenna Design

1) Cage Antenna: The cage antenna used in the experi-
ments was a Laird Technologies S9028PCR right-hand cir-
cularly polarized, air-dielectric patch antenna whose —10 dB
bandwidth is 902-928 MHz. The reported antenna gain is
8 dBic with a 70° beamwidth, and its overall dimensions
with its plastic casing are 25.8 cm x 25.8 cm x 3.2 cm
(length x width xheight). Since freely moving animals may
stand in any orientation relative to the cage antenna, a cir-
cularly polarized antenna was chosen to reduce signal losses
from polarization mismatch.

2) BCI Antenna: The BCI antenna PCB shown in Fig. 1(b)
is a two-layer board designed on a 1.6 mm thick FR-4
substrate with an outer diameter of 5.5 cm. The copper
thickness is 30 um. The top side of the BCI antenna
PCB contains a centered, circularly shaped ground plane
of 1.5 cm radius, which is bonded to the ground plane of
an Abracon APAE915R2540ABDBI-T ceramic patch antenna.
The antenna dimensions are 2.5 cm x 2.5 cm x 0.4 cm
(Iength x width x height). The bottom side of the PCB is
utilized to connect a balun and a ultra-miniature connector
coaxial connector. The ceramic patch architecture was chosen
because of the good tradeoff between its size and realized gain.

B. Simulation Results

The performance of the BCI antenna was evaluated using
the finite-element method solver built into CST Microwave
Studio [16]. The simulations were performed with the BCI
antenna PCB placed within the Teflon cap and connected to
the Ti enclosure, similar to the experimental setup. Fig. 3
shows the frequency-domain simulation results of the surface
currents flowing through the antenna and the Ti enclosure.
It can be observed that the surface current is confined between
the patch’s top and bottom surfaces; much less current flows on
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Theta/Degree vs. dBi

Fig. 4. Simulated gain pattern at 923 MHz showing a realized gain
of —0.4 dBi on boresight.

the Ti enclosure. The simulation also suggests that the —10 dB
bandwidth of the antenna is approximately 1 MHz centered
at 923 MHz. The maximum realized gain of the antenna
is —0.4 dBi at the center frequency of 923 MHz (Fig. 4).

C. Experimental Setup

The NHP cage depicted in Fig. 1 was utilized for the
experiments. The cage is divided into two chambers (top and
bottom) by a horizontal metal grating. Measurements were
conducted in the lower chamber of the cage with dimensions
of 93 cm x 93.4 cm x 77 cm (height xwidth x length).
All the walls of the cage are made with a square metal mesh
with a mean gap of 2.5 cm. This gap is ten times smaller
than the shortest wavelength of 32.3 cm in the UHF band,
and therefore, it can be viewed as an impenetrable metal
wall for in-band signals. However, the cage is not a perfectly
enclosed EM cavity, because one of the vertical walls of the
cage contains a clear polycarbonate window with dimensions
of 60.7 cm x 23.4 cm (length x width), through which EM
waves may propagate. Finally, the cage contains a metal seat
for the NHPs with a width of 18 cm and a height of 15 cm.

A saline tissue phantom was used to simulate the body
of a male macaque monkey weighing 7 kg on average; this
species is frequently used in neural plasticity experiments [2].
The phantom consists of a plastic container with dimensions
of 41.8 cm x 27.8 cm x 16.5 cm (length x width x hfeight)
and contains 7 L of saline solution with 0.91 g sodium chlo-
ride (NaCl) per liter of distilled water [17]. The NC3 assembly
was placed on the top of the plastic container. The BCI antenna
was connected to port 1 of a Keysight FieldFox vector network
analyzer (VNA) with a coaxial cable, and the cage antenna was
connected to port 2 of the VNA with another coaxial cable.
We performed a two-port calibration of the coaxial cables and
VNA prior to measurement. To further mitigate cable effects,
we routed the cables away from the direct path between the
antennas and perpendicular to the antenna plane as much as
possible, routing the cable along the metal cage walls.

The antenna performance was measured at multiple loca-
tions within the cage. As shown in Fig. 2(a), we divided the
cage’s interior volume into three horizontal levels, labeled 1-3
from bottom to top, with a vertical spacing between Levels
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Fig. 5. Experimental results at Level 1 showing (a) heatmap and (b) histogram of usable bandwidth, and (c) heatmap and (d) histogram of maximum insertion

loss. In all heatmap images, darker colors indicate worse performance.
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Fig. 7. Experimental results at Level 3 showing (a) heatmap and (b) histogram of usable bandwidth, and (c) heatmap and (d) histogram of maximum insertion

loss. In all heatmap images, darker colors indicate worse performance.

of 20.3 cm. An RF-transparent Styrofoam block was utilized
to raise the tissue phantom height to Levels 2 and 3. These
levels were, in turn, subdivided into a 7.6 cm x 7.6 cm
square grid. All measurement positions were conducted in the
center of these squares. The edges of each space were labeled
from 1 to 7 and from A to G for the x-axis and the y-axis,
respectively. Thus, the center of the cage corresponds to
location D4. Levels 2 and 3 contain 49 measurement locations.
However, for Level 1, the experiments were performed from
rows A to G along the y-axis but only from columns 1 to 4
along the x-axis, due to the placement of the metal seat, giving
a total of 28 measurement locations.

D. Experimental Results

The BCI antenna performance was characterized in terms of
its 3 dB bandwidth (in megahertz), insertion loss (in decibels),
and orientation sensitivity. The bandwidth and the insertion
loss were measured at each different measurement location for

all three levels. Figs. 5-7 depict the aggregated results where
darker colors indicate smaller bandwidth or higher insertion
loss. The mean 3 dB bandwidth (which we considered to
be the “Usable” bandwidth) was found to be 6.56, 6.50, and
6.70 MHz for Levels 1, 2, and 3, respectively. The maximum
insertion loss inside the 3 dB bandwidth was measured at
27.6 dB, 28.7 dB, and 37 dB for Levels 1, 2 and 3, respectively.
It is important to note that, due to the cavity effects, the 3 dB
bandwidth across all 126 measurement location varies from
3.4 to 22 MHz, and the best case insertion loss and the worst
case insertion loss are 14 dB and 37 dB, respectively.

The insertion loss was found to be generally smaller
at the center of the cage and higher at the edges of the
cage due to multiple reflections from the edges. As shown
in Fig. 8, the reflection coefficient S1; (in decibels) of the
BCI antenna is better than —10 dB across the 921.5-924 MHz
band (2.5 MHz BW), while in seven of the nine test loca-
tions, the —10 dB bandwidth was around 921.5-928 MHz
(6.5 MHz BW).
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We also characterized the orientation sensitivity of the BCI
antenna relative to the cage antenna. The saline phantom
and the NC3 assembly were placed in the center of Level 2
(location D4) and rotated along their vertical Z-axis with a step
of 45° ranging from 0° to 330° and along an elevation angle
with a step of 30°, ranging from 0° to 90°. The results are
depicted in Fig. 9, showing a maximum orientation impair-
ment of 2.55 dB along the vertical Z-axis and a maximum
orientation impairment of 6.24 dB along the elevation angle.

E. SAR Simulation

Tissue heating induced by EM radiation is commonly
described by the SAR measured in Watts per kilogram (W/kg)
as can be calculated by the following equation:

2
SAR = l/7y <IEOF ., (1)

4 p
where y is the electrical conductivity, E is the rms electric
field, r is a position vector, p is the density of the sample,
and V is the volume of the sample.

The time-domain solver module built into CST was
employed to estimate the SAR on the tissue phantom. In the
simulation setup, the cage antenna was driven with a contin-
uous wave at 923 MHz with a power of 1 W (30 dBm). The
peak SAR for the saline phantom was simulated for locations
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D1, D4, and D7 at Level 2. The dielectric properties of saline
were calculated using the Debye first-order model at room
temperature [18]. To our knowledge, there is no established
SAR measurement procedure for NHPs nor established limits.
The SAR in a saline solution model can be considered as worst
case due to the higher conductivity of the saline versus NHP
tissue [19]. As shown in Fig. 10, the maximum calculated
value that was obtained is 0.6 W/kg averaged over 1 g of saline
mass. This is well below the regulatory limit of 1.6 W/kg for
human exposure that is imposed by the Federal Communica-
tions Commission (FCC) in the United States. We expect the
actual SAR to be ~20 dB smaller than the simulated values,
because for the actual experiments, a 10 dBm peak transmit
power was utilized.

FE. Discussion and System Design Implications

The experimental results shown in Figs. 5-7 clearly illus-
trate the dense multipath present inside the reverberant cavity
environment of the metal animal cage. It is clear from these
measurements that a system design assuming free-space prop-
agation is doomed to be unreliable in the cage environment due
to the deep nulls occurring only a few centimeters apart. In this
paper, we took a conservative approach to the backscatter
uplink design, by selecting a symbol rate of 3.125 MHz, which
would essentially always be supported by the available channel
bandwidth. On the basis of these experiments, we suggest that
more complex future systems incorporating real-time channel
equalization could achieve greater capacity but at the expense
of design complexity and increased dc power consumption.

From the perspective of NHP animal safety, the simulated
SAR values indicate that a carrier power of 10 dBm would
always be safe for continuous exposure of the NHP animal
subject, with a safety factor of more than 20 dB. Carrier power
of up to 30 dBm could potentially be safe for the NHP subject,
but more detailed simulation would be required to justify that
premise. For our purposes, the 10 dBm carrier power level
was sufficient to achieve the communication link quality goal
and is comfortably within safe limits for human exposure.

III. COMMUNICATION SYSTEM DESIGN

The existing NC3 brain—computer interface device employs
an Intan RHD2132 integrated circuit (IC) to amplify and
digitize the neural data and a field-programmable gate-array
(FPGA)-driven flash memory for recording. In the existing
NC3 system, the data are extracted postexperiment using an
infrared data link that can operate at a maximum range of only
a few centimeters. In order to telemeter the neural signals
from the NC3 in real time, over the entire NHP cage area,
we developed the following DQPSK backscatter-based data
uplink system.

The system design is depicted in Fig. 11. A PC connected to
a software-defined radio (SDR) generates a UHF CW carrier
that is amplified and transmitted inside the NHP cage via the
cage antenna. The CW carrier is backscattered from the BCI
antenna described above in Section II and connected to an
FPGA-based communications board (hereby referred to as the
“comms board”). The backscattered signals are received by the
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SDR and demodulated in real time via a combination of GNU
Radio and MATLAB code. An RF interface block performs
the carrier amplification and self-jammer canceling functions
needed for the backscatter link. Section III-A-D describes
these components in detail.

A. NC3 Assembly Design

As shown in Fig. 12, the data generated by the Intan IC
are collected by the on-board FPGA of the NC3 and sent
to an Altera MAX 10 FPGA on the comms board using
serial peripheral interface. There, the data are packetized and
encoded with a Hamming (16, 11) code (15 bits plus 1 parity
bit). The resulting packets are transmitted using DQPSK
backscatter modulation and include data from 16 channels
of the NC3 at a rate of 5 KHz. The packets are 1024 bits
long and consist of 64 words of 16 bits length including the
payload that includes a Barker code for start-of-frame (SOF)
synchronization, the device ID, and a packet counter. This
board consumes 198 mW at 3.3 V mainly due to the relatively
large and power-hungry FPGA.

B. DQPSK Backscatter Modulation

For this paper, we selected a DQPSK backscatter modula-
tion that is implemented using an Analog Devices ADG904 RF
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Fig. 13. (a) S11 measurements of the DQPSK backscatter modulator
for four different impedance states. (b) Symbol constellation recorded over
5000 symbol periods.

single-pole-quadruple-throw switch, connected to 4 carefully
chosen impedances that yield the four symbol states as
described in [20]. The DQPSK modulation was employed
because it can be implemented with small-form factor compo-
nents that consume less than 10 ¢'W and is twice as spectrally
efficient than a typical binary modulation. The differential
symbols facilitate the demodulation process by eliminating
the phase ambiguity created by device movement within the
reverberant cavity environment.

Fig. 13(a) depicts the measured Sy values across the UHF
ISM band, looking into the RF switch using a calibrated
VNA. One can observe that the reflection coefficients for the
four different switch states form a constellation on the Smith
chart, corresponding to the four different symbol phases of the
quadrature phase-shift keying (QPSK) signal [20].

To measure the error vector magnitude (EVM) of the
backscatter modulator, we collected 5000 symbols using the
receiver pipeline inside the NHP cage, in position D4, Level 1.
The symbols, which are depicted in Fig. 13(b), were compared
to an ideal QPSK constellation and an EVM of 9.7% was
calculated. The resulting EVM is primarily due to the toler-
ances of the passive components installed on the backscatter
modulator.

C. Software-Defined Radio Receiver

To receive the incoming backscattered DQPSK signals,
we expand the capabilities of the receiver that we developed
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in [21] to accommodate the higher order modulation (DQPSK
instead of binary phase shift keying).

The hardware components of the receiver include the Ettus
universal software radio peripheral (USRP) B210, a low-
cost ($1100) SDR. The USRP is used to generate the CW
carrier at 923 MHz that is backscattered by the NC3 assem-
bly. The USRP downconverts the backscattered signal to in-
phase/quadrature (I/Q) baseband and samples the baseband at
a rate of up to 50 MSamples/s. The sampled I/Q symbols are
sent to an Intel Core i7 PC having a 3.8 GHz clock rate and
16 GB of memory. This PC supports processing of 200 packets
at a time in real time using GNUradio and MATLAB software.

Fig. 14 depicts the receiver pipeline. A GNUradio flow-
graph implements symbol frequency synchronization, phase
alignment, and slicing of the incoming I/Q symbols from the
USRP. The resulting data are transferred to a MATLAB script
using a Linux pipe, where SOF synchronization is conducted,
using the Barker codes that are embedded in the backscattered
packets. Finally, deinterleaving and Hamming decoding are
performed to extract the corresponding neural data stream, and
the resulting waveform is plotted and saved to disk for further
analysis.

D. RF Interface and Self-Jammer Cancelation

One of the challenges of backscatter communication sys-
tems is the reception and demodulation of the backscattered
signals in the presence of a CW (a self-jammer) that is typi-
cally much stronger [22]. To address this challenge, numerous
approaches to isolate the transmit and receive paths have
previously been explored [23]-[25]. We determined, based on
the experimental results presented above, that the reverberant
cavity environment of the NHP cage makes a self-jammer
cancelation system essential to achieve good performance on
a backscatter uplink.
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Fig. 16. (a) VNA measurement of 6500 out of the possible ~16 million
states of the variable reflective load. (b) Achievable self-jammer cancelation
states. The red ring designates the boundary of this area.
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Fig. 17. (a) Measured insertion loss between the input- and output-coupled

ports of the coupler. (b) Measured received self-jammer carrier power as a
function of phase and attenuation of the reflection load.
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Fig. 18.  PER versus absolute received channel power and receive path
attenuation. The receiver exhibits a PER of less than 0.2% at an input
backscatter power of —86 dBm.

In this paper, we develop an RF interface that can amplify
the CW carrier by 25 dB and, most importantly, provide
self-jammer cancelation of up to 95 dB. Self-jammer can-
celation is extremely important for the receiver due to the
poor 1 dB compression point performance of the low-noise
amplifiers installed on the receive ports of the USRP. This
effect can occur on the USRP at a received carrier power of
as low as —70 dBm at the maximum receive gain setting. That
is not surprising since the USRP is a multipurpose device and
is not specifically designed for backscatter communication.

A block diagram of the RF interface is depicted in Fig. 15.
This interface implements self-jammer cancelation by ter-
minating the input-coupled port of a bidirectional coupler
with a variable reflection coefficient. A variable reflection
coefficient was implemented with a phase shifter and an atten-
uator connected in series and terminated with a short circuit.
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Fig. 19. PER measurements for different locations inside the NHP cage. (a)-(d) Measurements for Levels 1 and 2 indicate a PER of 0%. (e) and

(f) Measurements at Level 3 demonstrate that the deep nulls affect the receiver’s performance, as expected.

When the impedance at port 3 of the coupler is the con-
jugate of the cage antenna impedance, maximum isolation
is achieved [23]. In our case, the received carrier power is
measured using a sensitive power detector.

As shown in Fig. 15, our implementation employs a
voltage-variable phase shifter with 0-360° range connected
in series with a voltage-variable attenuator with 3-40 dB
attenuation range and terminated with a short-circuit. The
control voltages for both devices are generated by two digital-
to-analog converters (DACs) with a resolution of 12 bits. The
DACs are controlled by an Arduino Due platform through I?C
and amplified with a gain of 5x resulting in a control voltage
range of 0.7-15 V. The theoretical phase and attenuation
resolution using the 12 bit DACs is calculated to be 0.08°
and 0.006 dB, far exceeding the practical control requirement.
High resolution is critical for the circuit performance since it
enables tracking of the narrow-band phase/attenuation notch
that achieves the optimal isolation results.

Fig. 16(a) depicts 6500 out of the over 16 million possible
impedance states, and Fig. 16(b) depicts the corresponding
cage antenna impedance values that the circuit can be used
to cancel. The size of the occupied area is dependent on
the total insertion loss of the variable reflection coefficient
circuit, which was measured at 8§ dB. However, the cage
antenna that was utilized in this paper has a typical return
loss of 17 dB, so the available load impedance states are
sufficient for precise tuning.

Fine-tuning of the variable reflection coefficient circuit
to match the impedance of the cage antenna involves a
search [23] over a limited range of phase-attenuation pairs,
to minimize the received signal power. In our implementation,
a two-pass approach is used, where a quick search with coarse
resolution determines the phase and attenuation ranges. A sec-
ond, more refined search over the discovered range is used to
fine-tune to the optimal setting. This algorithm is executed by
the Arduino Due board and allows for the two-pass search
to be completed in less than 2 seconds. Finally, a faster and
more dynamic tuning is possible by continuously executing
the search over a small moving window of phase/attenuation
pairs.

E. Experimental Results

The receiver setup was tested both in a bench-top environ-
ment and in the NHP cage that is depicted in Fig. 1. The results

that are presented in this section validate that the system can
be used for future in vivo collection of neural data on an NHP.

1) Isolation Circuit Characterization: Using a VNA,
we measured the S-parameters between the output-coupled
port and the input of the directional coupler looking into the
CW amplifier. The NC3 assembly was placed at a distance
of 40 cm from the cage antenna inside the NHP cage. Subse-
quently, we tuned the isolation circuit for a carrier frequency
of 923 MHz and measured the insertion loss over the range
of 915-930 MHz. We also took the same measurement using
an untuned 50 Q load connected in the place of the variable
load for comparison. The results are presented in Fig. 17(a)
where an insertion loss of up to 65 dB can be observed,
representing an improvement of 55 dB compared to the
untuned case.

We also measured the received self-jammer power as a
function of the phase and attenuation of the reflective load
in the NHP cage. With a carrier power of 15 dBm, Fig. 17(b)
depicts the corresponding results where a deep and sharp null
of —80 dBm can be observed at a phase and attenuation
of —180.56° and —8.06 dB, respectively. This amounts to
a self-jammer cancelation (transmit minus received power)
of 95 dB, which validates the benchtop measurement and
allows for the use of the full receive gain range of the USRP.

2) DQPSK Receiver Chain Characterization: To character-
ize the receiver sensitivity, we used a connectorized setup,
introducing a variable attenuator to reduce the channel power
available to the receiver in 1 dB steps from 46 to 58 dB of
attenuation. This corresponds to an absolute channel power
range of —83 to —96 dBm. As shown in Fig. 18, the receiver
system exhibits a packet error rate (PER) of less than 0.2% at
an input backscatter channel power of —86 dBm and a PER
of 100% at an input backscatter power of —97 dBm.

3) Link Budget Characterization: The round-trip link bud-
get for this system can be summarized as follows:

PR:PC+2X521+M_Scp (2)

where Pg is the received power at the cage-side antenna
in dBm, M is a modulation factor imposed by the
symbol-dependent change in modulator impedance as seen
by the NC3 antenna (akin to the free-space differential radar
cross section), S¢p denotes the losses involved in the RF
interface due to the coupler and cabling, and Pc denotes
the CW power from the cage antenna. In our case, we used
the two impedances that correspond to the smallest symbol
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distance and calculated M = —23.9 dB. The measured losses
of the RF interface indicate an Sc, = 12 dB. Based on
these calculations and the measured sensitivity of the receiver
system, any insertion loss higher than 30 dB will result in a
100% PER.

4) PER Measurements in the NHP Cage: Finally, we con-
ducted PER measurements inside the NHP cage to evaluate
the end-to-end performance of the system throughout the
entire cage volume. For this wireless setup, the USRP was
programed to output a 923 MHz carrier yielding a power of
Pc = 10 dBm at the output of the coupler. Subsequently,
a total of 10* packets were collected for each position after the
automated self-jammer cancelation tuning completed. Fig. 19
depicts the collected data. It can be observed that a reliable
link can be established in all but one corner location (Level 3,
position Al). The high PER at this position is due to a deep
null in the channel with an insertion loss of 33 dB, as shown
in Fig. 7. As expected from the return link budget, the link
margin is inadequate in this location. To mitigate the adverse
effect of the deep nulls, the transmit power could be adaptively
increased when a nonzero PER is detected, or the data rate
could be adaptively varied to accommodate reduced signal-to-
noise ratio.

IV. CONCLUSION

This paper presents a DQPSK backscatter-based UHF wire-
less data uplink system for a BCI device to be used with
NHP subjects. The goal of this paper is to enable real-time
data uplink from neuroscience experiments in freely behaving
animals. The reverberant cavity EM environment of the NHP
cage was modeled using full-wave simulation software and
measured data are presented. Measurements with a saline
tissue proxy at 126 surveyed locations inside an actual NHP
cage indicated a typical 3 dB bandwidth of 6.56 MHz and an
insertion loss of 27.6-37 dB.

Based on these measurements, a UHF-band, DQPSK mono-
static backscatter data uplink was successfully designed and
validated inside the cage, exhibiting 0% PER for all but two
of the measurement locations at a symbol rate of 3.125 MHz
(i.e., a bit rate of 6.25 Mb/s). This result demonstrates that,
even in the harsh reverberant cavity environment of an NHP
animal cage, a wideband backscatter uplink is a practical
choice for data uplink from BCI systems.

Our measurements suggest that, with channel equalization,
a more complex backscatter data uplink system could yield
much higher data rates, albeit at an increase in system power
consumption and complexity. The future work with this system
includes in vivo testing of the complete setup with NHP
subjects in order to evaluate the system in the intended
neuroscience research context.
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