Functional neuroimaging using UWB impulse radar:
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Abstract—Microwave imaging is a promising new modality
for studying brain function. In the current paper we assess the
feasibility of using a single chip implementation of an ultra-
wideband impulse radar for developing a portable and low-cost
functional neuroimaging device. A numerical model is used to
predict the level of attenuation that will occur when detecting
a volume of blood in the cerebral cortex. A phantom liquid is
made, to study the radar’s performance at different attenuation
levels. Although the radar is currently capable of detecting a
point reflector in a phantom liquid with submillimeter accuracy
and high temporal resolution, object detection at the desired level
of attenuation remains a challenge.

I. INTRODUCTION

Our ability to study brain function non-invasivively is
paramount for diagnosis and treatment of a large number
of neurological disorders. Current techniques commonly used
for functional neuroimaging (fMRI, PET, SPECT, EEG and
MEQG), are accompanied by either high costs, poor spatial
or temporal resolution or require the injection of radioactive
isotopes in the blood stream. These limitations often make the
existing technologies less desirable for research applications.
New neuroimaging methods that are cheaper, mobile and offer
higher spatial and temporal resolution are therefore required.

A newly emerging technique that has lately received a lot of
attention in the biomedical field, is active microwave imaging.
Electromagnetic (EM) waves in the microwave frequency band
are non-ionizing and have tissue-penetrating abilities, making
them highly suitable for diagnostic applications. Microwave
imaging has been studied in both breast cancer detection [1],
[2] and stroke imaging [3]-[5]. A recent attempt to detect
bleeding stroke using microwave imaging has shown that EM
waves in the 857-1670 MHz band transmit through the head
and can be used to detect a volume of blood in the brain [5].
However, to perform functional neuroimaging, a high temporal
resolution is necessary to detect the fast changes in cerebral
haemodynamics. Regional cerebral blood flow and volume are
coupled to neural activation (called ‘neurovascular coupling’)
and are therefore an indicator of brain activity [6]. This feature
is exploited by fMRI scans and, because of the dielectric
contrast between blood and gray matter [7], could form the
basis for microwave functional neuroimaging.

Two approaches have dominated the field of microwave
imaging: microwave tomography and ultra-wideband (UWB)
radar. Microwave tomography attempts to reconstruct the di-
electric profile of the object of interest by solving the inverse
scattering problem from the measured scattering parameters. A
major disadvantage of the technique is the high complexity of
the algorithm that is required for reconstruction, as well as the
high scanning time, reducing temporal resolution. UWB radar

on the other hand, attempts to detect significant scatterers from
the time-of-flight (ToF) of reflected signals. Using beamform-
ing techniques, the source of the reflection can be located with
multiple antennas. As this method is computationally efficient
and robust, it is suitable to detect small and transient changes
over time.

UWB radar imaging is most often performed in the fre-
quency domain. Generally, a vector network analyzer (VNA)
is used as a stepped-frequency continuous wave radar. Even
though this technique is accurate and provides control over
the power at each frequency, it is time consuming. Multiple
seconds of scanning time per antenna make it impossible for a
multi-static antenna array to study fast physiological changes.
Impulse radio UWB (IR-UWB) radar addresses this issue by
operating in the time-domain. It emits short (subnanosecond)
radio pulses, and can be used for accurate ranging at a high
speed. The required high sampling rate leads to power hungry
and expensive equipment, but recently a company named Nov-
elda (Kviteseid, Norway) has developed a single CMOS chip
IR-UWB radar. A clockless, ‘continuous-time binary value’
design ensures a sampling rate of 40 GHz [8], while maintain-
ing low power consumption. The emitted EM pulses are higher
order derivatives of Gaussian pulses, occupying a bandwidth
of 2.5 GHz with an adjustable center frequency ranging from
4 to 9GHz. The energy of the emitted pulses is below the
noise floor (<41.3dB/MHz), in accordance with regulations
by the FCC. This makes the IR-UWB radar completely safe to
use for humans. The high speed and low power consumption
would make the Novelda radar particularly suitable for use
in a portable, low-cost, non-invasive functional neuroimaging
device.

The present work is as a feasibility study of using UWB
impulse radar for non-invasive measurement of neural activity.
This paper is organized as follows: In section II we will de-
scribe a numerical model of the brain to predict the attenuation
of EM energy. In section III we present experimental results
that demonstrate the capability of the Novelda impulse radar to
detect objects in a phantom fluid, and compare the attenuation
levels to the predicted attenuation.

II. NUMERICAL MODEL

When an EM wave is incident on the boundary between
two media with different impedances, a fraction of the energy
will be reflected and the remaining fraction will be transmitted.
The time of flight (ToF) of the reflected wave can be measured,
indicating the distance of the object that caused the reflection.
To assess the feasibility of detecting a volume of blood in
the brain using radar, a simple 1D attenuation model was
built. This numerical model was previously proposed [9] and



TABLE 1. LAYER THICKNESS FOR THE 1D ATTENUATION MODEL
Medium Thickness [mm] Medium Thickness [mm]
Air 10 CSF 3
Skin 2 Gray matter 4
Fat 2 Blood 1
Bone 7 Gray matter 3

validated [10] for UWB radar, and provides a useful tool to
predict the total attenuation due to path loss and the resulting
power of reflected EM waves.

A. Model description

The strength of the reflection of an EM wave impinging
on the boundary between two tissues depends on the dielectric
contrast between both tissues. For biological tissues, intrinsic
impedance 7 can be approximated by:
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where p, and ¢, are the relative permeability and permittivity
of the tissue, respectively, and 7, is the intrinsic impedance
of free space (= 377 Q). The dielectric properties of vari-
ous biological tissues across frequencies were approximated
with the Cole-Cole model, using parameters from [7]. When
assuming normal incidence, the expressions for intensity of
both the transmitted and reflected wave can be derived from
the equations for transmission and reflection coefficient [11].
Transmitted intensity 7' is expressed as a ratio of transmitted
and incident power, and reflected energy R as a ratio of

reflected and incident power:
T— & _ ™ 2n2 1o

— 2
Si M2 metm @

S, 2 — Mo
R=-""L— 3
Si (7724-771) ©)

where 7 is the intrinsic impedance of either medium 1 or 2 (as
obtained from equation 1) and R+ T equaling 1. The average
power density in a medium, as a function of the propagation
depth z is given by:

S(z) = Spe=2* 4)
with attenuation constant « given by:
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By combining equations 2, 3 and 4, the total attenuation of
a specific trajectory through a number of different media can
be calculated. For the application of functional neuroimaging,
we are interested in the reflection caused by a volume of blood
within the cerebral cortex. The trajectory therefore consists of
the following media: Air (the matching medium), skin, fat,
bone (estimated as 50% cortical and 50% cancellous bone),
cerebral spinal fluid (CSF), gray matter (GM) and blood. The
head was modeled as multiple layers of planar tissue, with
parameters as in table I (acquired from various sources). Total
attenuation was determined across a range of frequencies (0.1-
10 GHz). Special interest was taken in the attenuation at 4 GHz,
as this is currently the lowest possible center frequency of the
Novelda radar, and will be the operation mode in the phantom
experiment.

B. Model results

Attenuation was obtained for all direct trajectories and
plotted versus depth in Fig la. The trajectory of interest,
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Fig. 1. Attenuation of EM energy traveling through the head and reflecting

off a volume of blood in gray matter (GM). Attenuation is plotted versus depth
for all direct trajectories in la. Total attenuation is plotted versus frequency in
1b for three possible trajectories. The trajectory of interest, caused by a layer
of blood, is plotted in black.

which reflects off the blood layer, is plotted in black. A
total attenuation of -58.7dB was found at 4 GHz. Because
attenuation is frequency dependent, the total attenuation is
plotted versus frequency in Fig 1b, for the reflections caused by
CSF, GM and blood. The attenuation of the trajectory caused
by the blood layer is shown in black.

III. PHANTOM EXPERIMENT

To assess the performance of the impulse radar in a
controlled but simplified environment, a phantom experiment
was performed. This provides a simple way to test the radar’s
spatial resolution and signal-to-noise ratio (SNR) at certain
frame rates.

A. Experimental setup

A phantom tank was constructed from a standard plastic
storage box. A Perspex wall was placed within the box to cre-
ate a compartment size of approximately 200 x 310 x 160 mm,
which could be filled with a liquid phantom. The perspex wall
was locally thinned down to 1 mm, to reduce the distance of the
antenna to the phantom. A solid metal sphere (brass, 25 mm
diameter) was suspended into the phantom liquid and acted
as the object. A top mounted caliper was used for accurate
object positioning. Two experimental elliptic patch wideband
antennas, designed for body-coupling, were attached to the
thinned part of the phantom tank wall, at object height, and
connected to the Novelda radar. A Mini-Circuits ZX60-V63+
wideband amplifier was connected between the radar’s output
and transmitting antenna to provide approximately 18 dB gain.
The radar was connected to a pc via USB and controlled
through Matlab (The Mathworks, USA).

B. Liquid phantom material

A liquid phantom (based on recipes from [12]) was created
with dielectric properties similar to gray matter at a frequency
of 4 GHz. To decrease the permittivity of water, 37 parts (by
weight) sugar were dissolved in 63 parts water. Additionally, 1
part HEC (Merck Millipore, USA) was added to increase the
stability of the solution and 0.1 part Virkon (DuPont, USA)
to prevent bacterial and fungal growth. Dielectric properties



Fig. 2. Novelda UWB radar chip with wideband patch antennas
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Fig. 3. Dielectric properties (¢/ and o) of the constructed phantom liquid

(solid line) and gray matter tissue according to [7] (dashed line).

of the phantom liquid were measured using a VNA (Agilent
E8361A) and dielectric probe (Agilent 85070E) and are plotted
in Fig 3.

C. Protocol

A number of available radar settings control the trade-off
between SNR and the number of frames per second (fps). Data
was recorded at a frame rate of 2.6 fps. Emitted pulses had a
center frequency of 4 GHz and a bandwidth of 2.5 GHz. The
target object was moved away from the radar in steps of 1
mm, at each step a measurement was made. Data was acquired
at a target distance range of 10-25 mm. Target distance was
measured from the Perspex wall to the nearest point of the
target. In addition to the target measurements, two baseline
measurements were performed, without the target suspended
in the phantom liquid.

D. Data analysis

The Novelda radar consists of 256 parallel samplers with
a relative delay of approximately 25ps, corresponding to
a sampling frequency of 40 GHz. Reflections appear as a
delayed and attenuated versions of the emitted signal. The
resulting signal is a summation of all reflections, including
the direct (not backscattered) path. To illustrate, Fig 4 (top)
shows a typical baseline measurement. The direct path can be
distinguished as the large Gaussian-shaped waveform, present
between samples 0 and 70. When an object is placed at a
distance to the radar, a reflection is discernible, simulated in
Fig 4 (bottom) around sample number 200. The waveform
is similar to the direct path signal, but lower in power and
delayed. When considering the speed of EM wave propagation
in air (3x10% m/s), a sampling rate of 40 GHz, and the return
path of the signal, the object is estimated to be at a distance
of 0.75m. However, in reality sample number 1 does not
necessarily correspond to a distance of O m: the system needs
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Fig. 4. Tllustration of a typical baseline measurement showing the direct (not
backscattered) path (top) and a simulated measurement with a reflector placed
at a distance of approximately 0.75 m (bottom). Power was normalized.
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Fig. 5. Example of a recorded signal after baseline subtraction. Identification

of reflectors can be done by comparing peak delays between multiple target
distances. Power was normalized.

to be calibrated. In addition, the magnitude of the signal of
interest will be much smaller than the reflection simulated in
Fig 4, and is likely to coincide with the direct path signal due
to the short range of the target.

To discern between direct path and target reflection, a
baseline measurement was subtracted from all target measure-
ments. The velocity of EM wave propagation in a medium is
given by v = ¢/ Ve'. At 4GHz, the propagation speed in the
developed phantom liquid is 44 x 10% m/s. This translates to an
inter-sample distance of 0.56 mm, which gives our theoretical
spatial resolution. When comparing signals recorded at a 1
mm interval, a delay of approximately 2 samples should be
expected in the signal peaks. Because the absolute distance
of targets in relation to the delay was unknown, these delays
were sought for by visual inspection of the data.

E. Experimental results

After baseline subtraction, recorded signals showed a con-
sistent, low-amplitude waveform (example in Fig 5). Across
target distances, peaks were aligned, with the exception of a
small number of peaks at sample numbers corresponding to the
respective target distances. When comparing target distances
11, 12 and 13 mm, a clear delay of peaks (appearing around
sample number 80) was detected, as shown in Fig 6. The
observed delay of approximately 2 samples was as expected.
However, when detecting a target at a distance of 12 mm, total
attenuation is estimated at 30.4 dB, according to the numerical
model (using the geometry of the experimental setup). At target
distances of 21, 22 and 23 mm (estimated total attenuation at
22 mm: 52.6 dB), the delay of peaks is much less obvious (Fig
7). The observed peak delay appears around sample number
98, which is a delay of 18 samples relative to signals with a
10mm shorter target distance, as expected.

IV. DISCUSSION

Although the current method of reflection detection (by
visual inspection) is very primitive and soon to be replaced
by more advanced signal processing techniques, the first



0.5
0
-0.5

Power
=11 mm)

05
0
-0.5

Power
=12 mm)(d

0.5
0
-0.5

Power
=13 mm)(d

«d

70 75 80 85 0 95 100
Sample number

Fig. 6. Subset of samples of measurements with a target at 11 (top), 12
(middle), and 13 mm (bottom). Baseline measurement was subtracted. Peaks
show an average delay of 2 samples, corresponding to the difference in target
distance. Power was normalized.
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Fig. 7. Subset of samples of measurements with a target at 21 (black solid), 22
(gray solid), and 23 mm (black dashed). Baseline measurement was subtracted.
A delay is discernible but not convincing, due to strong attenuation of EM
energy at the measured target distance. Power was normalized.

experimental data is encouraging. The results clearly show
the reflections caused by targets at different distances, with
a relative delay that is consistent with the difference in
target distances. For targets at larger distances (>20 mm), the
reflections become very hard to distinguish. It is promising
that the reflections at larger distances do occur at the expected
sample number, but clearly more processing gain or a reduction
of signal loss is required for reliable target detection. The
total attenuation that we estimate to occur in the case of
functional neuroimaging is high compared to the levels of
attenuation in which we can confidently detect a target in the
phantom experiment. We therefore conclude that at this point,
object detection at the desired level of attenuation remains a
challenge.

The numerical model used for estimating the total attenua-
tion is a very strong simplification of reality. Due to the diffi-
culty of measuring regional cerebral blood volume in humans
(MRI contrast agents that are popular in animal studies are not
approved for humans), little is known about the magnitude of
changes that we can expect in blood volume. A thorough study
of the available literature on cerebral haemodynamics and a
more advanced 3D FTDT model would provide a stronger
assessment of feasibility.

A major contributor to total power loss is the coupling
of antenna to medium. The current antennas are designed for
efficient radiation into the body while directly contacting the
skin. As the human skin has a much higher permittivity than
the Perspex wall of our experimental setup, the antenna cou-

pling in our experiment was suboptimal. Future investigations
will focus to a great extent on antenna coupling, as well as
the level of insulation required to minimize near field power
losses. Another possible future improvement lies in lowering
the center frequency of the emitted pulses. As penetration
depth increases with a decrease in frequency, the current
center frequency of 4 GHz is rather high. Previous studies on
blood detection in the brain using microwave imaging used a
frequency band of 857-1670 MHz [5]. In collaboration with
Novelda, we aim for a future production of a single chip radar
with lower operating frequency. Finally, we intend to add more
gain stages, which will lead to a better signal when recording
targets at higher depth.

V. CONCLUSION

The current experimental setup did not provide enough gain
to successfully detect an object at the attenuation levels that
we predict for imaging of cortical activity. We have shown
however, that the a single chip UWB impulse radar is capable
of detecting a small object in a gray matter phantom with
high spatial and temporal resolution. Provided that we improve
antenna coupling and develop a radar with lower operating
frequency, UWB impulse radar is a promising technique for
developing a portable and low-cost functional neuroimaging
device with high temporal resolution.
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