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Abstract

This is a feasibility study in using radar for estimating blood pressure and which could allow for
continuous, non-invasive measurements both inside and outside the clinic. Blood pressure has
extensive use in emergency care for monitoring the state of a patient, in detection and treatment
of hypertension as an important factor of cardiovascular diseases, in emerging applications and
more. The invasive cannula for central, continuous, measurements and the sphygmomanometer
for peripheral, punctual measurements are currently the reference tools for measuring blood
pressure in the operating room and in the physician’s office respectively. However, new blood
pressure estimation devices could increase mobility in the hospital and reduce white-coat hy-
pertension in the office. Moreover, such accessible and low-cost devices could extend measure-
ments outside the clinic.

The main work was focused on the estimation of the time-varying aortic radius as a prerequi-
site for the estimation of blood pressure. This work was conducted primarily based on theoretic
considerations and simulations using realistic models of the human thorax. In addition, one
article analyzed radar signatures from a phantom model and from an in vivo experiment to test
findings. Radar echoes were analyzed for information regarding changes in the aorta radius. A
magnetic resonance imaging study was conducted to map tissue movements as an aid to radar
analysis.

Theoretical considerations proposed an optimal frequency band for aorta radius estimation.
Given sufficient dynamic range in the radar system, and shown in both simulations and mea-
surements on a phantom model, interference phenomena determined radius estimation success.
In the optimistic scenario, radius changes could be estimated. In the more realistic scenario,
only a proxy on aorta radius could be tracked. The magnetic resonance imaging study iden-
tified a mechanical coupling between the aorta and the heart which would complicate radius
estimation. Despite this coupling, the study confirmed findings in the literature that aorta ra-
dius is related to pressure. The in vivo experiment showed evidence of an echo from the aorta,
however the study did not find evidence of two distinct reflectors.

Although successful in identifying a signature from the aorta, the mechanical coupling be-
tween the heart and the aorta implies that this signature contains information on both location
and radius. Because two distinct echoes could not be identified, direct estimates of radius was
not considered feasible. An indirect approach based on blood pressure propagation speed may
still be possible, although the coupling would need to be compensated for. As a feasibility
study, certain simplifications were imposed and in particular the effects of respiration were
disregarded.
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Chapter 1

Introduction

In many societies today, lifestyle related diseases are becoming a large and increasing burden.
Among these, cardiovascular diseases account for a large part, over half of all deaths in indus-
trialized societies, and often share hypertension as a risk factor. Furthermore, hypertension is a
relatively treatable and preventable factor, hence comparatively easy to address in reducing the
burden of cardiovascular diseases [10].

While in the diagnosis of hypertension blood pressure describes a static condition, in acute
situations vital signs are tracked continuously in order to monitor the potentially rapidly evolv-
ing state of a patient. Heart rate and blood pressure are two of the main vital signs. For instance,
tracking blood pressure is a standard part of patient monitoring while these patients are under
anesthesia and the information provided by blood pressure helps detect a substantial portion of
physiological changes [42].

These two cases, hypertension detection and the tracking of vital signs, shows the impor-
tance of blood pressure in clinical diagnostics. The two cases also describe different uses of
blood pressure measurements. In the first case, measuring a risk factor and recommending
changes in lifestyle or adjustments in preventive care. In the latter, as an indication of changes
in the patient’s state which require quick action and where blood pressure per se may not be the
most important piece of information.

The two cases are interesting in yet another way as blood pressure measurements and the
actions they prescribe are provided by health personnel and in a clinical environment. In future
health care, the clinic will increasingly be complemented by extra-clinical care. Outside the
clinic there are several potential benefits related to monitoring. For one, hypertension is often
linked to lifestyle and a treatment involves changes to this lifestyle. Such changes can be rec-
ommended by health personnel while it is mostly the responsibility of the patient to implement
the treatment, or adapt it to his or her special needs. In this context, studies have shown that
patients who monitored their own state while incorporating lifestyle changes achieved larger
reductions in hypertension [21, 40]. Receiving positive feedback shows patients that changes
they make actually have an effect. This may confirm recommendations as well as measure the
impact of various self-initiated changes. Experiencing increased control was shown to have
positive effects on patients [44].

Increasing the frequency of measurements over longer periods of time provides continuous
feedback to individuals with the increased control described above. Also, this accumulation
of data, if aggregated over many individuals, represents a massive expansion in the amount
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and quality of data regarding health-related developments. Although this requires extensive
studies in order to elaborate the predictive algorithms, any improvement in predictions will lead
to better preventive care.The infrastructure to support such monitoring is already becoming
an integral part of everyday life. Possibilities and technologies are emerging from cheaper
communications and connected devices with new integrated sensors and services. Today smart
phones - tomorrow a plethora of devices and wearables.

Due to an aging population worldwide1 and considering the larger need of the elderly for
health care, the burden on health care systems will increase. This increased pressure on health
care will drive developments towards cost-efficient solutions to common issues and includes
both the organization of health care and development of technical solutions. One possible av-
enue is providing health care outside the clinical setting. With sufficient confidence in predic-
tions combined with adequate self-monitoring, treatment of groups at risk and support of the
elderly may to a larger degree migrate to their home environment.

Another benefit of monitoring blood pressure outside the clinic relates to the “accuracy”
of measurements. Regarding hypertension, accuracy is important also because blood pressure
measurements are used in screening big populations, where relatively small errors can have
large impacts. However, such inaccuracy is not only due to the device itself, but also because
the patient’s pressure may increase temporarily while in a clinical environment. This effect is
dubbed “white coat hypertension”. The guidelines of the European Society of Cardiology rec-
ommends out-of-office blood pressure measurement to improve the prediction of cardiovascular
events in “white-coat” hypertension as well as in similar cases.

Within the range of diagnosis, monitoring, treatment and prevention, new solutions to mea-
suring blood pressure may be beneficial. In the present study we aimed at developing a method
to estimate central blood pressure using radar techniques. The key assumption is that establish-
ing a non-invasive, accessible, continuous device for measuring blood pressure has value, and
that such a device could play multiple roles in future health care. Furthermore, there appeared to
be an opportunity with the opening by the Federal Communications Commission (FCC, USA)
of large swaths of frequency bands with more flexible use of the spectrum. In radar applications,
large bandwidth allows for high resolution and this may be used to benefit a radar-based blood
pressure measurement device.

1.1 Blood pressure measurement devices

There exists a range of possible devices for measuring blood pressure and this section aims at
describing their function and some of their properties. Relevant axes for describing devices are
summarized in Tabl. 1.1.

For invasive blood pressure measurements, a cannula filled with saline solution is introduced
into an artery or a central vein thereby connecting the vessel to an external manometer, see Fig.
1.1(d). While this approach provides precise, accurate and specific measures it is generally
associated with possible complications. There is a risk of thrombosis, meaning the formation of
blood clot. Any device which enters the body may in principle introduce contaminants. Another
aspect regarding invasive devices is the cost associated with sterilization needs.

1People aged 65+ will account for 10% globally or 20% in Europe by 2018.
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Table 1.1: Properties for qualifying blood pressure devices.

Invasiveness whether or not a device enters the body.
Specificity estimates are directly related to the target blood pressure.
Precision estimates are not subject to large variation.
Accuracy estimates are on average close to the true value.

Accessibility ease of operation.
Mobility freedom of movement during operation.

Continuity continuous or frequent measurements, e.g. for monitoring.

Accessibility refers to the degree to which expertise is needed when using the blood pres-
sure device. Obviously, invasive devices are intended for expert use in controlled situations.
The sphygmomanometer is a common device and provides peak systolic and diastolic blood
pressures. The device is composed of an inflatable cuff with a manometer and often a stetho-
scope is used to listen to the blood flow, see Fig. 1.1(a). By listening to the flow of blood, sound
markers called Korotkoff sounds are used to indicate when the cuff pressure is at peak pressure,
mean pressure and minimum pressure. This device is more accessible than invasive methods
although it still requires trained personnel.

While the sphygmomanometer is specific in the sense of directly observing the arterial blood
pressure, the measurements suffer from two main confounding factors. First, measurements are
subject to the white-coat hypertension effect mentioned earlier. Second, measurements suffer
from mechanical difficulties when applied to obese patients. The consequence of bias is severe
for this procedure in view of its ubiquitous use in physician’s offices. The implications for
health care systems of the mis-classification of hypertensive vs. normotensive patients in even
a small percentage may be considerable at a societal level. The issue of precision is not specific
for the sphygmomanometer, but common to all devices used for such screening applications.

Using the speed of the pressure pulse wave’s propagation through the arterial tree is an
example of an indirect parameter and therefore potentially less specific. Often the time-of-
arrival at a peripheral site relative to the electrocardiogram (ECG) R wave is used. One issue
with this approach, and which necessarily reduces specificity is that the pre-ejection period
(PEP, i.e. the time between the electrical impulse initiating a pulse until the aortic valve opens)
is included in the measurement. This is not related to blood pressure and by consequence,
variations in the measurements come in part from variations in PEP.

Both for clinical situations and for uses outside the clinic, mobility can be an important
requirement. At the hospital, instead of being wired, and therefore locked to the hospital bed,
there may be situations where mobile devices could allow the patient free movement within the
hospital while still being monitored.

In view of an aging population and increasing burden on health care systems, much effort
has been focused on developing solutions adapted to the home environment. Blood pressure,
activity, heart rate, etc. of elderly could be monitored and the need for intervention predicted
based on these or other indicators. In this context, highly accessible and mobile devices for
blood pressure measurements can be valuable.

It has become increasingly common to monitor heart rate while exercising, and the trend
suggests an increasing demand for health related metrics.

3



The degree to which the device can perform measurements continuously may be particularly
relevant for the aim of monitoring the development of a patient.

There are advantages to central over peripheral blood pressure measurements. In consid-
ering the accuracy of blood pressure devices, and given that blood in the vessels is analogous
to liquid in a tube, the difference in height between the measurement point and the target pres-
sure adds to the reading and hence contributes to bias. The pressure P in a tube of constant
cross-section relative to the surroundings and due to a column of liquid is given by:

P (h) = ρgh, (1.1)

where ρ is the blood density, g the gravitational acceleration and h the height of the column
of liquid. It is this relationship which in part causes measurements to be affected by changes
in posture, and more so peripheral points. Central blood pressure is less affected by movement
and more specific because often the target.

Another common source of bias is fast movement. These imply in general higher accelera-
tions which in turn adds to the pressure on the transducer or makes measurements noisy. Periph-
eral measurement points are more affected simply because fast movements are more common.

A final comment on peripheral versus central measurements. In some situations, the body
will redirect blood flow. This typically reduces flow in limbs with the result that pressure mea-
surements can be increasingly difficult. Such situations include hypothermia and circulatory
shock.

In the above, two standard techniques have been mentioned: one invasive technique using
intra-arterial catheters and manometers directly coupled to the arterial pressure, and one non-
invasive technique based on the occlusion of peripheral arteries. These two appear to be the
most commonly employed techniques with the latter by far the most common in general while
the former dominates during anesthesia.

Aplanation tonometry Fig. 1.1(b) is a technique where blood pressure is measured by ap-
plying a tonometer to a blood vessel such that it gets squeezed between the tonometer and hard
tissues, generally bone. The flattened surface towards the tonometer creates a direct coupling
to the pressure within the vessel. Although there is a slight obstruction of the vessel consid-
ered, the technique is not invasive and continuous measurements can be obtained. Vasotrac
is an example of a device using this principle and which provides continuous measurements,
other devices include HealthSTATS BPro Fig. 1.1(c). These commercial devices require little
expertise and are hence accessible. The basis for measurement is specific because it is directly
related to peripheral arterial blood pressure.

The “vascular unloading technique”, Fig. 1.1(e), consists in regulating an external pres-
sure to counteract the dilatation of arteries within some volume, typically a finger, so that the
perfusion in this volume remains constant. Without the external pressure, the arteries would
have expanded due to the arterial pressure. The fact that dilatation is arrested implies that the
external pressure is equal to the arterial pressure, subtracted some part due to the arterial wall
tension. Measurements of the externally applied pressure captures changes in the arterial pres-
sure relative to some reference. The reference can be based on a calibration or the time when
measurements start. The blood volume can be measured using some photoplethysmographic

4



method. Example devices include the FINAPRES (Finger Arterial Pressure System) and simi-
lar PORTAPRES device Fig. 1.1(f). One limitation of this approach is that changes in arterial
tone will change the need for an external pressure to compensate for the arterial pressure hence
leading to a bias in the reading. Changes in arterial tone is therefore a confounding factor.

(a) Sphygmomanometer. (b) Aplanation tonometry. (c) Aplanation tonometry.

(d) Invasive blood pressure
through the use of catheters.

(e) Vascular unloading technique. (f) Portapres device based on the
vascular unloading technique.

Figure 1.1: Example devices from four different blood pressure (BP) estimation approaches. In
(a), the sphygmomanometer is illustrated. In (c) a wrist watch functions as a BP measurement
device based on the aplanation tonometry approach whose principle is illustrated in (b). In (d)
the catheter-based manometer is schematically illustrated in an operating setting. In (f) a device
using the vascular unloading technique is illustrated whose principle is shown in (e).

1.2 The role of a radar-based device

One of the original scenarios that motivated this research is the integration of a blood pressure
device into a stretcher such that measurements were provided simply because a patient were
strapped on. Similarly, a device integrated into a chair or bed and which could monitor blood
pressure or related parameters could do so without the person being conscious of the measure-
ments, and could be used to monitor trends at home or take the blood pressure of a patient in a
clinician’s office while conducting an interview.

By construction, a radar works at a distance. At the least, this qualifies the device as non-
invasive, and furthermore supports the kind of application described above.

For a radar-based device, there is no necessary obstruction involved and conditional on a
solution to the estimation problem, the system would likely be a “black box” solution. This
suggests an accessible and continuous solution.

It is likely that devices capable of emitting and receiving electromagnetic waves at the nec-
essary effect and using off-the-shelf electronics for signal generation, sampling and processing
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can be constructed at reasonably low cost. It therefore appears likely that if an algorithm can be
proven to work, a cheap solution may be within range.

As will be explained below, any solution based on radar techniques need be indirect. This
potentially reduces the specificity of the measurements as indirect methods are susceptible to
dependency on other parameters or phenomena that affect measurements and which are not
related to pressure.

In brief, a radar device could offer a solution to blood pressure estimation which is contin-
uous, accessible and cheep. If sufficiently accurate, it may play a role in the physician’s office,
as an integral part of a stretcher, in a hospital bed or as a wearable device.

1.3 Blood pressure estimation based on radar techniques

Radar stands originally for “radio detection and ranging” and was famously used during the
second world war for detection and location of enemy aircraft. The number of uses of the
principles of radar is under steady expansion: satellite-based imaging, civil aircraft guidance,
automobile speed measurements, precipitation prediction, ground penetrating radar for imaging
with one application being the search for mines. Current research also considers the life-signs
detection of humans buried under rubble or taken by snow avalanches, policing and military use
of imaging and detecting the presence of people concealed in closed spaces, the measurement
of vital signs at a distance, as a replacement technique for mammography etc.

Radar can be described as the process of emitting an electromagnetic wave and receiving
its reflections from objects in the antennas’ field of view. The time delay from emission to
reflection maps to the distance from antennas, while the strength of the echo is determined by
the reflector’s shape, size and material relative to the surroundings. One can experience the
ideas in for instance a concrete room by clapping hands and listening to the echoes bouncing
off the walls. There may be more than one echo, and by focusing on one or other wall, one
can determine the source of each echo. With a watch, and knowing the propagation speed of
sound, one could estimate the distance to the reflector by multiplying propagation speed with
round-trip delay and dividing by two.

While reflection of sound occurs due to the density of objects, a radar uses electromagnetic
waves and reflections occur along differences in the electromagnetic properties permittivity and
permeability. The more abrupt the transition, the larger the contrast between tissue properties
and the stronger the reflection. For instance, the electromagnetic property difference between
bone and muscle is larger than between lungs and muscle, and the reflections from the former
are therefore expected to be greater than for the latter for equal reflector size and shape.

Electromagnetic propagation is not directly affected by pressure. Given the interaction be-
tween an electromagnetic wave and an object, no information can be extracted regarding pres-
sure unless the shape and properties of the object can be related to pressure, so any technique
relying on radar need necessarily be indirect. The most obvious connection between electro-
magnetic propagation and pressure is therefore a change in the reflection due to a shift of the
tissue boundaries. The key question related to blood pressure estimation using radar techniques
is which tissues reflect electromagnetic waves and how this relates to blood pressure.

For radar based estimation of central blood pressure, we chose to focus on the aorta be-
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Figure 1.2: Illustration of the two proposed methods to blood pressure (BP) estimation using
radar techniques. The top-right circle illustrates the emission and reflection of pulses from two
“reflectors”: the front and rear walls of the aorta. In the bottom-right graphs, two markers
(x1, x2) are correlated to the reflectors’ ranges and indicate the time-varying change in radius:
r = f(x1, x2). ∆r represents the variation around an average value. In method 1, r is directly
related to BP, alternatively ∆r is related to changes in BP. In method 2, r at two locations z1, z2

are captured, and the delay T between them is used to estimate the BP pulse propagation speed,
v = L/T , which is in turn related to mean BP.

cause it is a relatively large reflector, is affected by the central blood pressure and is elastic
and therefore subject to changes in blood pressure. The general idea is illustrated in Fig. 1.2:
while the aorta’s diameter is reacting to changes in central blood pressure, this diameter can be
sensed using the radar system. Some relationship between these radius changes and blood pres-
sure is then used to estimate the latter. According to previous literature there are two possible
relationships:

1 Directly using the claimed linear relationship between blood pressure and radius. Conditional
on accurate radius estimates, this can be expected to track the blood pressure over the short
term.

2 By estimating blood pressure at two points along the aorta, the pulse wave velocity in the
aorta can be calculated. This is in turn related to mean arterial pressure, and reflects trends
in blood pressure over the longer term as well as indicating abrupt changes due to changes in
smooth arterial muscle tone.

1.4 Scope and limitations

The two possible relationships described above shows us that the problem of blood pressure
estimation is split in two. First, the radar processing is optimized for extracting the aorta radius
as a function of time at one or more locations along the aorta. Second, some functional rela-
tionship between the radius or pulse wave velocity and blood pressure is used to estimate the
latter.
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While the second part is elaborated in Section 2.1, the scope of this thesis is limited to
the questions of the degree to which radar echoes from the aorta are visible, whether they are
discernible from other reflectors and if they may be used to provide radius measurements of
sufficient precision.

In pursuing these questions, a number of limitations in the study have been imposed:

• The radar device is in contact with the subject. This means that measurements at a dis-
tance are excluded.

• Using antenna or array gains has not been considered.

• The Doppler effect, meaning a speed-dependent frequency shift of a single echo, has not
been studied.

• Only reflections from the aorta walls are considered. Alternatives based on transmission
effects have not been studied.

The choice of these limitations are briefly discussed in Section 4.1.

1.5 Aims of this thesis

The aim of this thesis was the investigation into the estimation of the aorta radius as a function of
time - at one or more locations. These radius estimates were assumed sufficient to provide either
blood pressure changes with respect to some reference point, or else absolute blood pressure.

The different papers address the following questions related to the radar estimation of aortic
radius:

1 What information in the echo can be used to extract estimates of the radius? Can the radius
of the aorta be extracted from the radar echoes (paper I)?

2 Can optimal conditions for estimation in terms of center frequency and bandwidth be deter-
mined (paper II)?

3 Based on simulated propagation in the human body - using homogeneous and heterogeneous
models, how can standard approaches to estimation be expected to perform (paper III and
paper IV)?

4 What are the location and scale of tissue movement in the chest and of the aorta (paper V)?

5 Testing the validity of theories and simulations by acquisition and analysis of in vivo radar
measurements (paper VI).

1.6 Contributions of this thesis

Blood pressure estimation based on radar has not been previously studied, although parts of
the problem are known to relevant fields. Prior knowledge includes the aorta’s elastic behavior,
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elements on the relationship between the elastic behavior and pressure and electromagnetic
propagation in various tissues in the human body including and their frequency-dependent loss.

With regards to the application of radar in a medical context some physiological parameters
have been measured using radar. These have mainly concentrated on heart beats, respiration
rate and some later studies have probed the heart. The literature also contains some instances
of radars used to detect arterial radius variations, although at peripheral locations as opposed
to the goal of this thesis which focused on central blood pressure. Early detection of breast
cancer using imaging techniques based on electromagnetic signals in the microwave spectrum
is another relevant study area.

The main contributions of this theses are:

M1 Using the Cramér-Rao lower bound as metric and given an idealized model, an optimal
band for aorta radius estimation was centered at around 1.25 GHz and with a bandwidth of
approximately 1 GHz. (Paper II)

M2 With regards to the first method to blood pressure estimation and using the same approach
as in M1, an emitted signal energy to receiver noise spectral density of 120 dB was neces-
sary to achieve an accuracy of 0.1 mm. (Paper II)

M3 A crude map of heart induced tissue boundary movements in the thorax was created based
on MRIs. Tissue boundaries are important due to their capacity to reflect propagating
waves. A literature search did not identify an equivalent map. (Paper V)

M4 A detailed study of MRI sequences was used to study aorta behavior. The aorta was subject
to movements in the axial plane due to a mechanical coupling with the heart. In spite of
this coupling, the aorta size was most likely independent of position and directly related to
internal pressure. (Paper V)

M5 Radar echoes measured on a human subject were claimed to be due to reflections from the
aorta. No distinction between “front” and “rear” walls was successful. (Paper VI)

Other contributions of this thesis:

S1 Two methods for blood pressure estimation using a radar was proposed based on a survey
of the medical literature. First, instantaneous changes in aorta radius are related to instanta-
neous changes in pressure. Second, pulse pressure propagation along the aorta is related to
mean aortic blood pressure. (Paper I)

S2 The low-pass filtering effect of human tissues and the reflector strength of the aorta, in a
simulation model, showed combined reductions of around 40 dB at 1 GHz and 60 dB at 3
GHz, with attenuation increasing faster with frequency in relevant bands. (Paper I)

S3 Considering common delay estimators and using simulations in both homogeneous and het-
erogeneous environments, several effects hamper estimation of aortic radius: 1non-linearity

9



between delay and radius, 2reduced sensitivity of reflector displacements, 3reduced sensitiv-
ity of “front” reflector, 4bias due to ambiguity between radius and radius change. Interfer-
ence between paths, both due to clutter and “front” vs. “rear” reflections, was assumed to be
recurrent culprits. The aggressive filtering associated with the chosen Doppler processing
was another culprit. (Paper III, Paper IV)

S4 Aorta cross-section size variations agreed with previous results cited in the literature. (Paper
V)

S5 Experiments using a phantom model confirmed several effects previously identified in paper
III and paper IV. In particular, the sensitivity to one of the tube reflections was reduced due
to interference effects. This confounded the information in the radar echo regarding the tube
radius and precise measurements were compromised. (Paper VI)

S6 Large variation in the signal to clutter ratios was measured on a human subject at locations
along a transverse section of the back. At a single point of these locations, the aorta echo
was considered locally dominant. (Paper VI)
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Chapter 2

Methods and materials

The objective of this thesis was an investigation into the possibility of estimating central blood
pressure using radar techniques. In the introduction, the rationale connecting radar echoes to
blood pressure has been broadly presented where variations of the aorta radius was traced back
to aortic blood pressure. This relationship can be divided into two parts: 1the estimation of the
radius given the radar echoes and 2the estimation of blood pressure given the radius.

The articles constituting the basis for this thesis concentrated on issues related to radius
estimation. This focus was justified by the assumption that the radius would be a prerequisite
for blood pressure estimation. However, without the connection between the aorta radius and
blood pressure, no solution to blood pressure estimation would be in sight even if a viable radius
estimation procedure were proposed. For this reason, the first part of this chapter elaborates on
the relationship between blood pressure and aorta radius in order to justify the overall approach.
In this part, the connection will be shown to be due to the elasticity of the aorta walls because
increases in pressure will lead to increases in the aorta cross section.

The second part of this chapter provides a brief introduction to radar principles and places
the individual studies into this context. This part also presents some of the technical methods
used in the articles.

2.1 Blood pressure based on radius estimates

This section aims at elaborating on the possible routes to blood pressure estimation outlined
in the introduction. As mentioned, radar-based estimation of pressure needs would be an in-
direct measure due to the lack of influence of pressure on electromagnetic wave propagation.
Furthermore, from a review of the literature, there appeared to be two independent bases for
estimation:

Method I) Relative changes of the aorta radius is linearly related to relative changes of pres-
sure. The time-variable radius can be transformed into a time-variable, relative
blood pressure.

Method II) The pressure pulse wave velocity along the aorta is a function of its elasticity,
which in turn depends on mean aortic pressure.
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Common to these two methods, the radius of the aorta as a function of time needs to be estimated
using the radar. In the second method, this is needed at two locations.

In this section, the estimates are assumed to have been established and the connection to
pressure estimation will be discussed. First, general aspects of the cardiovascular system with
relevance to the current problem will be presented based on the Windkessel model of arterial
blood flow. Then, pulse wave propagation in the aorta will be addressed.

2.1.1 The Windkessel model of blood flow and pressure

The heart beat is composed of two main phases. The first phase is the systole during which the
heart contracts and blood is eventually ejected into the aorta and phase corresponds roughly to
when the aortic valve is open. The second phase is called the diastole during which the aortic
valve is closed and the ventricle is filled from the left atrium.

During the systole, the left ventricle will have ejected an amount of blood into the aorta at
some pressure. The time average of the flow into the arterial system is called cardiac output
QCO. This flow runs through the arterial tree and back through the venal system and into the
right atrium and is driven by a negative gradient in pressure throughout the loop, falling from
the aortic valve to the right atrium.

The ratio between a pressure difference ∆P over a segment of the vascular system and the
flow Q through that segment is called resistance R [26]:

R =
∆P

Q
. (2.1)

With changes in the pressure or flow, the elasticity of the arteries leads to a distension or con-
traction. This effect is described through the artery’s compliance CT [17]:

CT =
∆V

∆P
(2.2)

Sometimes this compliance is framed in terms of cross-sectional area A instead of the total
volume in the artery in which case this will be denoted “local compliance” CL = ∆A/∆P .

Especially the large arteries are elastic, which implies that when a change in flow is applied
the inertia of blood resists an acceleration of flow and the pressure is increased, stage 1 in Fig.
2.1. The arteries adjust to the increase in pressure by expanding their cross-sectional area which
increases tension in the aorta tissue, stage 2. This in turn implies that a part of the increased
flow is absorbed by the increase in artery volume and the downstream branches will temporarily
see a reduced increase in flow. When the radius of the artery has stabilized, the whole of the
flow is directed downstream, stage 3.

A similar mechanism works at diminishing flow which leads to a reduction in pressure, stage
4. The lower pressure cannot maintain the tension in the aorta walls and its radius diminishes,
stage 5. This reduction in cross-sectional area is added to the downstream flow and thereby
temporarily reducing the reduction in input flow. In both cases, the compliance of the artery
wall temporarily absorbs changes at the input and delays the changes to the output.

The flow component due to a volume change Q∆V and which is dependent on a change in
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Figure 2.1: Schematic illustration of the arterial compliance as the flow goes through increasing
and decreasing phases of a cycle. Upon a change in the input flow, stage 1 (Q → Q + ∆),
the elasticity of the artery reacts and its cross-section is increased, stage 2 (A → A + ∆).
Eventually, the flow increases, now at an increased cross-section, so the increase is less than
without the elasticity. In sum, the elasticity results in reduced peaks in pressure and velocity v.
A similar mechanism works at decreasing flow.

vessel pressure is expressed through the following relationship:

Q∆V = CT
dP
dt

(2.3)

where CT is the total compliance of the artery in which the pressure is changed.

The resistance in a blood vessel is a consequence of the limited cross-sectional area, friction
along the artery walls and of the viscosity of blood. The friction at the walls resists the flow
along the walls, which due to the viscosity of blood distributes throughout the vessel. The
resulting resistance R for a segment of artery of radius r was derived by Poiseuille [26] based
on assumptions including axisymmetric particle velocity distributions and laminar flow:

R =
8Lµ

πr4
, (2.4)

where L is the length of the segment and µ the viscosity of blood. This resistance is inversely
proportional to the 4th order of the radius which implies that as the arterial tree branches out to
smaller arteries, the resistance per unit length increases quickly, see Fig. 2.2.

This is why the systemic vascular resistance (RSVR), which is the resistance perceived by the
heart, is dominated by small arteries and arterioles. Hence the mean arterial pressure throughout
the larger arteries is fairly constant.

The total arterial compliance CT and systemic vascular resistance RSVR constitute the el-
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Figure 2.2: Laminar flow in a vessel is shown at a branch where each of the branches have
equal radius so that the flow spits equally between them. By halving the radius, the resistance
to flow is increased 16-fold which in turn leads to an 8-fold increase in pressure drop over equal
segment lengths. Because the total downstream flow is split over the two branches with equal
pressure drop, the total resistance is a 8-fold increase compared to the trunk. In sum, the size
of arterial branches is a strong determinant of resistance and hence of pressure gradients and
explains why the larger arteries account for a small part of the RSVR.

ements in the “2-element Windkessel” model [43]. This model corresponds to the following
differential equation:

{
QCO = CT

dP
dt + P

RSVR
, 0 ≤ t < Tsystole,

0 = CT
dP
dt + P

RSVR
, Tsystole ≤ t < Tsystole + Tdiastole

, (2.5)

where the aortic valve is open in the first equation, the systole, and closed during the second,
the diastole. Here Tsystole and Tdiastole are the durations of the systole and diastole respectively.
This system is illustrated in Fig. 2.3 where Z0, the characteristic impedance, should be set to
zero. The solution during diastole is given by the following expression:

P (t) = Pese
−t/τ , τ = RSVR · CT (2.6)

where τ is the time constant of exponential decay and Pes is the pressure P at end systole.
During systole, the form of the pressure is determined by the heart’s work and is such that
the flow QCO(t) is a smooth version of pressure P (t) due to the low-pass filtering of the aortic
compliance described above. The influence of compliance and resistance is shown in Fig. 2.4.

The work W transferred by the left ventricle of the heart to blood flow QCO in the systemic
vascular system is the product of pressure and flow during the systole Tsystole.

W =

∫

Tsystole

PQCO dt (2.7)

Reducing the pressure during systole for any given flow thus reduces the load to the heart. Con-
sidering the hypothetical case of a perfectly stiff arterial system, the flow generates a pressure
overRSVR and the pressure isQCO ·RSVR. However, when there is compliance, a part of the flow is
directed towards the distending arteries and not directly through RSVR and therefore the pressure
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Figure 2.3: The Windkessel model with characteristic impedance of the aorta Z0, the total
arterial compliance CT and the systemic vascular resistance RSVR. By lumping parameters of
the vascular system, the model constructs a representation with an analogy to a simple electrical
circuit: the heart supplies the power, the compliance acts as a reservoir and the systemic vascular
resistance provides resistance to the flow through the circuit.

is reduced, which means the load is reduced.
In sum, due to compliance, downstream flow is smoother, peak systolic pressure is reduced

and the work exerted by the heart is less.

2.1.2 Compliance and pulse wave velocity

While in the previous section, the entire systemic vascular system was modeled in terms of
the two components compliance and resistance, to understand the propagation of the pressure
pulse wave through the arterial system, a more “local” perspective needs to be used. A brief
account of the relationship between compliance and pulse wave velocity is provided in [13]
and involves several contributions. Otto Frank [9] showed the link between bulk elasticity and
pulse wave velocity. Bergel [4] connected arterial pressure to the arterial wall’s hoop tension.
Moens [24] and Korteweg [19] independently developed an expression relating Young’s elastic
modulus to pulse wave velocity. The aim of this section is to provide an understanding of the
relationship between compliance and the pulse wave velocity by developing a simple model of
pulse propagation.

Consider a thin segment of a compliant artery of width ∆x subject to a pressure difference
∆P , see Fig. 2.5(a). According to Newton’s second law, the force exerted by this pressure
difference will cause an acceleration of the liquid in the volume:

A∆P =
d(mv)

dt
=

d(ρ∆xA · v)

dt
= ρ∆x

dQ
dt
, (2.8)

where A is the cross-sectional area in the segment, ρ is the density of blood, m denotes mass,
and Q is the blood flow at velocity v through the segment.

At the same time, a difference in flow ∆Q across the segment forces a change of volume
because the fluid is assumed incompressible, see Fig. 2.5(b). Let the elasticity of the segment
be expressed through its local compliance CL as:

CL =
dA
dP

(2.9)
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Figure 2.4: Illustrations of the aortic pressure and flow as functions of varying arterial compli-
ance C and systemic vascular resistanceR. With increasing compliance, the difference between
peak systolic and minimum diastolic pressure is decreased. Increasing RSVR shifts the pressure
profile to higher levels. The closing of the aortic valve is indicated by the negative peak in
flow after which the pressure decays approximately according to the exponential function. The
larger the time constant (τ = R · C), the slower the decay. (Copied from Westerhof et al. [43])

which may be dependent on the area A. Then the change in volume can be expressed as:

∆Q =
dV
dt

=
d(A∆x)

dt
=

dA
dP

dP
dt

∆x (2.10)

where ∆Q is the difference of flow across the segment. Re-arranging the equations and letting
the width ∆x tend to zero, we have:

dP
dx

= I
dQ
dt
, I =

ρ

A
(2.11)

dQ
dx

= CL
dP
dt

(2.12)

where I is the inertance per unit length of the artery.

Eq. (2.11) expresses the acceleration of the fluid flow due to the pressure gradient along the
artery. The acceleration is limited by the inertia of the liquid, expressed through its inertance.
The second equation expresses the fact that the flow gradient necessarily implies a change in
cross-sectional area to absorb the inflow of the incompressible liquid to the segment. The
coupled differential equation may be combined in the following wave equation by derivating
the first with respect to space and the second with respect to time:

d2P

dx2
= IC

d2P

dt2
. (2.13)
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Figure 2.5: Inertia (Newton’s 2nd law) and conservation of blood volume combine to determine
the dynamics of the blood pressure pulse propagation speed in this simple model of an artery.
An added volume to the aorta during systole can either increase the volume of the aorta, or else
increase the flow through the aorta where the trade-off between the two is determined by the
elastic properties of the aorta.

Given the form of the wave equation and its known solutions, this shows that the pressure wave
propagates at a speed of:

vp =
1√
ICL

=

√
A

ρCL
=

√
KL

ρ
, KL =

∆P

(∆A/A)
(2.14)

whereKL is the bulk modulus per length. As compliance is a measure of elasticity, this equation
shows that the more elastic the artery, the slower the pressure pulse wave propagation. This
constitutes the basis for the second proposed method for blood pressure estimation because the
literature claims that both area A and compliance CL are linked to blood pressure. This will be
elaborated in the next section. Nevertheless the above relationship between vp and KL implies
that if pressure determines vp, it needs to operate either via the elasticity of the artery CL or
through the cross-sectional area A.

The defining relation for the compliance CL models the elasticity of the arterial segment
based on the cross-sectional area of the segment, as if the liquid were elastic although blood is
considered incompressible. This elasticity comes of course from the artery walls which through
the hoop tension reacts on the pressure from the artery lumen.

2.1.3 Aorta composition and the area-pressure relationship

The composition of the aorta wall is not homogeneous, rather it is composed of three main
elements which have an incidence on the elastic behavior of the aorta: elastin, collagen and
smooth muscle. Each of these components have their respective ranges of elastic properties,
with elastin being the most elastic and collagen several orders of magnitude stiffer. There is a
wide range of reported values regarding elasticity. In [34], the “tensile modulus” is reported to
be respectively 750 mmHg, 3.7e6 mmHg, 750 mmHg - 1500 mmHg, in [13], the bulk modulus
is respectively claimed to be 750 mmHg, 7500 mmHg-75000mmHg, 75 mmHg.

The smooth muscle tone has a more active role as its elastic properties is subject to control.
Several authors describe the elastic behavior as first distending the elastin, for then to start
distending collagen while the smooth muscle adjusts the diameter of the aorta [18, 20].
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Table 2.1: Typical values for properties of the vascular system.

Property Symbol Range Unit Citation
Pulse wave velocity vp 4− 14 m/s [2]
Mean arterial pressure E [P ] 70-105 mmHg [39]
Systolic arterial pressure Psystole < 120 mmHg [39]
Diastolic arterial pressure Pdiastole < 80 mmHg [39]
Right atrial pressure PRAP 2− 6 mmHg [39]
Aortic radius r 10− 20 mm
Aortic radius variations ∆r 1.09 mm [35]
Cardiac output QCO 4− 8 l/min [26]
Stroke volume SV 55− 100 ml/beat [26]
Heart rate (adult, rest) HR 60− 100 beat/min [26]
Maximum heart rate HRmax 220− age beat/min [26]
Systemic vascular resistance RSVR 25− 30 mmHg ·min/l [39]
blood density ρ 1051 kg/m3 [38]
blood viscosity µ 3− 4 mPa · s [23], [17]

Several articles claim that compliance is a function of pressure [18, 30] and that the artery
gets stiffer with increasing pressure [15, 33, 34]. The literature also claims a decreasing radius
with increasing pressure [18, 3]. Furthermore, the literature often relates an increase in pressure
to an increase in vp [5, 15, 3], which according to the inverse relationship to elasticity implies
a decrease in compliance. Rather than considering vp directly, many authors consider the time
a pulse wave takes to travel between two points, often using the electrocardiogram R-wave as
one reference. This metric is known as the pulse transit time PTT and [7] provides a review of
possible applications. In [14, 5, 31], arterial stiffness, and hence PTT, is claimed to increase
as arterial pressure increases, and [33] claims that more than 50% of the variation in PTT is
explained by variation in mean pressure.

While the pressure is most often related to compliance, the literature finds large variations
in this relationship [20]. This variation is generally considered to be due to other factors than
pressure, and pathological history, arteriosclerosis, age, stress, smoking, diabetes, autonomic
activity etc have been cited as possible causes [33, 35, 22]. However, some note that factors
claimed to be independent causes may be explained in large part by pressure changes [33]. As
an example, this reference claims that differences between hypertensive, in this case pregnancy-
induced hypertension, and normotensive patients could be explained entirely by the differences
in pressure.

Some attempts have been made to test the predictive power of vp, PTT or compliance on
pressure [1]. One source claims that while correlated, the PTT is not recommended as surrogate
for pulse pressure [27].

Certain sources distinguish between “dynamic” and “static” compliance [34, 20, 18] where
the former describes area-pressure on a beat-to-beat basis, while the latter reflects a more
slowly-varying component and which is assumed to be due to a change of “state” of the individ-
ual. In [20], the dynamic compliance is claimed to lie some 30 % below the static compliance.
The dynamic compliance is illustrated as the curve of pressure vs. cross-sectional area. This
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relationship is most often close to linear [36, 34] with possible exceptions for diseased individ-
uals, see “typical” curve for CAD patient in [35]. Furthermore, the loops in this pressure-area
curve circumscribes the difference in the pressure-area product. This difference expresses the
net work done along the loop. Generally, this area is small - often close to zero - indicating
elastic behavior with little loss of energy through the cycle.

The literature thus appears to agree on the following statements:

1) An increase in mean pressure E [P ] is correlated with a decrease in compliance CL: the
artery stiffens, and therefore the pulse wave velocity vp increases. This is equivalent to a
decrease in PTT.

∆E [P ] > 0 ↔ ∆CL < 0 (2.15)

2) An increase in mean pressure E [P ] is correlated with a decrease in arterial cross-section A,
and hence in diameter.

∆E [P ] > 0 ↔ ∆A < 0 (2.16)

3) The relationship between pressure and compliance varies across individuals. Many claim
that the relationship between pressure and vp is linear, at least over large ranges. However,
the slope of this curve is individual-specific and depends on this person’s “state” at the time
of measurement.

a E [P ] = f(vp): Function depends on person,health,etc;

b ∆E [P ] ∝ ∆vp, for some pressure range.

4) There is debate on the causes for the variation between individuals, probably in part because
different factors are correlated between themselves. Many factors have correlated with pulse
wave velocity or related parameters, but a decomposition in terms of first causes does not
seem to have been established.

2.1.4 Area-pressure relationship

An interesting course of research has attempted to characterize the cross-sectional area of the
aorta A in terms of pressure P . The assumption is that pressure describes a large part of the be-
havior of the system while the remaining factors, and which define the “state” of an individual,
would determine the parameters of this relationship.

Given A(P ) :

{
CL =

dA
dP

, v2
p =

A

ρCL
,PTT =

L

vp
+ PEP, R ∝ 1

A2

}
. (2.17)

Here, PTT is the pulse transit time over distance L and at speed vp, and PEP is the pre-ejection
period. One such pressure-area relationship is based on a 2nd order polynomial dependency of
compliance with pressure and described in [20]. This 2nd order polynomial leads to an arctan
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functional relationship between area and pressure.

CL(P ) =
CL,m

1 +
(
P−P0

P1

)2 , CL,m =
Am
πP1

(2.18)

A(P ) = Am

(
1

2
+

1

π
arctan

(
P − P0

P1

))
(2.19)

where P1, P0, Am define the slope of the area-pressure curve, the transition point and maximum
area of the aorta. The above relationship can be shown to lead to a linear dependency of vp on
pressure when the pressure is well above the transition point P0, which the authors commented
was generally the case. The authors further noted that changes in smooth muscle tone tends to
shift the transition point. Furthermore, according to the authors the above fits observations well,
although the dynamic compliance is generally less and cite one source as claiming a reduction
of some 20-30 %. Other authors have used similar models in their work [18].
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Figure 2.6: Given a pressure-area relationship (a), the compliance (b) and pulse wave velocity
(c) are givens. In this figure, an arbitrary selection was chosen for the parameters: AM = π(15)2

mm2, P0 = 40 mmHg, P1 = 40 mmHg.

While using different models, third order polynomials, Stefanadis [34] uses a similar ap-
proach and distinguishes between “intrinsic” and “extrinsic” influences on compliance. Those
that affect the set of parameters defining the area-pressure relationship are “intrinsic” while
those that shift the response along a given portion of the curve as “extrinsic”. As mentioned,
some authors claim that some factors may be explained by an increase in pressure alone, which
would qualify them as “extrinsic”. Other factors have been noted to decrease the diameter at
constant pressure thereby qualifying these factors as intrinsic. Yet other factors such as heart
rate, smooth muscle tone etc have also led to shifts in the curve and hence qualify them as
“intrinsic”. If a family of curves describes the set of relationships that may be observed, then
grouping factors into those that select the curve within its family, and those that shift the re-
sponse along a given curve, appears to be an interesting classification.

Regarding the observations in the literature summarized in points 1 through 4, the above
model conforms with observation 1, 2 and 3 assuming P0, P1 are small enough and allowing for
variation between individuals. However, observation 3a can only be explained through a change
in the parameters of the model, and as such this observation needs to be related to “intrinsic”
causes.

It is interesting to note that the velocity, according to this model, is not dependent on the
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maximum area of the aorta Am. Because the velocity is a function of the ratio between area and
compliance, only the pressure-dependency (P0, P1) affects velocity’s relationship to pressure.

2.1.5 Routes to blood pressure estimation

The central fact relating blood pressure to radar measurements is the compliance of the arteries.
First, a change in pressure necessarily leads to a change in lumen area. Second, through equa-
tion (2.14) pulse wave velocity is related to compliance, which is in turn related to pressure.
Therefore, in both cases the estimations of blood pressure relies on its relationship to compli-
ance. This relationship has a complex set of factors among which mean pressure is generally
included, yet where other factors are also reported.

In method I, where radius is related directly to relative blood pressure changes, a single
measurement point is required and the radial change estimates are proportional to pressure
change estimates. In this scenario, the pressure is hence assumed to be a direct function of
the radius, and intrinsic factors are disregarded. Most reports claim this relationship is linear,
at least for healthy subjects, and its slope defines the “dynamic compliance”. This method
requires a calibration at the beginning of a measurement series after which measurements can
be expected to remain valid as long as compliance is not altered, in other words until there is
a change in intrinsic factors. Incidentally, if the linear relationship itself is of interest these
calibrations could indicate the “state” of the subject.

In this method, the accuracy of the pressure estimates is dependent on the precision with
which the radius can be estimated, and on the quality of the calibration. Given that radius
variations through heart beats are on the order of 1.1 mm, this accuracy needs to be less than 1
mm, perhaps even as precise as 0.1 mm.

In method II, where the pulse propagation speed is related to blood pressure, two mea-
surement points are required and the pulse wave velocity provides direct estimates of the bulk
modulus KL. If area can be estimated, then the local compliance can be estimated as well.
The pulse wave velocity depends on the compliance of the arteries, and therefore the same
dependency on the “state” of the subject applies to this method as well.

Accuracy in this case depends on the distance between the two points and the precision
with which the delay between them can be estimated. This delay estimation is dependent on
the precision of radius estimates in the sense that a correlation between the signals at the two
locations needs to be high. A second source of error in this method is the fact that reflections
in the arterial system implies that each point is the sum of multiple propagating waves. The
implication on delay estimation depends on the markers used as there may for instance be an
advantage in identifying the leading edge of the pulse rather than correlating the entire pulse.
Whatever the choice of marker, a high sampling rate may be needed in order to estimate the
delay because this delay is expected to be a small fraction of the heart beat period. As an
example, with a distance between points of 25 cm and a pulse propagation speed of 10 m/s, the
delay is 24 ms and with changes in vp of ± 1 m/s, the change in delay is about ± 2.5 ms.

The estimates need not be of the radius itself. If a value proportional to radius were estimated
in the first method, then the calibration would compensate for it. Regarding the second method,
the marker need only be related to changes in radius and these radius changes should be similar
at the two locations.
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While the focus in this thesis has been the estimation of blood pressure, the dependency on
compliance suggests that focusing rather on the estimation of compliance, or bulk modulus per
length, can provide information on “intrinsic” factors.

2.2 Radar and radius estimation

Radio detection and ranging, radar, generally refers to a system for detecting the presence of an
object and estimating its distance using the emission and subsequent reception of eletromagnetic
pulses in the radiofrequency spectrum.

The major parts of the system are summarized in the radar equation [32], which with a slight
modification for propagation loss in the medium and including noise N , here any part of the
signal uncorrelated with reflections, and clutter C, here any reflection which is not due to the
target being considered, can be expressed in decibels in the following form (2.20):

PTx +GTx + LTx(R) + σ + LRx(R) + ARx = PRx (2.20)

PRx − (N + C) >= DTh (2.21)

where R is the distance between the radar and the reflector. The pulse is radiated by an antenna
with emitted power PTx into a beam illuminating the field of view whose width is expressed
through the transmitting antenna gain GTx. These pulses propagate through a medium where
it’s power density spreads over an increasing surface with distance and may in part be absorbed
and scattered by the medium. This is expressed through the loss LTx. The pulse is then possibly
reflected off some desired “target” as expressed through its radar cross section σ. The reflected
power propagates with lossLRx back to an antenna where the power density is accumulated over
its effective area ARx. The difference between received power PRx and noise sources N + C

should be above some threshold DTh for reliable detection of the “target”, or equivalently for
precise estimation concerning its parameters.

From a systems perspective, the design is optimized to achieve the highest possible signal-
to-noise-and-clutter ratio while considering the specifics of the underlying radar problem. Po-
larization of the emitted pulse may affect the radar cross-section vs clutter and noise. Coherent
integration at the receiver may increase the signal energy more than the received noise level.
Selection of frequencies where loss is minimal may increase the received energy. The antenna
gain may be increased to reduce clutter and increase power directed towards the target as the
beam width is narrowed.

In the present study, the aim of the radar system was to maximize the echo from the aorta
and to extract the information needed to estimate the aortic blood pressure. The aorta can be
considered an elastic tube running vertically between the back and the heart some 5 cm to 15
cm from the back. Its diameter varies periodically through the heart beats. The human heart rate
lies approximately between 60 bpm and 100 bpm at rest and can attain low values of around 40
bpm for elite athletes and around 220 bpm for young individuals at maximum intensity. The
environment is heterogeneous because human tissues have different electromagnetic properties
with both varying propagation speed and absorption properties.

In the following sections, different parts of the radar problem will be explained in depth
against the specifics of the current aim. Connections with the published articles will be high-
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lighted.

2.2.1 Propagation loss in tissues

Electromagnetic wave propagation depends on the medium through its permittivity, which ex-
presses the electric properties of the medium, and its permeability, which expresses the magnetic
properties. In the context of the radar equation, we may assume that tissue properties are dom-
inated by the permittivity, and that the permeability can be assumed to be sufficiently close to
that of free space to be approximated by the permeability of free space.

To understand the electromagnetic properties of tissues, it is convenient to consider the
propagation of a monochromatic, plane wave in a homogeneous medium.

E(t, x) = E0e
i[ωt−γx] (2.22)

where the real part of E is the electric field, γ is the propagation constant and ω the angular
frequency, t is time and the wave propagates in the direction of the positive x axis. It can be
shown that Maxwell’s equations for this case leads to the following dispersion relationship, see
Appendix A:

γ2 = ω2µ0

(
ε− iσ

ω

)
= ω2µ0ε0εr (2.23)

where σ is the conductivity, ε0 the permittivity of free space, µ0 is the permeability of free space,
ε the permittivity of the material while εr is the relative permittivity. The real and imaginary
parts of the propagation constant, called respectively the wave number k and the attenuation
constant α, γ = k − iα, define the propagation speed c and loss of the material:

ω∆t− k∆x = 0 ⇒ c =
∆x

∆t
=
ω

k
= λf, (2.24)

∣∣∣∣
E(t, x)

E(t, 0)

∣∣∣∣ = e−αx, (2.25)

where in (2.24) a given phase of the wave travels ∆x over the time interval ∆t.
The permittivity of human tissues have been measured in different studies focusing on dif-

ferent intervals of the spectrum and using different equipments and procedures. A synthesis
of these studies, in the form of mathematical equations, was proposed in [11, 12]. These arti-
cles mention three main interactions between the tissues and the electromagnetic waves which
are called dispersions. The first dispersion is due to ionic conductions at low frequencies, the
second due to polarization of larger molecules and cell membranes at intermediate frequencies,
and the third due to polarization of water molecules at a few GHz. The equations used in their
characterizations are known as Cole-Cole equations [6] and define the permittivity ε at angular
frequency ω:

ε(ω) = ε∞ +

(
N∑

n=1

∆εn
1 + (iωτn)(1−βn)

)
− i σ

ωε0
(2.26)

where σ is the conductance of the medium, τn is a time constant for the associated dispersion
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n, βn is a constant determining the spectral broadening of the dispersion, ε∞ is the permittivity
at infinite frequency and ∆εn is the added permittivity due to the dispersion.

Given wavelengths and expected attenuations, the relevant range of frequencies in this work
can loosely be defined between some hundreds of MHz to approximately 10 GHz. For refer-
ence, Tabl. 2.2 provides both propagation speed and attenuation constants for some relevant
tissues at 1 GHz.

Table 2.2: Relative propagation speed c/c0 and attenuation constant at 1 GHz. The ranges are
due to subcategories: e.g. “bone” includes cortical bone, bone marrow, cancellous bone; “lung”
includes inflated and deflated properties etc. Both attenuation constants and propagation speeds
generally increase with frequency in the relevant band.

Tissue c/c0 α[dB/cm] Tissue c/c0 α[dB/cm]
Fat 0.30 - 0.43 0.4 - 0.6 Bone 0.22 - 0.43 0.7 - 1.3

Blood 0.13 3.2 Lungs 0.14 - 0.21 1.6 - 2.0
Muscle 0.13 2.1

The differences between tissues are significant. The ratio between the largest and smallest
propagation speeds is around 3 while a 15 cm round-trip distance in two tissues with a difference
in attenuation constant of 2 dB/cm leads to energies 1000 times greater for the less lossy tis-
sue. Equivalently, reflections that occur at a smaller round-trip distance tend to be significantly
stronger than those further away. As the capacity to extract information from the radar echo de-
pends critically on received signal energy, the total round-trip loss is an important consideration
and the subject of the first study paper I.

2.2.2 Reflectors and the aorta radar cross section

Spatial variations in media lead to various electromagnetic phenomena such as reflection, re-
fraction, scattering etc. The strength of these phenomena are dependent of the scale and rate of
change of this variation. When an electromagnetic wave encounters a boundary between media
of different permittivities, a part of the wave gets reflected and the remainder is transmitted and
refracted. The greater the contrast in permittivity, the more the wave is reflected. Given that the
thorax between the back and the aorta is grossly organized in layers, in addition to the afore-
mentioned loss due to the properties of human tissues, a large part of the signal will have been
reflected back to the receiver. This implies a further reduction in received signal energy from
the aorta.

While reflections of plane waves incident upon plane boundaries have a simple description,
when the object reflecting the electromagnetic wave has a complex shape and the incident field
is not necessarily a plane wave, the description of the scattered field becomes complicated. In
the radar literature, the concept of radar cross section (RCS) is used to quantify the scatter-
ing by an object as a function of observation angle and in the far field for an incident plane,
monochromatic wave [32]:

σ = lim
r→∞

[
4πr2Sr

Si

]
, (2.27)
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where σ is the RCS, Sr, Si are the reflected and incident power densities respectively, and r is
the distance from the object. The radar cross section is given in units of m2 and can loosely be
interpreted as the cross-sectional area of a perfectly reflecting sphere and which would isotrop-
ically re-radiate the incident field. The radar cross-section is an idealized representation which
incorporates the size, shape and reflectivity of the object.

In general, simple mathematical descriptions are not available for the radar cross section of
objects. Some exceptions do exist, and considering the fact that the aorta can be approximated
as a circular cylinder, the solution for an infinite cylinder was used in paper I. In Fig. 2.7 the
impulse response from the aorta is illustrated and which shows that the reflection is composed
of two parts. These are a first, or “front”, reflection and a second, “rear”, reflection. The “rear”
reflection occurs some 1 ns later and may be a mixture of internal reflections together with
waves diffracting around the circumference.

Figure 2.7: Impulse response from an infinite, blood-filled cylinder of radius 10mm in a loss-
less environment with an “average” propagation speed in human tissues. The calculation is
an approximation with a limited bandwidth, around 5 GHz, and the ringing stems from this
approximation.

The impulse response illustrates a point regarding the bandwidth. While an important ques-
tion is the “size” of a reflector and therefore its echo strength, without the use of a broadband
signal nor spatial discrimination, information regarding its shape is not contained in the echo. In
the above impulse response, resolving the two reflections requires a minimum bandwidth, hence
at least a minimum high-frequency content. These higher frequencies are subject to higher at-
tenuation as mentioned in the previous section. This results in a trade-off between resolution
and echo strength, and which was addressed in paper II.

2.2.3 Clutter and pulse processing

The term “clutter” denotes the set of echoes that are not due to the direct target echo, which
implies that unlike for statistical noise sources averaging over a number of echoes will not
enhance the target echo over clutter. Neither can emitted signal strength reduce clutter as the
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echo scales with output strength. To improve the signal to clutter ratio, some property of the
target which distinguishes it from the clutter must be used. Often, this property is either a spatial
or temporal discrimination, but can also be due to polarization effects, and in some cases the
angle of view affects the clutter. The effects of clutter on estimation are indirectly addressed in
paper IV and in paper V clutter sources are investigated using MR imaging.

2.2.4 Spatial discrimination

The resolution of a radar system provides for the spatial discrimination which is defined by two
characters of the system. First, the bandwidth of the emitted signal fundamentally limits the res-
olution in range. Second, the size of the antenna or the extent of the antenna array is important
for defining resolution in cross-range. Cross-range resolution distinguishing between all points
at similar distance from the antennas. A rule of thumb for the first null in the illuminating beam
is that a full wavelength projects onto the antenna aperture.

As an example, a 1 GHz signal has a wavelength on the order of 6 cm in an “average” tissue
and with the antennas used in this thesis, a null can only be expected in the vertical direction
because along the horizontal direction, the antennas are smaller. Hence to obtain a significantly
more narrow focus, the antenna would need to span a larger part of the back. However, the
echo returning to different parts of the antenna would be subject to different losses and only a
narrow part of the antenna would dominate its response. The effect can be understood as a form
of tapering. If the radar echo is noisy, this suggests a fundamental limitation on the ability to
resolve reflectors using the spatial resolution of the antenna.

2.2.5 Doppler processing

Along the temporal dimension, objects may be classified into static and dynamic sets where the
radial speed of the object distinguishes between the two. The processing of dynamic reflectors
often involves one of two approaches collectively termed Doppler processing. Such processing
either uses the frequency shift in the emitted pulse, or else the delay shifts across multiple
pulses.

When using the frequency shift of the echo, the most common approach involves an emis-
sion with a narrow bandwidth and considers the power spectral distribution of the echo as a
distribution of observed radial velocities, weighted by the cumulative strength of the associated
reflectors. Hence this approach implies the use of some form of spectral estimation procedure
which in turn requires a minimum observation duration for a given resolution of the velocity.
For a reflector of radial velocity vr and emission frequency fc, the Doppler frequency fD is
given by (see Appendix A):

fD =
2vr
c
fc, [Hz] (2.28)

where c is the propagation speed of the electromagnetic waves in the medium. Because c is so
large compared to expected values of vr for the aorta, the Doppler frequencies are low and their
estimation requires long observation times. Another issue with this approach is the fact that the
narrow bandwidth necessarily limits the resolution in range.
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The second approach to Doppler processing, sometimes called “pulsed Doppler”, observes
the changes between subsequent echoes and performs some form of filtering across the echoes.
The rationale behind the name “Doppler processing” for this approach is that when considering
a given range cell, and if a reflector moves over a sufficient range with constant radial velocity
vr, the frequency in the range cell will depend on vr. The observed signal will behave as if the
emitted pulse were subject to a Doppler effect. Given a frequency component fc of the original
pulse and assume some echo from a reflector is temporally shifted ∆t = 2 ·∆r/c due to a radial
movement ∆r = vr/PRF of that reflector:

∆θ

2π
=

2 ·∆r
c

fc =
2vr/PRF

c
fc, [cycles/echo] (2.29)

fD =
∆θ

2π
· PRF =

2vr
c
fc, [Hz] (2.30)

where ∆θ is the phase difference between pulse emissions and PRF is the pulse repetition
frequency. In this case, the emission of pulses corresponds to sampling the Doppler signal, and
the unambiguous velocities corresponds to a phase difference |∆θ| < π.

When the frequencies of a signal is scaled by some constant factor κ, a compression or
dilatation is observed in the time domain:

Sτ (κf)
DTFT↔ 1/κ · sτ [t/κ]. (2.31)

It is this stretching or compression of the emitted pulse which is common for the Doppler
processing approaches.

A simple and naive pulsed Doppler processing consists in subtracting subsequent echoes
and this has been assumed in several of the papers of this thesis. The effect of the filtering may
be approximated as follows:

sτ [t] = s(τ − t∆τ), ∆τ = 2vr/(c · PRF)

y[t] = sτ [t]− sτ [t− 1]
DTFT↔ Y (Ω) = Sτ (Ω)

(
1− e−iΩ

)

Ω = ω∆τ For Ω << 1, (1− e−iΩ) ≈ iΩ,

Y (ω∆τ) ≈ ∆τ · (iω) · Sτ (ω∆τ) (2.32)

where ω is the angular frequency, ∆τ is the temporal shift of the reflection s due to the velocity
vr and is equivalent to a sampling interval as sτ [t] is a sampled version of s(τ). Sτ is under
certain conditions closely related to the Fourier transform of s(τ). Hence for small radial veloc-
ities the filtered signal is proportional to the velocity and similar in form as the derivative of the
original echo, the factor iω indicates the derivation operator. In particular, any reflection from
a static object is removed at the cost of a strong reduction in the echoes from slowly moving
reflectors.

2.2.6 Radar receiver and range estimation

Receivers in radars typically aim at optimizing the signal-to-noise ratio as such a criterion is
well suited for detection. The processing which achieves this goal when the signal form s(t) is
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known is called the “matched filter”, or equivalently a correlator. The received echo is correlated
with the signal, and sufficiently strong maxima in the output are associated with reflectors. For
the case with independent, additive, white noise n(t) and delay τ associated with the round-trip
distance to the reflector and attenuation α:

E [y(t)] = E [s(−t) ? (αs(t− τ) + n(t))] = αRs,s(t− τ) +Rs,n (2.33)

where Rs,s is the auto-correlation of the emitted signal s while Rs,n is the cross-correlation of
s with an independent Gaussian random variable n of constant variance σ2

n. By virtue of the
band-pass nature of the signal, Rs,s can be described by an envelope modulating an oscillat-
ing component at around the center frequency fc. As an example, consider a modulated sinc
function:

s(t) = 2B cos (2πfct+ θ) sinc (Bt) (2.34)

Rs,s(t) = 2B cos (2πfct) sinc (Bt) (2.35)

where B is the bandwidth of the signal and θ some arbitrary phase. An important property
of the correlator is that it compresses the emitted signal. This property is used in conjunction
with the linear frequency-modulated signal, known as a “chirp”, and which spans the bandwidth
over a “long” interval while at each instant being approximated by a narrow band component.
Even though the duration of this signal can be made arbitrarily long for a given bandwidth, its
autocorrelation function is well approximated by the above modulated sinc.

The bandwidth of the signal determines the extent of the “main-lobe” of the envelope and
thereby grossly determines the range of the reflector while the oscillation within the main-lobe
influences the error in delay estimation. As illustrated in Fig. 2.8, the relative bandwidth plays
an important role in range estimation to obtain precise results. This is because for low relative
bandwidths and with noise, any of a set of peaks within the main-lobe will be maximum in any
given observation.

For the problem studied in this thesis, the optimal choice of bandwidth and center frequency
was the subject of paper II. This paper used the Cramér-Rao lower bound (CRLB) as an indica-
tor of estimation performance depending on the choice of bandwidth and center frequency while
incorporating into the channel as much of the specific problem as possible. The CRLB is a sta-
tistical rule concerning unbiased estimators and which states a lower bound on the achievable
variance of such estimators, irrespective of how the estimators are constructed. Using this met-
ric instead of some specific estimation procedure was chosen in an attempt to make conclusions
more general.

For the case of propagation in a channel with moderate distortion of the emitted signals,
an expression for the CRLB which includes a “decorrelation coefficient” ρ is developed in [41,
eq. 19]. The decorrelation coefficient expresses a stochastic element in the form of the received
signal and which adds to the uncertainty in delay estimation. The following equation is based on
an adaption to the current problem using a single channel and where the reference is perfectly
known:

σ2
τ ≥

1− ρ2 + 1
SNR2

2π2ρ2(TB)f 2
c

≈
{

1
2π2(TB)f2c SNR2 , 1− ρ2 ≈ 0

1−ρ2
2π2ρ2(TB)f2c

, SNR� 1
(2.36)
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Figure 2.8: The above figures show four echoes: two signals with varying relative bandwidth
and with either one (a,b) or two (c,d) reflectors. Blue curves are the echoes while in red their
envelopes are drawn. The above figures illustrate the effect of relative bandwidth (ε = B/fc)
where the margin for noise is increased as ε increases. This comes at reduced curvature at
the peak and hence an increase in “local error”. In sub-figures (c) and (d) two equally strong
reflectors separated by ∆τ are simulated and suggest an increased resolution with higher relative
bandwidth. The sidelobe levels of other reflectors interfere with peak locations showing that
accuracy depends on relative strength of reflectors.

where SNR is the signal-to-noise ratio, ρ2 ≤ 1, T is the observation time, B the bandwidth and
fc the center frequency. These expressions show the dependency of delay estimation accuracy
on higher frequency content (fc, B) and on long observation time compared to the bandwidth
of the signal (TB). It is important to note that these equations presume that the correct peak
of the cross-correlation is chosen, see Fig. 2.8. In this case, it is primarily the curvature at the
peak that determines the delay estimation precision.

The above expressions also suggests the influence of SNR and ρ. In the high SNR regime,
increasing the correlation is more efficient in order to improve on precision. In the low-SNR
regime, the precision is most improved by improvements in SNR [41].

2.2.7 Electromagnetic simulations

Simulations of the radar problem in paper I, paper III and paper IV were based on a finite-
difference, time-domain approximation to Maxwell’s equations. This approximation discretizes
the simulation space at small steps, with an offset between the grids so that the coupled differen-
tial equations are based on central differences and which allows for a higher degree of precision
for equal step size. In order to keep the error sources at an acceptably low level, the step size is
often chosen at 1/20th of the shortest wavelength in the signals.

A second important consideration is the termination of the simulation volume. Any dif-
ference in electromagnetic properties in different cells results in a wave reflection and at the
boundary of the space these properties must be adjusted to avoid reflections. The solution
adopted was the perfectly-matched layers (PML) approach in which a tapering of the electro-
magnetic properties is used in order to reduce reflections to a minimum. In effect, the layer
appears “perfectly matched” in the sense of a minimum of reflections.

In this thesis, the simulation target was a section of the human thorax and the problem
should allow for variations in the aorta radius on the order of 1 mm. Due to the large demand
on resources, the volume was reduced to the smallest relevant size. This involved several con-
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siderations:

1 The “shortest” wavelength was determined relative to the slowest propagation speed (ca.
c0/5, where c0 is the propagation speed in free space). For a 3 GHz frequency component
and for 20 steps per wavelength, this suggested a 1 mm grid size.

2 The change of radius on the order of 1 mm suggested a grid size less than this, and a resolution
of 0.1 mm was chosen.

3 A PML was chosen for the boundaries where 10 steps were used with a geometric scaling
factor of 2.5.

4 In the x-y plane (depth, lateral width) the size was chosen to be 20 cm by 14 cm, which
implies 2.8 M cells per plane at 0.1 mm steps.

With the chosen simulation space size and resolution, the time for each run was judged to
be sufficiently large to merit the following simplifying assumption:

• The electromagnetic problem is constant along the z axis. No variation in the fields are
experienced along this axis, nor any change in tissue properties. This means that any
plane in xy has identical geometry.

This assumption leads to one of two formulations of the electromagnetic equations depending
on the orientation of the electrical field: the transverse electric (TE) or transverse magnetic
(TM). The justification of this assumption for the electromagnetic problem considered in this
thesis stems from the orientation of the aorta along the z axis. Furthermore, there is a similar
orientation of other tissues in the relevant region where the spine, muscles and fat have less
variation in z than along x and y.

Regarding the representation of the human body, several models are available for use. The
model used was chosen for its high quality and in particular the high resolution of the structures
in the body. This model is described in [28] and provides a segmented volume where each voxel
of size 1 mm x 1 mm x 1 mm is tagged according to tissue.

The second step in constructing the simulations volume involved attributing electromagnetic
properties to the different tissues and the table provided in [11, 12] was used for this purpose.
A radiologist assisted in mapping the table’s tissues to those present in the voxel model.

While the electromagnetic properties of tissues were described in terms of Cole-Cole equa-
tions (2.26), the parameter β was set to zero thus reducing the equations to Debye equations
[29, section 4.6.3]. Debye equations allowed for direct expression in the finite-difference, time-
domain simulations software TEMSI [37].

The object of the electromagnetic simulations was to simulate the response from the aorta
and an important aspect was the variation of aorta diameter. This variation accounted for the
variation through a heart beat and was achieved in two stages. First by replacing the aorta
with neighboring tissues, incidentally “fat”, and thereby effectively erasing it from the model.
This “no-aorta” model allowed for an approximation of the “background” reflection. Second,
a perfectly circular “aorta” was inserted with the property of “blood”. This circle could have
variable size. With this set, two differences could be studied: the difference between aorta
radiuses and the difference between the “foreground” and “background”.
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Figure 2.9: Simulation model used in paper III. The image’s brightness represents relative prop-
agation speeds of the tissues. The model is the one described in [28] with interpolation and a
spatial filter for rounding edges. Also, cortical bone was added to all bone structures whose
interior was filled with bone marrow. The aorta was synthetically varied in size through the set
of simulations. The simulation area is 20 cm by 14 cm large.

2.2.8 Vector network Analyzer as radar

A vector network analyzer is a device which samples, at a set of frequencies sequentially, the
transfer function between a selected pair of “ports” of the device. When using two ports and
connecting an antenna to each, this transfer function includes the “channel” between the anten-
nas. This “channel” contains the set of reflections as well as the direct path between antennas.
Because the vector network analyzer samples the a set of Nf frequencies {fk} sequentially, a
“sweep” - see Fig. 2.10, the transfer function can faithfully represent the “channel” if the chan-
nel remains sufficiently static during the sweep. This implies that the time available during a
sweep to maximize the signal to noise ratio is limited by the expected speed of the movements
during that interval:

Nf · (T + δ) + T0 =
1

PRF
≤ Ttotal, Nf = | {fk} |, (2.37)

where T is the measurement time for a component fk, PRF is the pulse repetition frequency, δ
is some setup and stabilization time necessary between samples, T0 is needed to prepare a new
sweep, while Ttotal is considered sufficiently short for the “channel” to be considered static. If
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the condition for “static” is relaxed to allow for reflectors with constant and slow radial speed,
the effect in the response for this reflector is both a de-focusing and delay, if the velocity is
sufficient compared with Ttotal. However, simulations show that the effect is negligible for the
speeds and values of Ttotal used in the radar recordings.

The components in the estimated spectrum are separated by a ∆f . This leads to an unam-
biguous range c/(2∆f) because discrete in one domain implies periodicity in the transformed
domain. If h(t) is the impulse response, the sampled transfer function (ĥ(t)) is equivalent to
one period of the periodic extension hPE of h(t):

ĥ(t) ≈ hPE(t) =
∑

k∈Z
h(t+ k · 1/∆f). (2.38)

Due to the periodic extension, the sampling in the frequency domain should be sufficiently dense
so that echoes may be considered insignificant beyond 1/∆f . Reflectors at larger distances are
mapped into the “unambiguous range” and if not negligible, this will cause artifacts. At the
same time, an increase in integration time T reduces noise and should therefore be as large as
possible for maximum sensitivity.

A final, important property of the vector network analyzer is its dynamic range. The direct
path between antennas typically sets the maximum signal level while the weakest reflection
should be sufficiently resolved within this dynamic range.

Given an emission signal s(t) of duration less than 1/∆f , the received signal y(t) can then
be approximated by:

y(t) = s(t) ? ĥ(t)↔ Y (f) = S(f)Ĥ(f), f ∈ {fk} , (2.39)

where the transform is closely related to the Fourier series expansion.

Channel

Port 2Port 1

VNA
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Figure 2.10: Idealized time-frequency plot of the vector network analyzer (VNA) sweep: at each
frequency, the response is integrated for a configurable time T for the set {fk} of frequencies.
Each curve in (c) represents a distinct reflector and as T increases, the sensitivity increases as
illustrated by the lower noise floor.
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2.2.9 Experimental setup

Two setups were used in the course of the work of this thesis: a phantom model which allowed
for performing actual measurements albeit in a controlled environment, and a second setup
where measurements were performed in vivo.

Phantom model

Regarding the phantom model, this was constructed by assembling a tank built in plexiglass and
with several entries on the side for hoses to pass through the wall. These hoses were connected
to an aorta-emulating structure. Given the rigidity of the hoses and the elasticity of the aorta-
emulating structure, the radius was varied by simply varying the volume of the liquid inside the
tube. At the same time, an equal amount was removed outside the tube to maintain the level
in the tank at a constant height. Approximation to the change of radius was done by assuming
the entire structure adjusted homogeneously to the new volume. In addition, the radius was
measured prior to any addition of liquid.

Figure 2.11: The experimental setup for the phantom model. The two antennas, transmitter
and receiver, are attached to the “top” wall of the phantom container. Within the container the
aorta-emulating structure, a bicycle tube, is filled with water. The surrounding tissue emulates
“average” electromagnetic properties. The arbitrary structures in metal and plastic represent
random, static clutter sources.

The liquid inside the aorta-emulating structure was simply water while the liquid in the tank
was chosen to approximate an “average” electromagnetic property in the relevant section of the
thorax, see paper I. This liquid was a mixture of Diacetin and water in a ratio of 2:1. It turned
out that the liquid properties beyond approximately 1 GHz was increasingly more lossy than
the target electromagnetic properties, see Fig. 2.12.

The tank also contained a structure for supporting possible clutter objects. These were
chosen at random and did not aim at emulating the structure of the thorax as the intention was
simply to add significant amounts of clutter. Incidentally, for the relevant recordings, a plastic
cylinder with an approximately similar size as the tube

All measurements were performed in a small room with radar-attenuating materials lining
walls and the ceiling and which functioned as an approximation to an anechoic chamber.
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Figure 2.12: Liquid properties used in the phantom setup compared with the target “average”
thorax properties. The propagation speed remains close to that of the target properties while the
attenuation increases faster than that of the target properties. Given the approximate 16-20 cm
round-trip distance, the difference in attenuation is significant at higher frequencies.

Human subject experimental setup

For the measurements on a human, the subject was lying in a prone position on a table with the
antennas strapped tight to the back. On the exterior of the antennas, a radar absorbing material
increased the isolation of the antennas from external noise sources and reflections, see Fig. 2.13.
Low-noise amplifier with sufficient bandwidth was used at the receiving end of the VNA.

z y

x

Figure 2.13: The experimental setup for the human subject experiments. Two antennas were
strapped to the back, isolated by radar-absorbing material on one side, the human body on the
other. The antenna cables were connected to a VNA with added low-noise amplifiers at the
receiver. Respiration was suspended during measurements, and the subject was lying still.

The coordinate system used during these measurements is indicated in Fig. 2.13.
During all acquisitions, the respiration of the subject was suspended. The motivation for

this was to assess blood pressure estimation under ideal conditions and only if successful would
more realistic conditions be investigated.

The arrested respiration limited acquisition time to some 20 s. The VNA had a repetition
rate of approximately 50 Hz to span 51 points in the frequency spectrum between 500 MHz
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to 3 GHz and this left an unambiguous range of approximately 6 m round-trip in air. This
repetition rate was the maximum achievable by the equipment given the number of points in the
spectrum.
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Chapter 3

Summary of results

3.1 Paper I A Feasibility Study on Aortic Pressure Estima-
tion Using UWB Radar

This first article addressed the feasibility of using radar to estimate blood pressure. Two main
issues were addressed. First, because electromagnetic propagation is not affected by pressure,
what indirect property could be used to estimate blood pressure? Second, could it be measured
using radar techniques?

A survey of the medical literature lead to two candidates which were both related to the
elasticity of the aortic walls. First, changes in aortic radius is related to changes in instanta-
neous blood pressure. Second, the pulse pressure propagation along the aorta is related to mean
pressure because with an increase in pressure follows an increase in wall tension which in turn
leads to faster propagation. In both cases, continuous estimates of the aorta radius is needed,
and is hence the parameter that a radar based system could use to provide the estimates.

Regarding the viability of a radar-based approach, a sufficient signal-to-noise ratio is as-
sumed necessary for estimation. A simulation of a simplified electromagnetic problem was
used to estimate the transfer function between an idealized, monostatic radar and the aorta. An
elevated attenuation which increases strongly with frequency shows a strong low-pass filtering
effect of human tissues. For a round-trip of 20cm, an approximate 20 dB reduction was ob-
served at 1 GHz while at 3 GHz an approximate 40 dB reduction was observed. The cylinder
representing the aorta accounted for an added 20 dB reduction.

In both the time and frequency domains, information regarding the aorta radius could easily
be extracted.

3.2 Paper II Minimum variance signal selection for aorta ra-
dius estimation using radar

While the first article indicated that a connection between radar and blood pressure existed, and
that the radar signature contained the necessary information, the article did not address optimal
conditions for estimation. In this article, we addressed the trade-off between attenuation and
resolution.
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In order to address this question, we used the Cramér-Rao lower bound (CRLB) based on a
model with a simplified representation of the channel. This model contained three parameters:
depth R, radius r and change-of-radius ∆r between pulses. The CRLB lead to an integral
expression parametrized by the choice of band occupied by the signal. This expression allowed
for investigating signal choice and the influence of the model parameters R, r and ∆r.

The article concluded that within the bounds of the proposed model, an optimal band was
centered at around 1.25 GHz, with a bandwidth of approximately 1 GHz. At lower frequen-
cies, the attenuation due to subtraction of echoes penalized estimation. Higher bandwidths was
inefficient due to higher attenuation. Lower frequencies tended to mix reflectors and couple
information. The article also concluded that an emitted signal energy to receiver noise spectral
density of 120 dB was necessary to achieve an accuracy of 0.1 mm when the set of model pa-
rameters were somewhat restrained by avoiding the smallest ∆r. The article also stressed the
need to account for real noise properties as well as model inaccuracies when considering system
specifications.

3.3 Paper III Candidate Estimators for Aorta Diameter Es-
timation Using Monostatic Radar

In this article we investigated how common approaches to time-delay estimation performed
when applied to the problem of aorta radius estimation.

Using data of a voxel representation of a human torso [28] together with electromagnetic
descriptions of the tissues involved [12], a simulations environment was created. Using this
environment, the channel transfer function between antennas was calculated for a set of aorta
radiuses. In anticipation of the complexity of the problem, this article only considered a simpli-
fied geometry with a minimum of clutter. The noise model was additive, white, Gaussian noise.
Within this simulation environment, “front” and “rear” reflectors of the aorta were identified by
the estimators and the time difference was converted to a radius estimate.

Several issues were identified in the estimation procedures. A tendency to non-linear effects
in radius estimation was explained due to interference between the “front” and “rear” reflectors.
Second, an estimator-specific, constant bias was found and its cause related to the ambiguity be-
tween two choices of (r,∆r). This ambiguity was expressed by the observation that subtraction
of echos at different delays (∆r) influenced the estimation of radius.

The potential impact of the above non-linearity and bias depends on the blood pressure
estimation method. If the delay between two sites were used, only signal form (r(t)) would be
important and precision would require a high degree of similarity. In this case, limited non-
linearity and bias could be accepted. If the instantaneous values of r(t) were used, the bias and
non-linearity could impact pressure measurements.
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3.4 Paper IV Realistic Simulations of Aorta Radius Estima-
tion

One of the challenges in radar processing is the mitigation of clutter and this article was the first
to address this issue. While the assumption that the aorta was a dominant, dynamic reflector
was still maintained, the environment was now heterogeneous and acted as clutter sources even
after Doppler processing due to indirect paths between aorta and antennas.

Following the same approach as in Paper III for the simulations environment while retain-
ing the complete geometry of the problem, the channel transfer functions were calculated for
variable aorta radius. The noise model was still additive, white Gaussian noise. Three distinct
estimators were then applied in order to detect and estimate the delay of “front” and “rear”
reflectors.

An important observation was that the “front” reflection delay’s sensitivity to a change
in radius was reduced due to propagation effects, and that this lead to a strong reduction of
the “front” reflection’s strength. Given an interference between “front” and “rear” reflection’s
echoes, the former was mostly ignored by the estimators.

Thus reliable radius estimation may be difficult because the size of the aorta cannot be di-
rectly observed with only the distance to one wall. Some assumption or added information
would be needed to infer size from this distance. However, a linear relationship between ra-
dius and delay changes were found for all estimators. As in Paper III, this could be used in
conjunction with estimations relying on pulse propagation delay between two observation sites.

3.5 Paper V Heart-induced movements in the thorax as de-
tected by MRI

In order to have a reference for analyzing radar observations of a human subject, movements
in the thorax were studied in this article. Although mapping and quantification of movements
has been extensively studied in the literature, we were not successful in finding a map of heart-
induced movements in the thorax. Furthermore, observations on the same individual which was
used in a subsequent radar study was considered necessary.

In order to construct a map of movements, and to characterize aorta behavior in particular,
sequences of magnetic resonance images were acquired. These sequences were analyzed using
two approaches: edge detection for easy extraction of boundary displacements of all organs and
segmentation of the aorta in all images for precise characterization of its behavior.

The maps showed large movements in the heart interior and suggested that these movements
propagate to all surrounding tissues. The largest amplitudes were found in the left hemisphere.
These movements were particularly visible via displacements of lung vessels. No movements
were observed in the lungs-thoracic cage which may be due to the limited resolution of the
approach used.

The detailed study of the aorta quantified cross-section size variations which agreed with
previous results cited in the literature. However, the study also shows that the aorta was subject
to movements in the axial plane due to mechanical coupling with the heart. In spite of this
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coupling, the aorta size was most likely independent of position and directly related to internal
pressure.

3.6 Paper VI An experimental investigation into radar-based
central blood pressure estimation

While the first four articles were based on theoretical issues where factors influencing the radar
echoes were under full control, we tried in this study to experimentally test the observations.

Both in view of confirming control over the measurement process, and maintaining a degree
of control over the environment, the study first investigated behavior in a phantom model which
emulated several characteristics of the human thorax such as propagation speed, attenuation and
aorta dilatations. This investigation was conducted in a clutter-free environment and then in an
environment with multiple clutter objects.

In spite of attenuation being stronger than expected in living tissues, in a clutter-free envi-
ronment, sufficient information for estimating the radius of the aorta-emulating tube was consid-
ered present. The signals’ properties were similar to those obtained in Paper III. In the cluttered
case, this information was compromised in the same way as in Paper IV where the “front” and
“rear” reflections from the tube were not easily extracted. Only information regarding the rear
echo was easily identified.

In sum, the phantom experiment suggested that the measurement procedure was sufficiently
sensitive to record echoes from the aorta, and that the effects identified at a theoretical level
could be expected also in the human subject experiments.

In the human subject experiments, echoes from the thorax of a single individual lying in a
prone position, as in Paper V, were recorded at a set of positions and under varying conditions.
These conditions were introduced in order to allow for excluding competing hypotheses. The
individual suspended breathing during the recordings in order to isolate heart-related effects.

First, we concluded that the variations in the echoes were dominated by internal reflections.
Several independent, time-varying reflectors were identified, and we claimed that one of these
sources was the aorta. Paper V showed the need to dissociate displacement from dilatation.
However, no evident information was found in neither the identification of both “front” and
“rear” reflections, nor when considering a range cell across multiple phases of the heart cycle.
These observations suggest that blood pressure estimation is complicated by the mechanical
coupling mentioned in Paper V.
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Chapter 4

Discussion

The primary aim of this thesis was to investigate the possibility of using radar techniques in
order to estimate central blood pressure. Chapter 1 and Section 2.1 argued for methods relying
on continuous estimates of the aorta radius. Based on such radius estimates, two routes to blood
pressure have been proposed: proportionality between pressure changes and radius changes in
the short term and a functional relationship between pulse pressure propagation speed and mean
arterial pressure.

In the following section, limitations in radius estimation using radar techniques are dis-
cussed. Subsequent sections discuss findings across articles.

4.1 Restrictions in the space of radar systems

The study of aorta radius estimation using radar principles could be done by building radar
systems and directly testing the performance on a set of individuals, or doing the same through
simulations. However, there are many possible such systems and to limit the options, some
major choices have been excluded either based on reasons to suppose they are less adapted or
due to limitations in time.

The radar system implicit in this study can loosely be described as follows:

• A radar composed of a single transmitter and receiver is placed in close contact to the
back of a subject with a high degree of isolation with respect to the environment.

• A sequence of pulses are emitted, and the information regarding the aorta radius is as-
sumed to reside essentially in the difference between echoes.

• The time-dependent radius of the aorta affects the radar echo in such a way that estimates
of the range to front and rear reflections from the aorta can be calculated, or else some
proxy related to the difference between them. This difference estimate is assumed to be
directly related to the aorta radius.

• Because attenuation in tissues is strong, the echoes from the aorta needs to be distin-
guished from echoes from other reflectors in the thorax. Several bases for this separation
can be pursued.
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This particular choice of system represents a restriction in the set of configurations of the
radar system, and some aspects of the chosen system are discussed in this section.

Non-contact vs. contact
Radars are most often used at a distance from the objects under interest. Because electromag-
netic waves propagate so well in air, the distance need not significantly degrade performance
while enabling a given application. With respect to the current aim of observing the aorta, any
distance between the radar device and the subject may seriously complicate measurements.

The most important reason is that with increased distance, it may prove difficult to suffi-
ciently discriminate between the reflection from some other object in the environment and the
echoes from the aorta. This is all the more so as the relevant echoes are weak.

Also, a close coupling may allow for an increased isolation from the surrounding noise
sources because the antenna can be shielded on the outside by attenuating materials, and human
tissues act as natural isolation on the inside.

Finally, tight coupling would remove most of the relative movements between the antennas
and aorta and therefore would seriously reduce clutter.

Antenna aperture
The aperture of an antenna refers to its size and determines the width of its beam on emis-
sion or its focus on reception. With an array of antenna elements, some of the same effect is
achieved while allowing for added functionality such as suppressing sources at other angles, or
controlling the beam angle without physically moving the antenna array.

Although reasons are discussed in this thesis arguing for the idea that a gain related to a
large antenna aperture may not hold, the original reason for not pursuing this line of research
was due to a question of resource. The fundamental questions of visibility and radius estimation
were prioritized over the optimization of spatial gain.

Doppler radar
One major design choice is whether to base the processing on the Doppler effect. The Doppler
frequency shift is due to the speed of reflectors relative to the antennas. Most often, a narrow
band signal is emitted and the distribution in the frequency domain of the echo reflects the
distribution of target velocities, weighted by reflector strengths. There are two basic challenges
with this approach.

First, given the low band width, the spatial resolution is reduced and in the extreme there
is no range information. This means that the distribution cannot distinguish between reflectors
anywhere in the radar field of view. Such an approach relies heavily on the assumption that the
aorta would be the dominant, dynamic reflector within this field of view, which is a tough claim
considering the strong attenuation in tissues.

The second argument concerns frequency estimation precision. The relevant Doppler fre-
quencies would require a too long observation time compared to the time available for their
estimation. The Doppler frequency is dependent on the ratio of reflector velocity to the speed
of propagation of the electromagnetic waves as well as on the emitted frequencies. According
to [35], the peak-to-peak aortic radial change for a normal individual is on the order of 1.09
mm which occurs within a 10th of the heart cycle. Assume a heart rate of 1 Hz during rest.
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This implies a peak velocity around 11 mm/s, lasting roughly 0.1s. During other parts of the
cycle, the velocity and therefore Doppler frequency is smaller. At an emission frequency of
1 GHz, and a propagation speed of roughly c0/5, this leads to a Doppler frequency of around
0.4 Hz. Assuming a number of cycles within the observation is necessary, the precision of the
measurement was expected to be insufficient. This argument considers a single heart beat al-
though it may be possible to integrate the response over several beats to improve the conditions
for estimation.

Absorption and propagation speeds
Another possible approach is to assume that the properties of tissues change with blood pres-
sure, perhaps through an increased perfusion of tissues. Such a change could be measured if it
affects propagation speed so that the electromagnetic waves passing through the tissues, reflect-
ing off some static boundary and back to the radar antenna have a time-variable delay related to
blood pressure.

A slight variation on the above could use variations in attenuation which would follow from
increases in perfusion as blood absorbs more energy per unit length than most other tissues.
Reflector strength would then be used as an indicator of perfusion. This is in principle simi-
lar to photoplethysmographic readings. However these are not used alone to determine blood
pressure, rather it is used as a feedback to maintain a constant volume by applying an external
pressure. It is this pressure which ultimately provides the estimate.

There are several questions that should be considered:

1 Which tissues contain blood, and how different are the electromagnetic properties? As an
example, muscle resembles the electromagnetic properties of blood, so even a relatively large
change in perfusion of muscles leads to a small difference in electromagnetic properties.

2 Several references have claimed that the smaller arteries and arterioles are relatively stiffer.
This suggests that blood flow may increase more than volume. This will reduce the measur-
able difference in electromagnetic properties.

3 The sensitivity of the approach increases with distance to the reflector, however loss, too,
increases.

4 A naive application of the method would not dissociate between reflector movement and
perfusion variations. This is true, too of the proposed methods, and this effect would be an
error source of measurements.

This axis has not been pursued in this thesis.

4.2 Radar based estimation of radius

In this section, the part of the blood pressure estimation problem concerned with providing
estimates of the aorta radius will be discussed.
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4.2.1 Clutter-dominated noise sources

In Section 2.2 the discussion of the radar approach was framed using the radar equation (2.20).
A key observation with respect to this equation is a necessary signal to noise and clutter ratio
in order to obtain precise estimates or reliable detections. Several observations suggest that the
data in paper VI is dominated by the influence of clutter.

The vector network analyzer has a large dynamic range that is apparent in paper VI because
both the static and dynamic echo decay at large range to small values compared with the pre-
sumed aorta echo. This implies a low random noise component. This low noise situation is also
illustrated in the phantom model experiments in paper VI where the no-clutter case produced
clear indications of the tube reflections despite larger attenuation per unit length than expected
in human tissues.

4.2.2 Aorta visibility

The initial work in this thesis addressed the question of aorta radius estimation under the as-
sumption that it is the dominant reflector within the resolution cell. The theoretical model
included the aorta as sole dynamic reflector, and clutter would be due to self-interference where
several paths, or a continuum of paths, would combine at the receiver. In this scenario, the
question was framed in terms of the signal to noise ratio necessary to obtain sufficiently precise
delay estimates of both front and rear reflections in order to obtain accurate and precise blood
pressure estimates.

In spite of clutter-dominated noise, in paper VI a signature was identified in the radar echos
which was associated with the aorta, and furthermore, at favorable antenna locations this com-
ponent could even dominate the echo locally in range. However, as shown in paper V, the heart
motions propagate into the entire torso.

While this study indicated significant motions of smaller vessels in the lungs and larger
movements in the heart, their depth, shape or contrast suggested that they need not be strong
clutter sources compared with the aorta. In paper VI the most significant sources of clutter
were found earlier in the echoes, and these were assumed to be related to the lungs-ribs/muscles
tissue boundaries. With their increased reflector strength, wherever present, they dominated the
echoes.

The basic assumption of aorta as dominant, dynamic reflector may therefore still hold on
the condition of optimal antenna location.

4.2.3 Limited clutter reduction by spatial discrimination

The limited bandwidth at large range implies a limited spatial resolution and therefore a larger
volume of reflectors can influence upon the same range cell. Assuming the Doppler processing
is sufficient to allow for disregarding static reflectors, the clutter will be determined by the
dynamic reflectors.

In paper V, movements of the heart were shown to propagate in the thorax and many tissue
boundaries were affected. Therefore, blood vessels in the lungs, the heart, the lungs/muscle
interface will all contribute to clutter. The increasing attenuation with distance has been one
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of the main factors why the lungs-bone/muscle interface created strong clutter in observations
while reflections from the heart were relatively weak.

Increasing spatial discrimination in range requires an increase in bandwidth while main-
taining a flat spectrum. However, attenuation increases with range and frequency and the spec-
trum’s flatness is compromised. Hence resolution decreases. In principle, the response from
some point could be focused by flattening the spectrum, either at the emitter or receiver, but
this would aggravate the spectral response at other ranges. Hence the response at nearby ranges
would leak into the focus and closer clutter sources tend to be stronger.

Spatial discrimination in cross-range is obtained by combining echoes recorded at differ-
ent locations around a target in such a way as to increase the echo from the target relative to
clutter. This is generally achieved by coherently summing the target response and incoherently
summing clutter sources.

However, the heart clutter will likely increase at other antenna placements than those con-
sidered in this article. The aorta will be displaced towards larger range, the heart to smaller
range and the difference between will decrease.

Furthermore, the strongest dynamic reflector which contributed to clutter was in paper VI
assumed to be due to the lungs-bone/muscle interface at the back. A large change in dynamic
echo strength from this interface is observed over 1-2 cm lateral displacement. Only in a narrow,
lateral displacement across the back did the presumed aorta reflection dominate. At other lateral
positions, the aorta may still be visible, but the clutter is significant.

Finally, as the range to the aorta increases along the circumference of the thorax, the re-
sponse from the aorta is reduced. This implies that the accumulation of the aorta response is
tapered and distant points add significantly less to the response.

For these reasons, an improvement of the signal to clutter ratio by spectral shaping or by
summing echoes in a spatial processing arrangement is not likely.

4.2.4 Propagation in a heterogeneous environment compromises direct
radius estimation

The estimation of aorta radius would ideally rely on evidence contained in the echo which
would typically be the identification of a “front” and “rear” reflection as exemplified in paper I,
paper III, paper IV and paper VI. However, in the scenarios with clutter, only a single reflection
was identified. In paper IV the cause was attributed to interference effects between different
reflection paths. In paper VI, when changing from the no-clutter case to the clutter case in the
phantom experiments, the same effect was observed although the cause was likely different.
Also in the experiments on a human subject, only a single reflector was attributed to the aorta.

In sum, in a realistic scenario it appears that the direct estimation of the aorta radius is
compromised.

4.2.5 Mechanical coupling between the aorta and heart

In paper V, a main finding was the fact that the aorta was subject to displacements through the
heart beat due to a mechanical coupling with the heart. Another main finding was that the aorta
radius was nevertheless proportional to instantaneous pressure. The displacement implied that
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without a direct estimation of the radius, based for instance on “front” and “rear” reflections, a
single measure would contain a mix of position and radius changes.

Therefore, connecting radius changes to changes in pressure likely needs to distinguish
between dilatation and displacement. It is not clear how this can be done as the time-domain
in paper VI left little if no evidence of multiple sources. Also, amplitude is not only related to
displacement so the heart displacement cannot be estimated based on amplitude variations at
the range of the heart. Furthermore, the low spatial resolution of the radar images in paper VI
leaves little confidence in estimating displacements of boundaries on the order of millimeters
when considering the radar data as images.

4.2.6 Limited gain in Doppler processing due to correlated clutter sources

The Doppler processing considered in this thesis has been the simplest of approaches explained
in Section 2.2.5 and consisted in the subtraction of subsequent echoes. According to (2.32), the
dynamic echo’s strength resulting from this operation is proportional to frequency and reflector
speed while inversely proportional to pulse repetition frequency.

While it is clear that a strong suppression of the static echo is necessary, it is not obvious
that such an aggressive filtering of the dynamic echoes is necessary. Especially at low speeds,
which would be true during large parts of the heart beat, the radial velocity of the aorta walls
is not expected to be large, and therefore a significant reduction in signal quality was expected
during “still” periods. Nonetheless, this topic has not been pursued in this thesis.

A variation of the Doppler processing has been used in paper VI where the trend in each
Fourier coefficient over the set of observations was removed.

While an improved Doppler processing will increase the SNR by a lesser reduction in signal
strength, all the movement’s in the thorax share a common cause - the heart - and are therefore
in general highly correlated. This implies that such improvements will not likely improve the
signal to clutter ratio.

4.3 Pulse wave velocity and mean pressure estimations

One of the advantages of estimating the pressure based on pulse wave velocity estimations is
the low requirements on the individual aorta radius estimates which only need to correlate with
radius. Precision of the pressure estimate is only indirectly related to the precision of the radius
estimates. For instance, if some reflector’s range were related to the radius then its time-varying
value at two locations could be used to estimate the pulse wave velocity between these. Each
“radius” estimate does not even need to provide an actual estimate of the radius. As an example,
one could consider the peak cross-correlation between the echoes at two locations as a measure
of the delay between them. One consequence is that the trade-offs discussed in paper II between
bandwidth and resolution may be relaxed to favor signal strength. However, the best band may
still be dependent on the choice of Doppler processing because longer wavelengths tends to lead
to increased attenuation by Doppler processing.

In order to discuss the articles versus this approach to blood pressure estimation, the follow-
ing suggests a set of criterion that if satisfied should allow for pressure estimates. In expressing
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these criterion, the exact “radius estimation function” is not considered, only that some function
exists and produces a random variable related to radius and which takes the radar echo as input.

Given that the method should use two estimates at known distance between them, precision
of the blood pressure measurement is dependent on:

C1 That both random variables (xz1 , xz2) are correlated to aorta radius.

∀z ∈ {z1, z2} , xz(t) = f(yz(τ, t; rz(t))), (4.1)

E [xz · rz]2 ≈ VAR [xz] VAR [rz] . (4.2)

where f(·) is a functional on yz, the radar echo at pulse emission time t and relative time τ ,
and which is dependent on the aorta radius rz(t) at position z.

C2 That the variables are highly cross-correlated (4.3) so that the delay estimate is not adversely
affected by other causes. Also that the correlation is high for a small support in delay (4.4)
so that the estimates have low variance.

∃T, E [xz1(t) · xz2(t− T )]2 ≈ VAR [xz1(t)] VAR [xz2(t− T )] , (4.3)

∀|T ′ − T | > δ, E [xz1(t) · xz2(t− T ′)]2 < E [xz1(t) · xz2(t− T )]2 −∆. (4.4)

where T is the delay estimate, and T ′ are other delay candidates while δ and ∆ are positive
numbers and δ is small.

C3 That the effective distance between the radius estimations’ locations is known.

C4 That the functional relationship between pulse wave velocity and mean pressure, or alter-
natively to pressure changes, is sufficiently well known.

Regarding C4, this has been discussed in Section 2.1 and will not be further pursued.

4.3.1 Correlation between the variable and aortic radius

Regarding C1, the mixing of position and radius was shown in paper V and discussed above
and implies that the correlation coefficient between a variable based on the aortic reflection and
radius will be reduced.

There seems to be three principal approaches to addressing this issue: removing the in-
fluence of the heart on the aorta position, unmixing the position’s influence on the variable,
accepting the reduced precision following from the mixing phenomenon. Regarding the first, it
may be possible that another subject posture may reduce the mechanical coupling. For instance,
in an upright position, weight will not tend to compact the thorax and thereby press the heart
closer to the aorta. Regarding the second approach, more information is needed to predict the
influence of the heart motion on the variable. This may be in the form of a model explaining the
relationship between the two influences. Another approach may attempt to estimate the heart
motion separately. If disregarding the mixture’s negative impact on correlation, the velocity
estimates will suffer and therefore pressure estimates as well.

Along the lines of reducing the mixing problem, it may prove possible to capture two mea-
surements further down the back with reduced coupling with the heart. While initial attempts
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were conducted along these lines, both practical issues and time precluded sufficient investiga-
tion within the scope of this thesis.

Incidentally, the relationship between pulse wave velocity and mean blood pressure is due to
the elasticity of arterial walls. This implies that any compliant branch of the arterial tree could
be used. Tentative measurements of radar-based pulse transit time where the carotid and radial
pulse waves have been compared has been published in the literature [16], however the link to
mean pressure was not elaborated in these reports. The focus of this thesis has been central
blood pressure. There are several reasons for this:

• The use of peripheral measurement points subjects these measurements to artifacts known
to affect peripheral pressure measurements.

• Combinations of peripheral and central measurements by construction “integrate” the in-
formation along the arterial tree between the two “points”. While the approach is simple,
this averaging of effects may in some cases be undesirable. For instance if direct assess-
ments of arterial compliance were desired, such measures may be requested along specific
parts of the tree.

• The peripheral locations do not typically measure propagation along a well defined tube
and the difference in time’s relation to blood pressure may include confounding factors.
For instance, the pre-ejection period if the electrocardiogram R wave were used as one
reference would add to delay irrespective of pulse propagation speed.

• Other groups appeared to be focusing on this version of the blood pressure estimation
problem.

4.3.2 Cross-correlation between variables at different, known locations

Regarding requirement C2, when estimating the pulse wave velocity, the proposed approach is
based on estimating the delay between known points , hence the requirement C3. Assuming the
problem of correlation between the variables and radius has been solved, it is still necessary that
these radius changes provide information on the propagating pulse wave within the aorta. While
this is necessarily the case, reflected waves due to changes of arterial impedance implies also
contribute to radius although only indirectly related to propagation velocity. Elements which
will affect wave reflection include the location of the measurement points relative to reflection
points, pulse wave velocity and how information is extracted from the signal.

While recognizing these issues, this thesis has focused on the underlying question of obtain-
ing a sufficient signal quality.

Although it is necessary to know the effective distance to calculate a pulse wave velocity,
much of the literature circumvents both the problem of known distance, and in part certain,
known sources of timing error by correlating standardized pulse transit time measurements with
clinical predictions or estimations. One such “standard” involves the time difference between
the electrocardiogram R wave and a given peripheral measurement point, often either a toe or
a finger. Another idea involves comparing pulse transit time at symmetric points - for instance
left and right toe - and using a difference as an indicator of issues in the arterial tree. However,
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as mentioned above, measurements based on peripheral points have been excluded from the
scope of this thesis.

4.4 Summary

In summary, the following observations have been made:

1 It was argued that in the observations of this thesis, clutter dominated over random noise and
results would likely have been essentially the same even if signal strength had been increased.
In other words, the observations were considered reliable. However, given that these were
performed on a single individual, observations need not be representative.

2 The use of an antenna array in order to improve on the signal to clutter ratio (SCR) was
not considered likely. This conclusion was based on 1)the expected reduction in SCR at
most observation angles and 2)a decreased signal to noise ratio at most observation angles.
However, the use of an antenna array could be used to identify the best observation point.

3 At the optimal antenna location, it appeared that the aorta was a locally dominant, dynamic
reflector.

4 The aorta was displaced through a mechanical coupling with the heart. Despite this dis-
placement, the aorta’s radius as a function of time resembled that of the aortic pressure and
therefore likely reflected changes in pressure.

5 The aortic echo did not contain clear information regarding both front and rear reflections. It
therefore appeared difficult to reliably estimate radius without aorta displacement adding an
error source.

6 Clutter reduction by increasing range resolution was considered challenging as attenuation
increases rapidly with frequency. Compensating for loss either in the emitter or receiver in
order to improve on resolution at the aorta would not likely decrease clutter. This is because
resolution at other ranges would deteriorate as attenuation depends on both frequency and
range.
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Chapter 5

Conclusions

This thesis has considered the estimation of blood pressure using radar techniques for aortic
radius estimation. For pressure estimation, the aorta needs to be visible in the radar echoes,
and either the radius can be estimated directly, or through markers highly correlated to radius at
different locations along the aorta.

The investigations in this thesis included simulations, phantom experiments as well as mea-
surements on a single individual. As this was a feasibility study exploring the radar technology,
the effect of respiration on radar echoes was excluded from the problem. The main rationale
for this choice was to simplify analysis. For similar reasons, gathering statistics from a larger
group of subjects was not done. These limitations require due caution when assessing the ro-
bustness of the findings as for instance aorta properties and the anatomy of the chest vary among
individuals, and respiration is assumed to be a strong source of clutter.

Main conclusions of this thesis are:

• Two links between blood pressure and radar echoes were identified and discussed. Both
relied on the continuous estimation of the aorta radius. The connection between aorta
radius and pressure is due to the elastic properties of the aorta: pressure correlates with
radius and radius correlates with wall tension, which in turn implies a higher pulse pres-
sure propagation speed.

• To estimate the aorta radius directly, a bandwidth on the order of 1 GHz and an emitted
signal energy to noise spectral density on the order of 120 dB was found necessary. This
was based on simulations and on the requirement of a sub-millimeter precision in radius
estimates. Aorta radius variation is on the order of 1 mm according to the literature.

• The aorta was observed in the radar echo and found to be a locally dominant reflector.
This was based on in vivo measurements and required an optimal placement of the anten-
nas as at other locations, signal strength fell quickly and clutter increased. This suggests
limitations in the achievable gain through the use of a larger antenna aperture.

• The radar echo contained mixed information from both aorta radius and aorta displace-
ment. This implies the need for some separation of these sources in the radar echoes, or
else an estimation technique which circumvents this coupling.
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• It was considered unlikely that aortic radius could be estimated from the radar echoes
because no evidence of both front and rear reflections were found. The lack of evidence
of distinct front and rear reflections was not likely due to random noise nor to clutter
from other reflectors. In both simulations and model-based observations, interference
phenomena lead to suppression of a second reflector. Possible sources of interference
include self-interference between different parts of the aorta and between multiple reflec-
tion paths. A similar explanation may have applied to the in vivo observations.

5.1 Future research

The review of the literature regarding pulse wave velocity measurements suggests that such
measurements could be used as possible indicators of artery sclerosis, as beat-to-beat markers
of abrupt changes in blood pressure, and as means for tracking the blood pressure in the medium
term.

However, in this thesis, we have identified several challenges with respect to radar-based
measurements as acquired from the back and at the level of the heart. These technical difficulties
notwithstanding, there is reason to develop a non-invasive blood pressure estimation device that
requires little expertise, can be used often without much hassle and which allows a high degree
of freedom. Using the connection between pulse wave velocity and blood pressure may provide
the physical basis for such a device.

In order to estimate the pulse wave velocity along the aorta, it appears that alternative routes
could be considered:

I In spite of the issues for ultrasound propagation in air, and in spite of relatively large
variations in propagation speed, the lower attenuation expected in ultrasound propagation
as well as the increased resolution suggest that ultrasound may be considered as an eligible
alternative.

II The two main issues identified with the approach pursued in this thesis, namely the me-
chanical coupling with the heart and the lack of evidence of both front and rear reflectors,
need not be equally relevant at other locations along the back. While the aorta is assumed
to lie at slightly larger depth lower down the back and for this reason signal strength will
likely decay, the near-by and correlated motion of the heart will be less coupled with the
aorta echo. At low positions along the back, there is however the question of how strong the
bowel movements will affect measurements. While these movements may be significant,
they should not correlate as highly with aorta radius.
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Appendix A

Selected equations

A.1 Dispersion relationship

A dispersion relationship is an equation which relates the wavelength to the frequency of a
propagating wave in some medium. In the following, the dispersion relation for a plane wave in
an anisotropic medium with no free charge is developed from Maxwell’s equations [25].

Faraday’s law ∇× E = −µδH
δt
, (A.1)

Ampere’s law µ∇×H = µ

(
σE + ε

δE

δt

)
, (A.2)

∇ · E = ρ/ε0, (A.3)

∇ ·H = 0, (A.4)

where H is the magnetic field, E the electric field, ρ is the charge density, ε the permittivity and
µ the permeability. Use the following identity regarding a vector quantity:

∇× (∇× A) = ∇(∇ · A)−∇2A, (A.5)

and taking the curl of Faraday’s law while using the assumption of no free charge (ρ = 0).

∇× (∇× E) = −µ δ
δt

(∇×H) (A.6)

∇(∇ · E)−∇2E = −µ δ
δt

(
σE + ε

δE

δt

)
(A.7)

−∇2E = −µσδE
δt
− µεδ

2E

δt2
(A.8)
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Now use the plane wave representation of an electric field E = Eoe
i(ωt−γx) propagating along

the x axis and where E0 is a constant vector pointing in the yz plane.

∇2E =
δ2E

δx2
= (−iγ)2 · E (A.9)

δE

δt
= (iω) · E (A.10)

δ2E

δt2
= (iω)2 · E (A.11)

(−iγ)2 = µσ(iω) + µε(iω)2 (A.12)

γ2 = ω2µ
(
ε− iσ

ω

)
(A.13)

Which is the relevant dispersion relation. As an example, if the medium were free space, σ = 0,
we would have:

Free space γ2 = ω2µ0ε0, (A.14)

and the product between the wavelength and frequency, the propagation speed, is independent
of frequency.

A.2 Doppler shift

The Doppler shift in a monostatic radar system, where transmitter and receiver are co-located,
can be expressed by considering the two paths separately: emission of sTx(t) from the trans-
mitter to an ideal point reflector and re-emission sRx (t) from the reflector back to the receiver
sRx (t).

sσ (t) ∝ sTx

(
t− r(t)

c

)
(A.15)

sRx (t) ∝ sσ

(
t− r(t)

c

)
∝ sTx

(
t− 2r(t)

c

)
(A.16)

r(t) = r0 − vrt (A.17)

sRx (t) ∝ sTx (κt− t0) , κ = 1− 2vr
c

(A.18)

where vr is the radial velocity of the reflector and r(t) is its position. This shows that the
received signal has the same shape, but compressed in time. Depending on the direction of the
movement, the received signal is compressed or dilated. For a monochromatic signal, sTx(t) =

Aeiωt, this compression leads to a Doppler shift fD:

sRx (t) ∝ eiωκt+θ0 , (A.19)

fD =
2vr
c
f, (A.20)

where the shift is positive for movement towards the antennas.
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Abstract—Microwave radar based techniques have been pro-
posed for medical applications such as heart beat and respiration
monitoring, and for breast cancer detection. This paper inves-
tigates the feasibility of using microwave radar techniques to
estimate aorta diameter variations. A survey of relevant medical
literature shows that the aorta diameter variations can be used
to estimate aortic compliance, pulse pressure and mean pressure.

This study is based on 2D simulations with a simplified
geometry. The results provide for an upper bound on received
power in the range 〈0.5, 5〉 GHz and show 40 dB loss at the
lower end increasing to around 120 dB at the upper end, where
material losses are dominant. Furthermore, notches related to
aorta diameter are observed in the spectrum and may be used
in a frequency-domain approach to estimation.

In the time domain, simulations indicate that two echos may
be identified and associated with the aortic diameter.

In future work, we are planning to conduct further simulations
with complex, realistic geometries.

I. INTRODUCTION

Non-invasive measurements of blood pressure (BP) exist

such as sphygmomanometer, photoplethysmograph [1], tonog-

raphy [2], pulse transit time [3]; however they all rely on

peripheral measurement points. This may constitute a problem

in certain situations such as when flow redistribution to central

parts of the body (heavy injury, temperature) degrades these

measurements; another situation where central measurements

may prove advantageous is in presence of strong movement

of the peripheral locations and which affect pressure measure-

ments [4].

An interesting overview of the use of radar for medical

applications is proposed in [5] and which traces research back

to the late 1970’s. It seems that renewed interest has been

spurred following McEwans micropower impulse radar [6]

in the early 1990s which combined ultrawide band (UWB)

pulses with very low power, small size and low system cost.

It also seems that some of this momentum in research related

to UWB pulses has been founded on dubious claims of

exceptional behavior related to the impulsive nature of the

signal, such as specific penetration, resonances and presumed

inadequacy of a Fourier type description; most claims have

been refuted [7].The research into medical sensor applications

include apexcardiography, heart rate, respiration rate, heart-

rate variability, blood pressure pulse transit time (peripheral

locations) and associated applications such as through rubble

or walls vital signs detection [6], [8], [5]. With respect to

imaging, the use of an antenna array for the early detection of

breast cancer [9], [10] should be mentioned.

This article’s contribution is a feasibility study by sim-

ulations using a simplified geometrical model of indirectly

estimating blood pressure based on aorta diameter variations.

II. PHYSIOLOGICAL PROBLEM DESCRIPTION

There are two distinct approaches to estimating blood pres-

sure based on aorta diameter variations: 1) using the linear re-

lationship between percentage changes in instantaneous blood

pressure and diameter, and shown for carotid artery pressure

by Sugawara et al [11]; 2) estimating the elasticity of the aorta

(local compliance or incremental elastic modulus) and relating

this to blood pressure [3], [4], [12] without being explicit

with respect to the functional relationship. In both approaches,

the radar-based method will aim at detecting the aorta walls

and estimate the diameter as a function of time (d(t)). In the

second approach the key point is the relationship between the

elasticity of a homogeneous, circular tube and the speed of

propagation of a pressure pulse along the tube presented by

Otto Frank in 1926 according to [13]:

v =

√
KL

ρ
, (1)

where, v is the speed of the pulse propagating along the aorta,

KL is the bulk elastic modulus per unit length and ρ the

density of the liquid filling the tube (ρblood is 1.05 g/cm3).

Although the medical community is most familiar with ’Com-

pliance’ (dV/dP ), where V is the arterial system volume and

P its pressure, some authors operate with a local measure

more appropriate for current needs: CL = dA/dP = 1/KL.

Here A is the cross-sectional area. Hence by estimating v for

a given ρ, CL follows directly.

Moen-Korteweg’s Eq. (2) relates the incremental Young’s

elastic modulus Einc to propagation speed, aorta radius r and

wall thickness h:

Einc =
∆P

∆r/r
· r
h
,

v =

√
Einch

2ρr
=

√
1

2ρ

∆P

∆r/r
. (2)

(r,∆r) provides sufficient information for estimating the pulse

pressure ∆P and Einc is related to mean arterial blood



pressure either through (1) or (2) [3], [4], [12]. This means

estimating diameter variations facilitates measuring several

clinical parameters such as mean arterial pressure (P̄ ), pulse

pressure (∆P ), aortic compliance (CL) and heart rate (HR).

Several studies in the medical literature propose estimates

of the aortic diameter variations using techniques such as

magnetic resonance imaging, ultrasound, pressure sensors etc,

with disparate results. Stefanidis [14] proposes a precise and

invasive measurement method based on pressure and diameter

sensors introduced through catheters. The article confirms a

square-root relationship between the pulse wave velocity and

a pressure-radius slope measurement (CL ≈ 2r dr
dP ∝ 1/v2)

and mentions typical diameter peak-to-peak amplitudes of

2.18 ± 0.44mm for a normal population. This means the

measurement precision of the aorta diameter variations must

be at a fraction of a millimeter or less - a strict requirement

also for a radar based method.

III. SIMULATION MODEL

To understand the principles of using electromagnetic waves

to measure diameter variations, a simulation model has been

constructed for electromagnetic simulations. Our model com-

bines a voxel representation of the human body [15], with

the material electromagnetic properties proposed by Gabriel

et al. [16]. Although there is not an evident mapping between

all voxel categories and the tissue descriptions, the undefined

tissues are not present in the region considered in this article

and as such have no influence on what follows. With diameter
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Fig. 1. Simulation space. Except for skin and aorta properties, taken
from Gabriel et al. [16], materials have been replaced by area-based average
characteristics.

variations on the order of 2mm, a set of simulations with aorta

diameter ranging from 20mm to 26mm in steps of 0.4mm
has been conducted in a simulation space with resolution

0.1mm. The dimensions of the simulation space are shown in

Fig. 1, which imply approximately 2.8M sampling points. Due

to the large number of points, a 2D simulation space was cho-

sen. For the sake of simplifying analysis of the backscattered

field from the aorta, the complexity of the geometry is reduced;

a set of structures has been replaced by a homogeneous

material named “average”, see Fig. 1. The “average” material

is based on a plane wave propagating through a layered

material and including the effect of each layer’s contribution

to a total distance x by scaling the respective properties by the

thickness of that layer, xi/x. Hence a homogeneous average

material and the layered structure would differ by reflections,

but would behave equivalently with respect to propagation.

However, as multiple paths exist in the simulation space,

average area rather than propagation path has been used for

scaling individual materials.

γtrue−avg =
∑

i∈M

Ai

A
γi =

∑

i∈M

Ai

A
ω
√
ǫiµi, (3)

γavg = ω

√
µ
∑

i∈M

Ai

A
ǫi, (4)

where M is the set of materials, A is the total simulation

space area while Ai is the area associated with material i, µi

is the material permeability, γ is related to the square-root of

the complex permittivity which implies a complex mapping

between the different poles of the material characteristics and

the average propagation constant as given in (3). Instead of

scaling γi, the permittivities ǫi have been scaled to avoid this

complex mapping and expressed in (4); by considering Fig. 2,

γavg is close to the “true” average γtrue−avg compared to the

intrinsic variation between the represented tissue properties.

Finally, due to simulation tool limitations, the Cole-Cole

models used by Gabriel et al. [16] have been approximated

by Debye models.

Finally, a point source has been used instead of a realistic

antenna configuration as the focus of our article is the behavior

of electromagnetic propagation in this specific problem and not

how well energy may be directed towards the aorta according

to antenna properties.
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Fig. 2. Phase velocities (left) relative to that in free space (c0) and attenuation
(right) for all relevant tissues (dotted) and for the average representation, both
theoretical and approximated.

IV. SIMULATION RESULTS

A. Transfer function

The current source signal Jz in the simulation is a 7th order

derivative of a Gaussian pulse with energy centered around



TABLE I
POWER REFLECTION (|ρ|2) AND TRANSMISSION (1− |ρ|2) COEFFICIENTS

AT 1GHz; THESE COEFFICIENTS VARY ONLY WEAKLY IN THE RANGE

〈1, 10〉GHz.

|ρ| Arg(ρ) |ρ|2 1− |ρ|2
air-skin 0.72 3.10 −2.9[dB] −3.2[dB]
skin-avg 0.10 −0.06 −20.0[dB] −0.0[dB]
avg-aorta 0.15 3.09 −16.4[dB] −0.1[dB]

4.5GHz (5). The main motivation for using a relatively high-

order derivative is for compensating, to a certain extent, the

frequency-dependent attenuation in the simulation.

Jz(t) =
d(7)

dt(7)

(
Ae−z(t)2

)
, z(t) =

t− t0√
2T

, (5)

where, T = 90ps and t0 = 8T while A is set to normalize

peak temporal value to unity. This current density generates

an electric field intensity given by (6) [17], [18]. The transfer
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Fig. 3. Transfer function Hr,R(f) in the range 〈0.8, 5〉GHz. The transfer
function has been compensated for the antenna characteristics and represents
the ratio of the observed field reflected from the aorta with radius r to the
radiated field in a monostatic configuration.

function is based on the scattered field Ez,σ: the field measured

in a reference simulation Ez,ref without the aorta structure has

been subtracted from the total field Ez(t). Furthermore, the

received field is assumed to be dominated by the far field, and

hence on a propagating wave whose information is contained

in either the E or H field (Ez/Hxy = η, the impedance

determined by the medium).

In order for the transfer function to express the ratio of

the radiated energy that is reflected back to the receiver,

the received signal is normalized by an equivalent signal

calculated by letting the distance R in (6) become large while

scaling by
√
2πR so that the energy on the growing cylinder

tends towards a constant and is hence independent of R. The

scaling by
√
2πR effectively refers the far field energy “back

to the source”.

Ez,src(ω, r) = µJz(ω) · jω · j

4
H

(2)
0 (γr), (6)

Ez,prop(ω) = lim
r→∞

[√
2πr · Ez,src(ω, r)

]
,

→ −µJz(ω)

√
cω

4
e−j(γr−π/4), (7)

Hr,R(ω) =
Ez(ω)− Ez,ref (ω)

Ez,prop(ω)
=

Ez,σ(ω)

Ez,prop(ω)
. (8)

Here, c is the speed of propagation as determined by γ. This

procedure assumes that the portion of the source energy that is

contained in the propagating wave in (7) in a homogeneous (γ)

region reliably estimates the radiated energy in the simulations

with objects present.

Considering the transfer function Hr,R(ω) (Fig. 3), we

observe the following: 1) the attenuation is a strong function

of frequency, and within the relevant range is at least 40 dB.

2) notches occur at almost regular intervals whose frequencies

are functions of the aorta radius. The notches vary in strength

and separation with frequency. Those between 1GHz and

1.25GHz and between 1.9GHz and 2.2GHz are the most

prominent with an amplitude in the range 12 − 15 dB, while

higher-order harmonics are insignificant. The frequency devi-

ations are more pronounced with increasing harmonic order.

B. Time Domain

Fig. 4 shows the time-domain responses where two distinct

echos may be identified based on their radius-dependent delay.

The delay between extrema is close to 1 ns.
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Fig. 4. Echos from the aorta structure (scattered field). The enclosed signal
is the source field Ez,src.

V. DISCUSSION

In Section IV, the modulus of the transfer function between

the received field and the radiated field was calculated. This

function is a result of several effects and which are described

in Section V-A. The time-domain equivalences are commented

upon in Section V-B.



TABLE II
LINEAR REGRESSION COEFFICIENTS OF SELECTED PEAK’S DELAYS:

∆t+ = ar + b, WHERE r IS MEASURED IN mm. THE STRENGTH OF EACH

PEAK IS ALSO INDICATED, AND ARE SELECTED FROM BOTH SIMULATION

RUNS.

a[ps/mm] b[ns] t+(10.0mm)[ns]
1 -31.6 3.91 3.60
2 -32.2 4.09 3.77
3 -32.8 4.27 3.95
4 -33.4 4.46 4.12
5 -34.4 4.66 4.31
6 71.0 3.98 4.69
7 73.2 4.15 4.88
8 75.1 4.32 5.07

A. Transfer function

The transfer function presented in Fig. 3 incorporates sev-

eral phenomena such as the reflections at the air-skin boundary,

the converging (entering) and diverging (exiting) effect of this

boundary, the attenuation as the wave propagates through the

lossy material, the interaction of the wave with the cylindrical

structure of the aorta expressed in the aorta’s radar cross

section (RCS) σaorta. These phenomena are summarized in

the radar equation:

PRx = PTx
(GTx) · (σaorta) · (ARx)

(2πRTxLM,Tx) · (2πRRxLM,Rx)
, (9)

GTx =
PPropagation(θ)

Pinjected,isotropic
= 1,

ARx =
Pincident

PReceived
= 1,

where, Pincident is the received power density, ARx is set to

unity in this context because the received signal and incident

signal are identical and the generic loss terms LM,Tx and

LM,Rx include transmission and reflection coefficients. The

terms relating to spherical propagation have been replaced

by equivalent terms for cylindrical propagation. Considering

the antenna gain GTx, the approach of Section IV amounts

to using an ideal, isotropic antenna as the injected power

equals the isotropic, radiated power. Extrapolating from (9)

we anticipate an order of 1/(2R)2 increased attenuation in

3D compared to a 2D geometry.

As presented in Tab. I, the air-skin-avg and avg-skin-air

transmission loss (1 − |ρ|2; normal incidence) account for

approximately 6.4 dB.

The attenuation of the wave as it propagates in the average

material is shown in Fig. 2; Fig. 5 shows the equivalent transfer

function for the front reflection from the aorta HM (f).
The RCS of the aorta, σaorta, may be estimated by disre-

garding loss in the surrounding material in which case an exact

result is known [19, chapter 4] and illustrated in Fig. 5 for a

radius r of 10mm. The notches at approximately 1.2GHz and

2.2GHz corresponds well with that in Fig. 3. Furthermore, the

notches decline in strength with increasing frequency, an effect

probably due to the lossy propagation of the wave inside the

aorta.

The notches occur due to interference as waves are phase-

shifted by λ/2. There are two possibilities: either the front-
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Fig. 5. Theoretic radar cross section of a cylinder σaorta with an incident
plane wave [19] by disregarding the attenuation in the material surrounding
the aorta (radius 10mm). Transfer function HM (f, 19.32 cm) corresponding
to the round trip propagation (r = 10mm) in tissue. Also, combined effect.

wall reflection may combine with the rear-wall reflection or

else with a wave traveling around the aorta. These two waves

travel distances 4r and 2r+πr at velocities 0.13c0 and 0.2c0
respectively (Fig. 2). The ratio of delays is ∆taorta/∆tavg ≈
1.23 at 1.5GHz, which implies that their interference will

result in phase shifts and amplitude scaling depending on

the waves’ relative strengths. Assuming the second echo is

primarily due to round-trip propagation within the aorta, a

simple explanation of the notches may be proposed. The

notches occur when the phase difference is equal to πk, or

equivalently when the second echo phase shift is 2πk.

2πk = 4r Re (γ) + θ0,

fNotches =
caorta
4r

(
k − θ0

2π

)
,

∆fNotches =
caorta
4r

∣∣∣
f=1.5GHz

≈ 0.96GHz, (10)

where caorta is the propagation speed in the aorta. The term

θ0 represents an unknown, constant phase shift for which an

explanation has not been found, and (10) shows that θ0 has

no influence on the distance between notches. Fig. 3 and Fig.

5 show that this explanation agrees well with both simulated

and theoretic results.

B. Time Domain

Still assuming the second echo is due to the round trip

propagation within the aorta, the second pulse of energy is

expected to follow after ∆taorta(r = 10mm, f = 1.5GHz) ≈
4r/(0.127c0) = 1.04 ns. In Tab. II, the delay between the

peaks at 3.95 ns and 4.88 ns, which correspond to the peak

response of the front reflection and second echo respectively,

is 0.93 ns. This is relatively close to the expected value.

The presence of distinct echos is clearly expressed in the

peaks’ temporal shifts and may be grouped in two sets with

decreasing and increasing delays. It is clear that advancing

reflections are less sensitive to changes in radius than the

receding reflections. While the round-trip path length of the



front reflection decreases by 2∆r, the second echo is due to a

round-trip internal path with increased path length of 4∆r in

the aorta and a decrease in the average medium of 2∆r (12).

At 1GHz, cavg ≈ 0.202c0 and caorta ≈ 0.127c0, so:

−2∆r/cavg ≈ −32.9 ps/mm, (11)

∆r (4/caorta − 2/cavg) ≈ 72.0 ps/mm. (12)

A remark on Tab. II concerns the variations of the observed

delay sensitivities (aps/mm): these will be affected by the

interference between reflections and a crest would tend to

move with the stronger signal, while being ’retained’ by the

weaker. This may explain in part the entries 4 and 5 in the table

and representing peaks located close to the midpoint between

echos.

VI. CONCLUSION

The paper presents a feasibility study on measuring diameter

variations of an aorta using radar based methods. A survey of

medical literature shows that pulse wave velocity leads to an

estimation of aortic compliance. Combined with radius and

radius variations, the pulse pressure may be estimated.

Finally, based on the assumption that the non-linear func-

tional relationship between compliance and pressure may be

known, mean pressure may be estimated.

Due to strong attenuation in biological tissue, feasibility

is essentially hinged on a viable power budget. Based on

simulations and a simplified geometry, an upper bound on

received power in the range 〈0.8, 5〉 GHz shows 40 dB loss

at the lower end increasing to about 120 dB at the upper end

where material loss is dominant. The estimate is qualified as

an upper bound due to missing reflections in our geometry.

Furthermore, notches due to the aorta are present at around

1GHz and 2GHz and suggest a frequency-domain approach

to estimating aorta radius. In the time domain, simulations

indicate that two echos may be identified and associated with

the aorta radius.

In future work, we are planning to conduct further simula-

tions with complex, realistic geometries.
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This paper studies the optimum signal choice for the estimation of the aortic blood pressure via aorta radius, using a monostatic
radar configuration. The method involves developing the Cramér-Rao lower bound (CRLB) for a simplified model. The CRLB for
model parameters are compared with simulation results using a grid-based approach for estimation. The CRLBs are within the
99% confidence intervals for all chosen parameter values. The CRLBs show an optimal region within an ellipsoid centered at 1 GHz
center frequency and 1.25 GHz bandwidth with axes of 0.5 GHz and 1 GHz, respectively. Calculations show that emitted signal
energy to received noise spectral density should exceed 1012 for a precision of approximately 0.1 mm for a large range of model
parameters. This implies a minimum average power of 0.4 μW. These values are based on optimistic assumptions. Reflections,
improved propagation model, true receiver noise, and parameter ranges should be considered in a practical implementation.

1. Introduction

Our research effort addresses the issue of estimating the
central blood pressure by observing the radius of the aorta
as a function of time using radar techniques and thereby
establishing a noninvasive technique.

Noninvasive measurements of blood pressure (BP) can
be performed using the sphygmomanometer, photoplethys-
mograph [1], tonography [2], and pulse transit time [3].
However, they all rely on peripheral measurement points.
This may constitute a problem in certain situations such as
when flow redistribution to central parts of the body (heavy
injury, temperature, etc.) degrades these measurements;
another situation where central measurements may prove
advantageous is in presence of strong movements of the
peripheral locations which affect pressure measurements [4].

The use of radar-based approaches in a medical context
is neither new nor common. An interesting overview of

the use of radar for medical applications is presented in
[5], which traces research back to the late 1970s. It seems
that renewed interest has been spurred following McEwan’s
Micropower Impulse Radar [6] in the early 1990s which
combined ultrawide band (UWB) pulses with very low
power, small size, and low system cost. It also seems that
some of this momentum in research related to UWB pulses
has been founded on dubious claims of exceptional behavior
related to the impulsive nature of the signal, such as specific
penetration, resonances, and presumed inadequacy of a
Fourier type description, which have been refuted [7].

The research into medical sensor applications include
apexcardiography, heart rate, respiration rate, heart-rate
variability, blood pressure pulse transit time based on
peripheral locations, and associated applications such as
through rubble or walls vital signs detection [5, 6, 8]. With
respect to imaging, the use of an antenna array for the early
detection of breast cancer [9, 10] should be mentioned.
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The present research activities on breast cancer and
vital signs detections differ with respect to our objective of
estimating blood pressure. In breast cancer detection, the
concerned tissues are predominantly less lossy whereas in
respiration and heart-rate estimation the radar signature can
be due to the air-skin interface [11]. Finally, our active use
of a cylindrical target structure distinguishes our approach
from those mentioned.

1.1. Physiological Problem Description. The aim of our
project is the estimation of blood pressure and possibly other
clinically pertinent parameters. We believe the following
phenomena apply to the aorta and, hence, may serve as the
basis for estimation approaches.

(1) Sugawara et al. [12] showed a linear relationship
between percentage changes in instantaneous blood
pressure and diameter, based on measurements on
the carotid artery.

(2) According to [3, 4, 13], there is a nonlinear rela-
tionship between mean arterial pressure (P) and
compliance (see below).

Common to the above mentioned approaches, the radar-
based method will need to estimate the aortic diameter as
a function of time (d(t)).

The key point of the approaches based on the second
phenomena is the relationship between the elasticity, of
which compliance is a measure, of a homogeneous, circular
tube and the speed of propagation of a pressure pulse along
the tube and presented by Otto Frank in 1926 (according to
[14]),

v =
√
KL
ρ
=
√

1
ρCL

, CL = dA

dP
= 1
KL

, (1)

where v is the speed of the pulse propagating along the aorta,
KL is the bulk elastic modulus per unit length, CL is the
compliance, A is cross-sectional area, P is arterial pressure,
and ρ is the blood density (ρ is 1.05 g/cm3). Compliance is
used by clinicians as a local measure of arterial elasticity.
This equation directly relates pulse velocity to compliance.
An often-cited and similar formulation of this relationship
is provided in Moen-Korteweg’s equation which uses the
incremental Young’s elastic modulus Einc,

v =
√
Einch

ρ(2r)
=
√

1
2ρ

ΔP

Δr/r
, Einc = ΔP

Δr/r
· r
h

, (2)

whereΔr is a change in aortic radius associated with a change
in pressure ΔP at an aortic radius r, and h is the aortic wall
thickness. Hence, the parameters (v, r,Δr) provide sufficient
information for estimating CL and thereby P based on the
above nonlinear relationship. As a by-product, the procedure
also provides for heart rate (HR), and possibly an indication
on pulse pressure.

The diameter variations of the aorta have been measured
by Stefanidis [15] using a precise and invasive measurement
method based on pressure and diameter sensors introduced

through catheters. It concludes that typical diameter peak-
to-peak amplitudes for a normal population is 2.18±0.44 mm.
This means the measurement precision of the aorta diameter
variations must be at a fraction of a millimeter, a strict
requirement also for a radar-based method.

1.2. Object of the Current Article. In anticipation of the
expected strong attenuation in our application, the current
article addresses issues related to the obtainable precision
from a system’s point of view. What criterion may be
identified in order to achieve the required performance?
To answer this question, the Cramér-Rao lower bound
(CRLB) is used as a selection criterion, and which will map
the performance for a range of parameter values. System
parameters of interest include the necessary energy/power
and optimum choices for center frequency and bandwidth,
if such optima exist. In this approach, we will focus on
the properties of the human body as a channel thereby
disregarding the antenna selection. This implies that in the
joint antenna and channel system, we are only optimising the
second subsystem and tacitly assuming that an appropriate
antenna exists.

The medium in which the radar signal propagates is lossy
and dispersive, and the geometry is complex, see Figure 1.
To answer the above question a simulations-based approach
could be considered, however, it would be slow and may not
provide further insight into the problem. Instead, we have
opted for an analytical approach based on a mathematical
representation of the channel and on the derivation of the
CRLB. In order to obtain a mathematically tractable model,
a simplified geometry is used: we consider a 2D problem
with a cylinder of time-varying radius of lossy material
immersed into a region of a different lossy material. Between
the transmitter and aorta and between the aorta and receiver
antenna the propagation model is planar. The time variation
is considered to be static at each measurement instant, while
dynamic between measurements. The estimation problem
is that of estimating the radius of the cylinder without
knowledge of its depth, and by allowing the subtraction
of two responses separated in time and corresponding to
distinct radii. Justification of this model simplification will
be elaborated in subsequent sections.

This choice of geometry departs from a realistic scenario
especially by disregarding multipath components reflected
via the aorta. It also assumes the aorta is the only dynamic
tissue with a significant response within the relevant range
depth. This hypothesis may prove wrong as several organs in
the human body, for instance, the lungs and the stomach,
are in motion and may be a source of clutter within the
relevant range. Also disregarded, reflection and transmission
coefficients at tissue boundaries may lead to increased path
loss. These effects will probably degrade estimator precision.
Therefore, the results obtained in this paper, by limiting its
scope to a simplified geometry, may prove optimistic in a
realistic scenario.

The above problem statement is akin to the estimation of
range in a classical radar context, to delay in communications
or to localization in wireless networks, where the CRLB
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Average material(γ)

Aorta (γ)

r
Δr

R

Figure 1: The image represents a gray scale encoding of tissue types
and includes cancellous bone, bone marrow, blood, lungs, muscle,
fat, skin, nerves, and so forth. In the model, all but the blood
contained in the aorta contribute to an average material (γ) based
on surface areas. The two circles around the aorta represent the
aorta at two different instants; r, R refers to the first of these, while
r + Δr, R− Δr would refer to the second.

and the maximum likelihood estimation are well defined.
However, due to the lossy channel, these results cannot be
applied directly. To the best of the authors’ knowledge, the
CRLB for a comparable problem has not been established;
most results assume channels with signals propagating
essentially in nondispersive, nonlossy materials and focus
on channel behavior in statistical terms and in which mul-
tiple paths exist between transmitter and receiver. Another
common objective for the development of CRLBs has been
in analyzing performance of modulation techniques. The
survey in [16] provides an overview of lower bounds in time-
delay estimation.

After a brief presentation of mathematical notation in
Section 2, in Section 3, we will derive an analytic expression
for the CRLB for a general channel model, yet will evaluate
this expression numerically for our specific channel because
even the most simplified model would result in integrals
without closed forms. The numerical results show that
there exists an optimum choice of center frequency ( fc)
and bandwidth (B) when ranges of parameter values are
considered. In Section 4, the theoretic results are simulated
for a set of system and parameter values {( fc,B,R, r,Δr)n}
which will show a tight correspondence between theory and
simulation. These results are discussed in Section 5, where
also system performance in terms of target precision will be
discussed. Section 6 concludes on the findings in this paper.

2. Mathematical Notation

In the expressions that follow, lower-case letters refer
to signals in the time domain—normal if continuous
(x(t), s(t),n(t)) and bold-face if sampled (vector format;
x[m], s[m], z[m]); depending on context, these vectors may
represent random variables. Upper-case letters refer to the
frequency domain—calligraphic style if random variables
(X, N ), else bold-faced for vectors and matrices (K, X, Z, S),
while normal-faced for continuous variables (S,X).

θ denotes the true parameter values in a space Θ

of dimension p, θ̂ML is the Maximum Likelihood (ML)

estimate, and θ̂ is some estimate of θ. Eventually, the model
will include three parameters: θ = [R, r,Δr]T .

Subscripts will be used to signify that the associated
variable is parametrized (e.g., Hθ , Mθ).

The contents of a matrice (e.g., A) is written A = [ai j],
where i denotes row indices and j denotes column indices. If
Zθ is a vector parametrized by a vector θ, then its derivative
with respect to θ is defined as

Z′θ =
dZθ

dθ
=
[
dZθ[i]
dθ j

]
. (3)

In the interest of concise notation, the following inner-
product in the Hilbert Space of finite (length N) complex
sequences will be used:

b, a ∈ CN , K−1 = (K−1)H ∈ CN×N ,

〈a, b〉 = bHK−1a, ‖a‖2 = 〈a, a〉,
d

dθi
〈aθ , bθ〉 =

〈
daθ
dθi

, bθ

	
+
〈

aθ ,
dbθ

dθi

	
.

(4)

Here, a subscript t will be added when K = Kn,t , otherwise
K = Kn, f will be assumed; these matrices will be defined
shortly.

For mathematical simplicity, instead of using the stan-
dard DFT, we will assume the unitary equivalent (DFTU):

A[k] = 1√
N

N−1∑
m=0

a[m]e− j2πmk/N ,

〈a, b〉t = 〈A, B〉, where a
DFTU←−−→ A∧ b

DFTU←−−→ B.

(5)

As a unitary operator is defined by the condition that the
adjoint of the transform is its own inverse, it conserves the
inner product (5), and therefore also the norm.

3. CRLB

Several lower bounds have been developed to describe
estimator’s precision of which the CRLB and Ziv-Zakai
lower bound (ZZLB) are currently the most frequently
employed. The latter has been specifically developed for
delay estimation in the objective of improving the accuracy
of the bound at low SNR when ambiguous peaks tend to
decrease the obtainable precision over the CRLB and a
priori knowledge limits the variance of the estimator. In our
context, the necessary accuracy of estimation is expected
to require a sufficient SNR for the receiver performance to
exceed the threshold at which the ZZLB provides for a more
accurate lower bound. Incidentally, studies have shown that
the threshold effect may be pushed towards lower SNR if
some prior information may constrain the estimates to vary
around the true maximum likelihood peak [17]. We have
therefore focused on the CRLB.
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3.1. General Transfer Function Hθ . In a first stage, we will
consider the following generic signal model. A signal (s)
is emitted by the transmitter and passes through a generic
channel (Hθ ,hθ), which depends on a set of parameters (θ),
and is corrupted by an uncorrelated, wide-sense stationary
(WSS) random Gaussian process (n) bandlimited to W
Hertz and independent of the model parameters. The signal
plus noise is then observed (x) as follows:

x(t) = {hθ � s}(t) + n(t) = zθ(t) + n(t),

Rn(τ) � E[n(t)n(t − τ)]
FT←−→ Γn

(
f
)
,

(6)

where Rn is the noise autocorrelation and Γn its power
spectral density (PSD).

In order to develop the CRLB, a stochastic model of the
above in the form of a probability distribution is needed.
Then expressions for the score and subsequently the Fisher
Information Matrix (FIM) are derived, after which a channel
model will be discussed.

As shown in [18, Chapter 2], the information in a
bandlimited random process observed over a time interval
T is uniquely represented by values of samples spaced
Δt = 1/(2W) apart by virtue of the Nyquist-Shannon
sampling theorem: any and every realization of the process
is represented by its sample values at these intervals because
the realizations may be recreated by interpolating with the
ideal interpolating function (a sinc for signals of infinite
duration). The distribution of the sampled, stationary,
random Gaussian process is [19]

fθ(x) = cn Exp
{
−1

2
‖x− zθ‖2

t

}
, Kn,t =

[
Rn
(
t j − ti

)
i j

]
,

(7)

where x, zθ are the sample vectors of length N = 2M + 1, cn
is a normalizing constant independent of θ, and Kn,t is the
noise covariance matrix in the time domain.

For sufficient observation time T , the discrete Fourier
transform (DFT) coefficients are essentially independent
random variables as are the real and imaginary parts. In
the development by Van Trees [19, Volume 1, Chapter 3], it
was shown that transform coefficients are uncorrelated when
the orthonormal basis is composed of eigenvectors of the
covariance of the random process. Large observation time
means the eigenvectors tend towards complex exponentials.

Under these conditions, the distribution in the frequency
domain can be shown as

fθ(X) = cn Exp
{
−1

2
‖X− Zθ‖2

}
,

Kn, f = E
[
N [i]N [ j]

]
= diag

(
Γn
(
fk
)

Δt

)
,

(8)

where Kn, f is the covariance matrix in the frequency domain.

We see that both the time-domain and frequency-
domain distributions show that the maximum-likelihood
estimator is also the nonlinear least-squares solution:

Frequency domain : θML = Argmin
θ∈Θ

{
‖X− Zθ‖2

}

= Argmin
θ∈Θ

{
‖Zθ‖2 ,

−2 Re(〈X− Zθ〉)},
(9)

Time domain := Argmin
θ∈Θ

{
‖x − zθ‖2

t

}
. (10)

In the case where the signal channel simply introduces
a delay, ‖Zθ‖2 is independent of θ and the second term
in (9) should hence be maximized. By using the Cauchy-
Schwartz inequality, this optimization can be shown to
be identical to searching for the maximum of the cross-
correlation. However, here both the norm and signal form
(zθ) are dependent upon θ and hence the “matched filter”
corresponds to a search over the parameter space (Θ) of
dimension p.

The score is the derivative of the log-likelihood,

s(θ; X) = d

dθ
ln
(
fθ(X)

)

= −1
2
d

dθ
‖X− Zθ‖2

=
[

Re
(〈

X− Zθ ,
dZθ

dθi

	)]
∈ Rp.

(11)

In the theory of maximum likelihood estimators, θ̂ML is
chosen such that score becomes null.

Next, the FIM (J(θ)) is defined either through the vari-
ance of the score, which has expectation zero, or equivalently
through the expected value of the double-derivative,

J(θ)i j = −E
[

d

dθ j
s(θ; X)i

]

= −E
[

Re

(
−
〈
dZθ

dθ j
,
dZθ

dθi

〉
+

〈
X− Zθ ,

d2Zθ

dθidθ j

〉)]

= Re

(〈
dZθ

dθ j
,
dZθ

dθi

〉)
,

J(θ) = Re

(
dZθ

dθ

H

K−1
n, f
dZθ

dθ

)
.

(12)

Equation (12) uses the fact that the expectation E[X] is
Zθ . Although each element may be formulated as an inner
product, J(θ) may not be formulated as an inner product of
matrices Z′θ . Using the model Zθ[k] = Hθ[k]S[k] we get

J(θ) =
M∑

k=−M

|S[k]|2
Kn, f [k, k]

Re

(
dHθ[k]
dθ

dHθ[k]
dθ

H
)
. (13)
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Using the approximations S( fk) ≈ Δt
√
NS[k], Kn, f [k, k] ≈

Γn( fk)/Δt, and 1/T = df , and assuming sufficient observa-
tion time,

J(θ)i j ≈
∫
W

∣∣S( f )
∣∣2

Γn
(
f
) Re

(
dHθ

(
f
)

dθi

dHθ( f )
dθ j

)
df . (14)

The CRLB are the values along the diagonal of the inverse
of the FIM, σ2

θi
≥ J(θ)−1

ii . It follows that, generally, the
lowest CRLB for an estimator is achieved when the FIM
is maximum. Also, the CRLB of different parameters are
mutually related through the inversion of the matrix.

Given that both Γn and Hθ are determined by the
measurement situation, what remains is an intelligent choice
of the signal in order to enhance those frequencies such
that the lower bound becomes minimum. For simplicity,
assuming the signal is an ideal bandpass signal and the noise
is white (Γn( f ) = Γ0), the above may be reformulated as

∣∣S( f )
∣∣2 = Es

2B

{
rect

(
f − fc
B

)
+ rect

(
f + fc
B

)}
,

J(θ)i j ≈ Es
Γ0

1
B

∫ fc+B/2

fc−B/2
Re

(
dHθ

(
f
)

dθi

dHθ( f )
dθ j

)
df ,

(15)

where Es is the energy of the continuous signal and Γ0 the
white noise spectral density, while B is the signal bandwidth
and fc its center frequency. This shows that the CRLB
scales linearly with the ratio Γ0/Es. This is the reciprocal
of the transmitted signal energy (Es) to the noise spectral
density (Γ0). If the signal energy had been referred to
the receiver end, this would have been the signal-to-noise
ratio. This expression (15) shows that the FIM components
are maximum when the average value of the integrand is
maximum. More generally, the signal PSD effectively weighs
the channel components.

3.2. Channel Model. A key objective with a mathematical
model as opposed to complex simulations is, in addition
to less computational burden, the facility of analyzing the
influence of different system parameters. However, primarily
due to the above integral even the simplest of models, for
instance, a layered representation, fails to allow for a closed-
form solution because the material properties complicate the
issue.

In Figure 1, a gray scale encoding of tissues is presented
based on the Voxel Man [20] data set, which has in turn been
based on the Visible Human Project [21]. This figure shows
that the channel between an antenna at the back and the
aorta is a complex function of geometry. In order to simplify
the mathematical representation of the problem, all materials
outside the aorta are treated as a single, lossy environment.

As justified in [22], an acceptable material representation
of the original geometry is to average the permittivity of the
materials (M) based on the ratio of their respective area (Am)
to total area (A),

γ = ω

√√√√μ ∑
m∈M

Am
A
εm, (16)

where ω is the angular frequency, γ is the average material
propagation constant, εm is the permittivity of material
with indice m, and μ is the permeability of the materials
and is assumed to have identical relative permeability of
unity. This approach was based on the analogy with a
heterogeneous one-dimensional problem with a sequence
of material properties, whose accumulated effect, while
disregarding transmission and reflection coefficients, may
be represented by a homogeneous material with average
propagation constant. By averaging permittivities instead
of propagation constants, the resulting “average properties”
were found to lie within the variation of the different tissues
involved and relatively close to the propagation constant
average, denoted “true average” in [22].

The channel model is, therefore, constructed as a cylinder
of radius r (θ[2]) immersed in a different material and at
a distance R(θ[1]) from an antenna in a monostatic radar
measurement situation. Both materials are lossy; the cylinder
material is “blood” (γ) and the surrounding material is the
above average material (γ); all material characterizations are
originally based on C. Gabriel and S. Gabriel [23].

A third parameter in the model incorporates the fact
of subtracting two distinct radar echoes separated by some
time interval and during which the aorta radius has changed
by Δr (θ[3]). Due to the strong attenuation of biological
tissue in general, it is expected that the subtraction is
necessary to remove clutter from static materials and allow
for observing the radar echo from the aorta in presence of
much stronger reflections. This subtraction is integrated into
the model as it is expected to constitute a common part
of any estimation strategy. Furthermore, by expressing the
subtraction as a function of actual radial change, the precise
temporal behaviour of the aorta radius may be disregarded.

In [24], the theoretic response from a cylinder of
arbitrary material in a lossless material with arbitrary
propagation speed is developed (Cr). This expression defines
two parameters: r, the radius of the cylinder and R, the
distance at which the response is observed. Here, we have
used the far field approximation of this response (R infinite)
thereby assuming that the antenna is sufficiently far from
the aortic structure compared with the wavelength in the
surrounding material. To account for the phase of the
response, R in the factor e jγR has been set to the radius of the
cylinder (r). From the edge of the cylinder, the “material”
transfer function (MR) will account for the phase due to
propagation from the antenna to the aorta and back. This
assumes a planar propagation approximation between both
transmit and receiver antenna and the aorta.

The fact of assuming a far field approximation has two
motivations: the expression in [24] assumes an incident
plane wave and the distance between the antenna and the
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aorta (R) is close to satisfying the common criterion for the
limit of the near-field,

Rnear field = 2D2

λ
= 2D2 f

vp
≤ 15 cm,

when f ≤ 5 GHz, vp ≥ c0/5,

Rnear field ≤ 9 cm,

when f ≤ 3 GHz, vp ≥ c0/5,

(17)

where vp is the phase velocity of the wave, D is the greater of
antenna and target dimension and is chosen as the maximum
diameter of the aorta used in this paper. Hence, the wavefront
at the aorta is nearly planar, and the reflection likewise
back at the antenna. In Figure 2, this model simplification
is compared with actual simulation results for r = 10 mm.
We observe that the forms of the responses are similar
although with a flat factor F separating the two, principally
due to the 1/R2 round-trip loss factor of cylindrical versus
planar propagation. The cylindrical propagation models
geometry, sources, and fields that are symmetrical about any
appropriately oriented 2D cross-section.

The combined, resulting channel model is hence
expressed according to the following equations. The total
response (Hθ) is first decomposed as the subtraction of
independent radar echoes (Gr,R) corresponding to two
distinct radii (r and r + Δr), which also implies two distinct
distances R as this has been defined relative to the front edge
of the cylinder,

Hθ[k] = Gr+Δr,R−Δr[k]−Gr,R[k],

Gr,R[k] = MR[k]Cr[k].
(18)

The material transfer function is a simple exponential factor
(19), while the cylinder response (20), see Ruck et al. [24], is
an infinite series (T(r, k)) with complicated terms (An(r, k))
in the form of fractions (numerator Nn(r, k), denominator
Dn(r, k)) of Bessel functions (Jn(x)) and Hankel functions of
the first kind (Hn(x)),

MR[k] = Exp
{
− jγk2R

}
, (19)

Cr[k] = 2e j(γkr−π/4)√
γk

T(r, k)

= 2e j(γkr−π/4)√
γk

⎧⎨
⎩
∞∑
n=0

An(r, k)

⎫⎬
⎭, where

(20)

An(r, k) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
−N0(r, k)
D0(r, k)

, n = 0,

−2(−1)n
Nn(r, k)
Dn(r, k)

, n ≥ 1,

Nn(r, k) = γkJn
(
γkr
)
J ′n
(
γkr
)
− γkJ ′n

(
γkr
)
Jn
(
γkr
)

,

Dn(r, k) = γkHn
(
γkr
)
J ′n
(
γkr
)
− γkH′

n

(
γkr
)
Jn
(
γkr
)
.

(21)

The FIM (13) is based on the derivatives of Hθ , which are

δHθ[k]
δR

=
(
− j2γk

)
Hθ[k];

δHθ[k]
δr

=
(
jγk

)
Hθ[k]

+
2e j(γkr−π/4)√

γk

(
δT(r + Δr, k)

δr
e jγk3Δr − δT(r, k)

δr

)
,

(22)

where the derivative of the sum term T(r, k) is

δT(r, k)
δr

=
∞∑
n=0

A′n(r, k),

A′n(r, k)=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−N
′
0(r, k)D0(r, k)−N0(r, k)D′0(r, k)

D2
0(r, k)

,

n = 0,

−2(−1)n
N ′
n(r, k)Dn(r, k)−Nn(r, k)D′n(r, k)

D2
n(r, k)

,

n ≥ 1,

N ′
n(r, k) = γ2

kJn
(
γkr
)
J ′′n
(
γkr
)
− γ2

kJ
′′
n

(
γkr
)
Jn
(
γkr
)

,

D′n(r, k) = γ2
kHn

(
γkr
)
J ′′n
(
γkr
)
− γ2

kH
′′
n

(
γkr
)
Jn
(
γkr
)
.

(23)

Finally we have

δHθ[k]
δΔr

= lim
δr→ 0

[
H[R,r,Δr+δr][k]−H[R,r,Δr][k]

δr

]

= lim
δr→ 0

[
H[R−Δr,r+Δr,δr][k]

δr

]
.

(24)

3.3. Numerical Evaluation of Lower Bounds. The objective
is to evaluate the influence of signal choice upon the FIM
(13) and particularly see if a general constraint on center
frequency ( fc) and bandwidth (B) emerges. However, in
order to evaluate the expression, a definition of the noise
process is needed and is assumed to be white:

Kn, f [k, k] = N0 ≈ Γ0

Δt
. (25)

If not white, and contingent on knowledge of the process,
it may be whitened by a suitable transformation which
would necessarily imply a transformation of the signal s. The
present results would then apply to the transformed signal.

The second choice concerns the signal space to search. It
is apparent in (13) that only the energy in each frequency
bin has an influence on the FIM and is hence invariant to
any phase transformation of the signal. For simplicity, the
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Figure 2: The model Hθ based on planar propagation MR

combined with the cylinder response Cr compared with simulation
results. Using a flat factor of F = 10, the two PSDs practically
overlap, although the model has deeper troughs and more lopsided
peaks. The figure is based on results in [22].

energy in each frequency bin over the bandwidth is assumed
constant,

|S[k]|2 = Esd

2NB

{
rect

(
k − kc
NB

)
+ rect

(
k + kc
NB

)}
,

Esd �
N−1∑
m=0

s[m]2 =
M∑

k=−M
|S[k]|2 ≈ Es

Δt
,

(26)

where kc, k, NB are related to fc, f , B; their ratios are all
1/T . As in (15), the FIM scales directly as a function of the
ratio Es/Γ0 and we have Es/Γ0 ≈ Esd/N0. We have mentioned
earlier that this implies that the CRLB may be calculated
for a constant ratio and then the value for any other ratio
simply scales the CRLB. Therefore, in what follows, this ratio
is assumed equal to unity. For clarity, whenever we refer to
the CRLB we will assume a ratio of unity, which will result in
expected standard deviation on the order of meters whereas
the radius is on the order of 10–20 mm in our application.
The assumption is of course that in a practical situation
the ratio is sufficiently large for the CRLB to be meaningful
(order of 1 mm).

In summary, for each value of the CRLB, we are consid-
ering the class of signals with equal bandwidth and center
frequency and with a signal energy such that Es/Γ0 = 1. T is
an independent parameter and, therefore, this approach does
not constrain the time-bandwidth product, for example,
compare a linearly frequency-modulated signal (chirp) to a
sinc, each with equal energy.

Finally, relevant ranges on the parameter space must
be set. With regards to ( fc,B), and as the FIM is strongly
dependent on signal energy at the receiver, it is expected that

the CRLB for bands above 5 GHz will be exceedingly high.
The calculations will be limited to the intervals

(
fc,B

) ∈ 〈0.5, 5〉GHz× 〈0.1, 3〉GHz. (27)

With regards to R, from infants up to obese adults, it may
vary over very large ranges, and will also vary upon position
along the aorta for a given individual. Although the variation
is not as important, similar remarks apply to r. With respect
to Δr, an accurate study over several individuals sets the
peak-to-peak radius variations, for normal, adult individuals
to 1.09 ± 0.22 mm [15]. In a typical measurement setup,
the radial variation between two measurements may be any
value although limited above by this peak. Relevant, arbitrary
ranges have been chosen as

(R, r,Δr) ∈ Θ = 〈8, 15〉 cm× 〈8, 15〉mm× 〈0.05, 1〉mm.
(28)

In Figures 3(a), 3(b), and 3(c), the results of numerical
calculations are displayed. In order to visualize the structure,
the values have been truncated to appropriate levels. With
respect to Figure 3(c), the average is based on assuming that
every element in the parameter space Θ is equally likely.
However, with regard to Δr, this weighting reflects a less than
optimum approach as the performance can be improved if
small Δr are avoided. It may be possible in a real system
to avoid such small values if for each echo the reference is
chosen which produces the greatest difference.

4. Simulations

In order to verify the expressions and numerical calculations
of the lower bound, we have chosen to perform simulations.
In principle, verifying a lower bound requires proving that
no estimator performs better. If we had found one that did,
we would have proven it wrong. On the other hand, showing
that an estimator does not violate the lower bound does not
constitute a verification unless the estimator was efficient in
the statistical sense, or sufficiently close to it. ML estimators
are known to be asymptotically efficient, subject to certain
conditions, and may therefore qualify. Furthermore, due
to the quadric nature of the log-likelihood in the vicinity

of θ̂ML, the Newton-Raphson gradient-based technique is
recommended in [25, Chapter 6].

However, the need to calculate the Stochastic Fisher
Information Matrix (SFIM), which requires evaluating a set
of integrals of functions expressed as infinite series, results in
a procedure that proved too slow using available resources.
Therefore, a grid-based procedure has been chosen. One
consequence is the fact that the grid-based procedure is not
efficient unless letting the grid-size tend to zero, which is
prohibitive. Therefore, the resulting estimations should not
expect to perfectly attain the CRLB, but the bias due to the
grid will be chosen sufficiently small to disregard this effect.
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As illustrated schematically in Figure 4, the estimation of

θ̂ML need not find the closest grid point. It follows that the
grid may introduce an additional variance. For multivariate
normal (MVN) distributions or if one may assume a point

close enough to θ̂ML, surfaces of equal log-likelihood may
be approximated by ellipsoids. If the axes of this ellipsoid is
skewed relative to the grid axes, then the point on the grid
with lowest log-likelihood may be farther than half a grid step
away. The log-likelihood (l(θ, x)), given an observation, may

be expanded in a Taylor series centered at θ̂ML [25, Chapter
6],

l(θ, x) ≈
(
l
(
θ̂ML, x

))
− 1

2

(
θ − θ̂ML

)T
J
(
θ̂ML, x

)(
θ − θ̂ML

)
,

(29)

where J(θ̂ML, x) is the SFIM.
The problem inherent in Figure 4 may be avoided by

performing an eigenvalue analysis of the SFIM and orienting
the axes of the grid along the eigenvectors. Using the FIM
instead of the SFIM, this reasoning should still hold on the
average, and the expected error introduced by the grid will
be bounded by half the grid size in either direction,

By performing an eigenvalue analysis of the SFIM and
orienting the axes of the grid along the eigenvectors avoids
the problem inherent in Figure 4 by aligning the grid along
the ellipsoids. Using the FIM, developed for the CRLB,
instead of SFIM, this reasoning should still hold on the
average, and hence the error introduced by the grid will be
bounded by half the grid size in either direction,

J
(
θ̂ML

)
= Ev ΛETv ,

where Λ = diag
(
λ−2

1 , λ−2
2 , λ−2

3

)
,

(
θ − θ̂ML

)T
J
(
θ̂ML

)(
θ − θ̂ML

)
= yTΛy,

where y = ETv
(
θ − θ̂ML

)
.

(30)

Ev is the matrix with orthonormal eigenvectors arranged in
columns and Λ contains the eigenvalues along the diagonal.
Parameters are real quantities. This means that the error
in our estimate of the CRLB follows the classical error
introduced by quantization (q): VAR[q] = Δ2/12. Further,
by choosing Δ as a fraction of λi, for example, Δ = λi/k, the
relative error may be made insignificant,

√
λ2
i +

(λi/k)2

12
= λi

√
1 +

1
12k2

∣∣∣∣∣∣
k=3

= 1.0046λi, (31)

where λi is the standard deviation along the eigenvector axis
i.

As for the numerical evaluations of the lower bound, we
will select an ideal bandpass signal. As the expressions scale

directly with Esd/N0, performing simulations for a single
value is sufficient,

Esd = 1.0 W = Es
Δt

,

−10
B
≤ t ≤ 25

B
, s(t) =

√
2BEs sinc(tB)2π fct,

S
(
f
) = − j

√
Es
2B

{
rect

(
f − fc
B

)
− rect

(
f + fc
B

)}
,

Δt = (20 fc
)−1, m = 0, . . . ,N − 1, s[m] = s(mΔt).

(32)

The estimation of each parameter θ0 ∈ Θ is repeated
R = 1000 times with independent instances of the noise
random process, which are generated as white, Gaussian
random processes,

{n[m]} ∼ N
(

0,Kn
)
, Kn = N0I. (33)

The ratio Esd/N0 is set such that ambiguities are not
expected because the expected estimation error becomes
much less than the distance between θ0 and the nearest
ambiguity,

Esd

N0
= Max

⎧⎨
⎩

CRLB
(
R̂
)

(0.2 mm)2 ,
CRLB(r̂)

(0.1 mm)2 ,
CRLB

(
Δ̂r
)

(0.01 mm)2

⎫⎬
⎭. (34)

This choice assures that the estimation error is above
the threshold level in the Ziv-Zakai lower bound. A grid
offset from the actual parameter value θ0 = (R0, r0,Δr0) is
selected with step size λi/3, extending 4λi in each eigenvector
direction,

θ̃0 = θ0 + δθ0, δθ0 ∼ Uniform
(

0, diag
(
σR̂
12

,
σr̂
12

,
σΔ̂r
12

))
,

yi ∈ {−12, . . . , 12} · λi
3

+ eTviθ̃0,

θ ∈ {Evy
}
.

(35)

Simulation results for various selections of parameters
are displayed in Figures 5(a), 5(b), 5(c), 5(d), and 5(e).
In Figure 5(a), the CRLB is shown as a function of center
frequency; in Figure 5(b), it is displayed as a function of
bandwidth, while in Figures 5(c), 5(d), and 5(e) the CRLB
is illustrated as functions of R, r, and Δr, respectively.

4.1. Threshold Effect. In the above simulations, the objective
was to verify the expressions and numerical calculations of
the CRLB. In doing so, the necessity of a sufficient Esd/N0

ratio was emphasized in order to avoid ambiguities, which
are not accounted for by the CRLB. In this simulation series,
the objective is to illustrate through simulation the point at
which the threshold effect becomes visible by successively
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Figure 3: CRLB for r̂ over Θ as a function of ( fc,B).
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Figure 4: Illustrate properties of the grid-based approach to θ̂ML. Here, θ0 is the actual parameter value, θ̂ML is the true minima due to noise

N , and θ̂ is the minima on the grid and hence the ML estimate based on the grid-based approach. The figure does not use a rotated grid to
adjust to the principle axes of the FIM schematically represented by the dashed-line axes in the figure.

reducing the Esd/N0 ratio while all other parameters are kept
constant,

θ = (13 cm, 10 mm, 0.6 mm)

∧ ( fc,B) = (1.0 GHz, 1.0 GHz),

Esd
N0

∈ {64.8, 69.8, 74.8, 79.8, 82.8, 86.8, 89.8,

92.8, 94.8, 96.8}dB.

(36)

The CRLB in terms of standard deviation for this choice
of θ is σr̂ = 7.04 m at Esd/N0 = 0 dB; the observed
standard deviations are appropriately scaled σ̂r̂ ·

√
Esd/N0 and

compared with the CRLB. The threshold may be defined
where the variance becomes larger than the CRLB by a factor
of 2,

σ̂r̂ ·
√
Esd

N0

∣∣∣∣∣
threshold

= √2σr̂ = 9.96 m. (37)



10 EURASIP Journal on Advances in Signal Processing

The results of the simulations are illustrated in Figure 5(f),
which suggest a threshold around Esd/N0 ≈ 75 dB, which is
equivalent to a CRLB of σr̂ ≈ 1.25 mm.

5. Discussion

In the previous sections, we have argued for the use of
the CRLB in order to describe the performance of radius
estimation as a function of the channel parameters. The
CRLB for a general transfer function has been derived. We
further elaborated a channel model dependent on three
parameters: a cylinder of radius r of lossy material is
immersed in a lossy material separated from the antenna in
a monostatic radar configuration by a distance R. The third
parameter is the difference in radius Δr between two echoes.

In order to verify the CRLBs, simulations have been
performed using an estimator which comes sufficiently close
to the actual ML estimate value compared with the expected
standard deviation of the ML estimate according to the CRLB
value. This estimator uses a grid-based approach, oriented
according to the eigenvector directions of the FIM in order
to improve the performance. The results of these simulations
are shown in Figures 5(a) through 5(f). In Figures 5(a) and
5(b), the dependency on system parameters fc and B is
shown. In Figures 5(c), 5(d), and 5(e) the dependency on
model parameters R, r, and Δr is shown, while in Figure 5(f)
the threshold effect, where the CRLB is no longer precise, is
illustrated.

Given that the results of simulations are realizations of
a stochastic variable, confidence intervals have been added
to quantify their variations. These confidence intervals are

based on the assumption that the distribution of θ̂ML may
be modeled as a normally distributed random variable.
This assumption would naturally be violated if the variance
was too large compared with the second derivative of the
norm ‖X− Zθ‖2 as a function of θ close to θML. Then the
distribution of the estimate of the standard deviation of θ̂(σθ̂)
is a χ-distribution,

√
R− 1
σ2
θ

σθ̂ =

√√√√√ R∑
i=1

⎛
⎝ θ̂i − μθ̂

σθ

⎞
⎠

2

∼ χR−1. (38)

Using the distribution of the estimate of σθ̂ , 99% confidence
intervals can be calculated and are shown in Figures 5(a)
through 5(f).

Comparing estimated variance based on simulations to
the numerically calculated CRLBs shows that the general
dependencies on different parameters correspond very well;
all simulation points have a confidence interval that contains
the numerically calculated CRLB.

5.1. Interpretations of the CRLB’s Dependency on fc and B.
In Figures 3(a), 3(b), and 3(c), a region of low variance is
limited at both low and high center frequencies as well as by
the impossible region where the bandwidth is twice or more
the center frequency. This low-variance region is also limited
at low bandwidths, except when considering the minimum
attainable CRLB; at high bandwidths, the variance tends to

increase more slowly. In sum, there is a region that seems
optimal, and which could loosely be defined by the inequality

(
fc − 1 GHz
0.25 GHz

)2

+
(
B − 1.25 GHz

0.5 GHz

)2

≤ 1. (39)

It is true that the minima over the parameter space
Θ does not restrict the use of very narrowband signals,
to the contrary, there are values of ( fc,B) which perform
very well. However, for such processing to be efficient, it
would be necessary to adapt the choice of ( fc,B) to the
actual, unknown parameters. Furthermore, the above region
appears to perform even better.

As mentioned earlier, the FIM is largest where the average
value of the integrand is maximum. This may be used to
explain the boundaries of the above region. At low frequency
the phase difference between the two radar echoes in the
difference (small Δr) is small and results in significant
attenuation. At high frequency the tissues are increasingly
lossy and the signal is strongly attenuated resulting in higher
variance. The fact that the bound for high frequency seems
to increase with higher bandwidth simply means that with
higher bandwidth a significant lower bandwidth content is
included even for higher center frequency.

For low bandwidth, it is clear that beyond some point, the
information concerning the radius r of the aorta contained
in reflections from the front and rear walls diminishes to the
point where only the amplitude of a sinusoid is modulated by
the combination of reflections. However, this modulation is
coupled with the attenuation due to unknown R. Moreover,
the channel model in (13) exhibits both notches and peaks
due to the resonant behavior of the cylinder, and their
locations are hence dependent on r. In the best case, the
narrow window is centered on a peak. In the worst case, it
is centered on a notch which explains the behavior of the
worst-case scenario as shown in Figure 3(b) and influences
the behavior in Figure 3(c).

Finally, for increasing bandwidth, a greater portion of the
spectrum is averaged. When the bandwidth is greater than
the effective bandwidth of the radar echo, this average value
decreases, hence, increasing estimation variance.

5.2. Implications on Es/Γ0 for Aorta Radius Estimation. Once
( fc,B) has been chosen and a CRLB at Es/Γ0 = 1 has been
identified, a required minimum value on Es/Γ0 is necessary
in order to obtain a given accuracy on radius estimation. The
first question concerns a relevant value for CRLB.

The values in Figures 3(a), 3(b), and 3(c) all are based on
the entire setΘ, however, it is clear that low values of Δr have
significant impact on received energy and will hence tend
to reduce estimation quality. Thus, if measurements may be
appropriately arranged to avoid small values of Δr, then the
expected worst-case scenario may improve considerably. On
the other hand, R has been limited to 15 cm in Θ, yet a
larger upper limit could be justified. The larger this value,
the larger the attenuation in the average material and the
less measurements will be precise. In conclusion, the actual
parameter range that must be taken into consideration will
influence the choice of Es/Γ0. Conversely, given an upper
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Figure 5: CRLB for r̂ as a function of a single parameter; default values are R = 13 cm, r = 10 mm, dr = 0.6 mm, fc = 1.0 GHz, and
B = 1.0 GHz.
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bound on Es/Γ0, a subset of individuals’ aorta diameter
variations may be measured reliably. With respect to our
specific choice for Θ and taking the worst-case scenario into
consideration, a practical value of CRLB (Es/Γ0 = 1) = 100 m
may be assumed as a reference.

The required precision depends on the blood-pressure
estimation strategy. Let σr̂ ≤ 0.1 mm be assumed adequate
and representative. This results in the following requirement
on Es/Γ0:

Es
Γ0
≥
(

CRLB|Es/Γ0=1

σr̂

)2

=
(

100 m
0.1 mm

)2

= 1012. (40)

The noise spectral density Γ0 is bounded below by the
thermal noise at the receiver input, Γ0 ≥ kbTabs, where kb
is Boltzmann’s constant and Tabs is absolute temperature.
To quantify the energy Es of the signal, it is necessary to
determine the time available for a single observation (T).
Whether the signal is pulsed during this period or emits
continuously is of no consequence with respect to (13)
and (14). Therefore, assume an average power is emitted
during T : Ps = Es/T . The final objective in our project
is to estimate blood pressure, which is based on recreating
the profile of the Aortic diameter variations, which have
a period equal to the heart-beat of an individual. This
heart-beat is bounded above by approximately 220 min−1 =
3.7 Hz. Sampling it with frequency 100 Hz, the resulting
representation contains 13 harmonics. This implies T =
10 ms for a single measurement. For Tabs = 300 K and B =
1 GHz,

Es
Γ0
= PsT

Γ0
= PSDsTB

kbTabs
≥ 1012,

Ps ≥ kbTabs1012

T
= 0.41μW,

PSDs ≥ Ps
B

= kbTabs1012

TB

= 4.14 · 10−16 W/Hz

= −63.8 dBm/MHz,

(41)

where the power spectral density (PSDs) is scaled for a one-
sided spectrum in order to correspond to the thermal noise
expression. As a measure of comparison, the FCC has set the
general level within the UWB mask to −41.3 dBm/MHz [26,
Subpart F].

Note that the channel model does not consider the loss
in the air-skin reflection and disregards the 1/R2 loss due
to cylindrical propagation, we have assumed a perfectly 2D
structure, which will add to the above requirement. The air-
skin reflection loss is on the order of a flat factor 6.4 dB,
while the 1/R2 loss factor was indicated, for R ≈ 10 cm,
to be on the order of 10 dB. Finally, although subtracting
two returns will null all static responses, the indirect paths
from the aorta will not be suppressed, nevertheless clutter is

not considered in the above model. Hence, the above values
represent optimistic estimations.

6. Conclusion

This article focuses on identifying an optimal signal choice
for the estimation of the diameter of a lossy cylinder
with slowly-varying radius, in a lossy environment, which
has been simplified to that of determining optimal center
frequency and bandwidth based on an ideal bandpass filter.
The electromagnetic material characteristics are based on
tissues as described by C. Gabriel and S. Gabriel [23], and
the heterogeneous tissue environment surrounding the aorta
has been replaced by a single, average tissue.

By using the Cramér-Rao lower bound (CRLB) as an
indicator of estimator performance, it has been shown
that both at high and low center frequencies the estimator
will perform poorly due to lossy propagation in tissue at
high frequencies and the subtraction of signals with small
phase shifts at low frequencies. Also at low bandwidths,
the estimator will perform less than optimal due to low
information content and lack of robustness with respect
to parameter values. At high bandwidths, the estimator
performs poorly due to indiscriminate filtering. Given our
choice of channel model, the optimal selection may be
loosely described as an ellipse centered at 1 GHz center
frequency and 1.25 GHz bandwidth with axes of 0.5 GHz and
1 GHz, respectively.

By considering the necessary signal energy to noise
spectral density ratio (Es/N0) to achieve a radius estimation
precision of 0.1 mm, it was found that this ratio should
exceed 1012, when considering the worst case over a range
of parameter values. Requiring a measurement every 10 ms,
this was found to be equivalent to a mean effect of
0.4μW, or equivalently a power spectral density superior to
−63 dBm/MHz, for a bandwidth of 1 GHz. These figures do
not consider the air-skin interface.

As a future work, we plan to construct a phantom
model in which the different parameters are studied in
a controlled manner and which may allow for verifying
theoretical behavior. Furthermore, using the phantom, the
relationship between pressure estimation of pulsatile flow in
an elastic tube and diameter as a function of time can be
studied in practice.
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