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Abstract

Blood glucose monitors are critical to diabetes agg@ment. Many new non-
invasive measurement techniques are being invéstigihe present work focuses on the
possibility of a monitor that non-invasively meassiblood glucose levels using
electromagnetic waves. The technique is baseeélating a monitoring antenna’s
resonant frequency to the permittivity and condutgstiof blood which in turn is related
to the glucose levels.

At first a realistic data base for the dielectnogerties of blood has been
established through in-vitro measurements perforameldlood samples obtained from 20
patients with glucose levels ranging from normal (8g/dl) to hyperglycemic (330
mg/dl). Using the Agilent 85070E dielectric probelan Agilent 8720B network
analyzer the dielectric permittivity and condudivof the blood samples have been
measured over a frequency range of 1GHz — 10GHz Cidle-Cole model has been
modified through curve fitting to in-vitro data thacludes a factor representing glucose
levels.

Two antennas (wideband and narrowband) have besgnael, constructed and
tested in free space. A simulation model of lagidresue and blood together with an
antenna has been created to study the effect afatgglucose levels. It is noted that

the antenna’s resonant frequency increases witkase in glucose levels.

An analytical model for the antenna has been deeelowhich has been
validated with simulations. The model consists dfraped-element antenna that
represents a narrowband radiator. The resonanidrexy of the radiator is dictated by a

resonant LCR circuit, which is a function of theterals within the antenna’s near-field.



A measurement system has been developed to mehsuesonant frequency of
the antenna. A frequency synthesizer generated-asigRal over the desired frequency
range. This signal is sent to the antenna througjheational coupler that generates
forward and reflected signals. These voltages aa&sored and the reflection coefficient
is calculated with a microprocessor.

As an experimental verification, two antennas watrapped one on each leg of a
patient with one antenna connected to the PNA hadther to the measurement system.
As the patient ingested fast acting glucose taflleésblood glucose level was measured
by a traditional glucose meter. At the same timegraparison of the resonant frequency
of the antenna measured by the PNA and by the merasat system showed good
agreement. Further, it is seen that the antegs@nant frequency increases as the

glucose level increases, which is consistent viiéhdimulation model.
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1. Introduction and Background

1.1 Diabetes Mellitus

Diabetes mellitus, cen referred to as diabetesaigroup of metabolic diseases
which a person has high blood sugar. This highdkggar will often cause symptoms
frequent urination, increased hunger and incretisest. The two types that affect t
general population are known as Type 1 anpe 2 diabetes.

Type 1 diabetes (often known as juvenile diabdatea)condition in whicl
pancreati@-cell destruction usually leads to absolute insdéficiency. This results i
the inability to maintain glucose homoeostasis.c8psbility to Type ldiabetes i
largely inherited, but there are also environmetiggers that are not fully understoc

Of those with Type 1 diabetes,-60% of patients are under 18 years of dge

Low plasma i High plasma
Glucose Levels g Glucose Levels

Glucagon released by il Pancreas |- Insulin secretion by
a-cells B-cells
1 B

Civer>  Cinan

! H
Liver releases glucose Tissue cells consume
into plasma glucose

&

Glucose infusion,
meal, etc.

Exercises, fasting, etc.

~
~

»/~ Normal plasma

Glucose Levels

Figure 1: Typical blood glucose controlsystem. [27]



Type 2 diabetes is characterized by a resistangestdin, and in some cases
absolute insulin deficiency. Lifestyles are sigrafnt factors in acquiring Type 2 diabetes.
In one study, those that had high levels of physictvity, a healthy diet, did not smoke,
consumed alcohol in moderation and were a healtighw had a 89% lower diabetes
Type 2 rate [2].

Diabetes can result in chronic conditions sucWascular Disease, Renal
Complications, and a variety of neurological synmpgo In 2003, the cost of treating
diabetes was estimated to be $132 billion. By 20&)estimated the number of people
diagnosed with diabetes could rise to over 17 amillicosting an estimated $192 billion
[3].

While there is no cure for diabetes, symptomscargrolled through the
regulation of blood glucose levels. There are sEugpes of measurements that can be
used to monitor glucose regulation. Once in thedlstream, glucose combines with
hemoglobin found in red blood cells (erythrocytesgreate glycated hemoglobin
(HBA1C). The hemoglobin will remain glycated foethfe of the erythrocyte, typically
90-120 days [4]. This makes HbAlc concentrationsussment the best indication of
average blood glucose concentration. While HbAlasuoeements are the best method of
long-term control, self monitoring of blood glucdsegels is fundamental to diabetes
care. Frequent monitoring avoids hypoglycemia, @dd in determining dietary choices,
physical activity, and insulin doses.

Most at-home monitoring is performed with a bloddcgse monitor. While
current blood glucose monitors require small amewhblood (2-1Q.L) and can be used

at sites other than the fingertips, it is stillargul and tedious measurement. Although



blood glucose measurements fluctuate much moreHb#ic measurements, there is a
strong correlation between HbAlc measurements egichge glucose measurements
taken over the same time period [5]. Continuousitodng systems also exist, but they
require a subcutaneous injection to be replaced/&/® 7 days. While it has been
shown that continuous monitoring systems are e¥feah reducing blood glucose to
recommended levels [6], adolescents and youngsadfiéén have difficulty adhering to
this intensive treatment. For this reason non-iiweasionitoring systems would be

preferred.

1.2 Invasive Glucose Monitoring Techniques

Current glucose monitoring devices are extremethyjlar to the devices originally
created in the 1960’s. [7] Aside from the miniatation, ease of use and the ability to
log data, the measurements fundamentally are the sa the first laboratory sensors. A
blood sample is placed in contact with an enzymgcally glucose oxidase) which
produces hydrogen peroxide from glucose and oxygea.hydrogen peroxide quantity
is then measured amperometrically with a (typicplgtinum) electrode. The vast
majority of monitoring systems sold today, whetbantinuous or blood meters, use

enzyme-coated electrodes and amperometric analysis.
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Figure 2: Simplified glucose measurement method. [8

There are several downsides to the current offeraigylucose meters. The blood
meters require a blood sample, which is a painfo¢g@dure. If repeatedly measured,
thick calluses can form on the fingertips causiragerpain over time to draw blood.
Continuous glucose monitoring systems (CGMS) previtk ability to continuously
monitor glucose levels, but they require additiazaibration to blood samples, as they
often measure interstitial fluid. Perhaps the grsiatlownside, however, is the cost of
current monitors. CGMS can cost several thousatidrdpand while blood monitors are
relatively inexpensive, the electrodes are displesaihd become costly over time. A
single-use blood electrode strip costs about $d ,2a86GMS 3-7 day sensor can cost $30-
$50. For people who measure their blood glucosel ksveral times a day, the

measurement strips can become a significant expeadi



Figure 3: Lifescan OneTouch Ultra glucose meter[9{left), and Medtronics CGMS [10](right).

Clearly, a reusable, non-invasive glucose monigpsiypstem would be beneficial.
This has been a heavily researched field in regesrts. Various non-invasive glucose

monitoring techniques will be discussed in the rs@dtion.

1.3 Non-Invasive Glucose Monitoring Techniques

Non-invasive glucose monitoring techniques havenliemvily researched over
the past several decades. The current areas aifrcbssill now be discussed. They have
been divided into the following categories: Intgiat fluid chemical analysis, Breath
chemical analysis, Infrared spectroscopy, OptichAkcence tomography, Temperature-
modulated localized reflectance, Raman spectrosdegigrity changes, Ultrasound,

Fluorescence, Thermal spectroscopy, Ocular specipgs and Impedance spectroscopy.

1.3.1 Interstitial Fluid Chemical Analysis
Of all non-invasive monitoring techniques, Intdratifluid (ISF) chemical

analysis is the most like traditional invasive ntors. There is an enzymatic reaction

5



very similar to the one already described, exdegt the reaction is performed on ISF
that is excreted through the skin. The most sigaift ISF glucose monitor was called
Glucowatch®, designed by Cygnus inc[11]. The manias in a watch form factor,
with a disposable pad pressed against the skibhdorh the ISF. The Glucowatch® has
been shown able to effectively measure blood gleitegels in several clinical trials
[12],[13], and was approved by the FDA in 2001. Thenpany that manufactured it,
however, has been shut down in 2005. It has beggested that this was caused by a
combination of technical issues and high costiéauser (in addition to a $700 meter,
the cost of the disposable pads was greater thad0R3er year)[14]. It is unknown if

similar techniques are currently being used on pesducts.

1.3.2 Breath Chemical Analysis

Another chemical analysis technique involves thasneement of acetone in an
exhaled breath. It has been shown that the levatetone in exhaled breaths sharply
rises in diabetic patients, and increases as difumof blood glucose levels. A system
has been designed which can chemically analyzdexlag, which can be used to

determine blood glucose levels [15].

1.3.3 Infrared Spectroscopy

Infrared spectroscopy can be separated into twagoaes, Near-infrared
spectroscopy (NIR) and Mid-Infrared spectroscopydiWR). NIR is a lower frequency
measurement in which the transmission and refleaifanfrared light is used to
characterize blood glucose levels [16]. Some degmgavide a depth resolution through

the use of a confocal system [17]. It is typicgdgrformed in an area of the body with



relatively thin tissue like an earlobe, upper 6pfinger web. Due to the frequency of the
light, this measurement is sensitive to changeskiim structure than can found in subjects
with chronic hyperglycemia. A recent investigatiwas also been performed into the
possibility of an NIR optical implant [18]. Mid-IRses essentially the same technique as
NIR, although there is typically not enough ligletnetration at Mid-IR frequencies for
transmission analysis to be performed. As a resaly, reflection analysis is used.

Infrared spectroscopy has not yet been shown tore8able measurement technique.

1.3.4 Optical Coherence Tomography

Optical coherence tomography (OCT) is a specifimfof light scattering
measurement in which the phase component of retldgiht is measured. OCT utilizes a
low coherence (wide frequency spectrum) light seuwhich is sent from an
interferometer to a reference mirror and to thgestil{typically an arm)[19]. The
reflected light from both the subject and the nriaee then correlated. By moving the
subject location and the reference mirror locataanimage can be generated with both
lateral and in-depth scanning. An increase in IBEggse levels causes an increase in

refractive index, which can be seen in the gendratages.

1.3.5 Temperature-modulated localized reference

Temperature-modulated localized reflectance iskardbrm of light scattering
measurement. Tissue have varying refractive in@geseth on temperature, but the
variation is also a factor of glucose concentraif#0]. By modulating skin temperature
between 22 and 38 degrees C, variations in ligbikgia reflected can be used to

determine glucose levels.



1.3.6 Raman Spectroscopy

Raman spectroscopy is a method in which an osoilias generated in a fluid
which causes changes in light scattering propel2ies Specifically, this technique can
be used to measure glucose concentrations indghedf the eye. A laser is used to
stimulate glucose molecules to oscillate in thdarciluid. The scattered light from the
oscillation is an indicator of the glucose concatién. A negative to this technique is the

potential interference from other molecules.

1.3.7 Polarization Change

Another optical technique being investigated inglye is that of polarization
change. The polarization of a polarized light seundl change angle slightly if it is
passed through a solution of chiral molecules, sischlucose [22]. While this technique

is feasible, pH and interfering compounds have gm&ad high specificity.

1.3.8 Ultrasound

A promising technique for monitoring glucose levelssts that utilizes
ultrasound. Several types have been investigatedhby all essentially operate on the
same principles. A short laser burst is used tallpteat a small tissue area, which
causes an ultrasonic pulse to propagate througtisthee. The photoacoustic excitation is
dependent on the laser frequency. As the laseundémy is varied, the concentration of

glucose levels in fluids can be determined fromghetoacoustic spectrum [23].

1.3.9 Fluorescence
A study has demonstrated that fluorescence carsdx as an indicator of glucose

concentrations [16]. By exciting tissue with arraNiolet laser, the tissue generates



fluorescence at 380 nm, the intensity of whichape&hdent on glucose levels. This has

limited capabilities since the intensity is strongffected by skin pigment and thickness.

1.3.10 Thermal Spectroscopy
Thermal spectroscopy is the measurement of infreg@ichtion emitting from the
human body. While other factors are significanivadl, glucose concentration has been

shown to have an absorptive effect on the quaafityuman body infrared emission [11].

1.3.11 Ocular Spectroscopy

Ocular spectroscopy is a method through which tasashemically analyzed to
reveal glucose levels. A contact lens has beemaedi[24], which reacts with the
glucose in tears. When emitted with a light sousceh as a laser, the reflected light
changes wavelength based upon the glucose contbemtrahich can be measured with a

spectrometer.

1.3.12 Impedance Spectroscopy

Impedance spectroscopy is the study of interadigiween electromagnetic
radiation and matter as a function of wavelengjh\(Vhile other blood glucose
measurement techniques utilize infrared or vidliiglet spectroscopy, this technique
focuses on the use of radio frequency radiatiofs ifivolves the measurement of the
impedance of human tissues in the radio frequeacge, which will ultimately be used
to characterize blood glucose levels. While thiscdbes the present work, there have
been other research groups that have investighsepassibility of a radio frequency
impedance spectroscopy system for blood glucosetanmg. They will be discussed at

greater length. The following research is supperéimd encouraging to the present work,



but there are clear areas that were not investdathy that are addressed later in this
paper.

There have been two research groups that haveopisdyipublished work in this
field. The first group began publishing their wank2000 [25]. It involved a novel sensor

based on a resonant RLC circuit [26].

Figure 4: Simple electrical model of skin sensor @sl by Pendragon device. [26]

The resonant frequency of the sensor was detegtatehsuring the impedance
magnitude of the resonant circuit through a voltdigeler. The frequency was swept
through the desired frequency range by the cordium of a digital to analog converter

(DAC).
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Figure 5: Block diagram of Pendragon blood glucossensing system. [26]

Immediately, there are several potential issuetsddwa be identified with this
device. Since the resonant circuit is placed diyemt the skin, the quality factor (Q) of
the capacitor is a function of the dielectric Iaseéthe skin. In addition, the
measurement method only measures the magnitudhe oésonant frequency impedance.
This means that for a very low Q, without detectaimy phase component it could be
very difficult to identify the true resonant freaquoy. Finally, despite the temperature
compensation that is performed digitally, contraglthe VCO with a DAC outside of a
phase-locked-loop (PLL) significantly reduces thegtiency accuracy. If a PLL was used
to control the loop, the temperature variation MGO could be compensated for while

introducing only minor frequency inaccuracy frorargstal resonator.

11



Despite these possible issues with the desigrg tliere some promising

experiments performed and published (Figure 6).
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Figure 6: Experimental data of Pendragon blood gluose monitoring system, showing sensor signal, blood
glucose concentration (measured invasively) and ietstitial fluid glucose concentration. [26]

The device was productized into a watch form factdled Pendra® by

Pendragon Medical and approved by the CE regulditody in 2003. The calibration

procedure required a 2-3 day process, after wipghoximately 30% of the users had to
give up wearing the sensors. This was due to skaditions, impedance, or other factors
that the Pendra® system was unable to accouniftar an initial launch in 2004 to
several European markets, significant technicableras caused the Pendragon Medical
to file for bankruptcy.

A detailed analysis of data from the Pendra® systamshown that its
correlation to actual glucose values was only 35ab%bthat it provided potentially

dangerous readings to its users. The Clarke eriicgn be shown in Figure 7, in which

12



a significant amount of the readings fall into t@gerous D and E zones.
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Figure 7: Clarke error grid from a study of the Perdragon blood glucose monitor. [25]

Another promising radio frequency impedance spsctipy system has been

developed by Buford Randall Jean and Eric C, Gegd3aylor University [27]. Rather

than an open-ended resonant circuit, the teamydoBdniversity has opted to use a

resonant-spiral transmission line (Figure 8).
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Figure 8: Resonant spiral transmission line develagd by Baylor University research team, and S21
measurements during “soda” test. [27]

For various blood glucose levels, the sensor has beown to resonate at
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different frequencies. This response shows manyimans and minimums which are

used for analysis. Like previous work, the phasemanent has not been used for

analysis.
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Figure 9: Frequency change in S21 response of degideveloped by Baylor University. [27]
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This research group has also provided similar psomgiresults that show a

significant response to glucose consumption, shioviigure 9, from their “soda test”,

but has not shown the correlation of this datatcage levels.

Figure 10: Resonant spiral glucose measurement deei without (left) and with thumb guide (right). [28

The form factor of this device is shown in Figufe The spiral is a pad on which
a thumb is pressed [28]. Clearly, like previous kytine physical orientation of the
subject with regard to the device is critical te theasurement.

While both of these research groups have shown ignognexperimental
evidence, neither has provided any insight on teehanism that causes their devices to
work. Both of their devices make us of only magaéw@nd not phase data. Both of these
discrepancies will be addressed in future chapiesddition to other work.

There is another group currently working on anterfoa continuous blood
glucose monitoring [44]. While this research gréwas focused on the use of an
implanted antenna for data communication, therebleas significant progress in the

design of an antenna for use in direct contact fitinan tissues. A serpentine antenna

15



has been designed (Figure 11) that has been dddigoperate in the presence of

tissues.

Skin
25 -—
i Fat
Feed

- | I
-

Figure 11: Serpentine antenna (left) embedded in hman tissue (right) [44].

225 mm

Gels that mimic the dielectric properties of skave been created, and it can be

seen (Figure 12) that the antenna’s response chaviggther or not it is in the presence

of the skin gel.

Return Loss (dB)

| | m— Simulation
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Figure 12: Serpentine antenna in air and in mimickng gel [44].
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In the present work, an antenna will be designqatdeide the same effect. For
our purposes, the resonant frequency of the anteiihiae used as a measurement

method, not for communication.

1.4 Dielectric Properties of Blood
In order to better understand the mechanism faderfrequency glucose
monitoring system to work, we must explore the prtips that affect electromagnetic
devices. Every medium, including biological matkrizan be described by a frequency-
dependant complex relative permittivity [29].
g=¢ —j&" (1)
The real part of the permittivity denotes the amount of electromagnetic energy
stored in a material relative to that stored irmauum.
The imaginary part of the permittivity”jis a loss factor describing the dielectric
losses in the material. It can be re-written asagqno 2 [30],
e = G/soa) (2)
whereo is the total conductivity of the material, whictayninclude a contribution from a
frequency-independent ionic conductivigy.is the permittivity of free space, ands the
angular frequency of the field.
The dielectric properties are often determined asd o values, which is how
they will be referenced for the rest of this work.
The dielectric properties of blood, like all tissuare not constant over frequency.
They vary based on frequency, called dispersioer& are many dispersion zones,
frequency ranges in which certain mechanisms (nmaglecules, water molecules, etc.)

will dominate the dielectric properties of the medi[30]. Each of these zones can be
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modeled with separate term of a Debye or Cole-Gtudel. Both of these models have
multiple terms that can be used to describe tHedatitc properties of a medium
accurately. These models have already been usedsexly by research groups to
characterize blood, as well as other human tisSthe=y will be discussed later in greater
detail.

There has already been extensive characterizatiblood dielectric properties
[31]. In 1996, a research group from King’'s Codemblished a thorough series of
papers in which blood and 16 other types of hunssu¢ were measured with an
impedance analyzer and modeled [32]. This inforamatias been modeled and compiled
into a database which has served as a referenberaan tissue dielectric properties.

While human tissue dielectric properties have bdemacterized, there is little
information present regarding the effect of blodutgse levels on blood dielectric
properties in the radio frequency range. Whatltiudies have been performed will now

be discussed.

It has been shown that the dielectric propertidssues in hamster tails changes
according to variations in blood glucose [33], thi$ data was only collected at 10 kHz.
It can be seen (Figure 13) that the permittivitg Ba inverse relationship with the

hamster blood glucose level.
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Figure 13: Time varying permittivity (a) and blood glucose concentration (b) of hamster tails, measudanvasively. [33]

Another study has shown that red blood cells (eogytes) suspended in saline
have a varying relative permittivity with the bigically active glucose [34]. The
biologically inactive glucose was not seen to hawveffect on the erythrocyte dielectric
properties, suggesting that the dielectric propelnignges were a result of a biological

mechanism rather than the dielectric propertigb@fglucose itself.

H\C//O H\C//O
| |
H—(E—DH HO—C—H
HO—(C—H H—C—0H
H—'TLT—DH HD—JI_"—H
H—E—DH Ht —H
H-— I.—DH H— I —OH
H H
D-glucose L-glucose

Figure 14: Fischer projection of biologically active D-Glucose and the biologically inactive isomer IGlucose. [34]
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The real relative permittivity of erythrocytes da@ seen in Figure 15, for various
D-glucose concentrations. It can be seen thatehmigtivity is not monotonic over

various glucose concentrations.
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Figure 15: Permittivity of erythrocytes as a functon of frequency and D-glucose concentrations [34]

It has been suggested that the intake of glucodeeierythrocytes causes a
modification of the membrane porosity or activifyneembrane ion pumps (Figure 16).
While this has not been proven, it is reasonaldettie permittivity changes are a result
of a biological interaction with the glucose. TlEs®ncouraging, but it does not account
for any dielectric changes in the blood beyondethyhrocytes.

There is a clear lack of a model for human blood &sction of glucose level.

This will be addressed by the present work in erlahapter.
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Figure 16: Hypothetical model of the effect triggeed by increasing glucose concentrations. [34]

1.5

1)

2)

Major Contributions of Present Work

From this work we define our major contributiorssthe following:

In vitro testing of blood samples from 20 subjecisa collaborative study with
the University at Buffalo, during which the dielectproperties of blood were
correlated to blood glucose levels (ranging fronmmed to hyperglycemic). This
data has been used to modify an existing Cole-@aléel to include a factor that
describes the dielectric properties of human bleagked on blood glucose levels
as well as frequency.

This model has been used to define the frequergryreaments of an impedance
spectroscopy system. Two antennas (wideband amowizeind) have been
designed specifically to be sensitive to dieleathanges of blood when placed
near the human body. A simulation model of laydieslie and blood together
with an antenna has been created to study thet effebanging glucose levels.

The antenna’s resonant frequency is shown to iseredth an increase in glucose
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1.6

3)

levels. An analytical model for the narrowband angehas been developed,
which has been validated with simulations.

A measurement system has been developed to mdéhsuesonant frequency of
the antenna. Through the use of a frequency syiatireslirectional coupler, log
amp and a microprocessor, the board is able taledécthe antenna’s reflection
coefficient and determine the resonant frequeneyeX®perimental verification
has been performed, in which an antenna and measutesystem were strapped
(one on each leg) to a patient. The antenna’s eegdrequency was measured by
a PNA, and the measurement system recorded d#ta patient ingested fast
acting glucose tablets. A comparison of the resbfiaguency of the antenna
measured by the PNA and by the measurement sysiamwed good agreement. It
is also shown that the antenna’s resonant freqasmacreases as the glucose

level increases, which is consistent with the satiah model.

Organization of Present Work

Chapter 1 serves to present the previous workhi@mbeen done up to this point,

in the field of non-invasive blood glucose monitgriand blood dielectric properties, as

well as presenting the major contributions to ik&lfas provided by this paper.

Chapter 2 will address the dielectric propertieblobd in more detail.

Specifically, this will involve in vitro measuremsmof blood samples, from which a

realistic model will be created that is a functafrfrequency and blood glucose

concentrations. This model will be compared to ptex models of previous work.

Chapter 3 will present a feasibility study for nonasive blood glucose

monitoring through simulation. Utilizing the dertvenodel, an antenna will be designed
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that will be shown to effectively measure changetlood glucose levels. Simulated
results will be presented.

Chapter 4 will present a prototype of a non-inva$ilood glucose monitoring
system. The system will be manufactured and shovapérate as intended, while
achieving a body-worn form factor. Experimental sw@aments of the antenna will be
presented and shown to agree well with the measnegystem.

Chapter 5 will conclude this work by discussinguitss reiterating the major

contributions of the present work, and describungife possible work in the field.
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2. Dielectric Properties of Blood

2.1 Experimental Blood Measurements

Previous work has shown that there is a relatignbbtween the dielectric
properties of blood and the glucose concentralitws relationship, while highly
referenced, has had very little research. Oneefrthjor contributions of the present
work is to provide a model that could be used tduife research in this field.

In an effort to better understand the effect obblglucose on human blood
dielectric properties, the Rochester Institute e€finology partnered with the State
University of New York at Buffalo to perform a studn this study, 20 subjects
volunteered (8 diabetics, 12 non-diabetics) to axesamples of their blood drawn.
Two 3 ml samples were taken, one in a vial contgriithylenediaminetetraacetic acid
(EDTA) and one without any additives. EDTA is aletti@g agent, which sequesters the
iron molecules in the blood to prevent clotting][3Bhe blood with EDTA was sent to
the laboratory for glucose concentration testirtye Blood without additives was placed
in a 5 ml dish and the dielectric properties weesasured with an Agilent 85070E high
temperature probe (Figure 17) and an Agilent 87R@Bvork Analyzer.
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Figure 17: Agilent 85070E high temperature dielecic probe. [36]
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2.2 Models for Characterizing Dielectric Properties of Tissue

As mentioned earlier, there already exists an éshadal model for the dielectric
properties of human blood. It has been generated the compilation of previous
studies and experimental measurements (Figureyl&gbriel and Gabriel. In the
present work this is used as a reference to validat collected data as well as to provide
a starting point for our model which will be gertexh

Blood
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Figure 18: Collected and measured data of permittiy (solid) and conductivity (dashed) of human blod. [31]

A popular model for dielectrics is a Debye modetdn contain multiple terms,
which can be used to represent the effect of diffetypes of dispersions (Equation 3).
This is what allows the model to track the platekpe/plateau nature of tissue dielectric

properties[32].

Agm

— O-.
e(w)=¢e,+Xm-1 et ‘/ngo (3)

A modification of the Debye model has been gendraieslightly improve its

usefulness, called a Cole-Cole model (Equatiott 4pntains a broadening temm
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which can be used to set the frequency range okimhveach term will dominate the
equation[32].

Aem o;
g(w) =¢e,+ Z?n:l'l_l_(jwfm)u—am) + l/jweo “)

Ultimately, the researchers found that a fourtheoi@ole-Cole dispersion model

provided the best fit to the gathered data fotisglue types. The parameters of this model

for various tissues are shown in Table 1.

Tissue Type| Blood Fat Muscle Dry Skin  Wet Skin
€0 4 25 4 4 4

Agy 56 3 50 32 39

Ag; 5200 15 7000 1100 280

Ags 0 3.3e4 1.2e6 0 3e4d

Agy 0 le7 2.5e7 0 3e4

T 8.377e-12 | 7.958e-12| 7.234e-1p  7.234¢-12 7.958e-12
To 132.629e-9 15.915e-9 353.678e¢-9 32.481e-9 79.977e-
T3 - 159.155e-6 318.31e-§ - 1.592e-6
T4 - 7.958e-3 2.274e-3 - 1.592e-8

oy 0.1 0.2 0.1 0 0.1

o 0.1 0.1 0.1 0.2 0

O3 - 0.05 0.1 - 0.16

Oy - 0.01 0 - 0.2

o 0.7 0.01 0.2 0 0

Table 1: Cole-Cole dispersion parameters for varios human tissues [32]

2.3 Developing a Glucose-Dependent Model

The discussed model for blood has now been comparte collected data from
our study. The average of the collected data isvahn Figure 19 and Figure 20 as a
function of frequency, with the accepted modelHoman blood dielectric properties
[32]. There is agreement between the collected aladethe model, but for our purposes

the model could be adjusted slightly to fit thelecled data.
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Figure 19: Average permittivity of collected data fom study and permittivity of established model.
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Figure 20: Average conductivity of collected datarbm study and conductivity of established model.

Plotted as a function of glucose concentration2@lsamples are shown in Figure
21 at 1 GHz and 5 GHz. It can be seen that at carat®ns lower that 150 mg/dL, there
is an inverse relationship between blood glucoseeuntrations and relative permittivity.
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There does not, however, appear to be a relatiprmtiveen blood glucose

concentration and conductivity.

Blood Permittivity at 1 GHz Blood Conductivity at 1 GHz
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Figure 21: Collected data permittivity (left) and conductivity (right) as a function of blood glucoseat 1 GHz
(top) and 5 GHz (bottom).

From this collected data, the established modebearevised to fit the collected

data. The result is a Cole-Cole model in the fofr(bp

e(w) = Re [ew + Y 46m

M=1 14 (joty,)-am)
Aem

I S
Im [sw + Xm=1 1+t A—am) + l/jweo]

|- [(~0.001445)g + 1.145882] + (5)

where g is blood glucose from 70 to 150 mg/dL, tredmodel is defined by the

parameters of Table 2.
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Tissue Type| Original Blood Model [32] Modified Blddviodel
€0 4 2.8

Agy 56 56.5

Ag; 5200 5500

Agg 0 0

A84 0 0

T 8.377e-12 8.377e-12
T, 132.629¢e-9 132.629¢e-9
T3 - -

T4 - -

oy 0.1 0.057

o 0.1 0.1

O3 - -

Oy - -

o 0.7 0.5

Table 2: Parameters of original and modified bloodCole-Cole models.

This model can be seen to agree very well witlctikected data, shown in

Figures 22-24.
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Figure 22: Average permittivity of collected data ad permittivity of modified model
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Figure 23: Average conductivity of collected datard conductivity of modified model.
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Figure 24: Collected permittivity and modified modd permittivity for various blood glucose concentratons at 1
GHz (top) and 5 GHz (bottom).
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Three samples of collected data from the studglhosvn in Figure 25 with the

modified model for the glucose levels measured.

Blood Glucose = 72 mg/dL Blood Glucose = 95 mg/dL Blood Glucose = 134 mg/dL
90 80r 751

75 70

Modified Model

80
65 Measured Sample

70

“w 60 "

50+

40+

30

30

L L J i 1 I 30 I L J
0 5 10 15 0 5 10 15 0 5 10 15
Frequency (Hz) , 4¢° Frequency (Hz)  ¢¢° Frequency (Hz) , 4¢°

Figure 25: Three samples from study measuring 72 nidL(left), 95 mg/dL (center), and 134 mg/dL (right) with
modified model.

While this model agrees well with the collectedag@bove 150 mg/dL there does
not appear to be a trend as a function of gludbsepossible that the mechanism that
has caused a relationship between glucose contientrand relative permittivity below
150 mg/dL is different within a diabetic populatidrhis is supported by the collected
data; the 12 non-diabetic subjects had glucoseerdrations ranging from 72 mg/dL to
134 mg/dL, while the diabetic subjects had conegiuins ranging from 111 mg/dL to
330 mg/dL.

Further work is clearly needed to characterizevdr@us impacts of other factors
(hydration level, glycated hemoglobin, blood presstemperature, etc.) and the effects

on blood dielectric properties, but this is outdide scope of this work.
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3.  Simulations for Non-Invasive Blood Glucose Monitoring

3.1 Design of an Antenna for Glucose Monitoring

Ultimately a non-invasive blood glucose monitorad&yice is one that could be

worn around the arm or leg, like the one showniguie 26.

Antenna Cuff containing analysis circuitry

Figure 26: Conceptual blood glucose measurement for factor.

Our proposed method would involve an antenna wiviehld change resonant
frequency based on the dielectric properties otidseies present in its fringing fields
(Figure 27). A similar method has been used preshyoly this research group to

effectively characterize tissue dielectric propei37].
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ZiptoMNetwork Analyzer or analvsis circuitry

Antenna

Fat

Blood
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Bone

Figure 27: Detection of tissue properties through @tenna fringing field.

When determining criteria for an antenna, the fastor to consider is the
frequency range of operation. This can be deterhireen the already discussed
dielectric properties of biological tissues. Thiatige permittivity of blood [32] is shown
in Figure 28. Below 100 MHz, it can be seen themiivity rises exponentially. This
very high permittivity would provide almost commateflection, making it extremely
difficult to characterize relatively minor changaghe dielectric properties of various

tissues.
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4 Permittivity of Human Blood
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Figure 28: Permittivity of Human Blood.

The penetration depth for blood can be seen inrgigQ. It is the thickness at
which the radiation within a material falls to appimately 37%. In order for the antenna
resonant frequency to be affected by the blooddigt properties, a large penetration
depth is desirable. It can be seen that at 4 GHgistto a minimum desired 1 cm.
Because of this, the desired frequency range cduibenna is 300 MHz to 4 GHz.
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Figure 29: Penetration depth of human blood.
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3.2 Human Body Models

In order to design a device that responds accogdiogchanges in blood
dielectric properties, an accurate simulation moadlest first be created. Initially the
HFSS human body model was explored (Figure 30aumit has relatively high
resolution (Lmm) details of many tissues. The mdumlvever, does not account for the
large network of capillary and subcutaneous tissuesy significant detail. The
“Average” tissue contains large amount of homogasdissues, which for our purposes

need to be separated into skin, blood, fat, ancclaus

Nornal

Figure 30: Ansoft HFSS human body model skeletal ¢p left), muscular (top right), vascular (bottom ldt), and
"average” tissue (bottom right).

For this reason, we have adopted the model showigure 31. It is a simplified
stack of tissue that more accurately representsgiges present in a human arm or leg.
It contains 0.015 mm of dry skin, 0.985 mm of wahs0.5 mm of fat, 2.5 mm of blood,

and 15 mm of muscle. Each of the layers contaiesliblectric properties from the
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established database already discussed [32], mttception of the blood layer, which
contains the dielectric properties of the new mgulesented in this work. The antenna
presented in the next chapter will be designecktimbated 1 mm above the dry skin

layer to prevent the accumulation of perspiration.

Antenna

Dry SKin

Figure 31: Tissue layers used for simplified humabody model.

This tissue model will be used for all future siatidns in which a human model

will be discussed.

3.3 Antenna Design and Simulations

3.3.1 Design of a Wideband Antenna

When initially designing this antenna, it was degito cover the widest
frequency range possible while maintaining a plaeasy to manufacture design.

Because of this, an ultra-wideband monopole antbasdeen adopted [38]. The antenna
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has been modified to operate from 1.2 to 6 GHzUufg@2). In addition to enlarging the
antenna dimensions, the ground plane needed tetbeded to operate at lower

frequencies.
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Figure 32: Modified UWB antenna with dimensions inmm.

The antenna was modeled in Ansoft HFSS from 300 MHz GHz, the return
loss is shown in Figure 33 in free space and vightissue model (Figure 31) present. It

is clear that the resonant frequencies of the aatbave shifted significantly.
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Return Loss of Modified UVWB Antenna

Free Space
— With Tissue Present

Return Loss (dB)

Frequency (GHz)

Figure 33: Modified UWB antenna return loss.

A simulation has been performed using the modetHerthree different blood
glucose concentrations plotted in Figure 25. Tlsemance that in free space resonated at
2.33 GHz (@, in Figure 31) was found to shift to 2.209 GHz,123ZHz, and 2.219 GHz
for 72 mg/dL, 95 mg/dL, and 134 mg/dL, respectiv@ligure 34).
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Figure 34: Modified UWB antenna return loss for varying glucose concentrations.
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These results, while encouraging, were difficulat@lyze due to the broad
response of the UWB antenna. Work has been dodetésmine the equivalent model of

an UWB antenna [39], but performing similar anadysn the collected and simulated
data was not found to be beneficial.

3.3.2 Design of a Narrowband Antenna

The antenna has been modified further by remowhed'$teps” in the design

which provided an ultra-wideband response. The argt@nna (Figure 35) is now a

narrowband (NB) resonant antenna with a free spegmnant frequency of 1.85 GHz.
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Figure 35: Modified NB antenna with dimensions in nrm.

The antenna was modeled in Ansoft HFSS from 300 MH&Zz GHz; the return

loss is shown in Figure 36 in free space and vightissue model (Figure 31) present.

This antenna is also shown to shift resonant fregies significantly.
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Return Loss of NB Antenna

PO ol rmssr i Mo B N sre o e D s s B s
= :
oy
0 SR T R e T £ A R R e LA T A T
2 :
E anb i
E 30f i b
o
B cgpleeadi veenas el o sl snen o Bl s e Slenn s saneet T s e e
_45_...5 ............ ........ - CREC Free Space :
Bl e s b i T | ——With Tssue Present |
1 1 1 1 1 1 1
(5 1 i) 2 25 3 ]
Freguency (Hz) Wit

Figure 36: Simulated NB antenna return loss.

A simulation with the NB antenna has been perforfoedhe three different

blood glucose concentrations plotted in FigureT2& resonance that in free space

resonated at 1.85 GHa(in Figure 36) was found to shift to 1.301 GHz,aB%5Hz, and

1.307 GHz for 72 mg/dL, 95 mg/dL, and 134 mg/dispectively (Figure 37).
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Figure 37: NB antenna return loss for varying glucse concentrations.
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3.3.3 Analytical Model of Narrowband Antenna

A method to determine a lumped element equivaleatit has been successful
for dipole antennas [40]. This method has beeniegpd this planar antenna, with some
minor additions (Figure 38). The feed network camimndeled as a transmission line
between the radiator and the port. Figure 38 shbw/seal and imaginary impedance of
the simulated antenna and the equivalent circudehdood agreement can be seen
between the model and the simulated data. The valuhis model that match the free
space resonance at 1.8 GHz can be found in Table 3.
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Figure 38: Lumped element model of NB antenna.

Es1 Laa(nH) | Gu(pF) | R1(Q) | Lpp(nH) | R () | Cou(pF)
50 ohm transmission line. 1.5 2.55 29 1.32 36.5 3.5
230 degree Delay at 1.8 GHz,

Table 3: Lumped element values of analytical model.
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HFSS Simulation and Analytical Model
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Figure 39: HFSS simulation and analytical model.

The presence of tissue near the antenna will aahaslditional capacitore
present in the parallel resonant RLC network that function of the tissue dielectric

properties and position (Figure 40).

Figure 40: Analytical model accounting for tissuedyers.

To verify the validity of this model, the antenrastbeen simulated in HFSS with
a dielectric block at varying distances from théeana’s radiator (Figure 41). The
dielectric has been simulated for a permittivitagang from 1 to 7, and for distances
between 1 mm and 7 mm. Thg,Capacitor values have then been determined in the

equivalent circuit to match the antenna reactaram® the HFSS simulations. The various
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Cp2 values determined are plotted in Figure 42 asetifon of the dielectric permittivity

and distance from the antenna.

Antenna |

v
d
f Dielectric Block E'

Figure 41: Antenna orientation used to validate moell.

Capacitance of Cp2

1 2 3 4 5 6 7
Permittivty of Dielectric Block

Figure 42: Capacitance of Cp2 for varying dielectits.

It can be seen that for all distances, the chaimg€s, are nearly a linear function
of permittivity, which would be expected for a capar. This confirms the validity of
this model.

While this shows how the antenna’s resonant frequéas the ability to

characterize the dielectric properties of tissueso emphasizes the effect of
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positioning on the antenna response. If a congigi@sition is not maintained with the

antenna, the proximity of the antenna to humani¢éisould provide unwanted variation.
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4. Prototype Non-Invasive Wireless Blood Glucose Monitor

4.1 Antenna Performance
The modified UWB antenna was manufactured as dpdain FR4 dielectric,
shown in Figure 43. The performance of this antemas verified outside of the

measurement system.

Figure 43: Manufactured UWB antenna on FR4.

The return loss of the manufactured antenna indpaee compared to the
simulated antenna is shown in Figure 44. There@lggreement between the

simulation and the manufactured antenna.
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Return Loss of UWB Antenna
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Figure 44: Simulated and measured response of UWB&enna.

An experiment was performed in which the resonaaguency of the antenna was
measured while pressed against a subject’s loweAlker 6 minutes, 16g of fast-acting
glucose was ingested. The resonant frequency caadreplotted in Figure 45 with the
blood glucose level measured with a ONETOUCH UltirsaMAfter glucose ingestion,

there is a shift in both the resonant frequendphefantenna as well as blood glucose

level.
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Fasting Glucose and Antenna Response
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Figure 45: UWB response recorded over time.

The results from this experiment are very promisBignilar data will be
measured on the NB antenna as a part of a compkdsurement system, described in

more detail in the next section.

4.2 Measurement System Design Details

In order to accurately measure the resonant frexyueithe planar antenna, a
system was devised in which the phase compondheaintenna could be measured as
well. The implemented system block diagram candes sn Figure 46. A microcontroller
configures a frequency synthesizer to a partiduéuency; the signal is filtered,
amplified and terminated into the antenna. A dioeal coupler produces the forward

and reflected signals that are sent to log amps.
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Figure 46: Block diagram of measurement system.
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The particular log amp that is used is an Analogi€es AD8302, which provides
amplitude and phase comparison output of the twatisignals (Figure 47). In the
configuration implemented in this design, the otifthe AD8302 is the reflection
coefficient of the antenna in dB and degrees pHastartunately it only provides a
measurement of the phase difference magnitudéese is no indication of the phase
sign. This was not found to be an issue, sincgrfgiant reactance was found to be

present at resonance.

AD8302
(i4) MFLT
VIDEO OUTPUT-A  + +
| >—3) vmAG
INPA (2 60dB LOG AMPS |
OFSA (3 (7 DETECTORS)
2) MSET
) i PHASE
comm DETECTOR QQ
0) PSET
OFSB (5 60dB LOG AMPS | |
INPB (& (7 DETECTORS) a) VPHS
| o Sl
VIDEO OUTPUT - B g (8) PFLT
N8V
vros (4 BIAS X3 11) VREF

Figure 47: AD8302 block diagram [41]

The frequency synthesis was achieved through ta@ithe Analog Devices part
ADF4350 (Figure 48). It contains an internal VCQhwrequency dividers, as well as an
on-board phase-locked loop, allowing a single fagenerate signals from 125 MHz to
4.4 GHz. Due to the harmonics from the frequenegisain, however, low-pass filters are

required to filter harmonics.
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Figure 48: ADF4350 block diagram [42]

The directional coupler used was a Minicircuits $¥B9-172. It has been chosen

due to its high directivity and wide frequency ranghe maximum dynamic range of the

AD8302 is 30 dB, so directivity as close to 30 dBsvdesired.

The board was designed and routed in Cadsoft Eadfieare. The complete

schematic, bill of materials, layout drawings, @mchta can be found in the appendices.

The completed and populated board (Figure 49) sthmmsthe board was designed to

contain components only on the side away from titgest.
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Figure 49: Measurement system with included antenna

4.3 Evaluation of System Operation and Performance

Prior to controlling the board with the ADF4350signal generator was
connected to the board and swept from 200 MHz3dGHz. The return loss magnitude
and phase voltages that were output from the AD&3&2 measured with an
oscilloscope (Figure 50). It can be seen that tB6 GHz resonance is present due to the

antenna.
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Figure 50: Output voltages of AD8302.

The same data was recorded with an arm pressely ggainst the antenna. It

can be seen (Figure 51) that the resonance hasdstofapproximately 900 MHz.
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Figure 51: Output voltages of AD8302 with arm preset.
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With the ADF4350 and microcontroller controllingetboard, and a computer
collecting data through the serial port, similatadean be seen with and without an arm

present (Figure 52).

Return Loss of NB Antenna in Measurement System
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Figure 52: Return loss of complete measurement sgsh.

The resonant shift from 1.8 GHz to 0.9 GHz shoves the antenna is working as
intended. Figure 53 shows the collected board platéed with the antenna measured
directly by a network analyzer. Some of the disaregpes could be due to higher
harmonic content on the measurement board, diffe:em the antenna matching as a
result of the directional coupler, or isolationuss on the board. The positive return
losses indicate that at some frequencies the teflesignal from the coupler is higher
than the forward signal. While these effects angamted, it is also apparent that the

measurement system is operating more-or-less esded.
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Return Loss of Measurement Board and Antenna in Free Space
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Figure 53: Return loss of system compared to antearalone.

The microcontroller has been configured to swedp fsom 700 MHz to 1.1
GHz and to decrease the frequency step when aaesers detected (by lower return
loss). When the antenna is pressed against areactear resonant can be seen and
identified by rapid change in phase (Figure 54)sTata has been gathered and captured
by a LabView program (Figure 55). This change iagghat the resonance is used to

detect changes in the antenna resonant frequency.
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Measured Response With Arm Present
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Figure 54: Return loss and phase of complete meagament system.
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Figure 55: LabView program used to analyze data.
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4.4 Measurement System Results

The final verification of the complete system op@rmawas performed by the
following experiment. The antenna from an unpopdaneasurement board was
connected to a network analyzer with a cable. Therma was gently held on a subject’s
left leg with an Ace bandage. A populated measungineard was held on the subject’s
right leg in the same fashion. 20 g of fast-acghgcose was ingested at the start of the
test. The antenna response and the subject’s glacdse were manually measured
(using a Network Analyzer and a ONETOUCH UltraMirepeatedly. The measurement
board was measured through the LabView program.chihage in the response of the

antennas along with the blood glucose levels cageba in Figure 56.

w10° Blood Glucose, Measurement System Response and Antenna Response

: . : Measurement System
3 A U SIS . £ S ¥ Antenna and Network Analyzer

140

Change in Resonant Frequency (Hz)
Blood Glucose (mg/dL)

- 120
0 10 20 30 40 50 60

Time of Experiment {minutes)

Figure 56: Verification of measurement system resptse with blood glucose.

It should be noted that the absolute resonant&eges of the measurement
board and the antenna were not equal. It is baligvat this was a result of slightly

different placements of the two boards, as wetliisrences in the antenna match. The
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SMA connector on the unpopulated board was not teolin an ideal manner, providing
a less-than-optimal match between the cable arehaat Regardless, this test verifies
proper operation of the measurement system.

When Figure 56 is analyzed, the relationship betvi@eod glucose levels and
resonant frequency can be determined to be appateiyn9E-06 (mg/dL)/Hz. This slope

can be used to predict the blood glucose levelstfugr experiments.

«10° Fasting Glucose and Antenna Response
9.08 T T T T T T T ) ) 200
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0 10 20 30 40 50 60 70 80 90 100
Time of Experiment (minutes)

Figure 57: Measurement system response and bloodugbse over time.

A test similar to the one shown in Figure 45 wadqrened with the complete
measurement system. The results of the experimersh@wn in Figure 57. As expected
the resonant frequency of the antenna increasésbiaod glucose levels. If a one-point
calibration is performed (to account for the diffieces in starting frequencies due to
antenna positioning) using the 9E-06 (mg/dL)/Hatiehship, the data for the

measurement system can be seen to predict glueosls reasonably well. If plotted on a
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Clark error grid (Figure 58), all of the data paimatre found to occur within the desired

zone A [43].

Clarke's Error Grid Analysis
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Figure 58: Clarke error grid for measurement system

Clearly this data is not definitive as the bloodaglse range is limited, but it does
show promise for this type of a system to be dgyesdo Further work is needed to test the

measurement system at a wider range of blood ghuevgls.

59



5. Conclusions and Future Work

In conclusion, the present work has made the fafigwontributions to the
research of non-invasive blood glucose monitorkgtudy was performed, during
which the in vitro testing of blood samples hasrbalele to correlate the dielectric
properties of blood to blood glucose levels. Tragachas been used to modify the Cole-
Cole model which describes the dielectric propsrieblood based on blood glucose
levels and frequency.

The model has been used to determine the frequangg best suited for an
impedance spectroscopy system. Two antennas hawvedesigned in this frequency
range to be sensitive to dielectric changes indlwben placed next to the human body.
These antennas, along with a simulation modelyarked tissue and blood, has been
created to study the effects of various blood ghedevels. In simulations, the antennas’
resonant frequency has been shown to increasebleitial glucose levels.

These simulated results have been supported byimgrgal evidence. An
antenna, measured by a PNA, has been strapped kegtof a patient. After ingesting
fast-acting glucose tablets, the resonant frequehtlye antenna increases with the
patient’s blood glucose level. An embedded measenesystem, designed in this work,
was simultaneously strapped to the patient’s déwerThe resonant frequency of the
antenna in the measurement system was also sewrdase with blood glucose level.
The measurement system and the antenna both hawea ginomising results that agree

with the simulations.

5.1 Future Work

Future work in this field can be defined as théofwing:
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1. Further in-vitro clinical studies need to be doned@abetic patients with different
blood glucose levels, using an antenna and meastiénshift in its resonant
frequency. This data can be used to develop tl#ioakhip between dielectric
properties of blood, glucose levels, and the argeasponse.

2. An accurate analytical model to measure blood gladevels through dielectric
properties needs to be developed. There are matordanvolved in this
measurement and understanding them is criticaldating a model.

3. With multiple receive antennas, diversity technsjaeuld be developed to

improve the accuracy of the estimation of the ghaclevels.
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Appendix A: Measurement System Schematic
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Appendix B: Measurement System Bill of Materials

Part Value Device Package Type

C1l 0.1uF C-USC0603 C0603 Capacitor
c2 0.1uF C-USC0603 C0603 Capacitor
C3 22pF C-USC0603 C0603 Capacitor
C4 0.1uF C-USC0603 C0603 Capacitor
C5 0.1uF C-USC0603 C0603 Capacitor
C6 0.1uF C-USC0603 C0603 Capacitor
c7 0.1uF C-USC0603 C0603 Capacitor
C8 0.1uF C-USC0603 C0603 Capacitor
Cc9 0.1uF C-USC0603 C0603 Capacitor
Cc10 0.1uF C-USC0603 C0603 Capacitor
Cl1 0.1uF C-USC0603 C0603 Capacitor
Cl12 0.1uF C-USC0603 C0603 Capacitor
C13 0.1uF C-USC0603 C0603 Capacitor
Cl4 0.1uF C-USC0603 C0603 Capacitor
C15 0.1uF C-USC0603 C0603 Capacitor
C16 0.1uF C-USC0603 C0603 Capacitor
C17 0.1uF C-USC0603 C0603 Capacitor
C18 1nF C-USC0603 C0603 Capacitor
C19 1nF C-USC0603 C0603 Capacitor
C20 1nF C-USC0603 C0603 Capacitor
Cc21 150pF C-USC0603 C0603 Capacitor
C22 2.7nF C-USC0603 C0603 Capacitor
C23 180pF C-USC0603 C0603 Capacitor
C24 180pF C-USC0603 C0603 Capacitor
C25 1nF C-USC0603 C0603 Capacitor
C26 0.1uF C-USC0603 C0603 Capacitor
c27 10pF C-USC0603 C0603 Capacitor
C28 10pF C-USC0603 C0603 Capacitor
C29 0.1uF C-USC0603 C0603 Capacitor
C30 0.1uF C-USC0603 C0603 Capacitor
C31 10pF C-USC0603 C0603 Capacitor
C32 1nF C-USC0603 C0603 Capacitor
C33 1nF C-USC0603 C0603 Capacitor
C34 1nF C-USC0603 C0603 Capacitor
C35 1nF C-USC0603 C0603 Capacitor
C36 100pF C-USC0603 C0603 Capacitor
C37 0.1uF C-USC0603 C0603 Capacitor
C38 1nF C-USC0603 C0603 Capacitor
C39 1nF C-USC0603 C0603 Capacitor
C40 0.1uF C-USC0805 C0805 Capacitor
C41 0.1uF C-USC0805 C0805 Capacitor
C42 0.1uF C-USC0805 C0805 Capacitor
C43 0.1uF C-USC0805 C0805 Capacitor
C44 0.1uF C-USC0805 C0805 Capacitor
C45 0.1uF C-USC0805 C0805 Capacitor
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C46 0.1uF C-USC0805 C0805 Capacitor
C47 0.1uF C-USC0805 C0805 Capacitor
C48 15pF C-USC0805 C0805 Capacitor
C49 15pF C-USC0805 C0805 Capacitor
C50 10uF CPOL-USCT3216 CT3216 Capacitor
C51 0.1uF C-USC0805 C0805 Capacitor
C52 0.1uF C-USC0805 C0805 Capacitor
FILTER-1 800 MHz LFCN-800 FV1206 Filter
FILTER-2 1200 MHz LFCN-1200 FV1206 Filter
FILTER-3 1700 MHz LFCN1700 FV1206 Filter
FILTER-4 2400 MHz LFCN-2400 FV1206 Filter

IC1 SGA-2163 SGA-2163 SOT363_INFINEON LNA

IC2 SKY13322 SKY13322 SKY13322 Switch
IC3 SKY13322 SKY13322 SKY13322 Switch
IC4 PIC18F2580 PIC18F2580_28W S0O28W Microcontroller
IC5 SKY12329-350LF SKY12329-350LF QFN3X3 Attenuator
IC6 MAX3232CWE MAX3232CWE SO16L RS232 Convertor
IC7 LM2937ET-3.3 78XXL 78XXL Linear Regulator
J2 TC2030-MCP TC2030-MCP TC2030-MCP Microchip Connector
R1 71 R-US_R0603 R0603 Resistor
R2 96 R-US_R0603 R0603 Resistor
R3 DNI R-US_R0603 R0603 Resistor
R4 96 R-US_R0603 R0603 Resistor
R5 0 R-US_R0603 R0603 Resistor
R6 DNI R-US_R0603 R0603 Resistor
R7 20 nH 0603CS R0603 Inductor
R8 20 R-US_R0603 R0603 Resistor
R9 DNI R-US_R0603 R0603 Resistor
R10 DNI R-US_R0603 R0603 Resistor
R11 0 R-US_R0603 R0603 Resistor
R12 0 R-US_R0603 R0603 Resistor
R13 0 R-US_R0603 R0603 Resistor
R14 13000 R-US_R0603 R0603 Resistor
R15 1500 R-US_R0603 R0603 Resistor
R16 1500 R-US_R0603 R0603 Resistor
R17 0 R-US_R0603 R0603 Resistor
R18 3.9nH 0603CS R0603 Inductor
R19 3.9nH 0603CS R0603 Inductor
R20 0 R-US_R0603 R0603 Resistor
R21 5100 R-US_R0603 R0603 Resistor
R22 1000 R-US_R0603 R0603 Resistor
R23 0 R-US_R0603 R0603 Resistor
R24 DNI R-US_R0603 R0603 Resistor
R25 0 R-US_R0603 R0603 Resistor
R26 50 R-US_R0603 R0603 Resistor
R27 50 R-US_R0603 R0603 Resistor
R28 0 R-US_R0603 R0603 Resistor
R29 10000 R-US_R0603 R0603 Resistor
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R30 0 R-US_R0603 R0603 Resistor

T1 SYBD_COUPLER SYBD-19-172 SYBD Directional Coupler
Us1 AD8302 AD8302 TSSOP14 Dual Log Amp

Us$3 ADF4350 ADF4350 LFCSP32 Frequency Synthesizer
X1 D-SUB9-H5MO9RA | D-SUB9-H5M09RA H5M09RA Connector

X2 10 MHz CRYSTALHC49UP HC49UP Crystal

70




Appendix C: Measurement System Board Layout
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Appendix D: Measurement System Board Errata

The latch enable line was not originally conneaadhe board layout. To fix this, a
jumper wire must be run from pin 5 of IC4 (microtmtier) to pin 3 of U$3.

The microcontroller ground pin8 has accidentallgrbired to 3.3V in the layout. To fix

this, the 3.3V trace to pin 8 of IC4 must be cuat] @in 8 must be connected with a
jumper wire to pin 19 of IC4.
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