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ABSTRACT

Seo, Weeseong Ph.D., Purdue University, May 2019. A Low Power Fully Autonomous
Wireless Health Monitoring System For Urinary Tract Infection Screening. Major
Professor: Byunghoo Jung.

Recent advancements of health monitoring sensing technologies are enabling plethora
of new applications in a variety of biomedical areas. In this work, we present a new
sensing technology that enables a fully autonomous monitoring of urinary tract in-
fection (UTI). UTT is the second most common infection in the human body caused
by bacterial pathogens, and costs millions of dollars each year to the patients and
the health care industry. UTI is easily treatable using antibiotics if identified in
early stages. However, when early stage identification is missed, UTI can be a major
source of serious complications such as ascending infections, loss of kidney function,
bacteremia, and sepsis. Unfortunately, the limitations of existing UTI monitoring
technologies such as high cost, time-intensive sample preparation, and relatively high
false alarm rate prohibit reliable detection of UTTI in early stages. The problem be-
comes more serious in certain patient groups such as infants and geriatric patients
suffering from neurodegenerative diseases, who have difficulties in realizing the symp-
toms and communicating the symptoms with their caregivers. In addition to the
aforementioned difficulties, the fact that UTI is often asymptomatic makes early
stage identifications quite challenging, and the reliable monitoring and detection of
UTT in early stages remain as a serious problem.

To address these issues, we propose a diaper-embedded, self-powered, and fully
autonomous UTI monitoring sensor module that enables autonomous monitoring and
detection of UTT in early stages with minimal effort. The sensor module consists of

a paper-based colorimetric nitrite sensor, urine-activated batteries, a boost dc-dc
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converter, a low-power sensor interface utilizing pulse width modulation, a Bluetooth
low energy module for wireless transmission, and a software performing calibration
at run-time.

To further optimize the sensor module, a new fully integrated DC-DC converter
with low-profile and low ripple is developed. The proposed DC-DC converter main-
tains an extremely low level of output voltage ripples in the face of different battery
output voltages, which is crucial for realizing low-noise sensor interfaces. Since the
DC-DC converter is a part of a module embedded into a diaper, it is highly desirable
for the DC-DC converter to have a small physical form factor in both area and height.
To address this issue, the proposed DC-DC converter adopts a new charge recycling
technique that enables a fully integrated design without utilizing any off-chip com-
ponents. In addition, the DC-DC converter utilizes sub-module sharing techniques
multiple modules share a voltage buffer and a recycle capacitor to reduce power con-
sumption and save chip area. The DC-DC converter provides a regulated voltage of
1.2V and achieves a maximum efficiency of 80% with a 30082 load resistance. The
output voltage ripple is in the range of 19.6mV to 26.6mV for an input voltage ranging
from 0.66 to 0.86V.



1. INTRODUCTION

1.1 Motivation

Urinary tract infection (UTI) is the second most common infection caused by
bacterial pathogens, accounting for about 8.1 million hospital visits to health care
providers in the US annually [1]. UTI is predominantly bacterial with coliform bac-
teria, in particular Escherichia coli (E.coli), being responsible for most cases [2]. It
is also the most prevalent infection in the residents of long-term-care facilities with
15~50% of the cases being asymptomatic [3], [4].

In general, UTT is considered to be easily treatable using antibiotics. However, if
not found and treated early, UTI can be a major source of serious complications such
as ascending infections (e.g., pyelonephritis), loss of kidney function, bacteremia, and
sepsis [5]. Consequently, early identification and treatment of UTT is vital to prevent
major sequelae or death.

Infants and geriatric patients suffering from neurodegenerative diseases such as
dementia are especially vulnerable to the deleterious effects of undetected UTI. Both
groups use diapers and have difficulties understanding and/or communicating their
urinary discomfort and UTI 30 associated symptoms (if not asymptomatic) to their
care providers. These difficulties and the fact that UTT is often asymptomatic make
early stage identification quite challenging.

Traditionally, an accurate diagnosis of UTT is made with the urine culture test in
a laboratory [6]. This test allows quantification of the bacterial growth, but takes 2
to 3 days between specimen collection and final diagnosis due to the time period for
cell cultivation. Furthermore, the urine culture test is not the best method for early
detection of UTI. Primarily, the relatively high cost for hospital visits (to collect the

specimen) and the urine culture test itself is costOprohibitive and , in most cases,



prevents multiple and/or frequent urine culture tests from being performed. Second,
a hospital visit for a urine culture test implies that the caregiver or patient already
recognizes the symptoms of UTI, which often happens after serious complications
have surfaced, particularly for asymptomatic patients.

For these reasons, urine dipsticks have been widely used in detecting UTI in
early stages. A conventional urine UTI dipstick comprises a variety of chemical pads
or reagents that react when immersed in, and then removed from, a urine sample.
UTT dipsticks specifically detect the presence of nitrite, which is a surrogate of UTI.
While urine dipsticks do allow for quick detection and are low-cost, this method is
somewhat less accurate than conventional culture testing techniques with nitrite sen-
sitivity falling within an 80-85% range [7]. Moreover, collecting a urine specimen for
the dipstick test from an infant or a disabled elderly is often painful, time consuming,
and privacy-sensitive. It becomes particularly challenging when multiple tests are
required to filter out false alarms. Therefore, an alternative method for early-stage
identification of UTT has been sought-after, and a better screening method that can

alert caregivers about UTI with minimal effort is imperative.

1.2 Existing Approach

Several conventional UTI detection systems have been presented in the literature

8], [9]

1.2.1 Camera Based Detection System

In [8], the same chemical factors leveraged by a conventional UTI dipstick is
printed on a commercial diaper using a hand-held printer which is designed to guar-
antee that a specific chemical factor is printed in a specific square area. When the
reaction between the detection chemicals and urine occurs, a user such as a caregiver
uses a camera of a smart phone to record the change in colors, process the images

with a mobile application software using smartphone imaging analysis technology, and



takes further action concerning UTI. Accordingly, although this approach provides
a fast detection by eliminating the time to collect urine samples, it does not offer a
quantitative analysis and, more importantly, still requires an additional process to
record the change in colors and process the images, thereby prohibiting completely
autonomous operation. It also suffers from color fading issues because the time gap
between urination and photo events is often unpredictable and the color of the sens-
ing part fades over time when it dries up. Another issue is the contamination by
stool that prohibits photo-based analysis. Both significantly affect the methodology’s

ability to provide accurate results.

1.2.2 CTS Based Detection System

In [9], a mutual-capacitance measurement is used to detect the presence of E.coli
using a capacitance touch screen (CTS) with surface-electrodes modified to have
E.coli receptors. In the case of CTS, the errors result from process variations such as
the capacitance variation in the CTS and the offset variation in the charge amplifier.
These errors should be compensated to improve the accuracy of the system, which
normally increases the power consumption and the area of the system. Moreover, the
CTS method is not autonomous because a caregiver should place the urine sample
on the CTS surface manually.

In light of the shortcomings of conventional methods, an alternative, more accu-
rate method for early-stage identification of UTTI is needed, as is a better screening
method that can alert caregivers about UTI with minimal manual effort. Ideally,
such methods should be autonomous, automatic, minimally invasive, and provide the
patient with privacy, all while being easy to implement, affordable, and capable of

providing accurate and timely results.



2. UTI MONITORING SYSTEM

Fig. 2.1 shows a conceptual diagram representing the sensor module and system.
As UTI dipsticks detect the level of nitrite, an indicator of UTI, the sensor module
quantitatively evaluates the concentration of nitrite in the urine, and transmits the
information via a Bluetooth low energy (BLE) module to a nearby BLE capable
mobile device. The sensor module utilizes a flexible substrate that can either be

embedded in a diaper during the manufacturing process or attached as an added unit

| |
Photodiode LED Reagent strip
S — B
Urnine-activated Battery Substrate Circuitry

Fig. 2.1. Diaper-embedded UTI monitoring sensor module. (a) Diag-
onal view (b) Cross-section view



to a commercially available diaper. It is highly desirable that the disposable sensor
module embedded in a diaper is self-powered because of cost and environmental issues.
For this reason, the system utilized a urine-activated battery [10], which allows self-
powered autonomous operations. Because of the limited amount of energy that the
urine-activated battery provides, a power efficient yet accurate sensor interface circuit

is crucial for successful operation.

2.1 Overview of Proposed UTI Monitoring Sensor Module

Fig. 2.2 shows a block diagram of the complete sensor module which is capable of
self-wake-up, self-power, detection of UTI, and wireless transmission of information
over BLE. This sensor module consists of five parts: (i) four urine-activated batteries
connected in parallel (ii) a boost DC-DC converter (iii) a paper based colorimet-
ric nitrite sensor (iv) a low-power sensor interface utilizing pulse width modulation
(PWM), and (v) a BLE module for wireless transmission. Operating the sensor mod-
ule utilizing urine-activated batteries simplifies the design by eliminating the need for
periodic wakeup for checking the event of urination, which is required for a system
that relies on a continuously powered battery. These urination-event driven auto-
matic activation and wakeup also increase the shelf-life of the sensor module, and
eliminate the color fading issue because the sensing is guaranteed to happen within
a short time window after the urination-event. The output voltage provided by the
batteries is not consistent and varies between 0.3V to 0.9V [10]. In order to ensure
that the module functions reliably, this voltage is boosted and regulated to 2.0V with
a power conversion efficiency of between 50% and 60%. Then, the boosted voltage
provides power to the colorimetric nitrite sensor consisting of a light emitting diode
(LED), a urine-absorbing strip, a reagent strip, an active photodiode, and a reference
photodiode. It also powers the sensor interface and the BLE module. Using a regu-
lated supply voltage is crucial to tightly control the light intensity of the LED and

the performance of the sensor interface. The color of the reagent strip changes from
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white to pink with the presence of nitrite in the urine. As in UTI dipstick, the color
density of the reagent strip is a function of nitrite concentration in the urine. The
color density is sensed by an LED-active photodiode pair sandwiching the reagent
strip. The color density affects the intensity of the light reaching the active photodi-
ode, and consequently affects the photocurrent generated by the active photodiode.
We note that the LED light does not reach the reference photodiode. The reference
photodiode is utilized to compensate the leakage dark current. Due to the weak sen-
sitivity of the leakage dark current to the bias voltage, the leakage dark current of
the two photodiodes is almost the same. Because the two photodiodes are connected
in series, the balanced leakage dark currents cancel out each other and do not affect
the output of the sensor interface. The series connected two photodiodes also provide
a high impedance node required for charge accumulation. The sensor interface con-
verts the photocurrent of the active photodiode into a pulse width modulated (PWM)
waveform. The BLE module has a 40kHz in-built counter which digitizes the PWM
signal data and transmits it to the mobile device of a caregiver, presumably connected
to a centralized health monitoring network. The low-power capability of the sensor
module is important because the urine powered battery has a limited power capacity,

ranging from 3mW to 9mW.

2.2 Submodule Implementation
2.2.1 Urine-activated Battery

The battery is a Zn-Cu electrochemical cell providing a theoretical potential dif-
ference of 1.1V [10]. It is comprised of two half cells (Cu/CuSO4 and Zn/ZnCl2) and
a salt bridge. The fabrication process starts with a laser (Universal Laser Systems,
PLS6MW, 10.6m CO2 laser) machining a sheet of wax paper (Reynolds Cut-Ride,
40 m thick) into a 3cm square substrate. Then, copper and zinc (50 and 100m thick,
respectively) tapes with an adhesive backing are carved into 2.5cm squares with elec-

trical connection protrusions by the 1.06m fiber laser to create the metal electrodes.



Using the CO2 laser, filter papers (Whatman, Qualitative, 90 mm, 160 um thick) im-
pregnated with CuSO4 are shaped into corresponding squares as electrolytes overlap
the copper electrodes while those with KCI are patterned as salt-bridges as well as
the electrolytes for the zinc electrodes. Afterwards, a polyimide tape is also machined
by the CO2 laser. Additionally, small openings are laser cut on polyimide tape and
Zn tape as access holes for urine activation of the battery. In the end, the battery
is assembled through aligning and taping these patterned layers and the packaging
is strengthened by high temperature lamination. Fig. 2.3 illustrates the fabrication
process. When urine wets the filter papers through the predefined openings, the re-
dox reaction starts to take place via the moist salt bridge connecting both half-cells,

supplying power to the system.

2.2.2 Colorimetric Nitrite Sensor

Fig. 2.4 shows the structure of the colorimetric nitrite sensor [10]. All components
are integrated onto a wax paper with great expansibility and high flexibility. In
order to overlap and align the LED and the active photodiode, the sensor is folded

along the dashed line in Fig. 2.4(a), and a urine-absorbing strip and a reagent strip

) ©

a _
@ /Polyimide tape / CO2laser " ~—Pltape
- Access holes for wetting

Filter paper ka1 Ay Alignment > i
. Zn
/. Waxpmper /' ppertaser | cusos S Assembly KCl
8 |- my —r—
Zing tape Wax paper
— z_’ Wax pap97

Patterning

Fig. 2.3. Fabrication process of the urine-activated battery. (a) Laser-
defining of the substrate, the active materials and the covering poly-
imide tape for the battery (b) Alignment and assembly of the battery
(c) Schematic structure of the battery.



are placed between the LED and the active photodiode. The urine goes through
the holes, reaches the urine-absorbing strip of the second layer, and then spreads
until it arrives at the reagent strip of the third layer containing the Griess reagent.
The urine reacts with p-arsanilic acid to produce a diazonium compound and to
couple with N-ethylenediamine dihydrochloride in order. After the reaction chains
for the detection of nitrite in acid medium, the color of the reagent strip changes
from white to pink. The color density reflects the concentration of the nitrite in
the urine and affects the amount of the light arriving at the active photodiode after
passing through the reagent strip and consequently determines the photocurrent that
the active photodiode generates. The concentration of nitrite, which indicates the

level of UTI, can be quantified with the amount of the active photodiode current.

2.2.3 Sensor Interface Using Pulse Width Modulation

To convert the light intensity signal into an electrical signal, traditionally a tran-
simpedance amplifier (TIA) converts the photodiode current into a voltage, and

an analog-to-digital converter (ADC) provides digital data that represents the volt-

First layer: wax paper 4— ‘ ‘
LED \

Second layer: uﬁne-absorbing‘ﬂgtri -

Active
Photodiode|

Third layer: reagent strip

Fourth layer: copper wire /

Fifth layer: wax paper 4— —~ \

Reference
Photodiode

o

@' ®

Fig. 2.4. Fabrication process of the urine-activated battery. (a) Laser-
defining of the substrate, the active materials and the covering poly-
imide tape for the battery (b) Alignment and assembly of the battery
(c) Schematic structure of the battery.
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age [11]. This conventional topology increases the complexity and power consumption
of the interface circuit. Because the module has a limited amount of energy available
from the urine-activated battery, a power efficient sensor interface is highly desirable
for reliable and self-powered operation of the sensor module. To address these issues,
we developed a semi-digital PWM-based method, where the pulse width of the bi-
nary output signal is inversely proportional to the photodiode current, and a digital
counter converts the pulse width into a digital signal. This PWM-based method al-
lows to eliminate the complex and potentially power-intensive TIA and ADC. The
pulse width modulated signal becomes less sensitive to the supply voltage noise be-
cause of its binary nature. It also provides a wide dynamic range because the data
is represented in the time domain, measuring pulse width, rather than the voltage or
current domain where its dynamic range is typically limited by the supply voltage.

Fig. 2.5 shows a block diagram of the two photodiodes in the colorimetric sensor

Active
Photodiode
Inverter (a)
Vep {>O
* TN
Reference C,
Photodiode

Reset
Switch

Fig. 2.5. The block diagram of photodiodes and sensor interface con-
figuration.(a) Sensor interface circuit
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and the sensor interface circuit. The sensor interface consists of two inverters, three
NAND gates, and one analog switch. Two parasitic capacitors, C1 and C2, connected
in parallel with the two photodiodes act as a charging capacitor.

Fig. 2.6 shows the signal response of the sensor interface operation at different
stages. First, the active-high Vgy signal changes from HIGH to LOW at the rising
edge of the CLK signal coming from the BLE module and turns the Reset switch off.
Then, the photocurrent (Ipp) initiates the charging of the node Vpp located between
the two photodiodes and the Vpp signal begins to increase. Once the Vpp signal
reaches the inverter IN1 threshold voltage, Vrg, which is a fraction of the supply
voltage, say a VDD, where « is a constant smaller than 1 and should be calibrated for

a reliable operation due to process variations, the IN1 output pushes the Vg signal

CLK,

Vsw

Vowy

-t

Fig. 2.6. Timing diagram for the sensor interface
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to HIGH, resetting the Vpp signal to the ground. The Vpyy, signal is the inverse of
the Vg signal.

If we assume that the parasitic capacitances are constant during the charging with
the photocurrent Ipp, it is simple to analyze the relation between the pulse width Tpy
of the Vpws signal and the photocurrent Ipp as

(Cy + C3) x aVDD

IPD

The parasitic capacitances, however, vary significantly during the charging process

due to the dependency on its reverse bias voltage as illustrated in Fig. 2.7. To obtain

Ce(Vr)[PF]

=ssseskssssss

0 aVDD VDD Fv
R

Fig. 2.7. Parasitic capacitance of a photodiode versus reverse bias voltage



13

the pulse width T'py with voltage dependent capacitors, we use an abrupt pn-junction
capacitance model and express the parasitic capacitance Cp dependent on the reverse

bias voltage as follows:

65[6014

\/265160Aup(VR + &n;)

_ Ko (2.2)

VVR + O
(Ko = egreoA
V2esreoApp

where €g; is the silicon dielectric constant, €, is the permittivity of free space, u is the

Cp(VR) =

mobility of the electrons, p is the resistivity of the silicon, Vg is the applied reverse

bias voltage, ¢y; is the built-in junction voltage, and A is the diffused area of the

junction.
Active |
Photodiode ™
Vo
Reference |
Photodiode ™ \ \
&

(a) B ) B

Fig. 2.8. (a) Active and reference photodiode with parasitic capacitors
C; and Cy (b) Circuit model with the voltage dependent parasitic
capacitors.
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Fig. 2.8 shows the circuit model of the two variable parasitic capacitors. To calcu-
late Tpy, we add the contributions of each parasitic capacitor of the two photodiodes.
From Fig. 2.8, the parasitic capacitance C; of the active photodiode can be described

as

Cl(VR1) = CP(VDD — VPD) (23)

where VR1: VDD- VPD.
In addition, the parasitic capacitance Cj of the reference photodiode can be given

as

C2(Vge) = Cp(Vpp) (2.4)
where Vgo=Vpp. Using (2.3) and (2.4), we can get

dV pp

Ipp = [Cp(VDD = Vpp) + Cp(V o)l —

(2.5)

Performing an integral, we can describe the relation between the pulse width Tpy,

and the photocurrent Ipp as follows:

1 aV DD
Tew = E [CP(VDD — VPD) + OP(VPD)]vaD
0
_5
Ipp
(8 =2Ko(\/VDD + ép; — /(1 — a)VDD + ¢y + /aVDD + ¢y — /b))

(2.6)
Equation (2.6) shows that the pulse width Tpy of the Vpyyy signal is inversely pro-
portional to the photocurrent Ipp, even with the voltage dependent parasitic capaci-

tances.
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3. DESIGN CONSIDERATION

3.1 Effects of Noise

There are various sources of noises in the sensor module. The main noise sources
limiting the performance of the sensor module exist in the photodiodes and the sen-
sor interface such as shot noise in the photodiodes, thermal noise of the constituent
devices in the sensor interface, and the random fluctuation of the power supply VDD.
Because the line and load regulation of the boost converter is 0.1% (typ.) and 0.5%
(max.) with the conditions (i.e., the input voltage of the boost converter changes
from 0.3V to 0.8V and the load current varies from 4.58mA to 6.58mA), which is in-
significant compared with other noise sources , we ignored the periodic logic threshold
shifts of inverters and NAND gates by ripple in the boost DC-DC converter output.
These noises introduce jitter in the edges of the output signal. Assuming a white
Gaussian random distribution, the root mean square (RMS) jitter and the standard
deviation of jitter, or, can be expressed as Jitter,,s = o1 and the noise uyx can be
defined as ux N(0, 0%y or 1) With a standard deviation ov as the voltage or o7 as the
current.

The rising edge of the Vpyy, signal is only affected by the noise from the inverter
and the NAND gate. The falling edge of the Vpyy, signal is affected by the noise
from the photodiodes, the power supply, the inverters, and the NAND gates. Since
the inverter and the NAND gate carry digital signals with a high slew rate, the jitter
generated by the inverter and the NAND gate is less significant. However, the noise
voltage of the power supply and the noise current of the photodiodes significantly
affect the Vpp signal that changes slowly and determines the falling edge of Ve
signal. Consequently, more significant jitter appears at the falling edges of the Vpy,

signal.
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The pulse width of the output signal is affected by the following noise sources as

shown in Fig. 3.1.

i Noise voltage from VDD:

NN,VDDNN(O;U?V,VDD)‘

ii Noise current from the active photodiode:
MN,PDNN(O;UJQV,PD)'
iii Noise voltage from the inverters:

pun_1vi~N(0,6% 1 ) wn_1va~N(0,6% 1v9)-

iv Noise voltage from the NAND gates:

MN,NDINN(O:O-]ZV,NDl)u ,UN,NDQNN(070-12V,ND2)’NNJVD3NN(077 UJZV,Nps)-

_—T—CC‘LK

Fig. 3.1. Conceptual diagram of the noise sources
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Fig. 3.2. Effect of jitter at different stage. (a) Clock signal. (b) Vpp
signal at charging node. (c) Vg signal to control the analog switch
(d) Output Ve signal

Fig. 3.2 depicts the effect of each noise source to each signal stage and the output

Vpwar signal. To find the jitter pr 15 on the output Vpyy, signal generated by the

additive noise puy_pp, and uy_vpp, we first consider the additive noise current py_pp,

superimposed on the Vpp signal. The dominant noise in the active photodiode is shot

noise and can be modeled as the white Gaussian random noise process with a two

sided power spectral density (PSD), Spp:(f) [12].

SPDl(f) = qIPDAZ/Hz

(3.1)
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where ¢ is the elementary charge of an electron. It can be expressed as ux_pp~N(0,
qIppAf). In such a noisy environment, the Vpp signal is the sum of a signal voltage
vpq and a noise voltage vy, i.e., Vpp = vpq + v,. Assuming that the signal voltage is
much larger than the noise voltage, we can approximate the parasitic capacitance as
Ci(VDD-Vpp)=C,(VDD-v,4) and Co(Vpp)=C,(vpe). With this approximation, we

can obtain

1 oaVDD
Ty — — L / [Cp(VDD = v,4) + C p(vpa)|dvyg
Ipp+ pun_pp Jo

B

~ Ipp+ pn_pp

(3.2)

Assuming y = Ipp + pun_pp, the variance of jitter, or pp, can be derived according

to the variance of noise current, ¢/ppAf, as

1
o? =Var|T =8 Var[—mM
T_PD [Tew| = [ 7 Sr——
> 1 1
=y 6
—00 PD
_ [/OO % . ; . e*(y*IPD)z/QqIPDAfdy]Q}
oo Y7 V2mql ppAf

In addition, o7 can be approximately expressed using the equation derived in [13]

and [14]
_ v
- SR

where SR is the slew rate of the signal. Because the Vpp signal is not linear, the

(3.4)

ar

slope of the Vpp signal needs to be calculated when the Vpp signal reaches aVDD as

follows:
dVpp | _ Ipp |

=~ -Ipp (3.5)
\/(1 — a)VDD + Op +VaVDD + ¢bz)
K

(v =
Using (3.2), (3.3), and (3.4), the jitter o7 15 can be obtained as

g
o= [ + (PR -

= (0T n_pp + 0T N_vDD)rms
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Due to the slow change in the Vpp signal, the o7 14 becomes the main jitter which
is inversely proportional to the photodiode current.

The jitter added onto the Vpyys by the inverters are

orvi
0T 1v1)rms = =——— 3.7
(6T 1v1) SRy (3.7)
O1va,r g1va,f
orT r)rms — ; oT rms — 3.8
(6T 1ve,r) Sk, (0T 1vay) SR, (3.8)
where SRy is the slew rate at the output of the inverter.
The jitter introduced by the NAND gates are
o

(5TND1,f)rms = (5TND5’,f)7’ms = NDLS (39)

SRnp

OND2,r
or r)rms — orT r)rms — 7 3.10
(6T nps2,r) (6T nps,r) Shun (3.10)

where SRyp is the slew rate at the output of the NAND gate.

From equation (3.5) (3.10), it is important to note that the rising edge jitter is
smaller than the falling edge jitter and the falling edge jitter is inversely proportional
to the photodiode current.

By adding the independent jitter sources, we can estimate the time deviation from

the ideal output pulse width of the Vpyy, signal as

07 t0tal = (6T v.vpp + 6T n_pp)® + (0T 1v1)* + (6T 1ys.r)?

(3.11)
+ (0T rve,)? + 20T npag)* + 2(6T npag)?] M

Using the total jitter oot and by differentiating (2.6), we can estimate the photo-

diode current resolution Ipp s as

I 2
IPD,res = |UT,total : %‘@Maximumlpp (312)

where the nitrite concentration of Omg/L provides the maximum photodiode current.
Equation (3.12) shows that photodiode current resolution Ipp s can be improved
by either reducing the photodiode current Ipp or the jitter or o However, the
photodiode current Ipp determines the detection range of the sensor module, hence

to increase photodiode current resolution Ipp s , reducing the jitter o oa; is a better



20

option. The dominant sources of jitter o7, are the noise voltage of power supply
and the shot noise of the photocurrent, which are white and can be reduced by
averaging samples [15]. For the proposed system, a photocurrent resolution of 30nA
is required for the targeted nitrite concentration detection sensitivity, 1.35ms/(mg/L).
Without averaging, the photocurrent resolution of the system is about 117nA, which
does not meet the target. We achieved the target resolution by averaging over 100

consecutive pulse width data.

3.2 Process Variations

Process variations are unavoidable during the manufacturing processes of the LED,
the photodiodes, the urine-absorbing strip, the reagent strip, inverters, and NAND
gates, and become a critical concern in the system design. With the presence of
large variations contributed by the consisting elements, a reliable operation of the
sensor module would be almost impossible. To mitigate this problem, we present a
differential reading technique and an effective on-line calibration method.

We note that the process variations would impact the output pulse width for the
dry reagent strip (before reacting with urine) and for the wet reagent strip (after
reacting with urine) in the same manner. Consequently, the differential reading be-
tween the pulse width (7py;) for the dry reagent strip and the pulse width (Tpyw2)
for the wet reagent strip would suffer significantly less from process variations.

To measure the difference, we use a time lapse reading technique. The sensor
module is designed in such a way that the urine reaches the urine-activated batteries
first, and the reagent strip later. As soon as the urine-activated batteries become
active, the sensor module measures Tpy; while the reagent strip is dry. The following
readings use Tpy; as a reference, and the sensor module registers the differential
pulse width, Tppw = Tpwi - Tpwe, rather than Tpry;. Although the effect of process

variations can be partially mitigated by this time-lapse based differential reading
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Fig. 3.3. Calibration for process variations.

technique, the sensor module is still vulnerable to process variations, requiring further
calibrations.

The proposed on-line calibration finds a process variation constant number Koy,
using a known reference and corrects the measured differential pulse width by mul-
tiplying the constant Kgsr. In this method, we use one arbitrarily selected sensor
module as a known universal reference. An end-user sensor module has the per-
formance deviation from the reference module and shows a different output pulse
width at the same nitrite concentration. The measured differential pulse width of an
end-user sensor module can be annotated back to the differential pulse width of the

reference module by multiplying the constant Koy4p, as shown in Fig. 3.3.
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First, we measure the nitrite concentration versus the differential pulse width
curve using the known reference module as shown in Fig. 3.3. We can express the
reference pulse widths (Tppw,rer) by visiting the familiar formula (2.6) and using

the differential reading technique

1 1

— 3.13
Ippy,rer 1 WET,REF) ( )

TDPW,REF = ﬁREF(

where Ipry, rer is a reference photocurrent when the reagent strip is dry and Iwgr grer
is a reference photocurrent when the reagent strip is wet. The data for the reference
module is stored in the mobile device that performs the calibration operation. Because
each end-user module has a different constant 3, each sensor module should be able
to find its own value of 8 unless the constant value is measured for each module
during the production stage, which is challenging because the module is intended for
one-time use and to be disposable. In the developed system, each sensor module
finds the value of g autonomously utilizing the dry condition measurement. For the
time lapse based differential measurement, the sensor module first measures the pulse
width Tpy;. Because the nitrite concentration in the urine should not affect the
constant 3, we can calculate the constant K4y using the measured Tpy; and the

known value of Tpyw; prr from the known reference.

KCAL _ TPWI,REF _ BREF . [DRY (314)

TP W1 ﬁ [DRY, REF

As the process variations would impact the output pulse width for the dry reagent
strip and for the wet reagent strip in the same manner, we can express the relationship

between the two reference currents and the two end-user currents as

Ipry = €l pry,rer, I wer = €l weT REF (3.15)

where Ipry is an end-user photocurrent when the reagent strip is dry and Iygr is an
end-user photocurrent when the reagent strip is wet. The calibrated differential pulse
width Tppw, car can be obtained by multiplying the calculated constant Kcar, to the

measured differential pulse width and using (3.16):
1 1

IDRY [WET




Tppw,car = Kcar - Topw

— Bl 1 Ipry 1
REFAT pry,rRer  Ipryv,rREF IwET
1 1
= Brer( -

Ipry,rer  IweT REF
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(3.17)



24

4. IMPLEMENTATION AND MEASUREMENT RESULTS

Implementation and measurement were performed in three versions of the sensor mod-
ule. The first version sensor module focuses on the implementation of the proposed
technology and the characterization of the each sub-modules. The results generated
from the first version was used to redefine one or more of the problems established
in the initial phase, and to build a more robust understanding of the problems. The
second version focused on making the sensor module practical and economical. The
third version focused on improving the power efficiency and accuracy of the sensor

module.

4.1 First sensor module

Fig. 4.1 shows the implementation of the first UTI sensor module. The first version
has four separate modules connected through wires: a urine activated battery module,
a circuit module, a sensor module, and a BLE module. The first sensor module
focused on the implementation of the proposed technology and the characterization
of the each modules The measurement setup used for the sensor module is shown in
Fig. 4.2. The boost DC-DC converter and the PWM sensor interface are mounted on
a custom printed circuit board (PCB). During measurements, the colorimetric nitrite
sensor is placed in a box to make sure that the active photodiode only responds to the
LED light, but not to the ambient light. An LED with the peak emission wavelength
of 572nm is chosen because of its high sensitivity to pink color. Two photodiodes
with the peak sensitivity wavelength of 540nm are used. The LED bias current is
set to 0.5mA while the PWM sensor interface draws 0.008mA from the regulated 2V
supply. The microcontroller in the BLE module (RFD22102 from RFDuino) provides

the CLK signal and converts the pulse width output of the PWM sensor interface
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Fig. 4.1. The first version sensor module
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Fig. 4.2. Measurement set-up. (a) Mobile APP displaying nitrite
concentration in real time (b) Colorimetric nitrite sensor (2.5cm x
3.5cm, 3g) (¢) DC-DC boost converter and sensor interface (2.7cm x
3.6cm, 6g) (d) Urine-activated batteries (15cm x 3.5cm, 6g) (¢) BLE
module (RFD22101) (2.3cm x 2.9 cm, 5g)




27

=
=

e u) @ii?‘ S
\>_/ 5 = ‘ ot —Boost converte[
O - - -
b : 5 N
= = - —Battéry -
AP ; sty
- Ot :
2 4 6 8

[mitn]

Fig. 4.3. Measured the battery voltage and the boost converter volt-
age: (i) Initial urine exposure and battery activation, (ii) DC-DC
boost convert start and sensor reading (iii) BLE transmission

into digital data using the built-in counter that is transmitted to a paired mobile
device (an Android tablet). The BLE module draws 6mA in transmission mode.
Synthetic urine samples with nitrite concentrations of Omg/L, 4mg/L, 6mg/L,
8mg/L, and 10mg/L are used for the measurements. To perform the tests, urine
samples were dropped onto the sensors and the urine-activated batteries at the same
time. Fig. 4.3 shows the voltage variation of the urine-activated batteries and the
regulated voltage of the boost DC-DC converter. The batteries are activated in 10
seconds after initial urine exposure and the boost DC-DC converter starts operation
when the voltage of batteries reaches a start-up voltage of 0.5V, at which time the

colorimetric sensor starts reading. The PWM signals for the dry reagent strip and
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Fig. 4.4. Measured PWM signal (a) Pulse width for the dry reagent
strip: (i) Clock signal, (ii) Output Vpwy signal, and (b) Pulse with
for the wet reagent strip: (i) Clock signal, (ii) Output Vpwnm signal.
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Fig. 4.5. Displayed result on the mobile device.

for the wet reagent strip were measured as shown in Fig. 4.4. The BLE module
digitizes the PWM signals and transmits them. Fig. 4.5 shows Tpw;, Tpwe, and the
differential pulse width displayed on the mobile device at real-time.

The jitter on rising and falling edge of PWM output signal were measured using
a high-speed oscilloscope as shown in Fig. 4.6(a). Fig. 4.6(b) shows the measured
jitter on the rising and falling edges of PWM signal in the presence of different nitrite
concentrations. As described by equations from (3.6) to (3.11), the falling edge jitter
is bigger than the rising edge jitter, and the falling edge jitter is inversely proportional
to the nitrite concentrations becasue the active photodiode currents decreases while
the rising edge jitter remains constant.

Fig. 4.7 illustrates the differential pulse width versus nitrite concentrations curves
for an ideal case simulation and measurements before and after the calibration. We
used SPICE simulator to get the simulation results shown in Fig. 4.7. The Inverters

and NAND gates of the sensor interface are modeled based on IBIS model provided
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Fig. 4.7. (a) Measured differential pulse width versus nitrite concen-
trations (b) Conventional dipstick color chart.

by the manufacturer (Texas Instruments). The active photodiode is replaced with
a current source and a voltage dependent capacitor connected in parallel. The cur-
rent which is previously performed studies in [16] is used to model the photodiode

current, and the voltage dependent capacitor is implemented using a Verilog-A. As a
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Fig. 4.8. Measured differential pulse width versus liquid samples.

simplification , we assume that the dark current of the active photodiode is canceled
out by that of the reference photodiode, and the reference photodiode is modeled
as a voltage dependent capacitor. For the measured differential pulse width Tphpw
before the calibration, the maximum error from the ideal case simulation reaches
up to 33%, while the Tppy after the calibration shows a maximum error of 3.5%,
which corresponds to almost 10 folds of improvement. The sensor module achieves a
sensitivity of 1.35 ms/(mg/L) and a detection limit of 4 mg/L for nitrite. Because
nitrite is never found naturally in urine, and many species of gram-negative bacteria
convert nitrate to nitrite, the Tppy of urine from a person without UTI will show
40ms. Accordingly, the Tppw of the urine of a person with UTI will be smaller than

40ms, and the difference will increase with increasing amount of nitrite in the urine.
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Fig. 4.7(b) shows a reference color chart of typical urine dipsticks designed for nitrite
detection. To the untrained eyes, a quantitative analysis on nitrite concentration,
beyond the decision on positive or negative, is not feasible for dipsticks. This addi-
tional quantitative information can be beneficial for a health information technology.
The comparison demonstrates the effectiveness of the proposed autonomous sensing
utilizing the developed sensor module.

Fig. 4.8 presents the measured differential pulse width with liquid samples, show-
ing that the differential pulse width changes by 2.03%. Although the urine compo-
sition varies among patients, the sensor module should correctly detect only nitrite
for UTI. In order to verify the sensor module specificity to nitrite, different types
of solutions such as deionized (DI) water, tap water, NaCl of 500mg/L, ZnSO4 of
500mg/L, phosphate-buffered saline (PBS), and fresh urine were used. These exper-
imental results prove that the sensor module can detect nitrite reliably regardless of

liquid samples.

4.2 Second sensor module

The second version focused on making the sensor module practical and economical.
Fig. 4.9 shows the implementation of the second UTI sensor module. The second
sensor module comprises a disposable module and a reusable module due to cost and
the environment issue. The disposable module is configured for single-use application
and includes a colorimetric sensor module and a battery module. The disposable
module may either be embedded in a diaper during the manufacturing process or
attached as an added unit to a commercially available diaper. The disposable module
is positioned within the diaper at a location conductive to receiving urine. The
disposable module is in wired communication with the reusable module placed outside
the diaper. The BLE module and the circuitry module are combined into the reusable
module on one PCB. The reusable module can removably affixed to the exterior of

the diaper either by a user or the patient wearing the diaper.
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Fig. 4.10. (a) Operation flow chart (b) Timing diagram.
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There are two main design shortcomings in implementation for this sensor module.
The first one is power management. Fig. 4.10(a) shows the flow charts depicting the
steps of the operation applied for this module and Fig. 4.10(b) shows a timing diagram
associated with the operation. In operation, as soon as urine reaches the urine-
activated battery, the battery is activated and provides power to drive performance
of the steps in Fig. 4.10(a). The sensor module measures the pulse width Tpy,; for
one minute while the reagent strip is dry. The sensor module waits for two minutes
until the urine reaches the reagent strip of the colorimetric sensor and finishes the
reaction between urine and the chemical /reagent within the reagent strip. Then, the
sensor module measures the pulse width Tpy» for one minutes. After 4 minutes, the
BLE module transmits the measured data to a nearby mobile device. To calculate
the nitrite concentration, both Tpy; and Tpye are necessary. In the operation of
this sensor module, the sensor module works for four and half minutes to measure
two pulse widths and to send data. This method is inefficient in terms of power
consumption because during the reaction between urine and the chemical/reagent,
the data are unnecessary and the sensor module does not need to work. To solve
this problem, the sleep mode function is added to the third version sensor module.
Another issue with this sensor module was that the BLE connection in the software
was unstable and the mobile app lost some data. This is because the Processing code
used in the software is not fully compatible with Android BLE library. This has also

has been fixed by moving from Processing code to Android.

4.3 Third sensor module

The third version focused on improving the power efficiency, enhancing the ac-
curacy of the colorimetric sensor module, and stabilizing BLE connection between
the sensor module and the mobile device. Fig. 4.11 shows the implementation of the
third UTT sensor module. This sensor module comprises a reusable module and a

disposable module as in the second version. However, when compared with previ-
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Fig. 4.11. The third version sensor module

ous implementations, the sleep mode is added to this sensor module to reduce power
consumption. Fig. 4.12 shows flow charts depicting the steps of the operation ap-
plied for this module. When in a sleep mode, the sensor module’s functionality is
disabled except for the timing controller, which significantly reduces power consump-
tion. Thereafter, the timing controller of the microprocessor is periodically wake the
sensor module up between predefined sleep mode intervals to measure the output
signal and ensure operation if the reagent strip absorbs urine. Accordingly, where
sleep mode is activated, instead of measuring the sensor output signal frequently,
the sensor module measures the sensor output at a reduced speed. Between when
the measurements are taken, the sensor module is in sleep mode so that only small
amounts of power are drawn from the urine-activated battery. With the sleep mode
operation, the battery size reduced from 15x3.5cm? to 3.5x3.2cm?.

In previous implementations, the colorimetric sensor module used the reagent
strip developed in the lab. The some of the reagent strip changes from white to pink,

but the other remains white because the reagent chemicals does not distribute evenly
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38

over the strip. The white region in the reagent strip affects the current which the
active photodiode generates and causes less accuracy of the sensor module. To solve
this issue, from a commercial urine dipstick, the pad containing chemicals that reacts
with urine is stripped. The reagent area is replaced with the pad and it improves the
accuracy of the colorimetric sensor module.

In addition, a new software is developed with Android to improve BLE connectiv-

ity between BLE module and the mobile device. The software installed in a mobile

(a) (b)

Fig. 4.13. Displayed result on the mobile device (a) Receiving data.
(b) Nitrite concentration after the calibration.
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device performs quantitative analysis and shows the final results in real time as shown
in Fig. 4.13. Fig. 4.13(a) displays the progress of the sensor module’s operation and
Fig. 4.13(b) exhibit the final nitrite concentration after calibrating the received data.

The measurement setup used for the sensor module is shown in Fig. 4.14. The
disposable module wrapped with a black insulation tape to block the ambient light
source is embedded into a diaper as shown Fig. 4.14(a). The reusable module is
placed on the outside of the diaper and connected to the disposable module through
a flexible flat cable (FFC). Fig. 4.14(b) displays the data which the mobile device
receives and Fig. 4.14(c) exhibit the nitrite concentration after calibration.

Fig. 4.15 illustrates the reading nitrite concentration versus synthetic urine sam-
ples with nitrite concentrations of Omg/L, 2.5mg/L, 5mg/L, 7.5mg/L, 10mg/L, and
12.5mg/L for an ideal case, this work, HI96708 [17], HI-764 [18]. We used HI96708
for high range nitrite concentration and HI-764 for low range nitrite concentration.
For the measured nitrite concentration of HI96708, the maximum error reaches up to
60%, while this work shows a maximum error of 27%, which corresponds to almost
2.2 folds of improvement. Dipstick test can tell only positive or negative based on

the changes in the color, and cannot provide a quantitative UTI data.

Fig. 4.14. Measurement set-up. (a) The reusable module embedded
into the diaper and disposable module placed on the outside of the
diaper (b) Measured data (c) Nitrite concentration after the calibra-
tion
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Nitrite [ppm] 0 [25] 5 | 75|10 |125
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Table 4.1.
Performance comparison

Table 4.2 shows a comparison of this sensor module with other system. This work

achieves the lower detection limit of 0.6ppm, which is slightly defective compared

to other systems. However, this work can be fully embedded in a diaper without
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This work Dipstick Camera-assisted
system
Lower detection limit | < 0.6[ppm] 0.5[ppm] 0.5[ppm)]
Time Instant two minutes Unpredictable time
Diaper embedding Inside NA On the diaper skin
User intervention None Collect urine sample. | Check wet diaper
Dip, wait, and Image capture
read color chart and send it
Privacy issue No Yes Yes
Production cost Low Very low Low
Table 4.2.

Comparison with other systems

hindering accurate sensing. Camera-based system requires the sensor to be attached
to the skin of a diaper. When it is attached to the human body side, it can be easily
contaminated (ex: by stool). When it is attached to the outside, the urine must
leak to outside of the diaper. When it is embedded in a diaper, a de-embedding step
is required before tacking pictures.In addition, other systems are time-sensitive and

their test has to be processed timely to be diagnostically significant.

4.4 Summary

This work reports a diaper-embedded UTT monitoring sensor module self-powered
by urine-activated batteries. The sensor module can detect UTIs autonomously and
transmit the data to a caregivers mobile device that is presumably connected to a
health care network, allowing a reliable early detection and screening of UTI with
minimal efforts. The sensor module consists of a paper-based colorimetric nitrite sen-

sor, urine-activated batteries, a boost DC-DC converter, a low-power PWM sensor
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interface, and a BLE module. The urination-event driven wakeup method allows the
proposed sensor module to be compact, power efficient and reliable. The sensor inter-
face utilizing the PWM method significantly reduces the circuit complexity and the
power consumption, which is attractive for self-powered applications with a limited
power budget. The binary two level nature of the PWM sensor interface output is
also attractive for wireless transmission over noisy environment. The time lapse based
differential reading technique and the on-line calibration utilizing a known reference
significantly mitigate the adverse effects of process variations in the components with-
out increasing the system complexity and power consumption. With the calibration,
the maximum error in nitrite concentration estimation has improved from 33% to
3.5%. When compared to the commercial device of HI96708, the performance of this
work has improved from 60% to 27%. The sensor module achieves a lower detection

limit of 0.6 ppm for nitrite concentration.
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5. A FULLY INTEGRATED AND REGULATED CHARGE
PUMP

Recent advancements in health monitoring and sensing technologies have enabled
a plethora of new biomedical applications utilizing a variety of wearable and im-
plantable devices. One example is a diaper-embedded urinary tract infection (UTI)
monitoring device presented in [19] and Fig. 5.1 shows a block diagram of the UTI
sensor module that utilizes a urine-activated battery. The diaper-embedded UTI
sensor module consists of a urine-activated battery, a DC-DC converter, a voltage
doubler, a paper-based colorimetric UTI sensor, a low-power sensor interface utiliz-
ing pule width modulation (PWM), and a wireless data transmission module. Like
many other wearable biomedical devices, self-powering is crucial for autonomous op-
eration, and the UTI sensor module utilizes a thin disposable urine-activated battery
fabricated on a flexible substrate [10]. The same battery can be activated by sweat for
band-aid-like disposable sensor patch devices [10].Once activated by urine, the bat-
tery powers the UTI sensor module for a few minutes, but its output voltage drops

from 0.86V to 0.66V over a period of about five minutes [10]. In order to ensure that

Urine-activated battery UTI
Sensor
=5 | I C 12v 2.4V
o | f ~ : DC-DC Voltage Sensor
£ : \\: Converter Doubler L Interface
-
Time [min] Module

Fig. 5.1. A UTI sensor module
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the UTI sensor module functions reliably, a DC-DC converter is required to boost
the battery voltage and provide a regulated output voltage to its load. In addition to
a high conversion efficiency, the DC-DC converter should provide a low output volt-
age ripple and ripple variation in the face of varying battery voltages. Low output
voltage ripple and ripple variation is particularly important for an analog sensor in-
terface circuitry with a relatively poor power supply rejection ratio (PSRR), and it is
not uncommon that analog sensor interfaces, such as the PWM-based interface used
in [19], compromise PSRR for low-power. Another important design parameter for
wearable biomedical devices is form factor. The UTI monitoring module presented
in [19] utilized an off-the-shelf inductive DC-DC converter with off-chip inductors,
which is not suitable for a fully diaper embedded design because of its relatively large
footprint and high profile. This work presents a fully integrated DC-DC converter
optimized for the urine- or sweat-activated batteries presented in [10]. The converter
that provides a low output voltage ripple and ripple variation can be used without any
off-chip capacitor or with just one optional off-chip load capacitor to further suppress
its output ripple if required. Its small foot-print and low-profile makes it suitable for

wearable applications such as diaper-embedded and band-aid-like patch devices.

5.1 Existing Designs and Proposed Design

There are two methods of implementing fully integrated DC-DC converters. One
is a fully integrated inductive converter [20], [21] and the other one is a fully inte-
grated capacitive converter [22]. Inductor based fully integrated DC-DC converters
require costly additional fabrication steps involving thick metals and integrated mag-
netic materials [20], [23]. They also suffer from the high series resistance and low
energy density, thereby increasing chip area and reducing the efficiency of the DC-
DC converters [24]. On the other hand, integrated capacitive DC-DC converters can
potentially achieve a low series resistance and high energy density without any addi-

tional fabrication steps in the current CMOS process [25]. Many wearable biomedical
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Fig. 5.2. A block diagram and output waveform of a regulated capacitor converter

sensing devices, including the aforementioned diaper-embedded UTT sensing module,
are disposable where low-cost is one of the most important design parameters. For
this reason, this work focuses on fully integrated capacitive DC-DC converters
Although fully integrated capacitive DC-DC converters have certain advantages,
a relatively large output voltage ripple and ripple variation, among others, largely re-
mains as a challenge. Fig. 5.2 shows a block diagram of a typical regulated switched-
capacitor (SC) converter which consists of a power stage and a controller. Adap-
tively controlled by the controller unit, the power stage provides a regulated output
voltage Vp, over a certain range of the battery voltage Vgar. A few different out-
put voltage regulation techniques have been proposed including frequency modula-
tion [26], [27], [28]], capacitance modulation [29], [30]], and charging current modula-
tion [31], [32], [33]. The frequency modulation and the capacitance modulation utilize
a similar mechanism which controls the output voltage ripple to regulate the output
voltage. The former modulates the switching frequency fs and the latter modulates

the capacitance of the flying capacitor Crpy in the face of the varying battery voltage



46

Vear. In both cases, the average output voltage Vo 4. and the output voltage ripple

AV are given by

VO,ave =CG- VBAT - A;/O (51)
Io

AV, = 5.2

° (CrLoap+Crry)fs (5-2)

where C'G is the conversion gain, Croap is the output load capacitor, and Iy is the
output current. Although these approaches provide a regulated average output volt-
age, the main disadvantage of controlling the output voltage through fs and Crpy is
that the output voltage ripple is dependent on Vp,r.For example, if Va7 increases,
fs and Cprry should be decreased to to generate the targeted constant average output
voltage Vo ae by increasing AV as shown in equations (5.1) and (5.2), and in the
output waveforms of Fig. 5.2. This variation in the output voltage ripple is detrimen-
tal for many sensor interface applications, and often results in a stringent requirement
on the power supply noise rejection. To mitigate this voltage ripple variation issue,
the load capacitor Croap must be selected based on the worst-case output voltage
ripple and usually occupies a large area. Increasing Cpoap is particularly challenging
for fully integrated capacitive DC-DC converters because of limited die area. Another
proposed approach is charging current modulation [31], [32], [33]. This method regu-
lates the amount of charge that is transferred from the battery Vpar to the flying
capacitor Cppy. This is achieved by controlling the capacitor-charging current using a
voltage-controlled-current-source (VCCS). Although the charging current modulation
provides a fixed output voltage ripple as shown in Fig. 5.2, this technique requires
a high-performance amplifier to generate an accurate intermediate voltage for the
VCCS [32], [33]. Also, the high-precision amplifier typically has a multistage topol-
ogy that increases the power consumption of the controller unit [34]. In addition, this
design is prone to instabilities due to the multiple poles of the control loop [35].
This dissertation proposes a new fully integrated and regulated charge pump in-
corporating an adaptively controlled auxiliary capacitor Crgc and a charge recycling
technique. The proposed charge pump utilizes the charge redistribution between

the flying capacitor Crry and the adaptively controlled recycling capacitor Crge to
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regulate the output voltage. Because the switching frequency fs and the flying ca-
pacitor size Cppy are fixed, unlike the existing frequency or capacitance modulation
approaches, the proposed design can provide an output voltage ripple independent
of the input battery voltage Cpar. Also, because the switching frequency fs can be
independently selected, it can be easily optimized to minimize the output ripple with-
out using an excessively large load capacitor Crosp. Although the extra switching
operation required for the charge redistribution results in an extra loss, the charge
recycling operation compensates the loss and the core conversion efficiency of the
proposed design does not degrade compared with the existing designs. To achieve a
minimal output voltage ripple, the proposed design adopts a time interleaving tech-
nique utilizing sixteen sub-converters that are grouped into four switched-capacitor
(SC) sub-modules where each sub-module has four sub-converters. Exploiting the fact
that the charge redistribution and recycling sequences of the four sub-converters in
each sub-module do not overlap in the interleaved operation, the recycling capacitor
and control circuit are shared among the four sub-converters. The sharing technique
allows to further reduce the chip area and the power consumption in the controller

unit.

5.2 Operation Principle, Efficiency, And Ripple

Fig. 5.3 depicts the operation sequence of the proposed charge pump and the
voltage waveforms of the flying capacitor Crry and the recycle capacitor Crge in
steady state. The proposed charge pump sequentially and repeatedly operates in four
phases: charge regulate stack recycle. The key concept of the proposed charge
pump is regulating the charge stored in the flying capacitor Cppy through a charge
redistribution utilizing an adaptively controlled auxiliary capacitor Crgc to obtain
regulation of the output voltage Vp, and then, instead of dumping the charge stored
in the auxiliary capacitor Crge, recycling the remaining charge stored in Crge for

the next charge phase.
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During the charge phase ®;, Crry is connected between the battery and the
ground. Cppy is fully charged to the battery voltage Vpar at the end of this phase.
Crec does not store charge and thus the voltage Vgzge across Crpe shows 0V during
this phase. To regulate the output voltage against the varying battery voltage Vgar,
during the regulate phase ®5, Crry and Crge are connected in parallel with initial
voltages Vpar and 0V, respectively. Once connected, the charge is redistributed
between Crry and Crge. The excess charge of Crpy is transferred to Crgc, therefore
the voltage Vg across Crry decreases and Vyzpe increases. The capacitance of Crpe
is adaptively controlled based on the output voltage Vp to determine the amount of
excess charge transferred to Crge and thus regulate Vg during ®,. After the charge
redistribution between Cpry and Crge completes, Vy and Vgpo becomes the same
as Vreci

CrryVaar

Veeci = Vi = Verec = Criv 7 Crro (5.3)

which is a function of Crge. During the stack phase ®3, Crpy is connected between
Vearand Vo, and the proposed charge pump provides a boosted and regulated output
voltage. The maximum output voltage Vo .. and the average output voltage Vo, ave

can be described as follows:

VO.max = VBAT + VF

Crry
=V -V
AT + Crov+ Crme | PAT (5.4)
Crry
=(1+——"7-—"7-—47V
( Crry + OREC) pAT
AV,
VO.ave - VO.max - 9 9
= (1+£>VBAT_ _fo 55
Crry + Cric 8fsCrry

Equation (5.4) shows that the voltage conversion gain of the proposed charge pump
is 1+ Cpry/(Crry+Crec) which can be modulated by adaptively controlling Crge
against the varying Vgap. For example, if Va7 decreases, Crpc decreases and the
conversion gain increases, which allows the output voltage regulation through a sim-

ple capacitance tuning based negative feedback. Dumping the charge transferred to
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Crec during phase ®5 would deteriorate its power conversion efficiency significantly.
Instead, the charge stored in Crge is transferred to Crpy during the recycle phase
®, using a voltage buffer VB and is recycled during the next charge phase. The
proposed technique regulates the charge stored in Cppy in the face of different Vgyr
regardless of the switching frequency fs and the flying capacitance Crpy. By adopting
a constant switching frequency fs and a constant flying capacitance Crry, the design
can provide a fixed and regulated amount of charge delivered to the load, and also a
regulated output voltage ripple in the face of the varying input battery voltage Vgar.

Compared with conventional topologies, the proposed charge pump requires two
additional phases to regulate and recycle the charge, and the switching loss during the
additional switching operations would adversely affect its conversion efficiency. To
quantitatively estimate the effect of the charge redistribution and the charge recycling,
the intrinsic switched-capacitor loss of the proposed charge pump is compared with
that of a conventional charge pump utilizing switching frequency modulation. The
voltage waveform of the flying capacitor in the conventional charge pump is illustrated
in Fig. 5.4 where A Vg .o, is modulated according to the varying Vst to regulate the

output voltage. The flying capacitor is discharged to Vear-A Vo con at the beginning

[F con
o 1
P zf Con .
VBar}=; '
ﬂ\V()_mn
= >
Charge Stack t

Fig. 5.4. Waveform of the flying capacitor in the voltage doubler with
the adaptive control of the switching frequency
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of the charge phase and is eventually charged to Va7 at the end of the charge phase.
The average output voltage of the proposed charge pump and the conventional charge

pump are the same and is given as

C AV,
VO.ave - (]- + FLY ) VBAT - 9
Crry + Cric 2 (5.6)
A VO,con
= 2Vpar — ="
2
Solving equation 5.6 gives
2CRrEc
AVoon=—=——"—"7—1V AV, 5.7
0. Cry+ Crme BAT t+ 0 (5.7)

During the charge phase of the conventional charge pump, the intrinsic switched-

capacitor loss Pj_.,, can be written as

PL,con - w : 2fcon
(o Gro oy By o
Croy + Cree 0" 2 7

For the proposed design, we need to consider the losses in three phases: charge,
regulate, and recycle phases. The flying capacitor of the proposed charge pump is
discharged to Vpar-AVp at the end of &4 and is eventually charged to Vgar at the
end of @, as illustrated in Fig. 5.3. The power P; dissipated during the charging of

the flying capacitor in ®; is given as
1 2
P, = §CFLYA Vo™ - 4fs (5.9)

To regulate the output voltage, the proposed charge pump regulates the amount of
the charge in the flying capacitor during ®, through charge redistribution and the

switching loss P, during this charge redistribution is

1
Py = §<OFLY | Cric) Vear® - Afs (5.10)

At the beginning of @4, the energy FEj,iiu of Crry and Crge is

1 1
Einitial = 3 Criy(Vreer — AVo)? + 5 Crry Vrect (5.11)
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At the end of ®y4, the energy Ef,q is
1

Efna = 3 Crry(Vpar — AVp)? (5.12)

, and the dissipated power Ps; during ®, is

P3 - (Einitial - Eﬁnal)4f5'
_ CrryCrEc VaarA Vo — 1 CpryCrec
Crry + Cric 2 Crry + Cric

(5.13)
Vear®)Afs

The intrinsic switched-capacitor loss Py, of the proposed charge pump is the sum of

P;, Py, and P3, and is given as

PL:P1+P2+P3

_ (G AVoy 1)
Crry + Cric 2

Equations (5.8) and (5.14) show that the intrinsic switched-capacitor losses of the
proposed design and the conventional design are the same despite the fact that the
proposed charge pump has additional power losses during the regulate and the recycle
phases. This is because the flying capacitor of the proposed charge pump is charged
in two steps: partially charged during the recycle phase and fully charged during
the charge phase. This two-step charging has a less power loss than the one-step
charging of the conventional charge pump. The reduced loss during the charge phase
compensates the additional losses and the total loss becomes the same with that of
the conventional designs. The conversion efficiency 7 of the proposed design can be

described as

= Po+ Py,
o VO.ave[O (5 15)
(VO"we + A;/O + ngLEYC-l;‘é?%I?EZ)]O '
- VO.ave
2Vpar

[36] presented the conversion efficiency of a conventional converter utilizing frequency
modulation, and the formula is identical with equation (5.15). Despite the need for

additional switching operation, the proposed charge pump can achieve the same level
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of conversion efficiency compared with conventional designs largely because of the
proposed charge recycling scheme.

Because the proposed charge pump uses a fixed switching frequency, equation
(5.2) can be used as it is to describe its output voltage ripple A V. The flying ca-
pacitor Crpy of the conventional switching frequency modulation based charge pump
is shorted to the load capacitor Croap at the beginning of the stack phase and the
charge redistribution between Crry and Croap occurs. The relationship of the charge

redistribution can be written as

Croad Vo + CrryVpar = CFLY( Vo+ AVo con — VBAT) (5.16)

+ CLoad( VO + A VO,con)
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Solving equation (5.16), The output voltage ripple of A Vg ., can be shown as

Crry
AVocon= ——"—(2V, -V 5.17
o- Crry + CLoad( par o) ( )

Fig. 5.5 shows the simulated output ripples of the proposed charge pump and the con-
ventional switching frequency modulation based charge pump. For fair comparison,
the same flying capacitor Crry of 2.5nF and the same load capacitor Cpoap of 0.5nF
are used for both. The proposed design uses an extra capacitor Cgrgc of 1.2nF. The
load current and the output voltage used for the simulation are 5SmA and 1.2V, respec-
tively. The switching frequency of the proposed charge pump is fixed at 5MHz while
the switching frequency of the converntional design varies from 4.2MHz to 0.8MHz
depending on the input battery voltage. The proposed charge pump provides a con-
stant output voltage ripple, but the output voltage ripple of the conventional charge
pump shows a strong dependency on Vpar. For the conventional design, because of
the large output voltage ripple variation, the size of the load capacitor Cp4p must be
selected based on the worst-case output voltage ripple. Equation (5.17) shows that, to
reduce the worst-case output voltage ripple of the conventional design to the level of
the proposed design, the load capacitor Cpap must be about four times larger than
the flying capacitor Cpry. In other words, the proposed design can provide a small
worst-case output voltage ripple by adding a small auxiliary recycle capacitor Crgc
instead of using an excessively large output load capacitor. This high area-efficiency
of the proposed design makes it attractive for the implementation of fully integrated

DC-DC converters.

5.3 Implementation

The proposed fully integrated and regulated charge pump was implemented in a
TSMC 65nm CMOS technology with a MIM option. Fig. 5.6 shows a chip micropho-
tograph of the implemented charge pump. The total flying capacitance is 2.2nF, the
total recycle capacitance is 1nF, and the total load capacitance is 380pF. The flying,

recycle, and load capacitors occupy most of the area, and the die area including all
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capacitors is 1.7mm?. The capacitors were implemented using MIM and MOS tran-

sistors. The die area can be further reduced using dual-MIM capacitors if required.

5.3.1 Sharing sub-blocks

To reduce the output voltage ripple, the proposed charge pump uses a sixteen
time interleaving topology utilizing sixteen flying capacitors. Nominally, each flying
capacitor needs to be paired with its own recycle capacitor and a voltage buffer
(VB) requiring sixteen recycles capacitors and sixteen voltage buffers for a sixteen
interleaving operation. To reduce the number of recycle capacitors and the voltage
buffers, and hence reduce the chip area and the power consumption, the proposed
design utilized sub-module sharing techniques.

Since the operation of the proposed design repeats four phases, four interleaved
unit-converters can be grouped as a sub-module, and the four phases of the four unit-
converters can be shifted to avoid overlapping. Because the voltage buffer is active
only during the recycle phase and the recycle phases of the four unit-converters do
not overlap, the four unit-converters can share a voltage buffer. Fig. 5.7 shows a
configuration where four unit-converters with non-overlapping phases share a voltage
buffer used for charge recycling. Consequently, for the proposed sixteen interleaving
design, only four voltage buffers are required instead of sixteen, which reduces power
consumption and area.

We also note that since the recycle capacitors are required only during the regulate
and the recycle phases and the phases of the four unit-converters in a sub-module do
not overlap, the charge stored in a recycle capacitor Crpc during a regulate phase
of a unit-converter can be transferred to the Cppy of another unit-converter during
its own recycle phase. Fig. 5.8 shows a configuration designed to share two recy-
cle capacitors Crgca and Crgc g among four unit-converters. Fig. 5.9 depicts the
switching sequence of Cgrrc 4 and its voltage waveform in steady state during one

cycle. Cppy of unit-converter 1 is connected to Crpc 4 and the excess charge in Crry
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of unit-converter 1 is transferred to Crgc 4 during Phase II. Without the recycle ca-
pacitor sharing, Crgc 4 would simply hold the stored charge during the stack phase of
unit-converter 1. Instead, the charge stored in Crgc 4 is transferred to Crry of unit-
converter 4, which is in the recycle phase during Phase III. After the recycle phase of
unit-converter 4, Crpc_a is depleted out of charge and can be used to regulate Crpy
of unit-converter 3 during Phase IV. Then, the newly stored charge in Crpc 4 during
Phase IV is transferred to Cppy of unit-converter 2 during Phase 1. Fig. 5.10 illus-
trates the switching sequence of Crgc g and its voltage waveform during one cycle.
Crec p works in a similar manner, but with a shifted phase compared to Crgc 4. In
this way, we can reduce the number of required recycling capacitors from four to two
for each sub-module. For the proposed sixteen interleaving design, the number of
required recycle capacitors reduces to eight from sixteen, which is significant for area

efficiency and fully integrated implementation.
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5.3.2 Overall Architecture

Fig. 5.11 shows a block diagram depicting the overall architecture of the pro-

posed charge pump. The proposed charge pump consists of four switched-capacitor
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(SC) sub-modules with its own local timing generator, a dynamic supply switch, a
shared four phase clock generator, and an adaptive recycle capacitor controller. Each
switched-capacitor (SC) sub-module has four sub-converters sharing two recycle ca-
pacitor arrays and one voltage buffer, and the system has total sixteen sub-converters
working in an interleaved manner. The adaptive recycle capacitor controller includes
a reference voltage Vygr generator of 0.2V, a comparator, and a 5-bit counter. The
reference voltage generator presented in [37] is adopted in this design. The compara-
tor compares Vygr with a divided output voltage and its output is used to increment
or decrement the bits of the counter. The counter output determines the number of
capacitors in the array to be connected in each SC sub-module and thus adaptively
setting the capacitance of the recycle capacitor Crgc. This digital counter-based
adaptive capacitance control makes the adaptive closed-loop control simple and ro-
bust. A dynamic supply switch is used to sense and select the higher voltage between
the battery voltage Va7 and the output voltage V. Initially, Vpar supplies power
to the local timing generator and the four-phase clock generator. When the output
voltage Vo is higher than 1V, the output voltage Vy supplies power to the control
circuitry so that all switches in the module are driven with the maximum voltage
minimizing their on-resistance and parasitic capacitance. The dynamic supply switch
design presented in [38] is adopted in this design. The four-phase clock generator,
shown in Fig. 5.12, is implemented using a set of cascaded D-flip flops which divide
the input clock CK provided by the local ring oscillator. The D-flip flops produce
four clocks with a frequency of fs= f/4, each shifted by 45° in phase. The local timing
generators use the four phase clocks to generate the switch control signals required

for the sixteen interleaving operation as shown in Fig. 5.13.

5.3.3 Measurements

Fig. 5.14 shows the measured voltage waveforms of the flying capacitor Crry, the

voltage across it Vg, the top node voltage TOP, and the bottom node voltage BOT.
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The battery voltage Vpar and the load resistance were 0.8V and 300(2, respectively.
The charge pump regulates the output voltage to 1.2V. During the charge phase
®,, Crry is charged to Vpar and Vi increases. During the regulate phase ®,, the
excess charge stored in Crpy is transferred to Crge through charge redistribution and
Ve decreases. Crry provides power to the load during the stack phase ®3 and Vg
decreases. Finally, during the recycle phase ®, the charge stored in Crgc moves to
Crry and Vp increases. As described in the previous section, Vi increases toward
Vpar in two steps: first partially charged during the recycle phases ®, and then fully
charged during the charge phase ®;.

The conversion efficiency of the charge pump with a 300€2 load resistance is mea-
sured with an input voltage varying from 0.66V to 0.86V, which is the output volt-
age range of the urine-activated batteries presented in [19]. Fig. 5.15(a) shows the

Fodnaidl 10868 1T Sdpaipe

4T megn
Auts Jmnusry 19, 7018

Fig. 5.14. (a) Probe points (b) Measured waveforms of Vz, TOP, and
BOT at Vpar=0.8V (®; charge & regulate ®3 stack &4 recycle)
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measured efficiency. The charge pump achieves a maximum efficiency of 80% when

Vpar=0.66V. Fig. 5.15(b) shows the measured output voltage ripple. Over the input
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voltage range, the output voltage ripple remains around 23mV with a peak-to-peak
variation of about 7mV. The variations in the output voltage ripple largely stems
from the voltage dependent parasitic capacitance. Adding an additional off-chip load
capacitor of 4.7nF, which is much bigger than the on-chip parasitic, reduces the out-
put voltage ripple to 4.3mV with an almost negligible variation. As described in the
precious section, using a fixed switching frequency and a fixed flying capacitor size is
the key factor for the consistent output voltage ripple.

Table 1 compares the performance of the proposed design with previously pub-
lished designs. This proposed design achieves a peak-efficiency of 80% as compared
to 70% of the fully integrated design presented in [39]. The relatively high switch-
ing frequencies and the wide switching frequency range of the fully integrated design
in [39] are responsible for the relatively low conversion efficiency and the wide output
voltage ripple variation. The total capacitance of the design in [39] is 1.5 times bigger
than that of the proposed fully integrated design, yet the worst-case output ripple of
the proposed design is about 1.5 times smaller than that of the design in [39]. We
note that the proposed design occupies a larger area than the design in [39] despite a
smaller total capacitance. This is because the design in [39] used dual-MIM capaci-
tors which have a much higher energy density. The designs presented in [40] and [41]
utilize large off-chip flying and load capacitors which allows switching frequencies as
low as 200KHz to 600KHz making the switching frequency losses insignificant com-
pared to the proposed design where the switching frequency is 5MHz. Although the
design presented in [40] shows a smaller output voltage ripple than the proposed fully
integrated design due to its large off-chip capacitors, the proposed design shows a
smaller output ripple variation. When an additional off-chip load capacitor of 4.7nF
is added, the proposed design shows a much smaller output voltage ripple compared
with the designs presented in [40] and [24]. Although the output currents of the
designs presented in [40] and [41] are 7.5-times and 40-times bigger than that of the
proposed design respectively, the designs in [40] and [41] utilize 50-times and 7-times

bigger off-chip load capacitors with considering the output current difference. Even
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without any off-chip capacitors, the ripple and ripple variation of the proposed design

is better than or comparable with that of the designs with big off-chip capacitors.

[39] [40] [41] This work
Technology 130nm 600nm 130nm 65nm
Fully integrated Yes No No Yes No
Topology Step-down 1/2 | Step-up 2/1 | Step-up 2/1 Step-up 2/1
Capacitor MOS Off-chip Off-chip MOS | Off-chip
Dual-MIM MIM Croap
# of Interleaving 2 1 1 16
Crry 936pF 1uF 330nF 2.2nF 2.2nF
Croap 5nF 2.2uF 2uF 378pF | 378pF
CrEc NA NA NA 1InF 1nF
Crorar 5.936nF 3.2uF 2.33uF 3.578nF | 8.278nF
Ip 4mA 30mA 160mA 4mA 4mA
Chip area [mm?] 0.97 5.48 0.25 1.7
Vear [V] 1.2 1.5~3.2 3.3 0.66~0.86
Vo [V] 0.3~0.55 2.7,3.3 4.5~5.55 1.2
Vo ripple[mV] 20 10 26 19.6 3.9
~40 ~20 ~45 ~26.6 ~4.6
Npeak | /0] 70 87 75 80 80
Frequency [MHz| 33~100 0.2~0.5 0.4~0.6 2.5
Table 5.1.

Performance comparison
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5.4 Summary

In this work, we presented a fully integrated and regulated charge pump imple-
mented in a standard 65nm CMOS technology. The charge pump utilizes the charge
redistribution between the fixed flying capacitor and the adaptively controlled re-
cycle capacitor to regulate the output voltage and charge recycling to compensate
the charge redistribution loss. The unique topology allows to use a fixed switching
frequency and a fixed flying capacitance. Consequently, the design can provide an
output voltage ripple with a small variation over a wide input voltage range without
sacrificing conversion efficiency, and achieve a small worst-case ripple without using a
large load capacitor which is crucial for area-conscious applications. The design also
utilizes voltage buffer and recycling capacitor sharing technique to further reduce
power consumption and to save chip area. The implemented charge pump occupies
an area of 1.7mm?2. The design achieves a maximum efficiency of 80% with a 30082
load resistance, and a constant output voltage of 1.2V. The output voltage ripple

ranges from 19.6mV to 26.6mV for an input voltage varying from 0.66 to 0.86V.



70

6. SUMMARY AND CONCLUSION

Health monitoring sensing technologies have evolved rapidly and have the potential to
provide timely and qualified assistance for people. Continuous health monitoring can
save human’s lives through timely detection of serious disease. The health monitoring
system can be applied to urinary tract infection (UTI) diagnosis. UTI is one of
the most common infections in humans. UTI is easily treatable using antibiotics if
identified in early stages. However, without early identification and treatment, UTI
can be a major source of severe complications. This is more severe for infants and
geriatric patients suffering from neurodegenerative diseases since they have difficulty
in describing their symptoms.

This work presents a diaper-embedded, self-powered, and fully autonomous UTI
monitoring sensor module that enables detection of UTT in early stages with minimal
effort. For this sensor module, several unique techniques are developed, which are
the urination-event driven automatic activation, the low power sensor interface using
pulse width modulation (PWM), the time lapse based differential reading technique,
and the on-line calibration. The proposed urination-event driven automatic activation
increases the shelf-life of the sensor module and eliminates the color fading issue.
The sensor interface based on PWM remarkably simplifies the circuit design, reduces
the power consumption, and provides better noise immunity. The time lapse based
differential reading technique and the on-lice calibration offer robustness to process
variation. With the proposed methodologies, the developed sensor module shows a
better detection of nitrite, an indicator of UTI, than existing other systems. This
sensor module achieves a detection limit of 0.6 ppm for nitrite concentration.

A compact fully integrated DC-DC converter is highly desirable for wearable and
implantable biomedical devices that rely on a small size battery with a limited power

capacity. This paper presents a fully integrated and regulated charge pump developed
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for urine-activated battery applications. The proposed design utilizes charge redistri-
bution between fly and recycle capacitors and an adaptive recycle capacitance control
to regulate the output voltage. The charge recycling compensates the loss during the
charge redistribution. The design maintains a constant switching frequency and a
fixed flying capacitance in the face of varying input voltages, and thereby provides
an almost constant output voltage ripple over a wide input voltage range. In the
proposed charge pump, multiple sub-blocks share a voltage buffer and a recycle ca-
pacitor to reduce power consumption and save chip area. Implemented in a 65nm
CMOS technology, the chip that has a 2.2nF flying capacitor, a 1nF recycle capaci-
tor and a 380pF output capacitor occupies 1.7mm?. Connected to a urine-activated
battery with an output voltage ranging from 0.86V to 0.66V, the design delivers a
regulated voltage of 1.2V to a load. The fully integrated and regulated charge pump
achieves a maximum efficiency of 80% with a 300€2 load resistance, and the measured

output voltage ripple varies from 19.6mV to 26.6mV.
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