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Abstract—This article presents a compact blood flow
measurement system exploiting the Doppler effect and pho-
tocurrent sensing technique for wearable health monitoring.
Specifically, it helps the patients suffering from peripheral
artery disease (PAD) to monitor the blood flow continuously
without involving a physician or medical expert. The system
prototype integrates a laser diode, a photodiode, and an
analog front-end (AFE) on a 54 mm x 64 mm three-layer PCB
using discrete components for proof of concept. The front-
end is designed with two output modes providing simultane-
ous current-to-voltage and current-to-frequency conversion
without requiring an external clock source. Moreover, this
system does not require optical filters or fibers, dynamic
artifacts are therefore significantly reduced. Drawing 33 mA
current from a 3.3-V supply, the developed system offers
a transimpedance gain of 151.4 dBQ for the voltage mode
output. For the frequency output, a nonlinearity of 0.05% is
achieved.
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|. INTRODUCTION

MOOTH blood flow in the human body is vital to health

as it supplies oxygen and nutrients to other organs. Any
functional deficiencies in the heart and/or blood vessels will
appear as a varied blood flow speed [1]. Several health issues,
such as peripheral arterial disease (PAD), heart disease, body
stiffness, numbness, and cerebrovascular disease may develop
due to the obstruction of blood flow [2]. Specifically, PAD is a
common blood circulatory problem in which narrowed arteries
reduce blood flow to limbs [3]. It may lead to pain and several
other symptoms like foot wounds, eventually leading to foot
or leg amputation in severe cases. Individuals with PAD also
have a much higher risk of heart attack or stroke. However,
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PAD sometimes has similar symptoms as other diseases which
commonly occur around the same age. Therefore, it is essential
to distinguish these underlying conditions for early and correct
treatment.

Doppler ultrasound is a non-invasive and widely used
method to estimate volumetric blood flow. However, it mea-
sures blood flow intermittently, resulting in errors caused by
the angle of approach and operator variability [4]. Ankle-
brachial pressure index is also often used to assess blood flow
for PAD diagnosis [5]. However, some PAD patients with
non-compressible lower extremity arteries may have falsely
high ABIs, leading to wrong diagnosis and mistreatment [6].
Magnetic resonance imaging has also been applied to measure
blood flow, but it is quite complex and costly to perform [7].
Laser Doppler flowmeters (LDFs), which use optical fibers
as a spatial filter to conduct laser to skin tissues and send
the collected reflected signal to a photodetector, can achieve
a high signal-to-noise ratio [4]. It typically requires optical
lenses, filters, and fibers with an aligned focal axis of each
component. Although the optical probe is small, the movement
of the optical fiber still affects its measurement. Currently, it is
possible to measure blood flow with a hot wire convective

For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-2464-0523
https://orcid.org/0000-0002-3623-9633
https://orcid.org/0000-0002-9359-4869

AWAN et al.: LASER DOPPLER BLOOD FLOW MEASUREMENT SYSTEM 14197
Doppler principle for
blood velocity measurement . Capilary Blood Layer 1
| Lipids deposited S
\ ) | in peripheral artery Artiriole Blood Layer 2
Layer 3
Anterior ___ i |
tibial artery ) m 3 fgEDE £ £
o o
2-amm | o
sREl: 2l 2
-l ZWE o
= = —@ 2 | Epidermis
Ve Blood flow in ‘ l\ Dermis
Laser Doppler peripheral artries I
blood flow meter to is 2.3 ~ 26 mL/min i) | Subcutaneous
measure blood flow -3 Tissue

(a)

Doppler shift = FR - FT

(b)

Fig. 1. (a) lllustration of a wearable laser Doppler blood flowmeter applied for peripheral arteries; (b) the principle of using Doppler effect to estimate
blood velocity; (c) model of light and tissues interaction with three different wavelengths and how different lights penetrate the skin [21].

heating device, however, such device only measures a long-
term averaged instead of instantaneous blood flow [7].

Several challenges are associated with these conventional
blood flow measurement techniques. Particularly, they are
often used in hospitals under the supervision of physicians
and require other necessary facilities. Over the last decade,
numerous homecare sensors and devices have been applied
to monitor essential health conditions continuously and non-
invasively [8]-[11]. Monitoring vital health signs such as
blood flow with wearable sensors is becoming increasingly
popular with time and will be “the next normal” in a near
future.

In this paper, a miniaturized blood flowmeter prototype
utilizing the laser Doppler effect is developed for PAD patients
as illustrated in Fig. 1(a). Our proposed current readout in
this prototype has a self-reset mechanism without requiring
external clock. Hence, the system bandwidth is not limited
by the speed of a master system clock. Another innovation
of this readout is it employs only one integrator to achieve
both current-to-frequency and current-to-voltage conversion,
effectively reducing the device size and power consumption.
This device operates in a voltage mode for small and fast
input current signals, starting from 41.7 pA up to 80 nA in
a bandwidth of 18.9 kHz. It can also switch to a frequency
mode for input currents with larger magnitudes up to 650 nA.
The designed readout achieves a measured nonlinearity error
of 0.05%, and a transimpedance gain of 151.4 dBQ for
the current from the photodiode. Our designed flowmeter
does not require an optical lens, spatial filters, and opti-
cal fibers to transmit and receive optical signals, thereby
reducing noise and dynamic artifacts in addition to signifi-
cant power, area, and cost savings compared to the existing
LDFs [12]-[14].

This paper is organized as follows. Section II introduces the
background of laser Doppler blood flowmeter. The proposed
system implementation and design considerations are detailed
in Section III. Measurement results of the LDF prototype are
presented in section IV, with a conclusion made in section V.

Il. BACKGROUND ON LASER DOPPLER
BLOOD FLOWMETER

The Doppler effect offers a unique property to quantify
blood flow [15]. For the red blood cells (RBC) moving with a
velocity v in the peripheral arteries, the well-known Doppler
effect leads to a frequency shift between the incident light
(e.g., a single wavelength in an ideal case) and the light
scattered back by the RBCs. The resulted frequency shift
depends on v, the incident LED light’s wavelength A, and
the scattering angle €, expressed as

v .
7 -sin(0) €))

where fgifre reflects the changes in v. Meanwhile, the polar-
ity of fnire indicates the direction of blood flow, e.g.,
towards or away from the sensory system, as shown in
Fig. 1(b). In practice, fgnie consists of multiple frequencies
(i.e., a broadband [15]) as the RBC can move at different
speed due to collision, etc., and a blood flowmeter typi-
cally measures the short-term averaged blood flow. Blood
velocity measurements for various arteries were performed
[16] and [17], where the reported signal bandwidth lies in
a spectrum up to ~20 kHz. Typically, the blood flow rate in
the artery with a diameter from 800 um to 1.8 mm ranges
between 2.3 ~ 26 mL/min [18], which is velocity-dependent
defined as

Shite =

Flow = a o/wsz(a))dw 2)

w1
where {w; = 2xf;, i = 1,2}, and the band of interest fi,
f> are usually designed to be 20 Hz and 20 kHz, respectively,
to include the target signal but exclude the DC signal. P(®) is
the power spectrum (in A2/Hz) of the photo current. The
term a (unit: mL/min/A2) is a constant to correlate the sensed
photocurrent power to velocity. For laser Doppler-based blood
flow measurement, the corresponding photocurrent change due
to a small blood velocity change (e.g., cm/sec) is in the range
of 10’s to 100’s of pA depending on the incident light power,
skin conditions, and the blood flow speed. To measure such
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Fig. 2. Developed current measurement system; (a) the overall architecture including photocurrent to voltage and to frequency converters;

(b) photodiode and current buffer; (c) integrator-differentiator transimpedance amplifier (TIA), and (d) current to frequency converter.

a tiny velocity variation, a sensitive photodiode (e.g., >80%)
and high transimpedance gain (e.g., >20 MQ [19]) is usually
required.

As reported in [20], green, blue, and yellow light can reach
the superficial capillary bed and the arterioles in the dermis
as shown in Fig. 1(c). Whereas longer wavelengths such as
red and infra-red can penetrate the skin and are able to reach
the arteries between the dermis and subcutaneous tissue, and is
employed in this work. During measurement, red light emitted
from a LED with an integrated reflector (LS-T67F) having
a wavelength of 630 ~ 645 nm shines over the anterior or
posterior tibial artery in the legs through the skin. The light
scattered by the RBCs is collected by a photodiode (a peak
sensitivity of >80% for 550 ~ 650 nm wavelength using [22]).
The reflected light experiences a Doppler shift induced by the
RBC moving within the peripheral arteries at a certain velocity.
In contrast, the light frequency reflected by the dormant RBCs
and tissues stays unchanged. The sensing device measures
the averaged frequency signal in a small band instead of a
single modulated frequency, which is a low pass operation that
rejects the sudden high-frequency and ambulatory artifacts.
Meanwhile, for proof-of-concept, this work assumes a uniform
tissue and light reflection angle.

I1l. SYSTEM IMPLEMENTATION AND
DESIGN CONSIDERATIONS

A. Overall System Description

Current measurement analog front-ends (AFE) have been
extensively described and analyzed in the literature [23].
However, many designs have limited dynamic range primarily
because of the circuit noise and supply voltage, limiting
their minimum and maximum input currents, respectively.
In addition, digital output is often desired for further sig-
nal processing, the front-end should be able to function as

a low-noise signal amplifier, as well as an analog-to-digital
converter [24]. Recently, system architectures based on light-
to-frequency conversion have gained popularity due to their
ability to combine integration, filtering, and digitization of the
photocurrent in a compact manner [25], and is adopted in this
work.

Fig. 2(a) shows the developed current measurement AFE.
It consists of a photodiode, an input current buffer, a current-
to-voltage converter, a current-to-frequency converter, and a
modulo-two counter. This AFE is designed to provide both
voltage and frequency output, Vo and foyu, respectively.
Specifically, the voltage mode operation is preferred when
the input current signal is small in magnitude and a high-
precision ADC is present. On the other hand, the frequency
mode performs better with large input currents from the photo-
diode. Therefore, This AFE can switch between the frequency
and voltage modes of operation to maximize the measurable
current range. By using a current buffer after the photodiode as
in Fig. 2(b), the large parasitic capacitance of the photodiode
does not directly load the integrator input [Ajy in Fig. 2(c)(d)].

B. Readout Circuit Operation

The current-to-voltage converter shown in Fig. 2(c) employs
an integrator-differentiator topology. Its voltage output is
Cq
Cint
where Vier is a reference voltage designed to be Vpp/2,
Cint = 2 pF is the integration capacitor, Rgiff = 4 MQ and
Cq = 20 pF are the feedback resistance and capacitance of the
differentiator, respectively. Sy is an asynchronous control for
the self-reset switch to limit the output of the integrator to be
within a predefined voltage window set by Viep. As shown
in Fig. 2(d), when the integrator output Vineg crosses the

Vout = Vret + (Rdiff' Iin) :

3)
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predefined threshold voltage, the comparator is triggered and
Vinteg is compared with Vierp to produce Sy. The output
of the integrator is bounded by AVyin = Vietp — Vier to
avoid integrator linearity degradation. The selection of A Vi
also affects the SNR of the frequency output as elaborated
in section III-C.3.

This self-control scheme can produce a frequency output
Sfout almost for free with only one extra D flip-flop. To derive
the relationship between foy: and [i,, Fig. 3 shows the timing
diagram of the integrator output Vipteg, Srst,» and four for
a positive current [j, from the current buffer. When Viggeg
exceeds Viefp, Srst triggers, thus resetting the integrator output
to Vier, which again resets Sy (the pulse width of Sy shown
in Fig. 3 is exaggerated for illustration purpose). Therefore,
the output frequency four can be expressed as

f h @)
ot 2 - AVyin - Cint

where, [, can be represented as
Iin = A - sin(27 fpat) 5)

where fpq is the frequency (a broadband) of the incoming
Doppler shifted light. Therefore, foy is proportional to the
buffered frequency modulated photocurrent, with

A-sin(2r fpat)

2 - AVyin - Cint.
As observed in Fig. 2(d), the proposed self-resetting current-
to-frequency conversion topology does not require an external

reset or clock signal. Thus the bandwidth of the system is not
limited by a predefined sampling clock.

fout = (6)

C. Circuit Design Consideration

1) Input Current Buffer: The first stage of the AFE is a
current buffer following the photodiode. This design employs
a current conveyor-based current buffer (AD844JRZ). It per-
forms the decoupling and linear operations in current mode
the same way as voltage buffer performs in voltage mode [23].
This second generation current conveyor (CC-II) architecture
with a low input impedance input stage can minimize the input
signal attenuation and it is insensitive to the stray capacitance
when connected to the photodiode. This buffer also prevents

the integrator bandwidth: (a) without input current buffer, (b) with input
current buffer.

the photodiode parasitic capacitor (40 pF to 135 pF for the
selected model [22]) from loading the succeeding stage of
the AFE.

Fig. 4 details the functionality and advantages of adopting
a current buffer. The design parameters listed in the figure are
the transconductance g, of Ajn, the input parasitic capacitance
Cpar of Aint, the photodiode parasitic capacitance Cpp, the
current buffer output capacitance Cuyf, and the integrator
bandwidth BW. As in Fig. 4(a), if not isolated, Cpp would
greatly increase the integrator output noise Vn%out (a few
10’s of times). Even worse, as Cpp > Cpa (~3.5 pF for
the adopted amplifier), it would mandate at least 10 times
larger gn, thus power consumption, of Ajy in order for the
integrator to achieve the same speed (BW) after interfacing
with the photodiode. With an input current buffer, the junction
capacitance from the photodiode can be isolated to avoid such
a detrimental capacitive divider effect. As a result, adding
a buffer to the system does not burn more power but saves
power compared to connecting the photodiode directly to an
integrator.

2) Current-to-Voltage Converter: The C-V converter in our
design employs a continuous-time integrator-differentiator
architecture as shown in Fig. 2(c) [26]-[28], which is known
for small input current measurements. The high gain of
the integrator stage ensures low noise density, whereas the
differentiator stage yields a flat frequency response [29]. It is
usually designed with Cq/Ciy > 1 and a large differentiator
resistor Rgiff to make the thermal noise of Rgiff negligible,
thus minimizing the equivalent input noise. However, different
from the conventional designs, our system is limited by the
bandwidth requirements, i.e., 20 kHz, therefore, Rgifr will be
chosen such that it can fulfill the bandwidth requirement.
The equivalent input-referred current noise density of this
converter is [30]

— 4kT  (Cint\°

Iriin = Vn,Aint : [(27Tf)2(cint + Cpar)z] + Rt . ( Cl,zt) (7)
where k is the Boltzmann constant, T is the absolute temper-
ature, and Vﬁ’ aint ~ 8 nV//Hz is the input noise density
of the adopted amplifier Ajy (LTC6244 [31]). It can be
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found that although the thermal noise of Ryifr is scaled by
(Cint/C4)? when referring to the input. As Ryt = 4 MQ is
not large enough, it will be the dominant noise source of the
designed integrator-differentiator TIA.

Besides noise and dynamic range considerations, the fre-
quency response of the converter should also be considered.
We assume Agifr has a dominant pole fp and a DC gain of
Aq. The —3 dB frequency and the damping factor ¢ of the
system [Fig. 2(c)] is given by [19] and [29]

1
M=g—F—"F7— (®)

27 - Ryitr - Cuiff

c— | RaigrCs - Aa fo . ©)
4(Caifr + Ca)
To minimize the overshoot and ringing in the signal mid-band,
(10) should hold
42
2m - Raifr - Caift

(Caitt + Ca)
Cuaitt

GBW = Aqfo > (10)
where ¢ > 1/,/2 is often required. With Cgir = 2 pF,
Cq = 20 pF and Ry = 4 MQ, a transimpedance gain
of 40 MQ and a -3 dB bandwidth of 20 kHz can be achieved
to meet our target application requirements.

3) Current-to-Frequency Conversion: For the C-F conver-
sion, outputs from the comparator is firstly XOR-ed, followed
by a D-Flip flop in its modulo-2 configuration to produce foyc.
This asynchronously generated frequency output does not con-
tain quantization noise [32]. Despite that, several other factors
can still contribute noise and nonlinearities. The voltage noise
of the comparator is one of the critical factors, as it introduces
clock jitter. Once Vipeeg crosses Vierp (and Viepn for biphasic
input), the input-referred voltage noise of the comparator will
introduce a stochastic delay to the rising and falling edge of the
frequency output. Referring to the datasheets of the adopted
devices, the calculated total voltage noise at the input of the
comparator is Vn2 ~ 107.74 fV?/Hz, whi_ch is composed of the
output referred noise of the integrator Vzn,imeg and the input-
referred noise of the comparator (LTC1441 [33]) Vzn,cmp.
After the comparison operation, the clock jitter at the output
of the comparator can be quantified as [34]

Cint

mn

5jitter—fout = Vn,inband . (1 1)
where Vn,inband is the total in-band noise at the input of the
comparator. The clock jitter limits the minimum detectable
change in fou, Which in turn limits the minimum detectable
input current change from the photodiode. Note that the
frequency output period is Tout = 2A Viyin - Cint/ Iin as derived
from (4). So the signal-to-noise ratio of the frequency read-
out SNRfoyy ~ Tout/o'jitter—fout A~ AVwin/Vn,inband- A larger
AVyin or by reducing the total voltage noise referred to
the comparator input node can improve the SNR of the
frequency output. Thus, with V inband & 47 ¢'Vrms in 20 kHz
bandwidth, and A Vy,i, = 800 mV, the frequency readout SNR
is approximately 80 dB.

The nonlinearity in foy is primarily caused by charge injec-
tion from the reset switches in the integrator feedback path and

LED PD
Blood Flowmeter SN
Prototype

m Hn

Fig. 5. Designed proof-of-concept board of the blood flowmetry system.

propagation delay in the digital control logic. Whenever S
toggles, it introduces an error voltage at the start of the next
conversion cycle due to switch charge injection. The delay in
the reset operation is due to the delay of the XOR gate, DFF,
and comparator, which can be addressed by using high-speed
components. Experimental results show that for large input
currents, the corresponding nonlinearity increases.

IV. DEVICE PROTOTYPE AND MEASUREMENT
A. Prototype

In this work, discrete components were used to build a
proof-of-concept prototype as shown in Fig. 5(a). Since a low-
cost fully-integrated laser was not available, we implemented
the excitation light with a narrow band LED to fulfill the
requirements. The transmitter comprising a constant current
linear LED driver (AL5809), and the LED itself. The LED
has a peak wavelength sensitivity at 630 nm. The receiver
embodies a photodiode, which is sensitive to a wavelength
range of 627 nm ~ 645 nm, followed by the AFE comprising
both the current to voltage and to frequency converters.

A 3.3-V LDO provides a stable supply. A reference voltage
generator is also implemented to provide the required bias
for the integrator, differentiator, and comparators. The differ-
entiator is implemented as a band-pass filter, and it sets the
high cut-off frequency fy of the whole readout. Note that fy
can be handily adjusted for different types of applications and
patients based on their age and medical history (e.g., patients
suffering with heart disease or taking certain medicines) by
simply tuning Cgis without compromising the in-band gain
or noise performance of the AFE. The opamp chosen for
the integrator has an input capacitance of only a few pF.
Furthermore, a MOS-input base opamp LTC6244 with a low
input bias current of 1 pA is employed. Fig. 6 shows the
power consumption distribution of different modules of this
prototype (108.9 mW in total). The current buffer in our design
is the most power-hungry block as it must be low-noise and it
requires an additional boost converter to meet its power supply
requirements (i.e., 5-V).
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B. Measurement

The fabricated system is characterized by two individual
set-ups. First, in the electrical testing, the input current is
varied to measure the corresponding frequency and voltage
outputs. The second experiment involved a demo biological
set-up. A fluid having silicon micro-spheres to imitate RBCs
in the blood was pumped to maintain a particular flow rate
and the corresponding output frequency was recorded.

1) Electrical Measurement: Based on the calculations
and simulations, the integrator-differentiator-based current-to-
voltage converter is designed with a transimpedance gain of
152 dBQ and a —3dB bandwidth of 20 kHz. In contrast,
the measured transimpedance gain is 151.4 dBQ with a
—3 dB bandwidth of approximately 18.9 kHz due to device
imperfections and parasitics in routing, etc. The measured
frequency response of the integrator-differentiator TIA is
shown in Fig. 7. The measured minimum detectable input
current is 41.7 pA (measured in a full dark condition). Fig. 8
presents the differentiator output Vo, for a modulated 80 nA
input current to the current buffer, which is the maximum
input current that can be handled by the voltage mode of
the readout to avoid TIA saturation. The voltage mode output
can be quantized by the 10-bit ADC from the ATmega32U4

Fig. 8. Measurement results of the differentiator output V¢ with an
80 nA input current (on-off modulated) to the current buffer.
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Fig. 9. Measured frequency output and nonlinearity of foyt with respect
to Ipp (modulated to 5 kHz).

controller we employed (see Fig. 5). For inputs larger than
80 nA, the frequency mode of the converter could be used
to boost the overall input dynamic range when it is required
to measure a large flow. The current-to-frequency converter is
characterized under different Ipp (modulated to 5 kHz). The
measurement results in Fig. 9 shows fou¢ and its nonlinearity.
The maximum recorded frequency output is for Ipp ~ 650 nA
to maintain a 0.05% system linearity. As a result, the input
range of our designed converter is from 41.7 pA to 650 nA,
operating in different modes depending on the actual input
current amplitude. In the following microfluid testing, we will
use the frequency mode to demonstrate the device performance
with imitated blood flow.

2) Biomemitic Microfluid Measurement: To demonstrate the
blood flow measurement using our system, we recorded fou by
changing an imitated blood flow through a syringe pump. The
overall measurement setup is shown in Fig. 10(a). We used
a syringe pump in conjunction with syringes and tubing that
can hold volumes between 1 mL and 5 mL to control the
fluid flow. The flow and circulation were arranged to avoid air
bubbles. Moreover, to minimize turbulent or unsteady flow,
the tubing and syringe were kept straight at a distance of at
least five times the diameter of the tube. Bio-mimetic silica
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TABLE |
PERFORMANCE COMPARISON WITH OTHER CURRENT SENSING FRONT-END FOR BIOMEDICAL APPLICATIONS
CMOS integrated Discrete implementation
Reference [23] [28] [37] [36] [19] [35] This Work
. Single Near Bilayer
o Nanoparticles, . o DNA . Blood
Application molecule infrared lipid . Biomolecules
nanopores . sequencing flowmetery
sensing spectroscopy membrane
Technology 0.5um CMOS 0.35um CMOS | 0.18 um CMOS | 0.35um CMOS | Discrete IC Discrete IC Discrete IC
Supply 33V 1.5V 33V 33V +5V +10 V 33V
Signal bandwidth 50Hz to 50kHz 4MHz 20Hz 10kHz 950kHz 1.4 MHz 18.9 kHz
Max input current 13nA 25nA 200 pA 20nA 158 nA 10nA 650 nA
Dynamic range 74 dB 95.9 dB 95 dB / 93.3 dB / 83.9 dB
Sampling clock 100Hz to 100 kHz not required 2kHz 20kHz not required not required not required
Transimpedance gain / 146 dBQ 130dBQ / 149 dBQ 146 dBQ 151.4 dBQ
System power 1.5mW 45 mW* 0.196 mW 40 mW 65mw 650 mWT 108.9 mW
TPower consumption of integrator-differentiator based TIA only
1100w 2 1.00W 0.0s o0.00%/ Stop
’reset pulse St
4
e — L
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NORM-JECT syringe . el s o CH:L _
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Fig. 11. Measurement results of microfluid (imitated blood) testing;
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Fig. 10. (a) Microfluidic measurement setup; (b) simulated blood using
bio-mimetic micro spheres mixed with saline water.

microspheres are commonly used for biological measurement,
as they exhibit uniform ordering and pore sizing, while pro-
viding a high surface area to volume ratio. In this experiment,
silicon micro spheres are mixed with saline water to mimic the
RBCs. Their pore properties offer an excellent way to deliver
and store inter-cellular materials, exhibiting RBC-like environ-
ment. Considering the high binding capability of microbeads,
we diluted 2 mg (absolute number 0.70~1.50 x 108) of silica

(a) Syst at a programmed flow rate of 0 mL/min (stationary); (b) Syst ata
programmed flow rate of 4.3 mL/min.

microbeads in 1 mL of saline water, which is similar to the
amount of RBCs in human blood.

The fusion pump was calibrated and programmed between
0 and 4.3 mL/min. The output frequency was firstly recorded
when the fluid was stationary to develop the baseline measure-
ment, as shown in Fig.11(a). The non-zero frequency output
is mainly due to the DC signal from the photodiode, which is
not suppressed in the readout. Afterwards, the output at a flow
of 4.3 mL/min was recorded as in Fig.11(b). To characterize
the system linearity, the flow rate was varied step-wise from
0.1 mL/min to 4.3 mL/min. The recorded frequency output
corresponding to the programmed blood flow range and their
associated nonlinearities are shown in Fig. 12. The measure-
ment results show <1% nonlinearity between the flow rate and
the corresponding output frequency in this simulated testing.
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Fig. 12.  Measured output frequency versus flow rate and the corre-

sponding nonlinearity (end-point method).

Table I summarizes the performance of our proof-of-
concept device and compares our work with prior arts. With
our proposed asynchronous architecture where the predefined
sampling clock does not limit the maximum input, this work
achieves a large maximum measurable current of 650 nA
with 0.05% readout linearity. Meanwhile, the integrator-
differentiator TIA designs in [19], [27], [28], and [36] as
well as the current-to-frequency converters in [24] and [37],
employ a DC-servo loop and a mixed-signal feedback loop,
respectively, to prevent the output of the integrator from
saturation, which inevitably increases their design complexity
as well as power consumption. In contrast, our design does
not require such a loop, as the asynchronous self-resetting
mechanism will prevent the output of the integrator from
saturation by limiting the output of the integrator to be within
a predefined voltage window.

V. CONCLUSION

A blood flow measurement prototype has been presented
for patients suffering from PAD disease. By combining the
photocurrent sensing mechanism with Doppler effect, we have
successfully measured the blood flow variations in constricted
tubes that emulate human peripheral arteries. Our system can
evaluate the flow states and provide quantitative data essential
in making early decisions. Our proposed system features both
the optical and electrical modules integrated on a single PCB
with a dimension of 55 mm x 65 mm and does not require
optical fiber or filter. Consequently, by avoiding the dynamic
artifacts, improved noise performance and reduced coupling
loss have been achieved. Because of its compact size (will be
further scaled down), this integrated blood flowmeter can be
applied in home-care settings as a self-monitoring wearable
health system.
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