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Abstract non-invasive. The laser light used is less energetic than vis-

ible light, and thus FDPM presents a low-risk, low-cost al-

Mini-FDPM is a handheld system for noninvasive breast ternative to ionizing radiations. Because it is content-based

cancer detection based on frequency domain photon migra-rather than image-based, it can reduce misdiagnosis due to

tion. It performs broadband modulation on near-infrared errors in manual inspection or image processing.

laser intensity and derives the scattering and absorption

coefficients from phase and amplitude measurements. Ity 3 EppM Instrument

overcomes many challenges in broadband and optical

driver circuitry. Measurements show Mini-FDPM outper- FDPM has been in clinical trial at the Beckman Laser In-

forms the current prototype while costing a small fraction. stitute (BLI) for several years with large volumes of data.
Researchers at BLI built the laser breast scanner (LBS) us-

1 Introduction ing an HP 8753C network analyzer [6] for both signal gen-
eration and data acquisition. A computer post-processes the

FDPM, for frequency domain photon migration spec- data by running a series of equations and plots graphs of

troscopy [1], is a new way of detecting breast cancer. This absorption and scattering in the tissue. However, this setup

paper reports on a handheld unit, called Mini-FDPM, con- is expensive, costing over $100,000. By specialization and

structed using entirely conventional discrete components.leveraging off-the-shelf technologies for broadband com-

It achieves higher performance, lower power, and smaller munications and computers, Mini-FDPM is not only higher

form factor at only a small fraction of the cost. performance but also much lower cost.

1.1 Common and Experimental Techniques 2 Mini-FDPM System

Mammography is most common, but besides discomfort, X- Fig_ 1(a) shows Mini-FDPM consisting of a wideband sig-
ray can pose new health risks. Magnetic resonance imagingha| generator, laser modulator, and detector. The signal gen-
(MRI) requires long session time, is costly and not applica- erator modulates the amplitude of laser light with RF fre-
ble to patients with pacemakers or surgical metal clips. Ul- quency from 10MHz to 1GHz in 10MHz steps and can ad-
trasound cannot detect early cancerous signs that show Ofust steps from 500kHz. The signal is amplified and drives
mammograms. Positron emission tomography (PET) andine |aser diode after a DC-bias. The photo detector converts
impedance scanning are often invasive, requiring insertionthe reflected light into an RF signal, and the amplitude and
of a probe into the patient. Microwave tomography [2] mea- phase detector compares it against the reference signal. An
sures reflection of ultra-wideband microwave pulses [3, 4], g-pjt microcontroller samples the amplitude and phase data
but require a special tank to immerse the breast and cannogng generates the next frequency. The power of output are
distinguish between benign and malignant tumors [5]. controllable via programmable attenuators.

1.2 FDPM 2.1 Signal Generator

FDPM overcomes the limitations of existing techniques by To produce 10MHz-1GHz signals, we mix a fixed, 2.5GHz
beaming near-infrared (NIR) light (600nfmA < 1300nm) frequency with a 1.5-2.49GHz band. To get a precise
and measuring its reflection. The NIR light is modulated frequency, a PLL (Phase Locked Loop) is needed. We
with RF frequency from 10 MHz to 1 GHz. The phase shift use a frequency synthesizer, which divides the VCO (volt-
and amplitude responses of the breast tissue define a “signaage controlled oscillator) signal and compares the fre-
ture” that can help detect tumors [1]. FDPM is fast, robust, quency against a temperature compensated crystal oscilla-
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Figure 1: (a) Topology of Mini-FDPM Device (b) Topology of Signal Generator (c) Phase Locked Frequency at 2.5GHz.
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2.1.2 Filter Design
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Two filters are used, one before and one after the mixer. The
pre-mixer LPF, which inputs from the wideband oscillator,
should be designed for the 2.5GHz passband, whereas the
post-mixer filter should filter out frequencies over 1GHz.
(©) (d) For high frequency applications, microstrip line filters are
Figure 2: (a) 3rd Order Passive Loop Filter Design with widely used due to the availability of accurate analysis. The
ADS (b) 3rd Order Active Loop Filter Design with ADS. full wave analysis gives the best predicted filter frequency
Measured and Simulated Filter Characteristics for (c) beforeresponse results, although it takes long computing time. We
mixer, (d) after mixer. designed the pre-mixer filter with ADS using equip-circuit
models, which are less accurate but effective. Fig. 2(c)
shows simulated and measured filter characteristics. For
tor (TCXO), which is highly stable and produces an exact the post-mixer filter, microstip line filter would be too big
frequeng. The locked frequency is controllable digitally gye to the long wavelength of the lower frequency. On the
by setting the dividing ratio. The oscillators generate not gther hand, lumped components (i.e., inductors and capac-
only fundamental signals but second, third, and higher or-jtors) are suitable for lower frequencies, but the 1GHz fre-
der harmonics within the desired band. The LPF (low pass quency range is still high, and they do not match our cal-
filter) after wideband oscillator subdues the harmonic sig- cylation of frequency response due to too many parasitic
nals within the desired band. Fig. 1(b) shows the topology yajues at high frequencies. Our basic design is 11th Cheby-
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of the signal generator. shev with 0.1dB ripple at the passband, and we replaced and
optimized ideal lumped components with measured 2-port
2.1.1 Design of Phase Locked Loop S-parameters of high Q inductors and capacitors. Fig. 2(d)

_ shows simulated and measured filter characteristics. The
The VCO of the local oscillator has a 2.4-2.55GHz range by y.on of filter characteristics is matched well, though simu-
0~5V tuning voltage. This is compared with a 10MHz ref- lation shows more loss at higher band.
erence TCXO. The frequency synthesizer, LMX2347 from
National Semiconductor, has a sufficient tuning voltage
range for this VCO. If the charge pump of the frequency
synthesizer has enough voltage range, then a passive filteThe photo detector has45dBm sensitivity, and 20dBm
should be used for the lower noise. The loop filter of the power yields a 65dB detection range. The maximum avail-
local oscillator is designed as 3rd order and 40KHz loop able power of Mini-FDPM is around 21dBm. Fig. 3(a)
bandwidth (Fig. 2(a)). Simulation shows 40.75KHz of loop shows the maximum available power within the frequency
bandwidth and 490f phase margin. Fig. 1(c) shows locked band.

2.1.3 RF Power
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Figure3: (a) Available Maximum Power of Frequencies (b)
Measured Laser Power by resistance of digital potentiome-
ter. (c) Topology of APC (automatic power control) circuit
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Given the same driving current, as the temperature in_FigureS: (@) Phase vs. Phase Voltage (b) Fitted Curve of

creases, the laser power decreases. This means an ACéOth polynomial equation

(automatic current control) circuit cannot maintain the pre-

cise laser power. Instead, we use an APC (automatic powelsf gain/loss with—30dBminput from the signal generator
control) circuit, which uses precise power monitoring feed- (Agilent 83650B). These measured voltages can be used as
back from photodiode right next to the laser diode, as shown gference voltages and to derive thedB/4+30mV slope of

in Fig. 3(c). It compares the voltage across R1 induced by {he getector. Fig. 4(b) shows the converted gain/loss results
the monitoring current from the photo diode with the volt- fom measurement of an ISS2 tissue phantom. The rate of
age generated at the plus node of OpAmp2 by P1, a digi-jtage vs. phase is 10mV/degree from measurement, but
tal potentiometer. P1 continues changing value to Contmldirectly converting from rate can cause errors at maximum
the driving current to the laser diode until the two voltages 544 minimum points, as shown in the Fig. 5(a). To avoid
match. Ato C of P1is 5KQ. Fig. 3(b) shows measured laser these errors, we detect the maximum and minimum points

2.2 Laser Driver

power by the resistance value of A to B.

3 Measurement Results

The measurement setup is shown on the
right. The 783nm laser diode runs g8

detector and the laser diode are attacf®
15mm apart on the phantom tissue.
laser is modulated 10MHz-1GHz @
10MHz steps with 15dBm power. Tg
sampled points are taken and avera
at each frequency.

3.1 Device Compensation

from the measurement voltages and convert to phase by set-
ting minimum to G and maximum to 18Q but it is difficult

to distinguish maximum and minimum points from mea-
surement voltages directly due to noises. So, we made it
a smooth curve with nonlinear least-squares fit using MAT-
LAB. Once the fitted curve is found, the maximum and min-
imum points are easily calculated. Fig. 5(b) shows the mea-
surement voltages from the 1SS2 phantom and fitted curve
by 20th polynomial equation.

3.2 Tissue Phantom Compensation

To compensate for device errors, we use the ISS2 tissue
phantom, whose absorption and reduced scattering coeffi-
cients (j4 andp, in units of mntt) atA =783nm are known

to be 0.01405 and 0.35998, as derived based on diffusion

The AD8302 (Analog Devices) outputs two voltage sig- theory and measurement data. The difference between de-
nals indicating the amplitude and phase differences betweernrived and measured data is the calibration factor for new
two input RF signals. Fig. 4(a) shows the voltage value measurement. By removing the calibration factor, only the
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Thispaper presents a miniature instrument for non-invasive,
optical, content-based cancer detector based on FDPM. Our

ol
o

)

0 200 400 600 800 1000 200 400 600 800 1000

o

Frequency (M2 Froquency (M2 Mini-FDPM system performs active sensing by emitting a
broadband modulated laser light and measures the backscat-
© (d tered light in terms of amplitude and modulation phase shift.

Figure6: (a) Measured Amplitude vs. Derived Amplitude 10 achieve the 10MHz—1GHz band by downmixing, we
(b) Measured Phase vs. Derived Phase (c) Calibrated Am-overcame challenges in broadband modulation by pre-mixer

plitude Data vs. Fitted Data (d) Calibrated Phase Data vs.2nd post-mixer filter designs, as well as APC circuitry with
Fitted Data a feedback signal to compensate for the temperature sensi-

tivity. We have calibrated the instrument and demonstrated

measurement results with a clinical phantom. The dramati-
phantom response can be recovered. Modified MATLAB cally lower cost, form factor, and performance are expected
codeusing diffusion theory in semi-infinite media with ex- to enable this non-invasive, effective breast cancer detection
trapolated boundary condition [7] from BLI is used to derive method to gain much wider use.
amplitude and phase response of ISS2 from optical proper-
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