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Fig. 5 Responses of the novel step and taper matching circuits

The responses of the novel matching circuits with step and
linear taper distributed sections are shown in Fig. 5 and have
nearly the same characteristics. The match is at a center fre-
quency of 10.5 GHz with a bandwidth of about 9 GHz: in this
band the return and insertion losses are better than 10 and 1.5 dB
respectively.

Realization of this technique has not been carried out, as we
do not have access to the identical diode discussed in [2];
however, work is in progress on matching other lasers. We
anticipate that the hybrid implementation may suffer from addi-
tional inductances due to the bond wires used to attach the
capacitors to the line, although these were accounted for in the
CAD optimization [9]. A monolithic implementation will not face
these problems. ‘

IV. CoNcLUSIONS

A novel matching circuit technique which matches a 2 § laser
diode and its parasitics to the 50 & line has been proposed. The
matching circuits have a center frequency of 10.5 GHz, a band-
width of 9 GHz, a reflection coefficient of better than —10 dB,
and an insertion loss of less than 1.5 dB.
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The step and linear taper transformers have almost the same
response, which suggests that the scheme is not limited by
configuration. This matching scheme may also be used to match
other low-impedances devices, for example, IMPATT diodes,
power FET’s, and bipolar transistors.
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An Infrared Fiber-Optic Radiometer for Controlled
Microwave Heating

S. DRIZLIKH, A ZUR, AND A. KATZIR, SENIOR MEMBER, IEEE

Abstract —An infrared fiber-optic radiometer was used as a linear
feedback element for noncontact temperature control of a microwave
heating system. The temperature of water was monitored and maintained
at about 42°C with a standard deviation of +0.15°C and a maximum
deviation of +0.45°C. This controlled system would be very useful for
medical, industrial, and domestic applications.

I. INTRODUCTION

Accurate low-temperature (20-50°C) monitoring and control
in the presence of a strong microwave (MW) field are needed in
medical applications such as hypothermia [1] and hyperthermia
[2]. In general, when fast volume heating is needed, MW’s can be
used. However, the use of conventional temperature sensors for
monitoring and controlling the MW heating is complicated in a
strong electromagnetic field environment.

Because of their ingensitivity to electromagnetic fields, fiber-
optic temperature sensors may be one way to overcome this
problem. Two of the possible approaches that incorporate optical
fibers are fluoroptic™ thermometry [6] and infrared (IR) ra-
diometry [3]. The main difference between those methods is that
fluoroptic thermometry requires contact between phosphor and
sample while radiometry is a noncontact method. A surface of
temperature T emits infrared radiation of intensity /= AT*,
where A4 is a constant. Radiometric measurements of I serve for
an accurate determination of 7. These measurements may well be
performed via infrared-transmitting optical fibers.

Manusenpt received August 3, 1989; revised November 19, 1989.

The authors are with the Applied Physics Group, School of Physics and
Astronomy, Tel Aviv Umiversity, Tel Aviv 69978, Israel.

IEEE Log Number 9034522

0018-9480,/90 /0500-0675$01.00 ©1990 IEEE



676 IFFL TRANSAC IIONS ON MICROWAVE [HIORY AND TI CHNIQULS, VOL. 38, NO. 5, MaY 1990

[ IR Radiometer

\ IR Fiber
[A D]
Y
Controller w Power
M <
(IBM PC ) Sample Supply ‘!
: \
L Microwave Oven J
" Feedback

IR fiber-optic radiometer as used for momtoring and controlling the
temperature 1n a microwave field

Fig 1

In [3], [4], and [5] we discussed the theoretical background of
noncontact IR fiber-optic radiometry and described a radiometer
which is capable of measuring temperatures lower then 30°C. In
this work we have used such a radiometer to achieve very stable
temperature control of a sample heated by a microwave field.

II. EXPERIMENTAL SYSTEM

The experimental system is shown in Fig. 1. We used a simple
domestic microwave oven. A heating current was continuously
applied to the magnetron cathode. The output power was switched
by turning the electric field of the magnetron on and off. A zero
cross detector was used as a switch in order to prevent switching
noise. The sample was 200 cn’ of water in an ordinary glass. The
distal end of a 1-m-long silver halide infrared-transmitting fiber
was inserted into the oven through a normal ventilation hole and
positioned rigidly a few millimeters above the water surface. The
infrared radiation was measured by a pyroelectric detector. The
radiometer output voltage was fed through a 12 b A /D converter
into an IBM PC which served as a temperature controller.

In this work we used two control techniques:

1) On/off mode: The power was turned on or off when the
temperature of the sample was lower or higher than the set
point.

2) Pulsed mode (repetition rate modulation): The average
power was controlled by the repetition rate of the power
pulses.

[n order to calibrate the radiometer, the sample was placed in
the microwave oven, and a thermocouple was placed adjacent to
the fiber tip. Several readings were taken from both the thermo-
couple and the radiometer. The thermocouple was then removed,
and the oven power turned on. After the set point was reached
and maintained for 10 to 20 min, the oven power was turned off
and the thermocouple reinserted. Again readings were taken from
both the thermocouple and the radiometer as the sample cooled.
In this way we acquired enough points to make an adequate
calibration.

III. RESULTS

The calibration results are shown in Fig. 2. The point in the
lower left corner was measured prior to the heating. In this range
of temperatures the radiometer signal was found to be linear with
temperature, as expected [3]. The minimum resolvable tempera-
ture difference was 0.1°C. The calibration accuracy was 0.5%,
resulting in a systematic temperature error of +0.2°C.

The results of the temperature control using the two techniques
are 1llustrated in Figs. 3 and 4 and are summarized 1n Table 1.
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TABLE 1
REsUL1S 01 ON/OFF aND PULSED CONTROL MODES
on/off Pulsed
°c °c
Set - Point 39.3 42.15
Std. Dev. from the Set ~ Point 0.5 0.15
Max. Dev. from the Set - Point 2.5 0.45

IV. DiscussioNn

The output power of our microwave oven was 500 W, which
resulted in a very rapid heating of the small sample ( =1°C/s in
the 20-40°C range). Thus the need for a temperature sensor with
fast response is clear. In regular temperature control systems,
deviations from the set point are related to the time delay in
system response or to nonuniform heating. Taking into consider-
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ation that the surface temperature of the sample was probably
different from the temperature in deeper layers and that the
response time of the whole system was about 0.5 s, the relatively
large overshoots seen in the on/off mode (Fig. 3) can be under-
stood. However in the pulsed mode, the refinement of power
control (by repetition rate) leads to much smaller overshoots
(Fig. 4). :

V. SUMMARY

In this work we demonstrated that an IR fiber-optic radiome-
ter is an accurate, simple, linear, and fast response device that
can be used as a noncontact temperature sensor in a MW heating
control system. Using this fiber-optic-based radiometer system,
we succeeded in stabilizing a temperature of about 42°C with a
standard deviation of +0.15°C in a microwave heating environ-
ment. This specific temperature was chosen because of its rele-
vance in medical applications. Control at higher temperatures
presents less of a problem because the infrared emission is much
stronger. The control method described here is novel, and it is
potentially very useful for medical and industrial applications.

ACKNOWLEDGMENT

The authors wish to thank A. Yekuel, A. Levite, and B. Bar for
their help and F. Moser for very valuable discussions.

REFERENCES

[11 R. G Olsen and T. D David, “Hypothernia and electromagnetic re-
warming 1n the rhesus monkey.” Awar. Space, Environ Med . pp
1111-1117, Dec 1984.

[2]1 L. J. Anghilenn and J. Robert, Eds., Hyperthernua in Cancer Treatment,
vols I-II1. Boca Raton, FL- CRC Press, 1986

[31 A. Zur er o/, “Improved infrared fiberoptic radiometer for thermometry
1n electromagnetic induced heating,” Proc. SPIE. vol. 1067, pp 75-82,
1989

[4] A.Katzir, H F Bowman, Y Asfour, A Zur, and C R. Valery, “Infrared
fibers for radiometer thermometry in hypothermia and hyperthermia
treatment,” TEEE Trans. Biomed Eng.. vol. 36, pp. 634-637, 1989

[5] A. Zur and A Katzir, “Fiber for low-temperature radiometric measure-
ments,” Appl Opt., vol. 26, pp. 1201-1206, 1987.

{61 M. H Sun, K A Wickersheim, and J H Kum, “Fiber optic temperature
sensors 1n the medical setting,” Proc. SPIE, vol. 1067, pp 15-21, 1989

InGaAsP DC-PBH Semiconductor Laser Diode
Frequency Response Model

ALVARO AUGUSTO A. pE SALLES, MEMBER, IEEE

Abstract —A simple and accurate model for the frequency response of
InGaAsP double-channel planar buried heterostructure semiconductor laser
diodes intensity modulated in the microwave range is presented. It is
shown that the parasitic capacitance associated with the reverse-biased
blocking junction can significantly reduce the 3 dB modulation bandwidth.
The resuits obtained and alternatives to improve the high-frequency perfor-
mance are discussed and compared to experiments.

I. INTRODUCTION

InGaAsP double-channel planar buried heterostructure (DC-
PBH) semiconductor laser diodes are important sources for opti-
cal communication systems operating at wavelengths of 1.3 and
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Fig 1. Schematic structure for the InGaAsP DC-PBH laser

1.55 pm, where the dispersion and the losses in conventional
optical fibers have their minima, respectively. Significant im-
provements in the static characteristics of these lasers have been
obtained in the last decade, such as low threshold currents, high
quantum efficiency, linearity of light versus current characteris-
tic, operation at high optical power, and long-term reliability,
One of the main reasons for this good static performance is the
efficient lateral carrier confinement achieved when leakage cur-
rent blocking junctions are produced outside the active region. In
the InGaAsP DC-PBH lasers this is achieved by growing
p—n—p—n layers in both sides of the active region. As a result. the
p—n junctions reverse biased are very effective in reducing the
static leakage current. However, the parasitic capacitance associ-
ated with the p-n junctions can significantly degrade the fre-
quency response of these lasers when intensity modulated in the
microwave range [1]-[6]. [n order to achieve wide-band modula-
tion, besides the optimization of the packaging parasitics and of
some active region laser parameters [7]-[9], the parasitic capaci-
tance must be decreased.

In this paper, an equivalent electrical circuit for the laser
parasitics is described and its relevant parameters are estimated.
Then, using a complete equivalent circuit for the intrinsic laser
with its parasitics and using the SPICE 2G program, the DC-PBH
laser frequency response is predicted and compared to measure-
ments. The results obtained and ways to improve the high-
frequency performance are discussed. These results can be useful
for modulation bandwidth improvement of Fabry—Perot (FP)
and distributed feedback (DFB) DC-PBH lasers.

II. LASER PARASITICS EQUIVALENT CIRCUIT
AND FREQUENCY RESPONSE

The schematic struciure of the InGaAsP DC-PBH laser (A ~1.3
pm) is represented in Fig. 1. In this, the blocking junction
distributed RC ladder network is also indicated.

The laser active region equivalent circuit suitable for nonlinear
modeling has already been described by other authors [7]-[9].
Here, the equivalent circuit for the DC-PBH parasitics and its
frequency response are described. The frequency response of the
overall laser is a combination of the parasitic network and the
intrinsic laser. The package (or mount) parasitics will be assumed
negligible, since the lasers are expected to be mounted in mi-
crowave packages, with very large bandwidths. Under normal
operating conditions the intrinsic laser is forward biased and the
p-n junction between the upper n-InP layer and the p-InP layer
below it is weakly reverse biased, reducing dc leakage current.
The associated junction capacitance can be quite large as it
usually extends across the entire area of the laser diode. This is
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