
port reduces NF to 3.76 dB, which is in good agreement with the
noise figure predicted without circuit losses at 5.8 GHz.

The input and output return losses measured are shown in
Figure 6(b). The input return loss is �10.4 dB, and output return
loss is �11.9 dB at 5.8 GHz. The input and output return losses are
all less than �8 dB from 5.70 GHz to 5.9 GHz. Amplifiers with
lower power consumption generally have a lower gain compres-
sion point. The designed amplifier has a measured �1-dB input
compression point of �51.1 dBm, which equals to an output
compression point of �19.6 dBm.

5. CONCLUSIONS

The approach and procedures utilized to design an amplifier that
can simultaneously provide high-gain, low-power consumption, a
low noise figure, and low return loss have been described in detail.
An ultra-low-power consumption high-gain C-band silicon BJT
amplifier chip has been demonstrated, using hybrid microwave
integrated circuit technology. The amplifier achieves a gain-to-
power-consumption ratio of 11.78 dB/mW, which is the highest
benchmark in this frequency band. The high performance obtained
form the amplifier under very low dc bias and low-cost HMIC
fabrication technology, makes it attractive for portable RFID, ITS,
and other wireless consumer applications operating in the 5.8-GHz
ISM band.
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ABSTRACT: A new microwave-excited CO2 slab-laser scheme is dem-
onstrated in a slow gas-flow laser experiment. The gas-discharge axial
homogeneity is improved by an H-plane coupling of a rectangular reso-
nator operating in the fundamental mode to a shorter slab laser-head
resonator, below the cutoff. This paper describes the conceptual experi-
mental and practical aspects of the microwave-excited laser. © 2003
Wiley Periodicals, Inc. Microwave Opt Technol Lett 36: 115–120, 2003;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.10692

Key words: gas lasers; microwave excitation; discharge homogeneity

1. INTRODUCTION

Microwave excitation of CO2 lasers has been employed in various
laser schemes since the late 1970s [1–13]. The microwave excita-
tion is characterized by (i) availability of efficient high peak-power
compact sources, (ii) alleviation of the �–� discharge transitions
due to the high-frequency discharge, and (iii) utilization of the slab
configuration. The practical advantage of the microwave-excited
CO2 laser stems from the features of common microwave
sources—magnetrons—which are relatively compact, low-cost,
and efficient.

Fast gas-flow-, air-, or fluid-cooled cylindrical microwave-
excited CO2 lasers [1–10] enable high average laser powers. These
schemes require massive pumps and heat exchangers. The in-

Figure 6 (a) Measured gain and noise figure; (b) return loss at the input
and output ports at 3 V and 0.92 mA dc bias point
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creased heat-dissipation rate of the slab geometry was applied in
RF-excited lasers in one-channel [14–17] and multi-channel [18–
23] devices, and also in compact microwave-excited lasers [11–
13]. High repetition-rate pulsed microwave discharges are stabi-
lized by a ballast dielectric strip to enable high peak and average
laser powers in a stagnant gas [11].

A drawback of microwave excitation is the non-uniformity of
its axial discharge due to the relatively short wavelength (as
compared to RF excitation). Several methods have been proposed
to improve the axial homogeneity of the microwave-excited dis-
charge. In [2], a cylindrical laser tube was inserted into a T-shaped
rectangular resonator, operated slightly above cutoff. For a sym-
metric microwave feeding, a cosine electric-field distribution was
achieved. This technique was implemented in a tapered ridged-
waveguide resonator containing a cylindrical gas tube in [10]. A
TM010 cylindrical resonant cavity was employed in a different
setup, as presented in [4]. März and Oestreicher developed a
plasma source [5], in which a homogeneous discharge field was
formed in a traveling-wave tapered-ridge waveguide using a re-
sistive microwave termination. Radial microwave-discharge ho-
mogeneity in a cylindrical laser was implemented by combining
orthogonal electric fields in intersecting rectangular waveguides
[6]. A different approach for deriving an axial discharge unifor-
mity was achieved by coupling a waveguide antenna to a micro-
wave stripline, thus enabling the propagation of a TEM mode [7].
A helical excitation of a cylindrical laser was suggested as well [8,
9]. All these devices [1–10] do not employ the advantageous
features of the slab configuration, and require a large overhead for
gas cooling and circulation. In another design by März and Oest-
reicher, a double-ridged laser head was coupled in the E-plane to
a varying-ridge waveguide resonator [13]. An optimized micro-
wave coupling to the laser head was achieved by varying the
dimensions of both ridged waveguides. This microwave-excited
diffusion-cooled laser yielded �0.5 W/cm2.

Recently, an RF-excited scheme presented by Villarreal et al.
[14] introduced an enhanced peak-to-average laser power ratio of
38. The laser power density-per-slab area attains �0.8 W/cm2.
This achievement of enhanced peak-to-average power ratio marks
the impressive progress of RF-excited CO2 lasers. So far, a slab-
waveguide laser head employing an axially homogeneous micro-
wave-discharge in a uniform cross-section has not been demon-
strated.

This article presents a microwave-excitation scheme intended
to obtain an axially homogeneous discharge in a slab laser with a
uniform cross section. The laser excitation scheme is described in
section 2. The experimental setup and results are presented in
sections 3 and 4, respectively. The possible advantages of the
proposed excitation scheme are summarized in section 5.

2. THE MICROWAVE EXCITATION SCHEME

The microwave-excited CO2 slab-laser scheme is illustrated in
Figure 1. The prime microwave cavity is fed by an external source
through a split mirror (Fig. 1(a)). This microwave cavity is tuned
to the (axial) fundamental mode by choosing a rectangular-
waveguide width at almost cutoff, that is, a � �/ 2 where � is the
microwave free-space wavelength. Therefore, the axial wave-
length in this waveguide �g � [��2 � (2a)�2]�1/ 2 is
“stretched” to �g � 2L �� �, where L is the cavity length (Fig.
(1)). This enables the operation of the prime cavity in its funda-
mental (axial) mode. The coupled microwave cavity, in which the
laser head is situated, is made to be shorter than the prime cavity.
Hence, it is forced to oscillate below its fundamental resonance
frequency. Moreover, its cross section can be widened, while it is
still operated below cutoff. This cavity is coupled to the center
section of the prime cavity, where the field intensity is maximal
and most uniformly distributed (Fig. 1(b)), with no nulls along the
discharge.

The cross section of the coupled microwave cavity (Fig. 1(c))
resembles a ridged waveguide, whereas the slab-laser head is
situated in a rectangular glass tube in the ridged section. The
ridged waveguide is designed to operate below cutoff. Hence, the
distribution of the microwave intensity coupled into it is closely
uniform. The laser tube acts as a distributed loss along the prime
cavity, and the gas discharge excited in it has no zero points,
although its length exceeds several wavelengths.

3. EXPERIMENTAL SETUP

The scheme presented in the previous section was implemented in
a microwave-excited CO2 slab-laser experiment. The physical
dimensions of the experimental device (in millimeters) are sum-
marized in Table 1. The microwave source is a standard 2-kW
magnetron (Hitachi 2M130) at 2.45 GHz, capable of delivering
15-kW peak-power at short pulses (2–30 �s). The microwave

Figure 1 The coupled cavity scheme in axial (a) and transversal (c)
cross-sections, and the electric field axial distribution (b)

TABLE 1 Physical Dimensions (All in Millimeters)

Rectangular Waveguide (Copper)

Length 740
Width 61.4
Height 30.7

Double-Ridged Waveguide (Copper)

Length 400
Width 41
Height 8
Ridge width 20
Ridges spacing 4.65

Rectangular
Pyrex Tube Corning 7740 Schott 8330

Inner height 1.5 2.0
Inner width 21.0 20.0
Wall thickness 1.5 1.3
Length 425
Wall tolerance �0.3

116 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 36, No. 2, January 20 2003



radiation is delivered through a circulator (Philips PDR-26) to a
60-dB coupler (Muegge MW-6971-0070) for monitoring the trans-
mitted and reflected microwave powers. An E-H tuner provides the
microwave energy matching to the prime resonator. A double-
ridge waveguide is coupled sideways to the rectangular resonator
by a common slit as illustrated in Figure 1. A rectangular Pyrex-
tube (Table 1) is placed between the ridges, and attached to them
by a silicon heat-sink compound. The tube serves as the discharge
chamber, and also as the stabilizing ballast dielectric-strip required
for microwave discharges. The Pyrex tube wall-thickness is de-
signed to avoid the evolvement of thermal instabilities [24]. Two
laser mirror holders are attached to the Pyrex tube by silicon
microwave-proof O-rings. The gas flows through the mirror hold-
ers. Therefore, no changes are made in the standard Pyrex tube. A
hemispheric optical-resonator is employed with a concave rear
mirror (R � 5 m) and an 89% reflectivity output coupler.

A fine tuning of the discharge electric-field distribution is
achieved by screws along the slit connecting the two waveguides.
The laser-head is cooled by circulating water through the ridges.
The average delivered microwave power is measured by a micro-
wave-power meter (HP435A). Average heat-power discharge dis-
sipation is measured by thermometers placed at the cooling water
inlet and outlet. Average laser power is measured by an optical
detector (Ophir F300A-SH).

The microwave-power homogeneity is measured by a Scalar
Network Analyzer (HP8757A). This relative transmission (cold)
measurement is performed in the absence of the plasma. The
2.45-GHz microwave power is injected through a coax-to-
waveguide coupler, which simulates the magnetron antenna. A

microwave probe inserted into a slit along the laser-head ridges
couples the transmitted microwave power to the analyzer. The
reflected-wave measurement (with the circulator omitted from the
microwave chain) allows the input power matching.

A Pyroelectric detector (Molectron P4-42) is used for the laser
peak-power detection. The light-emission discharge is measured
by an optical detector (Ophir PD300-3W) calibrated to a 488-nm
wavelength. After setting the laser operation to its optimum by
observing the output laser power, the detector is attached to each
peephole along the laser head. The 5-mm-diameter peepholes are
axially separated by 14 mm. The power measured at a wavelength
of 488 nm indicates the rate of energy flow into the gas electronic
states. The gas-flow rate did not exceed �2 �/s during all mea-
surements (without the discharge), thus it can be classified as a
slow-flow rate.

4. EXPERIMENTAL RESULTS

The distribution of the microwave power along the laser-head is
presented in Figure 2(a) and (b), for 2.0-m and 1.5-mm discharge
heights, respectively (without the laser plasma). The maximal axial
deviations of the microwave power are 0.5 dB and 3.2 dB, for the
2.0-m and 1.5-mm discharge heights, respectively.

The axial homogeneity is demonstrated by the discharge light
emission. The light power measured through the peepholes is
presented in relative units in Figure 3(a) and (b), for the 2.0-m and
1.5-mm discharge heights, respectively. The plots show the rela-
tive light intensity along the z-axis (excluding the tube end points).

Figure 2 Microwave-power transmission measured perpendicularly be-
yond the ridges along the laser head, for (a) 2.0-mm and (b) 1.5-mm
discharge heights

Figure 3 Distribution of the discharge light emission at 488 nm wave-
length along the tube at (a) 2.0-mm and (b) 1.5-mm discharge heights
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Table 2 specifies the laser-operating parameters in which these
homogeneity measurements are taken. The discharge light-emis-
sion variation is 17% and 5.7% (RMS), for the 2.0-m and 1.5-mm
discharge heights, respectively.

The discharge light-emission power at 488 nm represents the
power transferred to the gas electronic states in the discharge. The
measurements presented in Figure 3(a), (b) are taken in optimal
conditions regarding the output laser power. Ref. [25] presents The
energy-flow rate to the gas electronic states versus the reduced
field for a He:N2:CO2 � 8:1:1 mixture is presented in [25]. This
data combined with the measured relative light-emission power,
provides an estimate for the reduced-field variation along the tube
for a near-optimum-operation condition (that is, E/N �2.5 � 1016

Vcm2). This analysis results in �E/NRMS � 0.40 � 1016 and
0.13 � 1016 Vcm2, for 2.0 and 1.5 mm discharge heights, respec-
tively.

The total DC-to-laser power efficiency and the microwave-to-
laser power efficiency versus the laser output average-power, are
presented in Figure 4 (marked by (■) and (}), respectively). The
maximal efficiencies measured for the preliminary device are 12%
and 9%, respectively, for both discharge heights. These efficien-
cies are attained at low average laser powers. Both efficiencies
drop to �5% at the maximal extracted average laser-power
(40 W).

The dependence of the average and peak laser-power on the
mean microwave-power is shown in Figure 5(a) and (b) and Figure
6(a) and (b), for the 2.0-m and 1.5-mm discharge heights, respec-
tively. The maximal average and peak laser powers measured for
the 2.0 mm discharge height are 35 W and 0.52 kW, respectively.
For the 1.5-mm discharge height, maximal average and peak laser
powers of 40 W and 0.58 kW are measured, respectively. A

mixture of N2 (18%), CO2 (6.5%), Xe (1.5%), and He (74%), is
used in this experiment.

The gas flow rates and the resulting optimized gas pressures for
the two discharge heights are presented in Table 3. The optimal
microwave pulse-widths for the 2.0-mm and 1.5-mm discharge
heights are 20–30 �s, and 10–20 �s, respectively. The pulse
repetition frequency in all these measurements vary between 0.5–
9.0 kHz.

5. DISCUSSION

This study demonstrates a longitudinal coupling scheme of a
microwave source to a slab laser in a compact device. This design
exploits the advantages of an axially homogeneous microwave
discharge. The cold-waveguide transmission measurements show
no field nullification along the laser head.

The homogeneity differences between the two discharge
heights employed (1.5 mm and 2.0 mm) arise from the different
dimensions of the Pyrex tubes used (Table 1). It should be noted
that the microwave setup was basically designed for the 2.0-mm

TABLE 2 Discharge Homogeneity Measurements for a
He:CO2:N2 � 8:1:1 Mixture in 2.0-mm and 1.5-mm Heights

Parameter

Discharge height

2.0 1.5 mm

Gas pressure 95 240 Torr
Microwave pulse width 21 20 �s
Pulse repetition rate 930 1937 Hz
Ave. DC power 289 521 W
Ave. microwave power 148 340 W
Ave. laser power 6.7 15 W

Figure 4 Total efficiency (■) and microwave-to-laser efficiency (})
versus average laser output power

Figure 5 Average laser power versus mean inserted microwave power
for different gas-flow rates at optimized gas pressures; discharge height is
(a) 2.0 mm and (b) 1.5 mm
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discharge height. Thus, for the tube with a 1.5-mm discharge
height, the ripple in the axial-power cold measurement is larger.

The axial variation of the reduced field (E/N) for the two
discharge heights shows different axial profiles. Contrary to the
cold power measurement, a lower reduced-field deviation along
axis is observed for the 1.5-mm discharge height. This is due to the
thicker wall of the tube with the 1.5-mm discharge height (Table
1). A thick wall represents a large impedance in series with the
discharge. This impedance compensates for axial variations in the
discharge electric field. Therefore, an improved axial homogeneity
is observed for the 1.5-mm discharge height. Moreover, a better
uniformity is possible by virtually extending the length of the
rectangular waveguide-resonator beyond the laser head.

The average laser power is mainly influenced by gas temper-
ature, degree of molecular dissociation, and discharge stability.
While the laser head is designed to be thermally stable, gas heating
and dissociation are proportional to the microwave pulse width and
frequency. It is evident that an increased gas-flow rate results in a
raise of output laser power, due to lowered dissociation of CO2

molecules.

The maximal pulse duration is constrained by stability consid-
erations. However, the peak laser power is governed mainly by the
maximum power delivered by the magnetron. A maximal peak
power is extracted from the magnetron when its impedance is
equal to that of the complex conjugate of the device input-imped-
ance. The magnetron impedance is affected by its voltage and
extracted current, its heating current, and its load-impedance.
Impedance matching is achieved by an E-H tuner and screws along
the laser head. Minimizing the reflected wave amplitude is used for
power matching. When this is done, a maximal average micro-
wave-power should be delivered to the laser head. Yet, the load
impedance might be different from that of the magnetron. This
reduces the peak microwave extracted power. Moreover, an in-
crease in the microwave pulse frequency raises the average mi-
crowave power, but also increases the dissociation rate, resulting
in lower peak laser-power and efficiency (see Fig. 4).

It should be noted that the scheme presented here might employ
the benefits of forced convective cooling. A Pyrex tube with a
larger aspect ratio can be inserted between the laser-head ridges
with only minor design changes. Using a tube wider than the metal
electrodes may enhance the transversal gas cooling effect, and
therefore, increase total efficiency at high-average powers.

The experimental results for the laser operation in the slow-
flow regime prove the feasibility of constructing a high-power
microwave-excited CO2 slab laser. This compact laser yields a
relatively high peak-to-average power ratio. Maximum average
and peak powers of 40 W and 0.58 kW, respectively, are observed.

A maximal overall efficiency of 9% is attained in our experi-
ments at 15-W average and 305-W peak laser powers, respec-
tively. Future designs will have to maintain this efficiency through-
out the operating power regime of this laser. As compared to
RF-excited slab lasers, it should be noted that the typical electro-
optic efficiency of the latter attains �10% in both sealed and
slow-flow schemes for CW and pulsed operation [14]. This effi-
ciency level is not much higher than that obtained by the micro-
wave-excited slow-flow CO2 laser experiment presented in this
paper.

The major objective of this study, to develop a microwave-
excited laser CO2 slab-laser scheme characterized by an axially
homogeneous discharge, was accomplished as presented in this
paper. This may lead to the development of more efficient high-
power compact CO2 lasers utilizing the known practical advan-
tages of the magnetron as a microwave source.
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ABSTRACT: A formulation for the bilateral distributed amplifier network
using a normalized transmission matrix approach is proposed in this letter.
The analysis takes into consideration the effect of Cgd in the active device.
Our approach is compared to the theoretical predictions for the unilateral
case and measured results. © 2003 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 36: 120–122, 2003; Published online in Wiley InterScience
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1. INTRODUCTION

For over a decade, the distributed amplifier has been one of the
topologies especially suited for wideband amplification, due to its
moderate gain and noise figure [1–3]. In this paper, we propose to
extend the normalized-transmission matrix formalism to a bilat-
eral-distributed amplifier. The proposed method takes into account
the effect of feedback due to the MESFET’s gate-drain capacitance
and its influence on the behavior of the distributed amplifier.

2. THEORY

The normalized-transmission matrix approach was presented by
McKay et al. [4]. This theory applies to a general class of distrib-
uted amplifier (see Fig. 1) with discrete sampling points on the gate
line, which couple to discrete excitation points on the drain line.
This paper extends this concept by considering the bilateral case
obtained by including the gate-drain capacitance Cgd of the
MESFET. Using the scattering formalism, the wave quantities as
shown in Fig. 2 are given by
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Figure 1 Schematic representation of a distributed amplifier
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