the tuning efficiency is almost constant over the tuning range due
to the nearly constant breakthrough voltage, which yields a heat
generation proportional to the tuning current. The thermal
wavelength shift roughly corresponds to a temperature increase of
40K indicating a thermal resistance of ~120K/W. As with the
forward bias, the maximum wavelength shift is determined by the
extinction of the laser operation. Under both biasing conditions
the tuning behaviour is continuous, so that a total continuous
tuning range of more than 11nm has been achieved, which exceeds
the previously published data by more than 50%. The continuous
tuning range of the as-cleaved devices has been found to be
optimal for a laser length around 400um. This is because for the
200um long devices the larger mirror Josses reduce the margin for
the threshold current raise, while in the 600um long lasers the
appearance of sidemodes during tuning limits the useful tuning
range. By optimising the kL value and by using longer devices,
therefore, a certain improvement in the tuning range appears still
possible.
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Fig. 3 Light power against wavelength shift of 400um long TTG
DFB laser with constant laser current of 1(dmA

The relationship between the light output power at one end
facet (N4 = 0.5) and the wavelength shift for the 400um long
lasers is plotted in Fig. 3. Starting with 3.5mW light power at zero
tuning diode bias, the light power almost linearly drops with
increasing wavelength shift for both the electronic and the thermat
tuning mode. Thereby an optical power of more than 1mW can be
maintained at a constant laser current of 100mA over a tuning

range of 9.2nm. Over this entire tuning range the SMSR remains
above 40dB. By operating the tuning diode with a voltage control-
led bias [12], i.e. applying a low impedance bias network, the injec-
tion recombination shot noise in the tuning region can be
effectively suppressed so that the spectral linewidth is kept below
30MHz over this wavelength range. Furthermore the linewidth
only slightly varies with tuning current, showing a monotonic
increase from ~10 to 30MHz with an almost constant power-
linewidth product by increasing the forward or backward biased
tuning current.

In summary, we have presented an improved InGaAsP/InP
TTG DFB laser structure for 1.5um wavelength yielding a record
continuous tuning range of 11nm. Over a wavelength range of
9.2nm an optical power of 1mW can be maintained with a spec-
tral linewidth below 30MHz using 400 um long devices. No degra-
dation of the tuning diode occurs under reverse bias, even at
tuning currents up to 100mA, because the reverse current flows
over the InP pn homojunctions outside the tuning region.
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Polarisation-rotating quasioptical reflection
amplifier cell

H.S. Tsai and R.A. York

Indexing Terms: Antennas, Microstrip, Amplifiers

A quasioptical amplifier cell suitable for power-combining arrays
is presented. Orthogonally polarised patch antennas are coupled
to the input and output of a resistive-feedback MESFET
amplifier. A simple polarimetric reflectometer was developed to
test the amplifier cell which solves the problem of imperfect
isolation between transmitting and receiving horns and the DC
offset problem of quadrature detectors. A peak effective isotropic
power gain (EIPG) of 17dB was measured at 4.2GHz with 1%
bandwidth which is limited by patch antennas.

Introduction: Solid-state power combining in free space offers an
attractive alternative to vacuum-tube sources for high power milli-
metre wave applications [1]. Quasioptical oscillator arrays have
been developed to prove this concept [2]. More recently, attention
has been focused on developing high-power quasioptical amplifier
arrays, and a grid amplifier array and single-element amplifier
have been demonstrated [3,4]. Both of these are transmission-type
amplifiers, where signals incident on one side of the substrate are
received, amplified, and retransmitted through the opposite side in
an orthogonal polarisation. In this Letter, a reflection-type planar
amplifier is presented using orthogonally polarised patch antennas
and a resistive feedback single-stage amplifier. Reflection amplifi-
ers are attractive because they are compact, and the signals do not

ELECTRONICS LETTERS 25th November 1993 Vol. 29 No. 24 2125




propagate through the substrate so the backside can be used for
waste heat removal, which will be critical in high-power, high-effi-
ciency designs.

Amplifier and matching network design: Because this work is aimed
at future monolithic arrays, our designs were fabricated on a high
dielectric constant substrate which closely approximates that of
GaAs. The actual substrate material was Rogers Duroid 6010 with
a dielectric constant of 10.8 and thickness of 25mil (0.635mm). A
resistive feedback amplifier design was chosen [5], using a pack-
aged GaAs MESFET (NE32184A). The design frequency was
4GHz and the input and output patch antennas were orthogo-
nally polarised.

From the manufacturer’s data sheet, the transconductance of
this MESFET, g, is typically 33 mS. Let 4 be voltage gain of this
amplifier, R, be the feedback resistor and Z, be the source and
load impedance. Use of design equations [5}

1-A

Ri=Z,(1-4) gn=—

03]
will lead to
Zzn = Zout = Zo (2)

where Z,, and Z,,, are defined as the input and output impedances
of this amplifier. If R, is chosen to be 511Q (a value of chip resis-
tor available in our laboratory), the voltage gain 4 will be -3.1
which corresponds to ~10dB power gain and Z, will be 125Q

The design is complicated by the fact that the source and load
impedances are complex (patch antennas). The patch antenna can
be modelled as a half wavelength transmission line with a
radiation resistance at both ends [6]. At resonance the input
impedance is real and given by the parallel combination of the two
radiation resistances. Double radial stubs were used in the
matching network to transform the impedance (at resonance) to
125Q The whole circuit including the patch antennas, matching
networks and amplifier, was simulated with the CAD package
Libra [Note 1] to obtain a good match at resonance; this was done
by modifying the internal terminating impedance of the simulator
from 50 to 995Q, the value of radiation resistance for our design
[6]. The actual layout of the amplifier is shown in Fig. 1. The two
source leads were soldered to the ground plane through the
substrate. The feedback resistor was soldered ’piggy-back’ on top
of the transistor between gate and drain. DC bias was applied
through high impedance lines connected to the middle of the patch
antennas, which is a low impedance point. Bypass capacitors were
used to avoid oscillation at low frequencies.

Fig. 1 Plan view of patch-coupled amplifier circuit, with blow-up of
resistive feedback amplifier

The source leads are soldered to the ground plane through the
substrate

Measured Results: The amplifier was measured in the far-field
using the setup shown in Fig. 2, which is essentially a CW homo-
dyne radar system with separate, orthogonally polarised transmit
and receive antennas (waveguide horns). By modulating the bias
to the antenna and using a lock-in detector to sample the quadra-
ture mixer outputs (here used as a phase detector), the imperfect
isolation between the horn antennas can be overcome, with an
added benefit of eliminating the problem of DC offset in the
quadrature mixer [7]. The system is calibrated by replacing the
amplifier with a standard gain horn which radiates a known
power. The effective isotropic power gain (EIPG) of this amplifier
cell, which is the quantity that is actually measured, is given by [5]

Note 1: Libra is a registered trademark of EEsof, Inc., Westlake,
CA.

2 212
EIPG = G2G 4 = [Vra] Prati [ER_] Gy

Vrc P tran A Gl (3)
where G, and G, are the gains of amplifier and patch antenna,
respectively. V,. and V,, are the voltages recorded by a lock-in
amplifier during calibration and actual measurement. P is the
power transmitted during calibration by the standard gain horn
with a gain of G,, and P,,, is the power transmitted during the
measurement through a horn with a gain of G,. A is the free-space
wavelength and R is the distance between the receiver and the
amplifier.
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Fig. 2 Hllustration of free-space reflection measurement setup

The array bias is modulated and the received signal detected using a
quadrature receiver and lock-in amplifier

Assuming a typical patch antenna gain G, of 5dB, the amplifier
gain can be extracted from eqn. 3 and is shown in Fig. 3. The
peak gain is ~7dB with 1% bandwidth. The low gain couid be a
result of an impedance mismatch, a lower g, than expected, and
also a different patch gain than the assumed 5dB. Also shown in
Fig. 3 is the expected frequency response of both input and output
patch antennas (shifted upwards on the graph by 7dB to match
the gain curve) which indicates that the bandwidth of this ampli-
fier is limited by patch antennas, not by the amplifier. The curve
for reverse gain in the Figure was measured by rotating the ampli-
fier 90° along the propagation axis, and is at least 25dB lower
than the forward gain over the frequency band, indicating that the
free-space amplifier is polarisation selective.
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Fig. 3 Measured forward and reverse power gain of amplifier cell assum-

ing a patch gain of 5dB, and iparison with freq 'y resp [

patch antennas

Conclusion: A reflection-type free-space amplifier and measure-
ment technique have been developed, giving a measured gain of
~7dB with 1% bandwidth. The bandwidth of this amplifier is lim-
ited by the resonant patch antennas on a thin substrate with high
dielectric constant. The future work will focus on increasing band-
width by either modifying the patch antennas or using other
broadband antennas, such as the bow-tie and folded slot antennas.
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Efficient calculation of surface impedance for
rectangular conductors

E. Tuncer and D.P. Neikirk

Indexing terms: Skin effect, Numerical methods

The Letter presents a new expression for the frequency-dependent
surface impedance of a rectangular bar that is easily used, and is
numerically efficient. By dividing the metal bar into rectangular
and square sections, skin depth-induced current crowding to the
surfaces and corners can be accurately modelled. Comparison
with measured data shows excellent agreement over a wide
frequency range, covering the transition from DC-like behaviour
to skin-depth limited behaviour.

Introduction: Recently a new, simple technique for the evaluation
of conductor loss in quasi-TEM transmission lines has been dem-
onstrated [1, 2]. Efficient use of this conformal mapping technique
requires knowledge of the specific surface impedance of each con-
ductor in the transmission line. For a conductor with circular
cross-section, it is possible to solve the Helmholtz equation
exactly. However, many transmission lines make use of conductors
with rectangular cross-section. There are a variety of techniques
that have been developed for use with rectangular cross-sections,
but many are numerically intensive. In this Letter we show a new,
numerically efficient technique that accurately predicts the surface
impedance of rectangular bars ranging in aspect ratio from a
square bar to a wide flat plate.

Model: A very simple approximation for the specific surface
impedance Zg (in ©/[J) of a flat conductor that is much wider
than it is thick (i.e. a thin conducting plate) is [3]

Zplate _ \/%—(1 + -7)
s tanh{,/ (1 +3)}
=0 +J)
tanh{ ($Hya+n}

where ¢ is the thickness and o is the conductivity of the conductor,
w is the angular frequency, p is the permeability of the metal, and
8 is the skin depth in the conductor. Note that because the plate
has two surfaces, eqn. 1 must be used for each side of the conduc-
tor. In time domain simulations it is quite important that the sur-
face impedance have the correct DC behaviour. The appropriate
DC limit of eqn. 1 should be 2R; (the factor of 2 appearing
because this resistance represents only one side of the plate), where
Ry is the DC sheet resistance of the entire plate (given by 1/0¢). It

1)

is easily verified that eqn. 1 does produce the appropriate low fre-

quency limit, i.e. as w — 0, Zg — 2/ot
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Fig. 1 Thick rectangular conductor

The surface independance of regions A is given approximately by
eqn. 1, and region C by eqn. 5

For rectangular conductors with appreciable thickness, how-
ever, the simple result given by eqn. 1 will not hold. An accurate
approximate expression for a thick conducting plate should yield
both the correct DC resistance of the conductor as @ ~» 0 as well
as the proper skin effect behaviour at high frequency. The simplest
approach is to divide the rectangular cross-section into segments,
as shown in Fig. 1. Note that the frequency dependence is set by
the ratio of the skin depth to the thickness of the conducting
region. For the rectangular regions (segments A in Fig. 1) this is
just half the thickness 1, so the rectangular sections should have a
surface impedance given by eqn. 1.

Fig. 2 nth triangular patch in corner region C’ of Fig. 1

The triangular transmission line used for input impedance calcula-
tion has length A, and width w,

In the square corner sections (segments C in Fig. 1) the skin
effect will cause current crowding toward the outside corner of the
region. By symmetry, we need only find the surface impedance of
half of the square region, divided along a diagonal (region C’' in
Fig. 1). To capture this effect, consider Fig. 2 for region C' of the
conductor, We divide the region into N triangular patches, and
use the distance from the base of each patch to the inside corner,
h,, as the thickness of this segment of conductor. For the nth (n =
0, 1, 2, ..., N-1) segment in Fig. 2, the height 4, is given by

1 2
hn:% 1+<”;2) )

and the width w, by

n 1
n [N+m+9%+N+m+a%J ®

For a triangular section, the surface impedance expression can be
found by applying transverse resonance and non-uniform trans-
mission line analysis [4, 5]. The total input impedance for a trian-
gular transmission line with width w, (at the input end, or front
surface), plate separation of one unit distance, and length 4,, filled
with a uniform conducting material of conductivity o, assuming

an open circuit termination, is
JViwpoha

[ 3ol Fomaha)
Zn=1i wno J1(jIwpohs) @

where J, and J, are Bessel functions of the first kind. The
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