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Abstract—

Performance repeatability, thermal properties, and ef-
fects of biasing are studied on two Ka-band quasi-optical
slot amplifier arrays fabricated with commercial MMICs
on 254-pm aluminum-nitride substrates. The unit cells
are arranged in a 6x6 triangular lattice to suppress side-
lobes. The amplifier arrays have peak small-signal gains
of 2.1dB at 31.02GHz and 6.5dB at 31.40 GHz, respec-
tively.

I. INTRODUCTION

The motivation for quasi-optical amplifier power com-
bining is to obtain watt power levels from solid-state
amplifiers at millimeter-wave frequencies while taking
advantage of high combining efficiency [1] and graceful
degradation [2]. Several researchers have demonstrated
Ka-band quasi-optical amplifier arrays: in [3], MMIC
amplifiers were combined using slot antennas with up
to 2.4 W of output power and 6 dB of small-signal gain;
in [4] and [5], monolithic grid amplifiers using HBTs and
PHEMTS respectively showed gain up to 60 GHz; and
in [6], 1 W of power was obtained in an array mounted
in a waveguide.

All of the arrays have raised issues related to stability
and heat dissipation. In [3], a GaAs substrate was used,
and even with liquid coolant flowing on the backside of
the array, the 20 W of heat that was produced caused
the array to crack. A solution to thermal management
is pursued with high-efficiency switched-mode amplifiers
[7). An alternative was to use a diamond substrate with
edge cooling [8], but in this array, there were problems
with the metalization of the substrate, as well as bias-
line oscillations. In [4] and [5], stabilization resistors in
the emitters and sources, respectively, caused substan-
tial losses. The monolithic array in [6] consists of 112
amplifiers with 90% yield and the bias network contains
resistors and capacitors designed to stabilize the array.
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MAFET3 Program. We thank John Hubert and Lee Mirth of
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assistance throughout the project. We are grateful to Amir Mor-
tazawi, Sean Ortiz, and Eric Schlecht for useful discussions.
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Fig. 1. Schematic of a unit cell within the amplifier array. The unit
cells are arranged in a triangular lattice. The slot antennas are
orthogonally polarized and are connected to the MMIC by CPW
transmission lines. The DC-bias line and blocking capacitor are
also shown.

In this work, we present some fundamental studies
related to repeatability of array performance, thermal
properties and choice of substrate, importance of proper
biasing, and sensitivity to fabrication tolerances. The
studies are performed on two experimental Ka-band ar-
rays (refered to as A and B) of nearly identical RF archi-
tectures. The differences between the two are in the bi-
asing network and type of substrate metalization. Based
on the power available from a single MMIC (16 dBm
at 1dBc), the predicted output power of each array is
1.4 W. The power measurements, however, could not be
completed due to unavailablity of commercial Ka-band
sources. This problem demonstrates a need for devel-
oping alternative watt-level Ka-band sources.

II. ARRAY AMPLIFIER DESIGN

The quasi-optical amplifier schematic is shown in
Fig. 1. Each input slot antenna receives power from an

1829

0-7803-5135-5/99/$10.00 © 1999 IEEE

1999 IEEE MTT-S Digest




incident vertically-polarized plane wave. The received
power is coupled onto the 50-Q0 CPW transmission line
and is then amplified by a commercial Alpha AA028P3-
00 MMIC amplifier. The amplified power is re-radiated
with a horizontal polarization by the output slot an-
tenna. Isolation and stability is provided by orthogonal
input and output antennas.

The choice of substrate is determined by the approx-
imate 125°C maximum operating temperature of the
MMIC. Thermal gradients on substrates during oper-
ation can be approximated with a simple analytical
model of heat conduction. The model assumes a uni-
form heat flux under the MMIC and a uniform tem-
perature of 25°C along the edges of the substrate. The
substrate dimension is fixed to 7.62 cm-by-7.62 cm-by-h.
h varies between 254 um to 406 um, depending on the
commercial availability of various substrates. There are
36 unit cells spaced 9 mm apart in each amplifier array.
The 36 Alpha AA028P3-00 MMICs can produce at most
Py, = 33 W of heat assuming a worst-case efficiency. The
results of the conduction model for diamond, aluminum
nitride (AIN), and Rogers TMMS6 substrates are given
in Table I.

TABLE 1
THE THEORETICAL MAXIMUM TEMPERATURE BASED ON
CONDUCTION ONLY.

Substrate h k P, Trez
(pum) (W/mK) (W) | (°C)
Diamond | 406.4 2000 33 30.3
AIN 254 170 33 124
TMM6 381 0.7 33 15000

The diamond substrate has the best thermal proper-
ties. The AIN substrate has a Ty,,, close to 125°C.
The unrealistic maximum temperature calculated for
the TMMBS6 substrate demonstrates the limitation of any
model based solely on heat conduction. However, at
higher temperatures, cooling is dominated by convec-
tion and radiation which only decreases the maximum
temperature.

The AIN substrate is 254 um thick with a relative
permittivity of 8.6. HP Momentum is used to design
the 50-€2 slot antenna and CPW feed lines. The second-
resonance slot is 4.150 mm long and 0.900 mm wide, and
has a modeled return loss of 50dB at 33 GHz with a 13%
2:1 VSWR bandwidth.

HP Momentum simulations were performed to study
coupling between slot antennas and bias lines to deter-
mine the size of the unit cell. A unit-cell size of 0.9\
is required to guarantee that coupling between orthog-
onally polarized input and output antennas is below

—20dB. The DC bias line is perpendicular to the output
antenna to minimize RF coupling,.

A bias-voltage variation across the array is expected
due to ohmic losses in the thin bias line. The biasing
network can be modeled by a resistive ladder network
consisting of series (Rpias) and shunt (Rmmic) resistors.
Ryias represents the bias-line resistance between unit
cells and Rvmic represents the resistance of the internal
MMIC biasing circuity. The bias voltage along a row at
the (k + 1) unit cell is given by:

By_g-1
Vi = ——V , wh 1
k1 Rpias + RN_k-1 © where )
1 1 -1
R; = + : 2
7 Bymic  Bpias + Rj— @

The number of unit cells in a row is N=6, j=1 to N-1,
and k=0 to N-1. k=0 corresponds to the supply volt-
age Vo and Ry = Rumic. Egs. (1) and (2), expressed
as a function of the ratio Rmmic/Rbias, Show that the
bias voltage variation over an array may be substantial
(Fig. 2).
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Fig. 2. Normalized array voltage drop as a function of
Rymmic/ Ryias-

II1. FABRICATION

Array A and B, shown in Fig. 3, were fabricated us-
ing photolithography with the same mask on identical
substrates. The MMICs and capacitors were bonded
with silver epoxy. Each of the unit cells in both ar-
rays have 25 gold bond wires in identical configurations.
The bond wires provide connections between the MMIC
pads, capacitor pads, and array metalization, as well as
airbridges along the CPW lines to prevent slot modes.

The differences between Arrays A and B are in the
metal thickness and bias line configuration. Array A
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Array A

Array B

Fig. 3. Arrays A and B with corresponding unit cells enlarged.

has 4 um of gold. Due to a low Rymmic/Rbias Tatio, a
supplementary bias line network consisting of insulat-
ing adhesive mylar and copper tape was added. The
substrate for Array B has 4.3um of copper with a
2 pm layer of electroplated gold. The thicker metal in-
creases RvMic/ Rbias, thus decreasing the DC-bias net-
work voltage variation. Array B has additional air-
bridges and a capacitor along the bias line.

IV. EXPERIMENTAL RESULTS

TABLE II
MEASURED RESULTS USING STANDARD HORNS (a) AND HARD
HORNS (b). BW INDICATES THE RANGE OVER WHICH THE ARRAYS
HAVE GAIN. G IS WITH RESPECT TO A PASSIVE ARRAY.

(a) Standard-horn small-signal gain measurements.

Array | freq Gain | BW On/Off Ga
(GHz) (dB) | (GHz) | Ratio (dB) (dB)
A 31.02 2.1 0.34 34 10
B 31.40 6.5 0.50 38 14
(b) Hard-horn small-signal gain measurements.
Array | freq Gain | BW On/Oft G
(GHz) (dB) | (GHz) | Ratio (dB) (dB)
A 30.32 2.0 0.22 25 10
B 31.30 4.7 0.70 35 12

Two cross-polarized standard horn antennas are
placed 60X from either side of the array for small-signal
far-field gain measurements. Polarizers are used to in-
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Fig. 4. Small-signal gain measurements with standard horns
(a) and hard horns (b). Measurements are with respect to a
“through” calibration.

crease the gain and enforce unidirectional radiation of
the slots. A passive array with through-lines in the place
of the devices is used to measure the gain contributed
by the MMICs. The measured gain of the passive array
and the active arrays are plotted in Fig. 4(a) and sum-
marized in Table II(a). A “through” calibration is used
in all measurements.

Near-field small-signal gain measurements are re-
peated using two cross-polarized hard-horn antennas.
The hard-horn antennas provide a uniform field dis-
tribution with amplitude and phase variations of only
+1dB and 80° over 98% of the horn aperature[9]. The
small-signal hard-horn gain measurements are shown in
Fig. 4(b) and summarized in Table II(b).

With the arrays mounted vertically, natural heat con-
vection leads to measured steady-state temperatures of
69° C and 62° C for Array A and B, respectively. Em-
ploying forced-convective cooling using two fans with a
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flow of 1 m®/minute, the maximum steady-state temper-
atures for Array A and B dropped to 39° C and 38° C.
Natural convection is sufficient to keep the MMICs be-
low their maximum operating temperature in small-
signal operation.

D b WD N
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Fig. 5. Measured normalized voltage levels for Array A and B.

Voltage variations are measured across the bias net-
work. Fig. 5 shows the normalized measured voltage
deviation along the bias network at each MMIC due
to the bias ladder network. Voltage variations for Ar-
ray B match the expected values within 5% relative er-
ror based on Eqs. (1) and (2). Array A’s vertical voltage
uniformity differs from theory due to resistive bus-bar
connections (see Fig. 3(a)).

Pattern measurements are performed using a near-
field hard-horn feed 7\ from the array and a far-field
standard receiving horn 60X from the array at 30.8 GHz.
The theoretical and measured E- and H-plane patterns
are shown in Fig. 6.

In conclusion, the different voltage distributions be-
tween the two arrays result in differing radiation pat-
terns, which also differ from the theoretical uniform ar-
ray patterns. The different values of peak gain (2.1dB
and 6.5 dB) are also partially due to nonuniform MMIC
gains. We believe that the 1% shift in frequency at
which the peak gain occurs results from 2 factors: vari-
ation in MMIC frequency response determined by bias-
ing; and slight differences in slot and CPW dimensions
due to different metallizations and associated process-

ing.
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theoretical plot assumes a uniform array.
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