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_Abstract—Results for a high-power Ka-band quasi-optical am-  been addressed in several ways [1]-[4]. Possible approaches for
plifier array are presented in this paper. The amplifier consists of  the removal of the excess heat include the utilization of exotic
a 45-element double-sided active array with a hard-hom feed. Ex- gystrates, thick metal carriers as heat sinks, and liquid cooling.

cess heat is removed via a metal carrier integrated into the array Exofi bstrat h di d b dt heat
with liquid cooling at the periphery. Each unit cell of the array AQUC SUDSIALES SUCH as Clamona can De USEA 10 TEeMOvEe Nea,

consists of transmitting and receiving patch antennas, driver and but are typically expensive and difficult to process. Substrates
power amplifier monolithic microwave integrated circuits oninput  such as Al-N and SiC provide alternatives for smaller arrays
and output layers, and a through-plate coaxial transition, which jn which the amplifiers are not far from the metal carrier. Re-
connects the input and output layers. An estimated 25 Wis radi- 136ying heat through the use of a thick metal carrier is more
ated when the amplifier is used as an antenna feed, otherwise 13 W - . . .
attractive due to the lower cost involved in both materials and

is collected into waveguide. Experimental results and construction ) - = -
details are discussed. the processing of such materials. Recently, QO amplifiers uti-

- . L lizing thick ground planes as heat sinks have proven to be ef-
Index Terms—Amplifiers, power combiners, quasi-optical, spa- - ) .
tial. fective for several configurations and power levels [1]-[4]. In
some circumstances, thick ground planes may not be sufficient
for heat removal. Such circumstances arise when the heat gener-
. INTRODUCTION ated by an increased array size exceeds the thermal capacity of

UASI-OPTICAL (QO) amplifiers have been maturingth® ground plane, limited in thickness by the constraints of the
Q over the past few years, providing increased power outpd© System. This limitation in ground-plane thickness may be
levels, power-added efficiencies (PAEs), and power-corﬁue to size constraints or coupling limitations from one side of
bining efficiencies [1]-[4]. These technological advances hatie array to the other. In such cases, a liquid coolant, flowing
been based on a decade of research in the field of QO poiPugh or around a thick ground plane, can provide enough
combining [5]-[11]. Past systems include amplifier arraydat-sinking capability. .
utilizing grids, coplanar waveguide (CPW)-fed slots, tapered I this paper, the design of a 25-W radiated (13-W collected)
slotlines, and microstrip patch antennas. Each system shafggband QO amplifier array is described. This amplifier uti-
one characteristic of QO power combining in common—thizes a thick ground plane with liquid cooling for heat removal.
combining/dividing of an impinging electromagnetic wavd he conceptual view and photograph of the fabricated version of
through the use of an array of radiators. Although the tygBiS amplifier are shown in Fig. 1(a) and (b), respectively. The
of radiators and the source of the impinging wave may gard-horn feed [12] on the left-hand side of the diagram radi-
different, they share this low-loss method of power combinir@f€S the first active layer of the array, dividing power equally to
and dividing in common. This basic concept of QO pOWéi‘aCh unit cell. The microstrip patch antennas receive the signal,
combining has been implemented in the development of tpad after passing through a driver amplifier stage, the signal is
45-element amplifier array presented in this paper. then transferred to the output layer using a through-plate coaxial
Several fundamental problems must be answered in the §@nsmission line. The signal continues through a power ampli-
velopment of high-power QO amplifiers. One such problem fier stage and is radiated into free space from the output patch
the ability to remove excess heat produced by the monolittigtennas. Output power combining losses are limited by the an-
microwave integrated circuit (MMIC) amplifiers. This issue hatenna’s radiation efficiency (assuming that the array spacing is
optimal, otherwise power can be lost to grating lobes) when
using the QO amplifier as the radiating antenna array. The use
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Fig. 1. (a) Conceptual drawing of the amplifier array. (b) Photograph of th:
45-element amplifier array in an exploded view.

powers. The power-combining efficiency is limited by the array 4
element spacing, the efficiency of the radiating elements, ar ih)

any matching networks between the amplifiers and antennas, as-

suming that each of the radiators are excited at the same poffigr2: Photographs of the: (a) input and (b) output unit cells.
level and same phase. In order to develop a system meeting these

requirements, some fundamental decisions had to be made conpn grder to provide the 25 W of radiated power, an appropriate
cerning the choice of amplifier topology and method of heat rgrray size must be chosen based upon expected and measured
moval from the amplifier array. unit-cell performance, which is limited at best by the antenna’s
Several QO amplifier topologies were considered in th@diation efficiency. Based on [13], the best expected efficiency
development of the amplifier array. These included CPW-slgdy g microstrip patch antenna is 87% at the-band using a
based arrays and microstrip patch arrays on both thin ap®81-mm-thick Rogers TMM substrate, which corresponds to
thick metal carriers. A microstrip patch array was chosen ferioss of 0.6 dB. However, antenna simulations, using Agilent
its simplicity since it does not require polarizers and can U$SS, and measurements give an efficiency of 73%, which cor-
a thicker ground plane, which serves as the heat sink for th&ponds to 1.4 dB of loss at 34 GHz. Assuming a minimum loss
MMIC amplifiers. The choice of the array feed was also asf 1.4 dB, an array containing 45 1-W unit cells will provide in
integral part of the system topology and was greatly influencestcess of 30 W of radiated power. An array using a triangular
by the size requirements. In addition, the array feed mugtit-cell layout was chosen to accommodate the amplifier cir-
provide a uniform amplitude distribution to the input antennaguitry while minimizing losses due to nonideal radiator spacing
In an open system, this may be accomplished by illuminating the array [14]. This is illustrated in Fig. 2(a) and (b), which
the amplifier array with a Gaussian beam from an antengpow the input and output sides of the array, respectively. In ad-
located in the far-field, focusing the beam onto the array usigfition, the drivers and power amplifiers were placed on separate
lenses. In a closed system, the amplifier array may be radiatgdes of the array to provide increased isolation between ampli-
by an antenna (pyramidal horn) located in the near fielflers. After defining the topology for the QO amplifier array, the
However, the field distribution of a horn antenna is sinusoidakray was designed and fabricated.
and, thus, does not excite each amplifier with an equal amount
of power unless the amplifiers are concentrated at the center
of the horn. A more compact choice is a hard-horn feed [12],
which provides a uniform amplitude and phase excitation to The design of the 45-element amplifier array was divided into
each of the amplifiers with an aperture of approximately theeveral steps. These are the design of the hard-horn feed, mi-
same size as the amplifier array. crostrip patch antennas, through-plate interconnects, and also

Ill. DESIGN
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Fig. 3. Measured return loss of the microstrip patch antenna compared witt
simulated results from Agilent HFSS.

the optimum unit-cell layout for maximum horn/array coupling
and minimum device/field interaction.

The microstrip patch antennas, shown in Fig. 2, were de-
signed first. The antennas include a recessed microstrip-line
feed and a quarter-wave transformer for impedance matching
Although a recessed microstrip-line feed or a quarter-wave
transformer can provide impedance matching, the combinatior
of the two provides a compromise between size, efficiency, anc -180
bandwidth. A low-loss low-dielectric-constant material was
desired for high efficiency and improved bandwidth. Rogers (b)

TMM3 material with ¢, of 3.27, loss tangent of 0.002, and

0.381-mm thickness was chosen. The antenna was simuldt®d4. Near-field measurement of the hard-horn feed using a waveguide
using Agilent HFSS, which was necessary for the accurdt@Pe: (&) Magnitude. (b) Phase distribution.

modeling of the finite size dielectric substrate. The simulated

results for the antenna return loss are shown in Fig. 3. Thapacitors to each amplifiers’ bias lines. In addition, 0.1-mF
antenna provides a 10-dB return-loss bandwidth of greater thaapacitors were added to the perimeter of the array to ensure
1 GHz at a center frequency of 34 GHz. In addition, it providestability. Furthermore, the bias lines were placed in channels
a simulated radiation efficiency of 73%. This model includesut into the ground plane to minimize antenna/bias line interac-
the effect of bonding from the 0.381-mm antenna substratettons. They were also designed to carry the nearly 7.5 A of cur-
the 0.12-mm circuit substrate. rent needed for one row of power amplifiers. In addition, each

The placement of amplifiers, bias lines, and discrete comnit cell contains a through-plate coaxial line to couple power
ponents was then finalized, as shown in Fig. 2(a) and (b). Tfiem the input layer to the output layer. This was chosen over a
unit-cell size is 1.194x 0.597 cm, providing an array spacingmicrostrip-slot-microstrip coupler used in [2] for its simplified
of 0.597 cm between each column and row of antennas in tladrication and smaller size requirements. The unit cell also ac-
horizontal and vertical directions. Each unit cell contains a tweéommodates a phase adjuster to correct for amplifier phase vari-
stage 0.5-W driver amplifier and a 1.0-W power amplifier fronations.

Northrop Grumman, Los Angeles, CA, separated by a thick After determining the amplifier placement within the array, a
ground plane. By placing the driver and power amplifier MMIC¢hermal analysis for the array was performed to determine the
on separate layers, a larger gain is obtainable while providingkate thickness to achieve At across the array of less than
smaller unit-cell size and increased stability through the isola5 °C, which was found to be 0.254 cm (carbon steel). The
tion of the amplifiers. The driver amplifiers have 12 dB of smallthermal simulation was performed using SINDA from C&R
signal gain when biased &igate = —0.2 V and Vdrain = Technologies, Littleton, CO, and MSC PATRAN for the pre-
5V ({drain = 210 mA). The power amplifiers have 9 dB and post-processing. Liquid cooling was utilized around the pe-
of small-signal gain when biased &igate = —0.2 V and riphery of the array to further dissipate heat. The MMIC ampli-
Vdrain = 5V (Idrain = 1.2 A), while providing at least fiers were mounted with silver epoxy that compensated for the
30-dBm output power under 3-dB compression. Stability wadkermal coefficient of expansion (TCE) mismatch between the
carefully considered and enhanced by adding 1000- and 27-@&As and the carbon—steel carrier. Through-plate coaxial lines,

180
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Fig. 6. Insertion loss of two hard-horn feeds placed back to back.

loading the sidewalls with dielectric material in parallel with the
E-field. We chose Rogers RT5880 material withof 2.2 and

loss tangent of 0.0009. Phase was adjusted at the aperture of the
horn by adding a low dielectric constant. (= 1.2) foam lens.

Horn dimensions are standard WR28 waveguide at the input and
6.86 x 5.21 cm at the output of the horn. The back-to-back in-
sertion loss of two hard-horn feeds is shown in Fig. 6.

~-180 0 180

IV. EXPERIMENTAL RESULTS

(b) Several experiments were performed to evaluate the perfor-
mance of the 45-element QO amplifier array, including mea-
Fig. 5. Near-field measurement of the horn antenna before hardening usirgurements to determine the individual performance of the unit
waveguide probe. (a) Magnitude. (b) Phase distribution. cells and the overall response of the system. The unit-cell per-
formance was verified through measurements of the individual
as shown in Fig. 2(a) and (b), were inserted through the mefaicrostrip patch antenna and measurements of the passive and
carrier in order to transfer RF energy from one side of the agctive unit cells using WR28 waveguide probes to feed the input
tive array to the other. The through-plate coaxial lines were alggd output antennas (Fig. 7). Following these experiments, a
simulated using Agilent HFSS to characterize the coaxial-to-nlassive and active version of the 45-element array was fabri-
crostrip-line interface. The simulated insertion loss of one trafated and measured, including the small- and large-signal gain
sition, including microstrip lines, was less than 1 dB at the dénd power compression.
sign frequency of 34 GHz. The resonant frequency of the microstrip patch antenna was
Hard-horn feeds were developed to provide a uniform magieasured first and is shown in Fig. 3, where itis compared with
nitude and phase distribution at the input of the array. This eifie simulated results from Agilent HFSS. In order to charac-
hances the PAE by minimizing nonuniform unit-cell saturatioterize the performance (amplitude and phase variations) of each
and phase characteristics. In addition, the impedance seerubif cell in both the active and passive arrays, a measurement
the antennas of the array closely approximates that of an argigcedure was developed. This procedure involved the mea-
in free space, which minimizes errors in the modeling of theurement of the transmission amplitude and phase for each unit
antenna. A hard-horn feed is illustrated on the left-hand sigell of the array. For this measurement, two waveguide probes
of Fig. 1 and the associated normalized near-field power afsge Fig. 7(b)] were placed in the near field of the input and
phase distributions for this horn at 34 GHz are shown in Fig. 4(@litput antennas of each individual unit cell. By measuring the
and (b), respectively. Fig. 5(a) and (b) shows the normalizéass and phase of each cell, bad cells could be replaced or re-
near-field power and phase distributions for the horns withopgired. In addition, the phase of the active unit cells could be ad-
amplitude and phase correction at 34 GHz. The horns weusted to compensate for amplifier variations. The effect of these
modeled using a mode-matching program, as outlined in [1pfobes on the antenna’s return loss was investigated before per-
Each horn is flared at an angle, which minimizes mode convdorming array measurements. For this procedure, the microstrip
sion, and lengthened, so that the aperture conforms to the giaéch antenna was measured with a waveguide probe (WR28)
of the array. Uniform amplitude is achieved at the aperture IpJaced at a distance of 2.54 mm above the ground plane and
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Fig. 8. Insertion loss of the microstrip patch antenna to waveguide transition
compared with simulated results obtained from Agilent HFSS.
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Fig. 7. (a) Microstrip patch antenna to waveguide probe measurement sett -2 ]
(b) Unit-cell measurement setup using waveguide probes for both input ar
output feeds.
-4} i

centered with respect to the microstrip patch antenna, as sho
in Fig. 7(a). The coupling from the microstrip patch antenna t(g
the waveguide probe was also measured and is shown in Fig §
along with the same structure simulated with Agilent HFSS= -8
Good agreement can be seen between the simulated and
sured insertion loss. Since the return loss of the unit cell we  _4p | _
not adversely affected, this method was used to determine t
relative phase and amplitude variations between individual un 12 . ' C
cells. 30 32 34 36 38 40

The passive unit cell, consisting of the antennas, phase a Frequency - GHz
justers, through-plate coaxial line, and through lines for the am-
plifiers, was measured using waveguide probes, as shown {fi o
Fig. 7(b). Each waveguide was placed at a distance of 2.54 m~  ,,
from the antenna’s ground plane and centered with respecttot
antennas. The active unit cell was measured in the same mani
as the passive unit cell. Results for both the passive and acti
unit cells are shown in Figs. 9 and 10, respectively. The pas 10 ]
sive unit-cell insertion loss is 5 dB, which is consistent with the
losses expected from two waveguide to microstrip patch anteni 9
transitions (4 dB) and the through-plate coaxial line with the mi- Lo
crostrip circuitry (less than 1 dB). The active unit cell providedg
13 dB of small-signal gain at 33.9 GHz, which is lower than the
16 dB of gain expected from the two amplifiers including the
losses of the passive unit cell. The additional losses may bed -0 | ]
to device variations, which can contribute upttt.5 dB of vari-
ation or from amplifier circuit mismatches.

The passive and active 45-element arrays were then me  _5 : . . .
sured. In both cases, each unit cell was measured as outlined p 30 32 34 36 38 40
viously and modified if necessary. The arrays were then place. Frequency - GHz

between two hard-horn feeds located apprOX|mater 2.'54 anB 10. Gain of an active unit cell measured with waveguide probes under
from the antenna’s ground plane and measured. The insertsotall-signal excitation.

Loss — dB

Insertion loss of a passive unit cell measured with waveguide probes.
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Fig. 12. Estimated large-signal radiated power versus frequency with an in

power of 34 dBm Wé. 14. H-plane radiation pattern of the 45-element array under small-signal

excitation for both ideal simulated results and for results based on measured
near-field data.

loss of the passive array including the feeding and collecting

horns was found to be approximately 10 dB at 34 GHz. Much An estimate of the radiated power was necessary, not having
of this loss is due to the rather large array spacing when cothe availability of a far-field measurement system. The radi-
pared to other passive results that we have obtained in the peetl power was calculated by subtracting the loss associated
[14]. Other factors include dielectric losses in the horn and redth the power-combining portion of the system from the col-
flections from the lens, both of which we hope to address lacted output power. The loss associated with the power-com-
the future. The active array provided 10 dB of small-signal galsining portion of the system is the insertion loss of the pas-
at 34 GHz and almost 7 dB of gain under 3-dB compressiaive array (10 dB) minus the losses associated with the unit cell
at 34 GHz with a 3-dB bandwidth of over 800 MHz in both(3.8 dB), including losses associated with the antenna efficiency,
cases. In addition, the amplifier provided 41-dBm output powaericrostrip lines, and through-plate coaxial transition, divided by
under 3-dB compression at 34 GHz. As mentioned, both mdewo. This gives approximately 3 dB of loss associated with the
surements were calibrated from the hard-horn feed wavegujsmver-combining portion of the system. Using this calculation,
inputs and, thus, include the losses of the two horns. With edtle radiated 3-dB compression power was 44 dBm or nearly
unit cell capable of providing at least 30 dBm under 3-dB con25 W at 34 GHz, as shown in Fig. 11. This provides an esti-
pression, the power-combining efficiency is 28% for the 45-etnated PAE of 7.5% under 3-dB compression with a power-com-
ement array. Since the amplifier consumed 300 W of dc powleining efficiency of 56%. Fig. 12 shows the radiated power of
under 3-dB compression, the PAE is 3.4%. the 45-element array under 3-dB compression (34-dBm input



ORTIZ et al: HIGH-POWERK a-BAND QO AMPLIFIER ARRAY 493

power) versus frequency. The near-field pattern of the active ami2] A. Ali, S. Ortiz, T. Ivanov, and A. Mortazawi, “Analysis and measure-
pIifier array was also measured. From these near-field measure- ment of hard horn feeds for the excitation of quasioptical amplifiers,” in

IEEE MTT-S Int. Microwave Symp. Djglune 1998, pp. 1469-1472.

ments, the far-field radiation pattern of the array was calculategl3] ¢ A. BalanasAntenna Theory: Analysis and DesignNew York:
as shown in Figs. 13 and 14. Both the and H -plane radiation Wiley, 1997.

pattern agree well with simulated radiation patterns of an arraﬂ}‘”

T. lvanov, S. Ortiz, A. Mortazawi, E. Schlecht, and J. Hubert, “A passive
double-layer microstrip array for the construction of millimeter-wave

of the same dimensions, but with equal magnitude and phase spatial power-combining amplifiersfJEEE Microwave Guided Wave
excitation of the elements. Lett, vol. 7, pp. 365-367, Nov. 1997.

A 13-W QO amplifier array ati{a-band has been demon-
strated. An estimated radiated power level of 44 dBm at 34 Gt
with a 3-dB bandwidth of 800 MHz was obtained. Excess he
was removed via a thick metal carrier integrated into the arr.
and liquid cooling at its periphery. A 98-element (50-W am
plifier) scaled version of the current 45-element array is und
investigation.
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