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ABSTRACT - The performance at 20 GHz of high-

efficiency power amplifiers using a new class of GaAs per-

meable base transistors (PBTs) is described. These de-

vices utilize chip-level power-combining of multi-cell

8-by-20-pm PBT active areas and have demonstrated an

output power of 437 mW with a power-added efficiency of

35’% in a connectorized rnicrostrip amplifier. The power,

efficiency, and gain performance of demonstration amplifi-

ers using these new devices is described.

INTRODUCTION

The GaAs permeable base transistor (PBT), developed

at Lincoln Laboratory, has demonstrated very promising

performance as a high-efficiency power transistor for ap-

plications up through K-band frequencies [1]-[2]. Discrete

devices with active areas of 8 by 20 ~m and 8 by 40 ~m

have exhibited power-added-efficiencies of 66?I0 and 41V0

at 1.3 and 20 GHz respectively [2]. Although the power-

added efficiency of the discrete PBT at high microwave

and millimeter-wave frequencies has been exceptional to

date, the output power capability of the device has been

insufficient to overcome the high degree of circuit-

combining required for many high-power applications.

For over a year now, a development effort has been

underway to increase the power capability of the PBT and

retain its high-efficiency performance for 20-GHz trans-

mitter applications. The work has focused on the develop-

ment of a device which utilizes chip-level power combining

of several active-area PBT cells to increase the output

power of the overall device.

Several in a series of new multi-cell PBT device wafers

have been fabricated and evaluated. The devices on these

initial wafers are comprised of dual-cell and four-cell

8-by-20-vm active area PBTs that are power-combined on

a monolithic GaAs substrate. The resulting multi-cell de-

vices represent a new class of PBTs that are well-suited to

monolithic microwave integrated circuit (MMIC) applica-

tions and have significantly improved output power and

high power-added efficiency.

In this paper, we describe the performance of power

amplifiers which incorporate multi”cell PBT devices in mi-

crostrip circuit envircmments. Two multi-cell PBT struc-

tures, a dual-cell 250-mW device and a four-cell 400 mW

device are used to demonstrate the improved power capa-

bility of amplifiers using these new PBT devices. The dc

and small-signal RF characteristics and the large-signal

load-pull performance of these PBTs at 20 GHz are de-

scribed. In addition, the output power, gain, and asso-

ciated power-added efficiency of microwave integrated

circuit (MIC) amplifiers using these devices are also dis-

cussed. The combination of output power and associated

power-added efficiency performance of these devices is the

best reported for GaAs PBT amplifiers to date.

DESCRIPTION OF MONOLITHIC MULTI-CELL PBTS

The PBT is a vertical transistor in which the emitter

and collector of the device are separated by a

submicrometer-periodicity tungsten grating that forms the

base of the transistcm [3]. The tungsten grating is em-

bedded in crystalline GaAs using an organometallic chemi-

cal vapor deposition overgrowth process. For each active

area, two large tungsten base pads provide connection to

tbe base gratings and are positioned such that a base p:]d ❑l

Fig. 1 SEM photograph of a monofitldc dual-cell PBT
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/’”rests on each side of the collector. Top-surface ohmic-

contact metals are used to form the collector and emitter

contacts. The emitter contact pads lie alongside the base

pads on the top surface.

The multi-cell PBT structures described in this paper

are based primarily on a dual-cell structure fabricated on a

semi-insulating GaAs substrate. Air-bridge technology is

used to interconnect the emitters from adjacent devices to

ground [4]. A scanning electron microscope (SEM) photo-

graph of the structure is shown in Fig. 1. Proton bombard-

ment is used to define the 8-by-20-~m active areas and to

provide device-to-device isolation. The device substrates

are thinned to a 50-Km thickness to minimize thermal re-

sistance and inductance to ground. The top-side base, col-

lector, and emitter contacts of the devices enable each

dual-cell device to be RF wafer probed. The smallest

separation distance between active areas is 44 Urn, which

was determined to be sufficient to prevent the heating of

an active area by adjacent active areas.

Fig. 2 Four-ceil PBT bonded to an MIC substrate using

phototithographlcly fabricated ribbons, Via holes located

between every dual-cetl device provide the grouud return.

The four-cell PBT is comprised of the parallel combi-

nation of two dual-cell devices with a center ground return

located between each adjacent dual-cell structure. This

configuration minimizes the equivalent transmission-line

length between the active area and ground for the irmer-

most devices and results in significantly improved gain and

power-added efficiency than that provided by configura-

tions that rely exclusively on air-bridges for the RF ground

return. A four-cell PBT packaged into a 50-ohm micro-

strip transmission-line is shown in Fig. 2. The base and

collector contacts are comected to the microstrip circuit

using a photolithographically fabricated bonding ribbon
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Fig. 3 (a) Collector current versus collector-emitter voltage

for a dual-cell PBT. (b) Transconductunce versus base-emitter

vokage for a drraf-cefl PBT.

attached with thermocompression bonds. The four-cell

PBT in this configuration results in low radiative losses

and maintains high gain and power-added efficiency.

DC AND SMALL-SIGNAL CHARACTERIZATION

The current-voltage and transconductance ~ curves for

a dual-cell PBT are shown in Fig. 3. The g~ for the dual-

cell devices was nominally 85 to 95 mS measured at 50’%

of the zero-bias saturation current IG@.The nominal value

of I,- was 90 mA. Figore 4 illustrates the small-signal

transducer gain Szl, the maximum stable gain (MSG), and
the current gain hz, for the dual-cell PBT. The data was

obtained from on-wafer RF measurements.

The small-signal gain of the dual-cell device was nearly

identical to that measured for single-cell PBTs from the

same wafer. Other parameters of the device scaled as ex-

pected with the number of active cells, n (i.e., the device

impedance scaled as I/n, and 1= and & scaled directly

with n). The nominal uNty current gain frequency f~ for

dual-cell devices was extrapolated to 36 GHz. An MSG of
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~‘ig. 4 small-signal maximumstable gain (MSG), unity current gain

L, and tr~duwr gti as a frmction of frequency for dual-cell PBTS.

17 dB for single-cell PBTs and 16.3 dB for dual-cell de-

vices was measured at 21 GHz.

The input and output impedances for these devices

were sufficiently high to enable convenient microstrip

impedance-matching techniques to be used in the amplifi-

er design. The devices exhibited very unilateral small-

signal characteristics with a reverse isolation S,z less than

-25 dB at 20 GHz.

POWER CHARACTERIZATION

The large-signal characterization of the multi-cell PBTs

at 20 GHz was performed using a computer-aided active

load-pull measurement system [5]. The system was en-

hanced with an error-corrected power measurement tech-

nique similar to that described in Ref. 6. For these

load-pull measurements, the devices were individually

separated from the wafer and mounted into O.010-in.-thick

alumina microstrip circuits. The connection of the dual-

cell device to the microstrip circuit was provided by

0.2-mil-thick photolithographically produced bonding rib-

bons. These interconnect ribbons were tapered on one

end to facilitate thermocompression bonding to the

1.5-mil-square device contact pad. The opposing end of

the interconnect ribbon was widened for convenient con-

nection to 50-ohm microstrip transmission lines on alumi-

na substrate. The use of photolithographically fabricated

bond ribbons greatly improved packaging repeatability and

minimized bonding inductances.

The load-pull measurements were carried out in the

19.7-to-21 .7-GHz frequency band using a systematic search

for the combination of device bias, drive power, and load

impedance that delivered the optimum power-added effi-

ciency. The measurement-system software provided direct

control of these parameters with real-time display of de-

vice efficiency, output power, and embedding impedances.

Table I summarizes the best and typical measured

load-pull results for the dual-cell and four-cell PBTs from

two wafers, The dual-cell device easily demonstrated

%-watt capability, while the four-cell device provided a

nominal output power of 400 mW. In some cases, the re-

sults were obtained using input prematching circuits in or-

der to minimize the error sensitiwlty associated with high

reflection coefficient magnitudes. In addition, this served

to maximize the incidlent power from sources with limited

output power capability. The resullts tabuiated in Table I

include the circuit losses due to any pre-matching circuits.

Table I

20 GHz Load-pull Reaultafor Dual-cell and Four-cell PBTs

Z$
Wafer Device case Gain output Power-Added DC Power

Type (dB) Power Efficiency (row)

(row)

2BB38 Dual-cell best 5.3 334 44 .532

2BB69 Dual.cell typ. 5.9 246 40 457

2BB69 Fou1.0211 best 6.2 633 42 1,203

2BBd9 Four.cell typ. 5.3 436 35 WI

Table 11

Connectorized Multi-cell PBTAmplifier Performance at 20 GHz

m:Tm=m

EEEEE*
AMPLIFIER DESCRIPTION AND PERFORMANCE

Using load-pull characterization, the optimum input

and output embedding impedances for the dual-cell and

four-cell PBR were tietermined for a specific input drive

and device bias at several discrete frequencies. The

impedance-matching circuit designs were carried out with

the assistance of commercially available computer-aided

microwave circuit design software. The four-cell PBTs

required impedance transformations to resistances of 3-5

ohms for the input circuit and 70 ohms for the output load.

These impedance levels were one-half those required for

the dual-cell devices. All the impedance-matching net-

works were realized using O.010-in.-thick alumina micro-

strip. Table II summarizes the typical performartce of

connectorized PBT amplifiers using multi-cell PBTs inclu-

sive of all circuit and comector losses.
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Figure 5 illustrates the output power, gai~ and power-

added efficiency at 20 GHz of a two-stage microstrip PBT

amplifier. The data is referred to the rnicrostrip ports of

the amplifier. The demonstration amplifier contains three

four-cell devices with two devices combined using in-phase

combiner/divider networks in the second stage of the am-

plifier. A four-cell device functions as the driver stage and

is de-isolated from the second stage by a coupled-line dc-

blocking capacitor. Low-frequency oscillation-suppression

networks fabricated with thin-film resistors and beam-lead

capacitors were included at the input and output of each

device to eliminate undesired instabilities at lower micro-

wave frequencies. This amplifier has demonstrated an

output power of 700 mW with a power-added efficiency of

26.5% and gain of 9.6 dB at 20 GHz. A photograph of the

amplifier is shown in Fig. 6.
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Fig. 5 Output power, gain, and power-added efficiency at 20

GHz for a 2-stage microstrip amplifier using four-cell PBTs. The

data is referred to the microstrip ports.

SUMMARY

The performance of amplifiers incorporating a new

class of GaAs PBTs have been described. These devices

utilize chip-level power combining of 8-by-20-~m active

area PBTs on a monolithic GaAs substrate. Two-cell (250

mW) and four-cell (400 mW) devices have been fabricated

and embedded into 20-GHz high-efficiency MIC amplifiers

which have demonstrated the high output power and

power-added efficiency available from these PBTs.
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