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Abstract—Broad-band high-power cascode AlGaN/GaN high
electron-mobility transistor monolithic-microwave integrated-cir-
cuit (MMIC) amplifiers with high gain and power-added efficiency
(PAE) have been fabricated on high-thermal conductivity SiC
substrates. A cascode gain cell exhibiting 5 W of power at 8 GHz
with a small-signal gain of 19 dB was realized. A nonuniform
distributed amplifier (NDA) based on this process was designed,
fabricated, and tested, yielding a saturated output power of 3–6 W
over a dc–8-GHz bandwidth with an associated PAE of 13%–31%.
A broad-band amplifier MMIC using cascode cells in conjunction
with a lossy-match input matching network showed a useful
operating range of dc–8 GHz with an output power of 5–7.5 W
and a PAE of 20%–33% over this range. The third-order inter-
modulation products of the amplifiers under two-tone excitation
were studied and third-order-intercept values of 42 and 43 dBm
(computed using two-tone carrier power) for the lossy match and
NDA amplifiers were obtained.

Index Terms—Broad-band amplifier, cascode, distributed am-
plifier, GaN, high electron-mobility transistor, silicon carbide.

I. INTRODUCTION

FOR DECADES, the realization of broad-band high-power
monolithic-microwave integrated-circuit (MMIC) power

amplifiers has posed a significant challenge to microwave
design and systems engineers due to the electrical and
thermal limitations of GaAs transistor technology. In recent
years, AlGaN/GaN high electron-mobility transistor (HEMT)
technology has established itself as a strong contender for
such applications because of its large electron velocity
( 1 10 cm/s), bandgap (3.4 eV), breakdown voltage
( 50 V for GHz), and sheet carrier concentration
( cm ). Due to the superior electronic prop-
erties of the material and the possibility to grow the material
on high thermal conductivity (3.5 W/cmK) SiC substrates,
power densities as high as 10.7 W/mm at 10 GHz [1] and
6.5 W/mm at 20 GHz [2] have been achieved.
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This paper addresses the problems associated with
broad-band high-power MMIC power amplifiers on both
the device technology and circuit design fronts by the use of
high-performance AlGaN/GaN HEMTs in MMIC amplifier
configurations optimized for high power and power-added effi-
ciency (PAE). Previous work on GaN-based circuits has shown
the viability of these devices for microwave circuit applications
[3]–[7]. However, to date, no multioctave power-amplifier
MMIC results using AlGaN/GaN HEMTs grown on high
thermal-conductivity SiC substrates have appeared in the
published literature. This paper describes the design and devel-
opment of the first multioctave broad-band MMICs based on
AlGaN/GaN HEMTs fabricated on high thermal-conductivity
SiC substrates for simple efficient device heat sinking. First,
technology used to fabricate the active and passive devices on
SiC substrates is described. Next, the large-signal operation of
the cascode power cell in terms of its dynamic loadline behavior
is compared to the measured dc– characteristics for the
device, showing strong correlation of the dc and microwave
current. Results for cascode pairs of 0.25- and 1-mm periph-
eries show excellent power scaling properties, as both devices
realized output power densities of5 W/mm ( 36% PAE) at
8 GHz at a drain bias of 30 V. The design and characteristics
of cascode broad-band power MMICs using both nonuniform
distributed amplifier (NDA) and lossy-match designs are then
given. In each case, a dc–8-GHz 3-dB bandwidth was achieved
with output powers of 3–6 and 5–7.5 W and associated PAEs of
13%–31% and 20%-33%, respectively. Evaluation of the am-
plifiers under two-tone excitation yielded third-order intercept
point (IP3) values of 43 and 42 dBm.

II. GALLIUM –NITRIDE HEMT DEVICE AND

CIRCUIT TECHNOLOGY

Multioctave high-power amplifiers demand microwave de-
vices with high power density. Consider a uniform distributed
amplifier (DA) with a cutoff frequency , gate-line character-
istic impedance , and maximum output power con-
sisting of sections and having transistors with a maximum
output power and gate–source capacitance . Its power
bandwidth product (PBW) is defined by

(1)

An upper bound on this quantity may be written as

(2)
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Fig. 1. Cross-sectional diagram showing the MMIC process for AlGaN/GaN
HEMTs on SiC substrates.

where is the knee voltage of the transistor, is its
drain–source breakdown voltage, and is the load presented
to its drain terminal. Clearly, for a fixed gate-line impedance

, the watts per picofarad ratio dictates the PBW
of the amplifier. For a given transistor technology,
is a fixed quantity since according to (2), depends on

, which, along with , increases with gate length.
AlGaN/GaN HEMTs combine a frequency response similar to
GaAs-based devices with significantly higher current densities
and breakdown voltages. This enhancement in performance
over GaAs on a watt-per-picofarad basis raises the output power
obtainable from a wide-band amplifier. The following para-
graphs describe the process and characteristics of AlGaN/GaN
HEMTs and then discuss the large-signal scaling properties
and dynamic loadline behavior of AlGaN/GaN HEMTs in a
cascode configuration.

A. MMIC Process

A simple seven-mask-level MMIC process, depicted in
Fig. 1, is used to fabricate the devices and circuits of this
study. The wafers used to fabricate the MMICs are grown by
organo–metallic vapor phase expitaxy and consist of a 50-nm
AlGaN nucleation layer followed by a 1–1.5-m GaN buffer
and Al Ga N barrier layers grown on 4-H SiC substrates.
Alignment marks are formed with a Pt layer for both e-beam
and optical alignments. Next, mesas for active transistors as
well as resistors are etched to a depth of 220 nm using a
Cl -based electron–cyclotron resonance (ECR) etching tool.
Ohmic contact to the two-dimensional electron gas is accom-
plished by the use of a Ti (20 nm)/Al (120 nm)/Ti (45 nm)/Au
(55 nm) ohmic contact metal stack that is patterned using an
e-beam liftoff process and then annealed in an 800C N
ambient for 30 s. Mushroom gates employing an Ni Schottky
barrier are formed using direct e-beam writing in conjunction
with a tri-level resist scheme. All devices have a gate length of
0.30 m. The first level interconnect metal is patterned using
optical lithography and the liftoff technique. A 200-nm SiN
passivation/dielectric layer is applied after the interconnect
metal to passivate the high-field regions of the devices, as
well as to form a dielectric for metal–insulator–metal (MIM)
capacitors. Past studies [8] indicate that this passivation layer
plays a role in helping to suppress long-time constant charge

(a)

(b)

Fig. 2. (a) Circuit schematic and (b) SEM image of cascode cell withW =

W = 1 mm and�m andW = W = 0:25 mmL = L = 0:3 �m.
Die size 0.7� 0.6 mm .

storage in surface states in the high field surface region of our
undoped HEMT devices. Following the passivation step, holes
are etched in the SiN using reactive ion etching to allow for
contact to the first-level interconnect metal. Air bridges are
then plated to a thickness of 2.5m using a two-level optical
resist and electroplating scheme.

Devices with gate peripheries of 150m fabricated using this
same process were recently measured at 10 GHz and yielded
power densities of 10.7 W/mm when tuned for maximum power
[1]. In this study, lower drain biases and, subsequently, lower
power densities are used to ensure reliability of the devices and
circuits over many power sweeps.

Since this process has no backside via-hole process devel-
oped, coplanar waveguide (CPW) technology is used for the
creation of the transmission lines used in the MMICs. Using the
electroplated Au deposited on top of the first level of evaporated
Au to achieve a total thickness of 2.8m, transmission lines
with nominal impedances of 30, 50, 60, and 80and losses of
1–1.5 dB/mm are realized.

B. Dynamic Loadline and Power Scaling of
Cascode-Connected Gallium–Nitride HEMTs

The circuits presented here use the cascode configuration
shown in Fig. 2 due to the high gain associated with its low
feedback capacitance and output conductance. In its early
stages, AlGaN/GaN HEMT transistor technology suffered from
electron trapping effects that decreased the current carrying
capability of the devices in the high-field gate–drain region.
This effect caused the microwave channel current and, hence,
output power to be lower than that predicted by dc– curves
[8]. Fig. 3 compares the measured 8-GHz dynamic loadline
behavior of a cascode-connected 0.3250 m device to
its measured dc– characteristics. As seen from the figure,
trapping effects are minimal, as good correlation between the
dc – curves and the realized microwave current swing of
1 A/mm is evident. The dynamic loadline measurement was



2488 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 12, DECEMBER 2001

Fig. 3. 8-GHz dynamic loadline and dcI–V curves (V = +1 V,
V = �1 V) for cascode cell withW = W2 = 250 �m and
L = 0:3 �m. Bias:V = 25 V, V = �3 V, V = +5 V.

Fig. 4. Comparison of saturated output power, gain, and PAE as a function of
input drive power for cascode cells withW =W = 1mm (Fig. 2) andW =

W = 0:25 mm (L = L = 0:3 �m) under conditions ofV = 30 V,
V = �3 V, V = +5 V, and a frequency of 8 GHz.

performed using a 4–26.5-GHz Maury load–pull system with
HP 708208A microwave transition analyzers (MTAs) used in
place of power meters [9]. The voltage swing and maximum
channel current, as evidenced by the dynamic loadline, enables
a power density of 4.5 W/mm to be obtained under bias
conditions of V, V, and V.

Fig. 2(b) shows one of the two types of cascode cells used
in the amplifier circuits of this paper. It contains 1 mm of total
gate periphery for both the common source (CS) and common
gate (CG) devices. This device uses a125-m section of a high-
impedance transmission line to separate the CS and CG de-
vices. This separation allows the devices to have some degree of
thermal isolation from one another, thus increasing the ability of
the device to dissipate heat. Additionally, the series inductance
provided by the high-impedance transmission line gives gain
peaking. Fig. 4 demonstrates the excellent power scaling prop-
erties of this cascode pair due, in part, to the high thermal con-
ductivity SiC substrate. The figure compares the output power
density, gain, and PAE of a -mm device with
that of a -mm device. In each case, a power den-
sity of 5 W/mm and a PAE of 36% was met or exceeded at a
bias point of V, V, and V.

Fig. 5. Schematic of ideal uniform DA.

III. NDA

DAs offer broad-band operation by incorporating gain ele-
ments in synthetic lumped-element approximate transmission
lines, realized by the transistor capacitances and intervening
inductances [10]. This topology allows the addition of transcon-
ductance without adding device capacitance, thus resulting
in excellent gain-bandwidth product. However, conventional
DAs do not have good PAE because: 1) power is consumed
by the synthetic drain-line termination dummy load; 2) the
devices are loaded nonuniformly along the drain line; and
3) frequency-dependent attenuation along the gate line results
in nonuniform drive of the active devices.

Quantitatively, the ratio of the power dissipated in the
drain-line dummy load of Fig. 5, , to the power dissipated
in the output load varies as the ratio of frequency to cutoff
frequency and number of transistors . At frequencies
well below the amplifier cutoff frequency , this ratio, i.e.,

, is given as

(3)

where

(4)

Here, refers to the inductance of the gate-line ladder net-
work sections and refers to the gate–source capacitance.
It is clear from this expression that near dc, the power dissi-
pated in the dummy load is equal to that delivered in the external
load. At frequencies above , dB. At
higher frequencies, however, nonoptimum and nonuniform de-
vice loading degrades the realized output power and PAE [11].
In addition, frequency-dependent attenuation along the gate line
causes nonuniform drive of each transistor [12]. The result of
the nonuniform drive is premature compression of the transistor
closest to the amplifier input and insufficient drive of the tran-
sistors closest to the gate-line termination resistor.

A. Design

Three cascode-connected AlGaN/GaN HEMT cells, having
0.3- m (each) gate lengths and 1-mm (each) gate peripheries,
were employed to design and fabricate broad-band high-power
MMIC NDAs. These cascode devices, optimized for a very
compact layout, consist of adjacent CS and CG device gate
fingers placed 6 m apart with a 4-m strip of ohmic contact
metal between them, as described in [4]. Eight 125-m-long
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(a)

(b)

Fig. 6. (a) Circuit schematic and (b) chip photo of the NDA and detail of
1-mm cascode cell photograph. Die size: 2.5� 1.4 mm . All gate CPW line
impedances are 80
, and the drain-line impedances, from the left- to right-hand
side, are 60, 50, and 30
.

CS/CG finger pairs are placed in parallel to form an overall
device with 1 mm of total gate periphery for both the CS and
CG devices. A Curtice cubic nonlinear device model for the
cascode cell used in the amplifier design was based on mea-
surements of single-gate 0.3 250 m periphery transistors
[9].

Using the nonlinear transistor model, a uniform DA having
a drain-line dummy load was designed initially to ensure the
bandwidth (dc–8 GHz). The drain-line dummy load was then
removed, and the gate- and drain-line sections were carefully
optimized for optimum power and efficiency using the genetic
algorithm (GA) method [13]. The schematic of the amplifier de-
signed is shown in Fig. 6(a). The NDA inductances are realized
using air-bridged CPW lines, as described in Section II-A, with
the lengths indicated in Fig. 6(a). The circuit parameters, i.e., the
gate and drain inductive line lengths, resulted from the iterative
optimization. The optimization goals were specified so that the
three-stage NDA has a flat gain and high efficiency throughout
the band (dc–8 GHz). The photograph of the fabricated circuit
is shown in Fig. 6(b). Note the absence of the drain-line dummy
load and the varying CPW drain-line lengths between each of
the three gain stages, indicative of the nonuniform inductance
values. Also note that the lines nearer the output are of lower
characteristic impedance and, hence, are wider and more able
to supply higher dc current in class-A bias, to mitigate electro-
migration problems [14]. The corresponding center conductor
widths of the CPW drain lines are 27, 40, and 66m, with
ground-to-ground spacing of 80m.

B. Experimental Results

The measured small-signal for the fabricated NDA in
a 25- system showed a 3-dB bandwidth of dc–8 GHz with

13-dB small-signal gain, as seen in Fig. 7. On-wafer large-
signal measurements yielded a continuous wave (CW) power
of 3–6 W over 3–8 GHz and a maximum PAE of 31% with
6 W of associated output power at 3 GHz. These measurement
results, shown in Fig. 8(a), were taken at values of 10, 25,
and 28 dBm, which correspond to linear gain and . For

Fig. 7. Measured scattering parameters of an NDA of Fig. 6 under conditions
of V = 15 V, V = �4 V, V = +5 V.

(a)

(b)

Fig. 8. Measured large signal results for the cascode-connected HEMT NDA
with 25-
 source and load impedances. (a) Power spectrum measured at small
signal (P = 10 dBm), P (P = 25 dBm), P (P = 28 dBm).
(b) Power sweep at 5 GHz.

these measurements, the source and load impedance were set to
25 at each frequency using electromechanical tuners. The bias
conditions for these measurements were V,
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(a)

(b)

Fig. 9. (a) Circuit diagram and (b) chip photograph of the lossy-match
broad-band amplifier and detail of 1-mm inductively peaked cascode cell
(cascode cell not drawn to scale). Input matching network transmission lines
have impedanceZ = 80 
.

V, and V (class-A operation). As shown in this
figure, exceeds by only 1.5 dB over the entire band
of operation. With the same bias condition, the power sweep of
Fig. 8(b) was measured at 5 GHz where a saturated output power
of 5 W at 25% PAE was achieved.

IV. L OSSY-MATCH CASCODEPOWER AMPLIFIER

The broad-band lossy match amplifier of Fig. 9 completely
eliminates the traveling-wave structure for the addition of drain
currents, but retains the constantfilter sections on the input to
achieve flat gain. In this way, the devices can be driven to peak
efficiency and their output power match is easily controlled.
Also, unlike the NDA, this technique avoids the need to simul-
taneously optimize both the gain flatness and device loading.

A. Design

Two 1-mm cascode cells of Fig. 2 whose large-signal opera-
tion was described in Section II-B were used to realize lossy
match wide-band amplifier. A wide-band amplifier was cre-
ated by absorbing the capacitance on the input of the cascode
into artificial transmission-line sections terminated by a resistor
of value according to the design technique depicted in
Fig. 9(a). This broad-band design technique reduces the circuit’s
transducer gain at low frequencies to a value given by

(5)

where refers to the combined transconductances of the
cascode devices and refers to the impedance of the input
source (25 ). The cutoff frequency is approximated by (4)

Fig. 10. Measured scattering parameters of cascode power amplifier of Fig. 9
under conditions ofV = 15 V, V = �4 V, andV = +5 V.

(a)

(b)

Fig. 11. Measured large-signal results for the lossy match amplifier with
25-
 source and load impedances. (a) Power spectrum measured at small
signal (P = 14 dBm), P (P = 24 dBm), P (P = 28 dBm).
(b) Power sweep at 6 GHz.



GREENet al.: HIGH-POWER BROAD-BAND AlGaN/GaN HEMT MMICs ON SiC SUBSTRATES 2491

Fig. 12. Block diagram of two-tone power measurement system used to evaluate intermodulation products for the MMICs at 6 GHz.

where and are defined by the cascode device’s input ca-
pacitance and the additional constraint on the inductance given
by

(6)

The output matching sections of the amplifier aresections,
consisting of the shunt output capacitance of the cascode device
in series with the series inductance and shunt capacitance pro-
vided by a 65 - to 30 - step in the transmission-line impedance.
As with the NDA amplifier discussed above, a nonlinear Curtice
cubic device model based on parameter extraction of the 0.3
250 m device was used for the circuit design and optimiza-
tion. Using the device model and these design guidelines, the
amplifier was designed and fabricated. Fig. 9(b) shows a photo-
graph of the finished amplifier.

B. Experimental Results

Measured scattering parameters for the amplifier in Fig. 10
show the flat gain achieved by the design that provides a 3-dB
bandwidth of 8 GHz. While this amplifier maintains less ripple
in the forward gain than the NDA of Section III, is 3 dB
higher than that of the NDA. As seen in Fig. 11(a), on-wafer
power measurements using a load–pull system, with the input
and output impedances to the circuit set to 25and constant
input powers of 14 dBm (small signal), 24 dBm ( ), and
29 dBm ( ), resulted in a saturated output power of 5–7.5 W
over a 3–8-GHz frequency range. The achieved PAEs are
20%–33% over this range. Fig. 11(b) shows the saturation
characteristics of the power amplifier measured at 6 GHz,
where a small-signal gain of 15 dB, an output power of 6.3 W,
and a PAE of 30% were obtained. From both of these figures,
it can be seen that and vary by only 1 dB and the
PAE improves only marginally beyond . This behavior
is indicative of reasonably good linearity properties of the

Fig. 13. Saturation characteristics of the NDA of Fig. 6 under two-tone
excitation (f = 6 GHz,f = 6:01 GHz). Bias:V = 25 V, V = �3 V,
V = +5 V.

cascode devices. The bias point of the amplifier for all of these
data was V, V, and V.

V. INTERMODULATION-DISTORTIONCHARACTERISTICS

Using the measurement system of Fig. 12, 6-GHz two-tone
measurements were performed to characterize the intermodula-
tion products of the amplifiers discussed in Sections III and IV.
Fig. 13 shows the intermodulation characteristics for the NDA
of Fig. 6, while Fig. 14 shows the intermodulation characteris-
tics for the lossy match amplifier of Fig. 9. The IP3 is deter-
mined by extrapolating the portion of the saturation character-
istics in which the amplifier nonlinearity does not impact the
amplifier gain significantly. For the NDA of Fig. 6, an IP3 of
43 dBm was obtained at a bias point of V, V,
and V. At the same bias point and frequency, the
lossy match amplifier of Fig. 9 achieved a IP3 of 42 dBm. These
IP3 results, along with single-tone large-signal results, are sum-
marized in Table I.
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TABLE I
COMPARISON OFLARGE-SIGNAL CHARACTERISTICS FORNDA AND LOSSYMATCH AMPLIFIER

Fig. 14. Saturation characteristics of lossy-match amplifier of Fig. 9 under
two-tone excitation (f = 6 GHz,f = 6:01 GHz). Bias:V = 25 V, V =

�3 V, V = +5 V.

Care must be used in interpreting the IP3 data of the ampli-
fiers. In the case of the NDA, dB. For
the lossy-match amplifier, dB. A stan-
dard power series analysis [15] shows that a difference of 9.6 dB
is expected between IP3 and thesingle-tone . A compar-
ison of the levels under two-tone excitation (shown in
Figs. 13 and 14) shows that the levels under two-tone con-
ditions is approximately 2 dB lower than the levels under
single-tone excitation shown in Figs. 8 and 14. Therefore, the
value of IP3 taken on the basis of comparing third-order inter-
modulation (IM3) with the single-tone output power is approx-
imately 2 dB higher than that obtained by comparison with the
two-tone output power shown in these figures.

VI. DISCUSSION ANDCONCLUSION

An AlGaN/GaN MMIC technology and realization of
multioctave power amplifiers have been presented. The
large-signal performance of cascode power cells shows the
excellent electrical and thermal properties of the devices,
resulting in high output power and excellent power scaling
properties. State-of-the-art multioctave power performance
was obtained using the cascode configuration in both NDA
and lossy match broad-band power-amplifier designs. It is
seen that, while the NDA provided better input and output
matches, higher power and efficiency for a smaller total gate
periphery (2 mm compared to 3 mm) could be obtained from
the lossy match amplifier. To the authors’ knowledge, the
power levels achieved with these amplifiers are among the
highest ever reported for multioctave MMICs. In comparison,
a 2-W (pulsed) output power has been reported for a 2–8-GHz
GaAs cascode heterojunction bipolar transistor (HBT) MMIC

DA ( ) [16]. It should be emphasized that
the measured CW power results presented in this paper were
achieved on-wafer and that with improved heat sinking or
pulsed RF measurements, higher power levels may be possible.
The measured IP3s for the amplifiers were respectable for
a technology in its early stages. It is noteworthy that during
repeated power sweeps, no significant degradation in the gain
and PAE of the MMICs was observed. In any case, the results of
this paper demonstrate the desirability of AlGaN/GaN HEMT
MMIC technology for wide-band power amplification.
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