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A Gallium-Nitride Push—Pull Microwave
Power Amplifier
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Abstract—A highly efficient linear, broad-band AlGaN-GaN
high electron-mobility transistor (HEMT) push—pull microwave
power amplifier has been achieved using discrete devices. In-
strumental was a low-loss planar three-coupled-line balun with
integrated biasing. Using two 1.5-mm GaN HEMTs, a push—pull
amplifier yielded 42% power-added efficiency with 28.5-dBm
input power at 5.2 GHz, and a 3-dB bandwidth of 485 GHz
was achieved with class-B bias. The output power at 3-dB gain
compression was 36 dBm under continuous-wave oper ation. Along
with the high efficiency, good linearity was obtained compared
to single-ended operation. The second harmonic content of the
amplifier was more than 30 dB down over the 4-8.5-GHz band,
and a two-tone excitation measurement gave an input third-order
intercept point of 31.5 dBm at 8 GHz. These experimental results
and an analysis of the periodic load presented by the output balun
suggest the plausibility of broad-band push-pull operation for
microwave systems with frequency diversity.

Index Terms—Balun, broad-band amplifier, gallium nitride,
high electron-mobility transistor (HEMT), push—pull, silicon
carbide.

I. INTRODUCTION

IDE-BANDGAP GaN (3.4 eV) offers a higher break-

down field (>3 MV/cm) and relatively lower intrinsic
carrier generation than smaller bandgap semiconductors such
as GaAs and Si [1]. With these characteristics, AlGaN-GaN
high electron-mobility transistors (HEMTs) can operate under
high drain voltage and high temperature. The current drive
capability of GaN HEMTs is aso good due to the very high
sheet carrier density (1 x 10'®/cm?) and high saturation ve-
locity (1.2 x 107 cm/s) [2]. When high thermal conductivity
(8.3 W/cm - K) semi-insulating SiC substrates are used, the low
thermal impedance path provides high power density operation.
These transport properties and power-handling capabilities |ead
to the promise of GaN HEMTSs for high-power high-temper-
ature microwave applications. Operation of GaN HEMTSs has
been demonstrated up to K-band [3], and a continuous-wave
(CW) power density of 10.7 W/mm at 10 GHz [4] and a pulsed
power of 113 W at 1.95 GHz [5] have been reported.
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Recent applications of GaN HEMTSs in broad-band power
amplifiers have included a monolithic nonuniform distributed
amplifier with a cascode-connected gain cell [6], an amplifier
with distributed input, and corporate output combining that
employed flip-chip bonded devices [7], an amplifier with LCR
matching having an input power splitter and an output combiner
[8], and a two-stage reactively matched monolithic-microwave
integrated-circuit (MMIC) amplifier with backside via-holes
through the SiC substrate [9]. While these GaN-based ampli-
fiers have achieved high power performance, the results have
been achieved at the expense of either linearity or power-added
efficiency (PAE). These amplifier designs have been based
either on linear classA operation, with the conseguential
limitation on efficiency, or nonlinear class-AB operation.

Class-B operation offers high PAE, thus relieving thermal
dissipation problems. Linear operation can be achieved with
a class-B push—pull implementation. Push—pull operation also
provides a larger impedance transformation ratio than parallel
in-phase combining, which is particularly important for large
periphery devices. Push—pull operation with identical devices
reguires transformer-coupled excitation and transformer com-
bining in order to achieve the necessary 180° phase shift. At
microwave frequencies, this can be achieved using abalun (bal-
anced to unbalanced transformer, from antenna nomenclature),
such as the broad-band compensated balun proposed by Marc-
hand [10]. Broad-band baluns can have octave bandwidths, and
the impact on push—pull amplifier performance will be a func-
tion of this bandwidth and the out-of-band impedance. More
precisely, theimpedance asafunction of frequency of the output
balun, as seen by the devices, will have a significant impact on
amplifier performance. Also, while GaN HEM Ts are till in the
devel opment stage, the significant power densities achieved thus
far suggest that the technology is ready for more efficient am-
plifier development. These issues are addressed in the context
of realizing broad-band linear GaN power amplifiers.

Class-B push—pull amplifiers have been manufactured at mi-
crowave frequencies. An AlGaAs-GaAs amplifier for L/S-
band was designed for cellular base-station applications, where
an output power of 112 W and a PAE of 46% were achieved
[11]. Inanamplifier with four devices, two push and two pull, an
output power of 0.46 W and a PAE of 25% at K/ K a-band were
obtained [12]. Both these amplifiers used forms of the Marchand
balun, but did not focuson thelarge-signal frequency-dependent
characteristics associated with the use of these baluns. A pre-
viously developed W-band amplifier employing AlGaAs- n-
GaAs-GaAs HEMTSs used a Lange coupler with an additional
linelength to realize narrow-band baluns[13]. Theimpact of the
frequency-dependent impedance transformation of the output
balun is addressed in this paper.
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Fig. 1. (a) Schematic of the single-ended class-B amplifier with load

Zy(nw). (b) Drain current/voltage waveform and load line for resistively
terminated class-B operation.

Ideal class-B operation is described in Section Il in order to
provide a reference for measured efficiencies. The design and
fabrication of planar broad-band baluns used in the push—pull
amplifiersis presented in Section I11. Section IV gives the am-
plifier design and measured results for the push—pull GaN am-
plifier using discrete HEMTs.

II. CLASS-B OPERATION

The impact of the freguency-dependent driving point
impedance of the output balun on PAE is investigated in
class-B operation, and various factors that influence efficiency
and linearity are examined.

A single-ended class-B amplifier with a tuned circuit load
is shown in Fig. 1(a), and the corresponding drain current and
voltage waveformswith the assumption of aresistiveload lineis
shown in Fig. 1(b). The dc drain bias point is V... The periodic
half sinusoid i (%) in Fig. 1(b) can be expressed as a Fourier
series, giving

ip(t) = Z Ip(nw)e™*
Irn Irn . 2Irn s COS(?’Lwt)
=T rgmen == ), Sar @

n>2,even

where I (nw) isthe peak amplitude of the nth harmonic of the
drain current. Assuming areal and constant load impedance for
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al harmonics (Zr,(nw) = Ry,), the casein Fig. 1(b), the drain
voltage Fourier expansion is

2Vin cos(nwt)

‘/cc_
n?—1

UD(t) =

> @)

n>2,even

an .
> sin(wt) +

where V,,, is the maximum instantaneous drain voltage devi-
ation from V.. With a frequency-dependent load impedance
Zr(nw),Vp(nw) = Ip(nw)Zp(nw). The fundamental and
harmonic component of the drain voltage will then depend on
the driving point impedance of the output balun Z,(nw).
Consider now the class-B push—pull amplifier and the ideal
case of a center-tapped input transformer providing the correct
180° phase-shifted gate voltage and an infinite bandwidth
output transformer for each device having unity turnsratio. The
output current obtained by combining two antiphase drain cur-
rents and using (1) shows that the push—pull amplifier is linear
with an idedl linear device. Since HEMT characteristics are
usually closeto linear above threshold, low distortion operation
is feasible for push—pull class-B power amplifiers with GaN
HEMTSs. For alinear push—pull amplifier, Poy, = 12, R/2 =
Vindm/2. The power supplied by both sources is Poyp =
2Vee I /7 and, assuming full swing, V.. = V,,, and, therefore,
the drain efficiency is w /4. Thus, the advantage of a push—pull
amplifier is high efficiency and its linear transfer function.
Thedevicekneevoltagewill limit achievabledrain efficiency.
For physical devices that dissipate gate power, PAE is adso an
important parameter, where PAE = (P, — Pin)/Paup- With
Zr,(nw) afunction of frequency, linearity will be compromised.
Implementing a microwave push—pull amplifier requires ei-
ther very small lumped-element transformers or some form of
distributed transformer. The latter approach is described in this
paper. The physical balun has finite bandwidth, nonzero inser-
tion loss, imperfect magnitude and phase balance, and provides
afregquency-dependent transformation of theload resistance. All
of these factors can potentially serve to reduce the efficiency
and detract from the linearity. However, the resonant balun of-
fers favorable features when used as the output transformer in a

push—pull amplifier.

I11. Low-L0oss PLANAR THREE-COUPLED-LINE BALUN

A low insertion-loss broad-band microstrip Marchand balun
isshowninFig. 2(a). The planar three-conductor balun with the
outer resonators connected allowstight coupling to be achieved
with relaxed inter-line spacing. The symmetric three-coupled-
line balun can be analyzed by considering its correlation with
theideal coaxial balun of Fig. 2(b), [10]. Only two modes prop-
agateinthe system of Fig. 2(a), dueto the presenceof air bridges
between the two outer conductors. The center conductor forms
an open-terminated line, described by a mode similar to that in
a coplanar waveguide (CPW), and the outer conductors form
shorted resonators. These effectively combine to give a series
open-circuit stub and shunt short-circuit stub, as in Fig. 2(b).
Theline lengths (L, Ly, Lq) in Fig. 2(b) are al one quarter-
wavelength at the center frequency. Since the two contributing
microstrip modes have different phase constants, the microstrip
resonator lengths will differ. In this case, some effective length
can be used.
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Fig. 2. (&) Microstrip balun implementation using three coupled lines. 7, =
50 Q, R = 502. (b) Coaxia balun schematic. Thelinelengths are one quarter-
wavelength at the center frequency f;.

The characteristic impedances of the balun were ob-
tained from an analysis based on bandwidth and input/output
impedance under the TEM assumption. The coupled-line
dimensions corresponding to the desired characteristic imped-
ances were obtained using atwo-dimensional (2-D) quasi-TEM
balun model [14]. The final design validation was evaluated
using Agilent Momentum,! a full-wave electromagnetic simu-
lator. For high (bias) current, an appropriately large conductor
cross section was needed. To achievewidelines, a375-pm-thick
high thermal conductivity AIN substrate (¢,, = 8.5) was used.
The linewidths were al 80 m, with 20-zm spacing, and the
resonator lengths were 3900 m (fo = 8 GHz). Theimpedance
transformation is from 50 2 unbalanced to 50 2 balanced,
which is 25 € to ground, i.e., each device gate and drain needs
to be matched to 25 2 at the center frequency. This lower
impedance eases the matching to large periphery devices. The
measured back-to-back balun performance for two cascaded
balunsisshown in Fig. 3. Theinsertion lossis lessthan 0.5 dB
per balun over 5-9.5 GHz. The measured amplitude imbalance
was less than 1 dB, and the phase imbalance was +10°, over
5-11 GHz [14].

For the coaxial Marchand balun circuit shown in Fig. 2(b),
assuming equal linelengths (L, = L, = L), the impedance
transformation of the coaxial balun will be periodic in fre-
quency, with period 2f,. To see the load impedance for a
push—pull device, consider the impedance at nodes C-B,
Ziout = Rout + 7 Xout, 1.€., from the balanced end, which is

7,72
Rou = o ~ab 3
C T Z2cot20 + (Zay — Zycot? 6)2 &
X = Z2Z g, cot 0 — Zy Zigy, cot O( Zay, — Z cot? 0) 4

Z2cot? 0 + (Zap — Zy cot? 6)2

1Agilent Advanced Design System (ADS), Agilent Technol., Palo Alto, CA,
2000.
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Fig. 3. Measured back-to-back balun response of the two cascaded baluns.

with 8 = ((x/2)(f/fo)) and fo the band center frequency
where the electrical length equals one quarter-wavelength.

From the impedance expressions of (3) and (4), it is evi-
dent that the same impedance is presented, i.e., a passband oc-
curs, at odd multiples of fo(fo,3/o,...). Along with the peri-
odic impedance transformation property, the output balun pro-
vides a short-circuit termination for even harmonics. If Z, =
R, then from (3), Rowt = Rwhen 6 = (2n + D)n/2,n =
0,1,2,...,i.e,a fo,3f0,...,and Xoute = 0. At 0 = nw or
2f0,4f0,..., Rout = 0 and X, = 0. Thisresult is signifi-
cant for push—pull combining. It suggests that for frequencies
near fy, the even harmonics that appear in a passband will be
approximately eliminated by those from the other device, asin
theideal transformer. Also, those harmonicsappearing in astop-
band will have small contribution to the drain voltage and can
be expected to have small contribution to the output power spec-
trum. For frequencies that deviate appreciably from f,, some
nonlinearity may occur. Therefore, over some band of frequen-
cies near fo, the linearity and efficiency could be expected to
be similar to that of the ideal infinite bandwidth transformer.
This suggests that a moderately broad-band push—pull ampli-
fier should be feasible with a finite bandwidth balun due to its
periodic impedance transformation property.

The frequency response of the microstrip balun shown in
Fig. 2(a) was studied using an Agilent ADS transmission-line
model. The output port impedance of the microstrip balun Z,;
is the load seen by the drains of the push—pull pair. The sim-
ulation for Z,; for the fo = 8 GHz balun is given in Fig. 4.
As expected, the balun approximately provides a short-circuit
termination for the second harmonic (2f;). The rea part of
Zout 1S very small over a significant bandwidth about 2 £, and
the reactance is small and has an approximately linear depen-
dence on frequency. Depending on balun design, there will be
a transition region between passhand and stopband where the
degree of harmonic termination will vary with frequency, and
wherethe linearity will beworse. Fig. 4 indicates that this balun
should be effective in a push—pull amplifier operated over most
of the 4-10-GHz range, except for small bands around 6 and
10 GHz. However, the amplifier results that will be presented
indicate that harmonic suppression is excellent over the entire
band.



2246

150
150
100
100
) so 3
:‘550 _gf:
N 0 =
& o 2
-50
-50
1 1 1 1 1 1 -100

Frequency (GHz)

Fig. 4. Calculated balanced output port impedance of the microstrip balun
versus frequency. The balun center frequency f, is 8 GHz.

IV. GaN CLASS-B PusH—PuLL AMPLIFIER
A. Gallium-Nitride HEMT Device Technology

The fabrication, dc, and RF testing results for the discrete
GaN HEMTs used in study have been reported previously [15].
The AlGaN-GaN HEMT layer structure was grown by metal
organic chemical vapor deposition (MOCVD) on a semi-insu-
lating 4H-SiC substrate. The push—pull amplifier presented in
thispaper used 1.5-mm periphery devices (12 x 125 ;:m) having
0.35-u:m gate lengths and source ground via-holes connected
with air bridges. These devices had a maximum of approxi-
mately 600-mA/mm drain current, an fr of 25 GHz, and an
Smax Of 43 GHz, and the pinchoff voltage was —3 V. Typical
three-terminal gate—drain breakdown voltages ranged between
60-70V. A CW power sweep yielded a PAE of over 48% witha
saturated gain of 12.5 dB at 4 GHz when biased at Vg, = 18 V,
Ves = —2.47 V, and using input/output tuners, as shown in
Fig. 5.

B. Circuit Design and Fabrication

A modified Curtice cubic model with temperature-dependent
drain current modeling coefficients [16] was used as a user-de-
fined model for the GaN HEMTs in Agilent ADS. As conven-
tional methods based on fitting the dc 1-V curve are not avalid
indicator of the measured power spectrum, due to RF disper-
sion and thermal heating [17], [4], a pulsed |-V measurement
was used to characterize the devices and construct the non-
linear model. Temperature-dependent drain current coefficients
and bias-dependent model parameters were extracted from dc
and pulsed |-V characteristics measured at different tempera-
tures and .S-parameters measured at 80 different bias points.
The model was validated using measured power sweep data
with class-B bias. Thislarge-signal model was used to examine
the bias-dependent small-signal stability and the bias-dependent
amplifier performance.

The optimum load impedance for the 1.5-mm device was
determined using a focus load-pull system tuned for efficiency
at class-B bias. Higher efficiency could be achieved at arela
tively lower drain bias so adrain bias of 15 V was chosen. The
optimum load reflection coefficient (I'z o) Was measured to
be 0.572 /102.2° a 5 GHz. The frequency-dependent balun
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Fig.5. Measured CW power sweep of 1.5-mm AlGaN-GaN HEMT on SiC at
4 GHz with Vg, = 18 V, V,; = —2.47 V using input/output tuners.
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Fig. 6. Schematic of the push—pull amplifier with the balun and biasing
scheme.

input impedance Z;,, and the balanced output impedance Z.,.,;
were obtained using an Agilent ADS transmission-line model.
The output matching network transforms Z,,,;/2 to the op-
timum load impedance Zr, o (=25(1 4+ T'1, opi ) /(1 = Tropt))
at 5 GHz. An open-circuit stub match was designed for this
purpose. With the determined output matching network in
place, the input matching network was designed to trans-
form the device input impedance (found from I'p;, =
S11 4 (81292101 opt) /(1 — S2oL'f opi ), Where S;; are the
device S-parameters) to 25 2. Considering the lower available
gain at higher frequencies, the input matching network was de-
signed to match at 8 GHz for gain flatness. The same matching
network was used in the balanced lines for both device inputs,
and likewise for the outputs, thereby maintaining symmetry.

Fig. 6 shows a schematic of the push—pull amplifier with the
balun that incorporates the dc-biasing scheme. The biasis in-
jected through a radial stub, which also acts as the balun res-
onator RF ground. This scheme takes advantage of the dc iso-
lation provided by the coupled-line structure and, thus, elimi-
nates the need for RF-dc decoupling capacitors. Using the high-
impedance line between RF ground points provided by the ra-
dia stubs, the dc bias is supplied to both active devices with
a single bias injection point for the gate and drain. For sta
bility, a 100-Q2 TiW resistor was included in the center of the
high-impedance shunt connection line of the input balun, and a
100-pF chip capacitor was used for additional RF bypassing in
both the input and output baluns.
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Fig. 7. Photograph of the fabricated push—pull amplifier with discrete GaN
HEMTS, showing the matching stubs, dc-bias network, chip capacitors, and
the input/output baluns with radial stub grounding. Each substrate containing
abalun and matching network is approximately 0.5in x 0.4in.

10}

(=]

ot
=)

-20

S-parameters (dB)

Frequency (GHz)

Fig. 8. Measured small-signal S-parameters for the push—pull amplifier.
Vas = 15 V and Vi, = —2.4 V. Thedashed lineisthe simulated |z |.

The fabricated amplifier is shown in Fig. 7. The balun and
input/output matching networkswerefabricated onthe AIN sub-
strate, metallized with 2.5-um-thick gold. The 1.5-mm GaN
HEMTSs were attached to a gold-plated brass fixture using a
high thermal conducting epoxy (DIEMAT 6030Hk), which had
a thermal conductivity of 60 W/m - K and 6 ;€2 - cm resis-
tivity, and a 1-mil Au bond wire was used for device-to-balun
connection. Additional radial stubs at the input and output pro-
vide top-side RF grounding for on-wafer probing. Each sub-
strate, containing a balun and matching network, is approxi-
mately 0.5in x 0.4 in.

C. Measured Results

The small-signal S-parameter results for the push—pull am-
plifier at Vys = 15V and Vg = —2.4 V are shown in Fig. 8.
The gain at 5 GHz is approximately 9 dB and the 3-dB band-
widthis4—-8.5 GHz. Themeasured | Sa2| at 5 GHzis—16 dB and
|S11] is —18 dB at 8 GHz. Fig. 9 shows the CW output power
sweep at 5.2 GHz with the amplifier biased at Vs = 15V and
Ves = —2.5 V. The bias current was 117 mA at small input
drive, and gradually increased to 0.5 A. With 28.5 dBm of input
power, a PAE of 42% and a CW power of 35.5 dBm were mea-
sured. This PAE isthe highest achieved for alinear GaN power
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Fig. 9. Measured power sweep at 5.2 GHz in class-B push-pull mode in a
50-Q2 system. Vg, = 15 Vand Vs = —2.5 V.
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Fig. 10. Measured output power, saturated gain, and PAE versus frequency
for the push—pull amplifier at approximately the 2-dB gain compression point.
Vas =12VandV,, = —2.5 V.

amplifier to date. Fig. 10 showsthe output power, gain, and PAE
measured at approximately the 2-dB gain compression point at
each frequency, using abiasof Vg =12V and Vs = —2.5 V.
The PAE ranged from 42% to 14% over 4-8 GHz. Thedrop in
PAE at higher frequency is due to the mismatch to the optimum
load impedance and reduced device gain.

To assess the linearity of the push—pull amplifier, single
tone harmonic content and two-tone intermodulation mea-
surements were performed. A single-ended class-B amplifier
with matching was fabricated using a 1.5-mm device, and
the second harmonic level was measured under the same bias
condition. Fig. 11 shows the measured fundamental output
power and second harmonic levels for the push—pull amplifier
biased at Vys = 15 V and Vi, = —2.6 V, aswell as that for the
single-ended amplifier. The second harmonic levels measured
with 20-dBm input power level were well below —30 dBc over
the 4-8.5-GHz range for the push—pull amplifier, and were
better than the single-ended amplifier over virtualy al of the
frequency range measured. As the measurement shows, the
level of harmonic suppression is frequency dependent, and
is influenced by the nonlinearity of the device, the nonidea
balance characteristics, and the frequency-dependent load
impedance presented by the output balun.
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Fig. 12. Measured two-tone intermodulation (f; = 8.00 GHz, f. =
8.01 GHz) response of the push—pull amplifier at 8 GHz versus input power.
Vie = 12V and V. = —2.6 V.

Fig. 12 shows the measured two-tone intermodulation per-
formance of the push—pull amplifier versus input power with
Vas = 12V and Vs = —2.6 V a 8 GHz. A low drain bias,
where good PAE was obtained, was chosen. Using the extrap-
olated 1: 1 dope of the fundamental output power and the 3: 1
slope of the third-order intermodul ation product (IM3 ), aninput
third-order intercept point (IIP3) of 31.5 dBm is obtained [18].
The output third-order intercept point (OIP3) is37.5 dBm, and
the two-tone 1-dB output power P; gp 2tone Obtained at P, =
25 dBmis 29 dBm, resulting in OIP3 — P 4 2tone = 8.5 dB.
For comparison, a GaN lossy match amplifier [6] operated at
class-A bias gave 7.8 dB at 6 GHz. The push—pull amplifier
has a higher input third-order intercept point than this class-A
amplifier. The intermodulation characteristic of the amplifier
is expected to improve at higher drain bias because the high
drain-bias voltage possible in awide-bandgap GaN HEMT per-
mits morelinear transfer characteristics, i.e., smaller changesin
nonlinear device parameters during large-signal operation for
the same output power [19], [20].
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V. CONCLUSION

A GaN-based push—pull linear microwave power amplifier
has been presented. Push—pull operation was achieved using a
symmetric three-coupled-line balun that was designed to pro-
vide good output balance characteristics, simple dc biasing for
the amplifier, and especially low insertion loss. The periodic
load presented by the output balun provides either correct can-
cellation, in the case of odd multiples of the passband center
frequency, or a low-impedance termination at even multiples.
Fortuitously, this means that broad-band resonant baluns can be
used to achieve good broad-band push—pull amplifiers over a
significant bandwidth. The discrete GaN HEMT push—pull am-
plifier, therefore, produced excellent linearity and quite high ef-
ficiency. Multiple devices, in theform of broad-band amplifiers,
can also be combined as push—pull pairs. With improvementsin
device technology, the efficiency, power, and linearity of GaN
amplifiers will increase.
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