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Abstract—High power, broad bandwidth, high linearity, and
low noise are among the most important features in amplifier
design. The broad-band spatial power-combining technique ad-
dresses all these issues by combining the output power of a large
quantity of microwave monolithic integrated circuit (MMIC) am-
plifiers in a broad-band coaxial waveguide environment, while
maintaining good linearity and improving phase noise of the
MMIC amplifiers. A coaxial waveguide was used asthe host of the
combining circuits for broader bandwidth and better unifor mity
by equally distributing the input power to each element. A new
compact coaxial combiner with much smaller sizeis investigated.
Broad-band dotline to microstrip-line transition is integrated for
better compatibility with commercial MMIC amplifiers. Thermal
simulations are performed and an improved thermal management
scheme over previous designs is employed to improve the heat
sinking in high-power application. A high-power amplifier using
the compact combiner design is built and demonstrated to have
a bandwidth from 6 to 17 GHz with 44-W maximum output
power. Linearity measurement has shown a high third-order
intercept point of 52 dBm. Analysis shows the amplifier has the
ability to extend spurious-free dynamic range by IN2/3 times.
The amplifier also has shown a residual phase floor close to
—140 dBc at 10-kHz offset from the carrier with 5-6-dB re-
ductions compared to a single MMIC amplifier it integrates.

Index Terms—Broad-band, coaxial waveguide, finline, high
power, power combiner, spatial.

I. INTRODUCTION

NVENTED in the 1940s, the traveling-wave tube amplifier

(TWTA) has become a key element in microwave systems
for radar, satellite communication, and wireless communi-
cation. An aternative to the TWTA is a power combiner.
The corporate combining technique will lead to very high
combining loss when integrating a large amount of amplifiers,
while the spatial power-combining technique was proposed
with the goal to combine a large quantity of solid-state am-
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plifiers efficiently and improve the output power level to be
competitive with TWTAs. The University of California at
Santa Barbara' s (UCSB) Microwave Group attempted a “tray”
scheme inside a waveguide to achieve broad bandwidth, better
thermal management, and more efficient power collection
[1]-3]. Employing the “tray” scheme, we demonstrated an
X-band power amplifier with 120-W output power using an
oversized WR-94 rectangular waveguide.

However, the bandwidth of the rectangular waveguide is
limited. In addition, the dominant TE;, mode inside the rect-
angular waveguide leads to nonuniform illumination of the
loaded antenna trays inside the waveguide. Hence, the output
power experiences a soft saturation that will deteriorate the
linearity or lead to larger backoff in output power to satisfy
the requirement of linearity. To broaden the bandwidth and
to meet the requirement of linearity, we extend the “tray” ap-
proach from the rectangular waveguide to coaxial waveguide.
A multioctave bandwidth amplifier achieved bandwidth from
3.5 to 14 GHz with good linearity using an oversized coaxial
waveguide combiner [4].

The design of a compact broad-band passive combiner
was elaborated upon in [5]. A significant reduction in size
has been achieved while maintaining a 6-18-GHz bandwidth
and capacity for 32 microwave monolithic integrated circuit
(MMIC) amplifiers. A broad-band slotline to microstrip-line
transition was developed and monolithically integrated with
the dotline antennas to eliminate a troublesome bond-wire
transition in earlier design and provide better compatibility
with commercial MMIC amplifiers. The spectral-domain
method (SDM) is applied to compute the field in the structure,
and small reflection theory is applied again to synthesize the
waveguide taper and optimize the finline taper array. The
high-power amplifier system was first introduced in [6]. In
this paper, we report on the details of the high-power amplifier
using the compact coaxial waveguide combiner design, which
has shown 6-17-GHz bandwidth with 44-W maximum output
power along with good linearity and high dynamic range. That
makes it a good rival for current dominant traveling-wave tube
(TWT) amplifiers.

For the sake of abbreviation, we use the term “combiner” in
this paper to refer to the amplifier using the compact broad-band
combiner structure.

Il. ASSEMBLY AND THERMAL ANALYSIS

In power amplifiers, the heat generated by the MMIC am-
plifiers needs to be effectively dissipated to the ambient envi-
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Fig. 1. Thermal simulation of the metal tray.

ronment. Heat transfer occurs as a result of the temperature
gradient between the MMIC amplifiers and the environment.
The heat is dissipated into the air by two modes. conduction
and convection.

Heat is conducted by the metal tray to itsoutside surfacefirst.
Since copper is only inferior to silver in thermal conductivity
a room temperature and is 1.6x better than aluminum, we
chose copper as the material at the price of higher weight
and cost. MMIC amplifiers were directly attached to the
copper—molybdenum (Cu/Mo) subcarriers to avoid thermal
expansion mismatch problems. To minimize thermal resistance,
two different eutectic solders, Au/Sn and Au/Ge, which have
different melting points, were used to solder the MMIC to
the Cu/Mo subcarrier and Cu/Mo subcarrier to the metal tray,
respectively.

The ambient environment absorbs the heat from the carriers
by convection. Fans were used to accelerate the heat-transfer
process.

The irregular configuration makes the heat transfer of the
structure difficult to be calculated analytically. Asaresult, ame-
chanical software package, SDRC's I-deas 8.0, was chosen to
simulate the heat transfer. In the thermal model, we only simu-
lated 1/16th of the waveguide structure due to the symmetry.
Since al the MMIC amplifiers generate the same amount of
heat, thereisno heat transfer between metal trays. Thus, itissafe
to assumean insulation layer on theinterface between trays. The
heat is conducted to the outside surface and convectively dis-
sipated into the air. The Cu/Mo subcarrier and eutectic solder
layers are al included in the thermal model.

The wedge-shaped tray has a limited surface area due to its
small radius. To help dissipate heat, finswere machined into the
outside surface to increase the surface area. During operation,
the worst case is that no RF input power is applied and 100%
of the dc power is dissipated. In the therma simulation, a heat
source of 20 W isapplied to the surface of the Cu/Mo subcarrier.
Fig. 1 shows that the tray temperature is mostly in the 70 °C
range, with 84 °C at the hottest spot when athermal convection
coefficient of 200 W/m? C is applied on the outside surface.
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Fig. 2. One of the circuit trays in the combiner.

This temperature can be reduced by increasing the surface area
or increasing the thermal convention coefficient.

The assembled circuit tray is shown in Fig. 2. The
two-channel MMIC amplifier sits on the bridge that connects
the inner and outer sections. Input and output antennas were
epoxyed on both sides with bonding wires connected to the
MMIC amplifier. Bias pins were epoxyed at the outer side of
the tray. DC currents are input to MMIC amplifiers through
biasing lines and bonding wires. The overall dc impedance
from pins to the MMIC amplifier’s padsisfrom 0.2 to 0.3 €.

I1l. SMALL-SIGNAL MEASUREMENTS

As explained in [5], the performance of the waveguide
structure and finline transition is ssimulated by HFSS a three-
dimensional (3-D) finite-element method (FEM) simulator. We
exported the S-parameter results from HFSS to S2p files, and
then imported them into the Agilent Advance Design System
(ADS).

The combiner integrates 32 channels of MMIC power am-
plifiers. Due to the symmetric field distribution, as analyzed in
[4], we divided the combiner into 32 parallel identical sections
from the input to output ends and simulated only one of 32
channelsin the ADS model. As shown in [6], the circuit model
included the input/output waveguide tapers, finline transitions,
a lossy matching network, and a MMIC amplifier. The one-
section simulation represents the overall amplifier because the
spatial power-combining theory has proven that the power is
evenly distributed to and combined from each channel and
the overal gain is the same as one channel.

The TGA9092 MMIC amplifier hasagainin excessof 25dB,
which very easily causes oscillation problems inside a wave-
guide environment when the output to input isolation is only
slightly higher than 20 dB at the lowest points. The circuit be-
comes stablewhen the overall gainisreduced within 20 dB after
theinsertion of alossy matching network. Theresultsfrom both
the measurement and simulation are shown in Fig. 3. Agreement
between measurement and ADS simulation verifies the effec-
tiveness of the modeling. There is around 8-dB difference in
the gain between the MMIC amplifier and combiner, which is
caused by the lossy matching network.
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Fig. 3. Comparison of simulation and measurement of the combiner and
MMIC amplifier.

Open view
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IV. POWER MEASUREMENTS

Fig. 4 shows the assembly of the combiner system. The bias
lines were connected from a biasing board to the 16 individual
circuit trays. The KEPCO eight-channel power supply and an
Agilent power supply were connected to abiasing board, which
provides both drain currents and gate voltages.

Theinput power level was chosen to be 30 dBm. A frequency
sweep measurement result is shown in Fig. 5. A maximum
power of 44 W is obtained at 10 GHz. The gain curve followed
a similar shape to the small-signal gain curve in Fig. 3, with
the exception that gain compression occurs differently over
the band. The 3-dB bandwidth is from 6 to 17 GHz. We noted
that two MMIC amplifiers of the 32-MMIC combiner were
nonfunctional in the process of the power measurement. The
small-signal gain of the combiner is reduced to 18.2 dB, which
is approximately 0.4 dB smaler than the small-signal gain
of the combiner when all MMIC amplifiers are functional.
The combiner’s output power was measured with 30 working
MMIC amplifiers. It is 88% of the 32-MMIC combiner’s
output power basing on the graceful degradation theory [7].
This degradation aso leads to the reduction in power-com-
bining efficiency.
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Fig. 6. Power sweep at 10 GHz.

The power-added efficiency (PAE), output power, and gain
were swept over the input power at 10 GHz, asshown in Fig. 6.
At 30-dBm input power, the gain is compressed by 1.8 dB. The
PAE was approximately 17% at an output power of 44 W.

To evauate the change of the third-order intercept point
(IP3) point in power combining, we compared the third-order
intermodulation component (IM3) of a MMIC amplifier and
the combiner. For aMMIC amplifier, the fundamental and IM3
output power is expressed as

P out — Grn-Pin
Mz = AP,,* )

where G,,, isthe gain of the MMIC amplifier, and A isthe co-
efficient for IMs.
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Fig. 7. Linearity analysis for the MMIC amplifier and combiner.

The comparison of IM3 between a single MMIC and the
combiner is shown in Fig. 7. The output IP3 (OIP3) is the
output power at the IP3 point, where the linearly extrapolated
fundamental output power P, = IM3. The OIP3 of aMMIC

amplifier is
G 3 %
OIP3,, = ==} . 2
( - ) @
For a combiner, we have
Gc == Grn,LiQLrna
Pout = Gc-Pin = GrnLiQLrn-Pin (3)

where L,, is the loss of the lossy matching network and we
assume the passive N-way divider and combiner are identical.
For each MMIC amplifier in the combiner, we have

-PinLiLrn
-Pin e = T AT
’ N
IM3,€ = ARn,eg (4)

where N is the number of channelsin the combiner.

IM3 . from each MMIC amplifier are added in the same way
as the fundamental signal. The sum of IM; . at the output port
is expressed in IM3 as

IMs = NIMs . L; = NAP,, > L;. ®)
We then have
Pout = IM3
PoL;L,\>
:NA m 7 m ‘[/7
("5 =
3\ 2

OIP3.=NL; <GZ ) (6)

where OIP3,, isthe OIP3 of the combiner.
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Fig. 8. Intermodulation distortion measurement setup.

Comparing (2) and (6), we conclude that
OIP3. = NL;OIP3,,. @)

For a 32-channel combiner with L; of 1 dB, the combiner
will have a factor of 14-dB improvements in the OIP3 over a
MMIC amplifier. We note that the OIP3 has no relationship
with the lossy matching network. The same improvement will
be observed when we use the lossy matching network. The
relationship between the fundamental component and third-
order component also remains the same for the combiner and
MMIC amplifier.

The intermodulation distortion was measured by two tones
at 10 GHz with a separation of 1 MHz in spectrum. The mea
surement setup is shown in Fig. 8. The system’s losses from
the couplers, connectors, adaptors, and cables were calibrated
first. After the device-under-test (DUT) was added in the mea-
surement setup, the fundamental and IM3s were read from the
spectrum analyzer and were then corrected with the calibration
data.

The IMD measurement result of the combiner with 30
working MMIC amplifiersisshownin Fig. 9. The small change
of the IM3 curve shape is due to the unequally driving of the
MMIC amplifiers because of the nonfunctioning of two MMIC
amplifiers. The MMIC amplifiers adjacent to the broken MMIC
amplifiers saturate in amplitude faster when the input signal
increases. However, since the IP3 point is determined by the
linear part of the fundamental and IM3 traces, it will not be
changed in this case.

At 10 GHz, the OIP3is 52 dBm compared to around 38 dBm
of asingle MMIC, which isvery close to a 14-dB improvement
over asingle MMIC amplifier, asindicated by (7).

V. SPURIOUS-FREE DYNAMIC RANGE (SFDR)

Many communication systems, such as those transponding
multiple carriers with code-division multiple-access (CDMA)
technology, requires a high SFDR. The SFDR represents the
ability of a system to detect or boost input signals in the pres-
ence of noise and other strong signals. It is determined by the
system’ s noise figure and intermodulation point. Theinitial de-
scription of SFDR in a spatial combiner system is presented in
[8], but the authors concluded an N-times improvement in the
SFDR for the combiner over composed MMIC amplifiers. Here,
we will give amore accurate and detailed analysis.
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Fig. 9. Comparison of IMD3 between the MMIC amplifier and combiner.

The SFDR ranges from the receiver’ s noise floor to an upper
limit often defined as the power when an IM3 tone (for two
equal input tones) equals to the receiver's noise floor power.
This yields the expression

Wl

(8)

SFDR — < OIP3 )

FGkpToAf

where I’ is the receiver noise factor, G isthe gain, Af isthe
instantaneous bandwidth, kg is Boltzman's constant, and 7 is
the ambient temperature.

From the expressions, the scaling behavior of the SFDR in
an amplifier is obvious. For a combiner system, the gain G and
noise figure /' do not scale, only OIP3 scales with the factor of
N. The SFDR is proportional to N2/3, Thisis shownin

G.=GnL* L,
F.~F,L;, 'L, !
OIP3. = NL;OIP3,,
SFDR, = N3SFDR,,. 9)

where subscript ¢ refers to the combiner, m refersto the MMIC
amplifier, L; istheloss of the input/output combining circuitry,
and L,, istheloss of the lossy matching network.

From (9), we can deduct that the combiner has a 10-dB im-
provement in the SFDR over asingle MMIC amplifier.

V1. RESIDUAL PHASE NOISE

Residual phase noiseisthe added noisetoinput signal’ sphase
when the signal is processed by a two-port device. It is com-
monly used to evaluate the deterioration of a signal’s phase
noise after it passes a two-port device.
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If we assume small noise fluctuation in each channel, the
output noise of the combiner in terms of input noise and indi-
vidual amplifier noise contributions is

1 &
Bou == bou %
t \/N 722; t,

N
= % Z cos(wt + 86y, + 6;)
i=1
AG al .
=~ N cos(wt) — Z (660 + 6p;) | sin(wt)
i=1

= AG cos(wt + §0out ) (10)
where 0o, = 863 + 1/N 30, 6¢; [9].

Added noise from each amplifier is (|6¢|?), making the
output noise

<[59~0ut[2> = <[6§in[2> + % (16417 .

The second part in (11) isthe residual phase noise. It will be
improved by afactor of NV if all the added noiseis uncorrelated.
If the input phase noiseis small compared to the residual phase
noise, we will also see approximately an /V-times reduction in
the overall output phase noise.

Theresidual phase noiseis measured with an HP3048 phase-
noise system. As shown in Fig. 10, the input signa is divided
into two identical channels by a power divider. The phases of
the two channels are adjusted into quadrature by a phase shifter.
An attenuator is added to adjust the input power at the L and
R port of HP11848 at the proper level. The HP11848 phase-
noise interface has a double balanced mixer as the phase de-
tector. HP11848 demodulates the RF signal to baseband noise
signal and the baseband signal’s spectrum is computed by the
HP3561A dynamic signal analyzer. If the peak phase deviation
is smaller than 0.2 rad, the RF signal phase-noise spectrum is
one-half of the baseband noise spectrum.

The residual phase-noise measurement results of the
high-power-combiner system and its composed MMIC ampli-
fier are shown in Fig. 11. We observed spikes in this figure,
which are the spurs from the dc-bias lines. The residua
phase-noise floor is close to —140 dBc at a 10-kHz offset from
the carrier frequency. However, instead of N times, which is
corresponding to 15 dB, only 5-6-dB residual phase-noise
reduction is observed from the phase-noise spectrum.

Theresidual noise of a1-W medium power-combiner system
[4] and its composed MMIC amplifier are then measured for
comparison, and the result is shown in Fig. 12. An approximate
average of 15-dB improvements in residual phase noise is
observed. Theresidual phase noiseislower than —150 dBc at a
10-kHz offset from the carrier frequency. The very low residual
phase-noise level is because of the phase-noise reduction
from the combiner system and that the MMIC used in this
combiner system is designed for low-noise applications. The
residual phase-noise spectrum of the medium power combiner
follows a 10-dB/decade curve from 1-Hz to 1-kHz offset from
carrier frequency, which is the characteristic of 1/f noise.
In the low-noise MMIC amplifier we used for the medium

(11)
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power-combiner system, 1/f noise is the dominant source
of phase noise. The 1/f noise is from the imperfect material
of each GaAs device and is uncorrelated for each MMIC
amplifier. From (11), 15-dB reductions in residue phase noise
are expected, which agrees well with the measurement results.

The reason for the smaller reduction in residual phase noise
in the high-power-combiner system is the partial correlation of
the phase-noise sources in each channel of the combiner. The
residua phase noise come from either the direct additive noise
to the RF band or the multiplicative noise, which is transferred
from baseband to the RF band due to the nonlinearity of the
active devices. In the combiner, the multiplicative noise on the
bias lines is upconverted into the sideband of the carrier due
to the nonlinearity of the amplifiers. Since the current is very
high, the multiplicative bias line noise is dominant in all of the
phase-noise sources. Since the 32 MMIC amplifiers are driven
by one KEPCO eight-channel dc power supply, multiplicative
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Fig. 12. Residual phase-noise measurement of the 1-W medium power
combiner and its composed MMIC amplifier.

noisein each MMIC amplifier ispartially correlated. Every four
MMIC amplifiers have the same bias line noise by sharing the
same power apply channel and there are also correlations be-
tween different dc supply channelsin the KEPCO power supply
because of the common ground line. We did not observea 1/ f
curve from 1-Hz to 1-kHz offset from carrier frequency for the
reason that the 1/ f noiseisinferior compared with the dc line
noise. Instead, alow-pass characteristic curve is observed in the
phase-noi se spectrum. That is because the capacitors used in the
dc-biaslineformslow-passfiltersand the low-passfiltered mul-
tiplicative noise spectrum is transferred to the sideband of the
RF carrier.

If we integrate a voltage regulator for each MMIC amplifier,
asides from adding a voltage protection feature to each MMIC
amplifier, wewill decorrelatethe biasline noise. Wewill then be
able to achieve the same phase-noise reduction as the medium
power amplifier does.
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VIl. CONCLUSION

A compact coaxial waveguide combiner structure has been
presented in this paper. The total size of the new system isre-
duced dramatically compared to previous ones. In addition, with
the monolithic integration of the slotline-to-microstrip transi-
tion, fabrication of the system becomes easier with better per-
formance. The amplifier using the compact coaxial waveguide
combiner shows the 3-dB bandwidth from 6 to 17 GHz with
a maximum power of 44 W. We maintain the combiner’s lin-
earity similar to that of aMMIC amplifier, whileimproving the
OIP3 of the combiner to 52 dBm, which is 14 dB higher than
that of asingle MMIC amplifier used in the combiner. The com-
biner system also shows the ability to extend SFDR and lower
theresidual phase-noise floor. These features makes this ampli-
fier agood candidate for high-power amplifiersin wireless and
satellite communi cation base-stations.
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