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Making the Right Choice in High-Linearity Power Amplifiers

Linear power and efficiency are critical factors when specifying a power amplifier for satellite
communications applications

by Mark Schmeichel, Director of Engineering, MCL, Inc., a MITEQ, Inc. Company

lite communications

(SATCOM) system, next to
the antenna, the high-power
amplifier (HPA) is the most
expensive and critical com-
ponent. Numerous factors
beyond just output power and
bandwidth determine the best
technical and most economical
choice; reliability, acquisition
cost, operating costs, efficien-
cy, weight, size, maintenance,
and control, all require careful
consideration when selecting
a SATCOM HPA. The choice
also involves two compet-
ing technologies: solid-state
power amplifiers (SSPAs) and
traveling-wave-tube amplifi-
ers (TWTAs). Many compari-
sons of the two technologies
have been published, mostly
by SSPA suppliers seeking to
enhance their visibility. But
upon a closer look at these
comparisons, it is clear that
many of the SSPA-driven com-
parisons ignore vital facts
about modern-day TWTASs.
This article will attempt to
debunk the myths, and provide
an up-to-date comparison of
these two modern SATCOM
HPA technologiesbnot a com-
parison between a fifteen year
old TWTA and a modern SSPA.

I n the design of a satel-

Defining Differences

Making a choice between
an SSPA and a TWTA is not
simply a matter of compar-

ing output-power levels, how-

ever, since many other factors
come into play, including size
and weight, efficiency, linearity

performance, bandwidth, ini-

tial cost, and operating cost
over the life of the amplifier.

Even in an evaluation of output

power, the numbers provided
by manufacturers of SSPAs
and TWTAs are not always

easy to compare, since power

Figure 1. MCL 100W Linear Power, X-band TWTA, Model
2500, integrated with a MITEQ L-band IF block upcon-
verter and downconverter in a rugged transit case for
mobile SATCOM applications

at 1-dB compression, power
out at 3-dB compression, and
linear output power. To make
a fair comparison when con-
sidering SSPAs and TWTAs for
a SATCOM application, every
attempt should be made to
normalize the output power of
both types of amplifiers under
exactly the same linear condi-
tions, which are the conditions
required for operation in the

levels can be measured under system.

a variety of different condi-

Due to fundamental differ-

and detriments in a given appli-
cation. A TWTA can operate
with a single tube, whereas

structure. A cathode, heated to
a suitably high temperature, is
the source of the electrons. The
electrons travel down the slow-
wave structure to the collector
imparting energy to the micro-
wave signal. A high voltage,
typically 10,000 V, is needed
to accelerate the electrons. The
cathode is typically viewed as
one of the key lifetime-lim-
iting components in a TWT.
Nevertheless, a well-designed
TWT can provide 100,000
hours or more of cathode life.
To conserve less energy, mod-
ern TWTs typically employ a
multi-collector configuration
to produce more output power
with less power consumed. This
also helps to improve the effi-
ciency of a TWT-based HPA.

In contrast, active devices
such as GaAs FETs, and GaAs
FET amplifiers, are often said
to have operating lifetimes in
millions of hours. But as will
be seen from various studies,
those long hours are assumed
for almost ideal conditions,
and the actual lifetime will be
much less under practical oper-
ating conditions.

The majority of SSPAs in
SATCOM systems are GaAs
FET amplifiers, each designed
with a low-power input or
driver stage and numerous out-
put stages, each with multiple
GaAs FET devices. Input sig-
nals are split and passed to
multiple transistor stages typi-
cally by means of passive power
dividers, and then the outputs
of multiple output stages are

SSPAs require large numbers recombined typically by means

of transistors and relatively
lossy combing networks to
achieve high output-power lev-
els at microwave frequencies. A
TWTA requires a power sup-
ply with high voltage, but low

of passive power combiners.
In addition to the phase and
amplitude mismatch losses
of the combiners and divid-
ers, they also exhibit insertion
losses which degrade the over-

current, while an SSPA uses a all power-added efficiency of

power supply with a low volt-
age and high current.
A TWTA amplifies a signal

tions, including as saturated ences in their topologies, SSPAs through the interaction of an

output power, power output

and TWTAs each offer benefits

electron beam and a slow-wave

SSPAs.

The high power densities of
TWTs makes it possible for
TWTASs to deliver high output-
power levels with a single tube,
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where SSPAs large numbers of Table 1: SSPA versus TWTA normalized to 1 kW linear output power at
X-band

combined transistors to achieve
a fraction of the output-power
level of a TWTA at a given
frequency. Unfortunately, these
power levels are not typically
anormalized® on data sheets
for easy comparison. TWTAs
are typically rated in terms of
their saturated output power,
while SSPAs are also rated by
their saturated output power,
but their linear characteristics
are referenced to a lower 1-dB
compression (P1-dB) power
level. Yet neither rating repre-
sents the power that will drive
the application, since SATCOM
systems require linear amplifi-
cation to preserve the fidelity
and modulation quality of the
transmitted signal.

Neither SSPAs nor TWTAs
provide the linearity needed
for typical SATCOM applica-
tions when operating at their
adata-sheet® or saturated
output-power ratings. Both
types of amplifiers are typi-
cally @2backed off° from their
maximum output levels and
operated at a lower output
level to ensure good linear-
ity and low intermodulation
distortion (IMD). Typically,
either a two-tone, third-order
IMD level of -25 dBc, or sig-
nal spectral regrowth of -30
dBc at 1.0 symbol rate off-
set from the center frequency
for an orthogonal-quadrature-
phase-shift-keying (OQPSK)
modulated signal are used as a
performance reference for com-
parison and the output of each
amplifier will be backed off
to reach this maximum linear
power performance level.

However, the amount of
back off to achieve good linear-
ity is not the same for all appli-
cations. Assuming an example
application that might require
a 200-W (linear output) ampli-
fier, a specifier might typically
compare a 1000-W (saturated
output) TWTA that will be
backed off 7dB in the applica-
tion, versus a 400-W (1-dB out-
put) SSPA that will be backed
off 3dB in the application. But
TWTAs can achieve full lin-
ear operation when backed off
only 3dB or less. This technol-
ogy has existed for many years,

Parameter

SSPA

Linearized TWTA

Bandwidth 7.9108.4 GHz 7.910 8.4 GHz
Linear Power 1000 W 1000 W

Input Power 14,000 W 5800 W
Size 0541m @ 0.144m @
gggi%r/fvﬁ $122,640 $50,808
g;gegnfvﬁ $183,690 $76,212
ggg‘;%rnfvﬁ $245,280 $101,616

Table 2: SSPA versus TWTA normalized to 60 W linear output power at

Ka-band

Parameter SSPA Linearized TWTA
Bandwidth 30to 31 GHz 30to 31 GHz
Linear Power 60 W 60 W
Input Power 1560 W 550 W
Size 0.045m 3 0.020m 3
Ten-year cost

@ $0.10/kWh $13,667 $4,818
Ten-year cost

@ $0.15/kWh $20,500 $7,227
Ten-year cost

@ $0.20/kWh $27,333 $9,636

but SSPA manufacturers tend
to compare their own prod-

ucts to basic TWTs, and not
TWTs equipped with predis-
tortion linearizer circuitry in

which higher levels of linearity
are possible. A linearizer works
by correcting the TWTAs gain
and phase transfer character-
istics. Linearizer circuits have
been developed in both ana-
log and digital forms, typically

using predistortion to balance
a TWTASs gain and phase closer
to ideal responses. A linearizer
can effectively move a TWTAs
1-dB compression point closer
to the amplifier's saturated out-
put power level. A @linearized®

TWTA achieves excellent lin-
earity without sacrificing other

required for a TWT HPA and

an SSPA are roughly the same,

creating a completely differ-
ent comparison, as will be dis-
cussed later in this article.

If comparing SSPAs and
TWTASs was simply a matter of
sizing up output-power levels,
the specification process for
SATCOM amplifiers would be
simpler. But the cost of each
type of amplifier is not just
the price of the unit, but the
operating costs over its lifetime
which is also related to the
efficiency of each unit. Quite
simply, in terms of conversion
of DC power to RF power, no
solid-state device can match
the efficiency of a TWT. And
the difference in efficiencies for

RF Specifications such as gain TWTAs compared to SSPAs is

slope or ripple. With the addi-
tion of a linearizer, the back off

significant: TWTAs can pro-
vide power-added efficiencies

as high as 50% to 60% com-
pared to SSPAs which may
have power-added efficiencies
in the range of about 25% to
30%.1

When the amplifiers are
backed off to achieve linear
operation, both efficiency lev-
els will be somewhat less, but
the TWTA gives up less in effi-
ciency than the SSPA when its
output power is decreased. The
primary power for a TWTA
decreases by an approximate
1:1 ratio to the amount of back
off. This drop in prime power
is not the same for an SSPA,
where the primary power
remains essentially the same,
even when the output power
of the SSPA is dropped by 3dB.
For this reason, a TWTA with
a 2data-sheet® output-power
rating that is similar to an
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SSPA can typically consume
less prime power than an SSPA
when operating at a similar
back off.

What does this mean in
terms of long-term operating
costs, especially with the rising
costs of electricity?Tables 1, 2,
and 3 show three example sce-
narios that compare commer-
cial SSPAs in X-band Table
1), Ka-band (Table 2), and
Ku-band (Table 3) SATCOM
systems with linearized TWTAs
capable of providing equivalent
linear output power. In both
cases, the amplifiers are backed
off from their nominal output-
power ratings to achieve linear
power levels defined by two-
tone, third-order IMD perfor-
mance of -25 dBc. In terms of
operating costs, three different
price scenarios are presented
for both tables, since the cur-
rent costs of oil and electricity
tend to be volatile. The prices
range from extremely low, at
$0.10 per kilowatt-hour of
electricity, to a high of $0.20
per kilowatt-hour in order to
extrapolate what the cost of
running the amplifiers would
be over a ten year period.

No matter the price of elec-
tricity, the cost comparisons in
Tables 1, 2, and 3 clearly show
the financial long-term advan-
tages of operating TWTAs in
SATCOM systems. They also
show that the physical sizes
(volume) of the TWTAs are
somewhat less than their sol-
id-state alternatives. A good
example of a compact size in a
rugged, military transit case is
shown in Figure 1, a 100W lin-
earized X-band TWTA, MCL
Model MT2500, integrated
into a complete mil SATCOM
transceiver with MITEQ block
upconverter and downconvert-
ers. The X-band TWTA used
in the Table 1 comparison is
a rack mount Model MT7100
TWTA while the Ka-band and
Ku-band TWTAs were differ-
ent versions of a linearized
Model MT2300 TWTA ( Figure
2); all three TWTASs used in the
comparison were from MCL.
As may be apparent from the
above examples, some per-
ceived negative attributes of
TWTs, such as the need for

Table 3: SSPA versus TWTA normalized to 100 W linear power at Ku

band

Parameter SSPA Linearized TWTA
Bandwidth 14.0to 14.5 GHz 13.75t0 14.5 GHz
Linear Power 100 W 100 W
Input Power 2800 W 1000 W
Size 0.1lm 3 0.02m 3
Ten-year cost $24.582 $8.760

@ $0.10/kWh ' ’
Ten-year cost

@ $0.15/kWh $36,792 $13,140
Ten-year cost

@ $0.20/kwh $49,056 $17,520

Figure 2: MCL Model MT2300

Ka-band.

mount TWTA available in power levels from 125 to 200
W at Ku-band and from 100 to 180 W peak power at

is a linearized antenna-

replacements and operation in
hot-standby mode, are less crit-
ical over the life of the product.
Consuming less power in
a SATCOM system has ben-
efits in terms of generated heat
(and related reliability) as well
as in direct and indirect long-
term operating costs. As most
designers know, heat is one of
the greatest enemies of reliabil-
ity, and must be properly man-
aged in any SATCOM system.
Ina TWT (and TWTA), heat is
generated across a large area of
the tube assembly and through-
out the amplifier, so that it can
be dissipated safely by means
of fan cooling without the dan-
ger of developing 2hotspots.®
In an SSPA, each transistor is
a potential hotspot, along with
all of the mechanical interfaces

for the transistor, such as on
each amplifier's printed-circuit

board (PCB). Because of the
uneven distribution of heat in

an SSPA, cooling is more criti-
cal to maintaining long oper-

ating lifetime and high reli-

ability. In general, a TWTA by

design can handle much higher
operating temperatures than
an SSPA, which is driven by
transistors with semiconduc-
tor junctions that cannot safely

exceed +175!C or less.

In comparisons of SSPAs and
TWTAS, specifiers often assume
that any solid-state solution
would provide greater reliabil-
ity than an amplifier based on
a vacuum device. But again,
most extrapolations of tran-
sistor reliability are based on
an assumption of ideal operat-

ing conditions, using transistor
mean-time-to-failure (MTTF)
data based on accelerated life-
time testing. The MTTF is the
mean of the life distribution for
a population of devices where
63.2% of the population has
failed, and is about 100 million
hours for most transistors.

However, operating condi-
tions are rarely ideal in prac-
tical SATCOM applications.
When SSPAs and TWTAs were
actually studied in a real sys-
tembthe Intelsat systembthe
study revealed that the failure
rate for the total population
of SSPAs in the Intelsat system
was about 15% higher than the
failure rate of the total popu-
lation of TWTAs in Intelsat
satellites?

And in terms of failure-in-
time (FIT) rate, which may be
a more meaningful parameter
than MTTF in judging reliabil-
ity, TWTAs have a lower FIT
rate than SSPAs. (One FIT is
equal to one failure in 1 x 10°
hours.)

In another study, performed
by researchers at Boeing Corp.
on the firm's fleet of commercial
in-orbit satellites, the observed
FITs for TWTAs were con-
siderably lower than for their
SSPA counterparts. The study
noted that Boeing Satellite
Systems could draw from the
most extensive statistics avail-
able on reliability for space-
based TWTAs and SSPAs, with
over 100 commercial satellites
in orbit representing nearly
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1500 years in space. Most of
the TWTA hours were logged
at Ku-band frequencies, while
most of the SSPA hours were
at C-band frequencies. The FIT
rates were clearly lower for the
TWTASs than for the SSPAs, at
least 32 FITs lower for data
that included only random
failures and a staggering 297
FITs lower for TWTAs than
for SSPAs when analyzing data
with random and nonrandom
failures. Ironically, the SSPAs
at C-band frequencies provided
an average of 66W less output
power than TWTASs at Ku-band
frequencies, implying greater
downlink performance capa-
bility from the TWTAs even
when compared with lower-
frequency SSPAs.

Both SSPAs and TWTAs can
deliver linear power in satel-
lite earth stations when prop-
erly matched to an application.
Based on the information pre-
sented above, it can be clear-
ly seen that TWT HPAs have
many efficiency advantages and
they will continue to compete
in SATCOM and other markets
for many years to come. Just as
SSPA devices make advances,
so do TWTAs. TWTAs should
always be considered for any
system operating from C-band
and above and will provide
definite advantages over cur-
rent SSPAs.
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