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~ Abstract—The evolution in the performance of low-noise ampli- performance and capability has been vastly improved. We see
fiers (LNAs) has been dynamic over the past years. From the early | NAs now being used in systems well beyond the traditional
LNAs that were complex, large, and heavy, to the present day NP 1, hqaries that were considered their role in the past. LNA

high electron-mobility transistors that have virtually transformed technol h ded into th ilimet f
the industry by their performance and extension into frequency echnology has expanded Into the milimeter-wave frequency

bands that were not even considered in the past. This paper will band and is now approaching the submillimeter-wave portion
hopefully summarize the transformation that has occurred in the of the frequency spectrum. Expanded bandwidths across the

LNA field, viewing where they were in the past, and where they are  entire frequency spectrum have been obtained and are now

now. commonly included in our designs. We now have a new
Index Terms—Cryogenics, FETs, masers, parametric amplifiers, vocabulary that includes as a minimum high electron-mobility
transistors. transistors (HEMTSs), pseudomorphic high electron-mobility

transistors (p-HEMTS), indium phosphide high electron-mo-
bility transistors (InP HEMTSs), microwave/millimeter-wave
integrated circuits (MMICs), high-temperature supercon-
O_VER THE past number of years, the advances maggiivity (HTSC), and expanding. We anticipate newer and
in low-noise technology have been dynamic. Fromygre advanced devices to be developed to meet the needs of
the early 1980s, the technological innovations achieved {§morrow’s systems. We have already witnessed the explosive
this expanding field not only resulted in improved devicegyowih in wireless and satellite communication systems.
subsystems, and systems, but also enabled new markets g, tfirst, let use consider where we started. Inthe 1980s, LNAs
be developed such as the cellular market, Direct TV, satellifgyre developed for the microwave and low millimeter-wave
communications, Internet communications, etc. We are NQ@gion. Mixers were generally the front-end component of choice
accustomed to a brand new vocabulary that has been ingraifiethe millimeter- and submillimeter-wave region. We now have
in us. The vocabulary of the 1980s for low-noise front-ends,tical low-noise millimeter-wave satellite systems operating
and, in particular, low-noise amplifiers (LNAS), was parasrq,nd 30 GHz (TDRS H, I, J) and above, collision-avoidance
metric amplifiers (paramps), field-effect transistors (FETséystems used on buses and cars that operate around 77 GHz
microwave amplificat_ion by stimulated e_r_nission of radiatio_TQ]_ LNAs for remotely sensing the Earth’s environment from a
(MASERS), cryogenically cooled amplifiers, thermoelectrigatgjiite platform have been developed at 200 GHz. Significant
cally cooled (TE) ampllflers_, bipolar transistors, etc. Fig. ?Jrogress to improve low-noise performance, enhance system
shows the state-of-the-art noise performance of these LNAS [d}5ahility while simultaneously making the systems smaller,
While the low-noise performance of the LNAs were extremelyghter weight, lower power, broader bandwidth, and increasing
good then, the design engineer still had to make some V@ frequency of operation has been made. Multichip module
complex system trades. Many LNAs were large, heavy, aggjcm) millimeter-wave modules (Fig. 2) have been developed
con;um_ed a lot of power._SateIhte ground te.rmmals.were ORS+ space applications using MMIC amplifiers. With these new
application where low-noise performance, light weight, 10Wschnologies, phased arrays with their unique capability are
power, and high reliability were simultaneously required, byeoming more practical and affordable. HTSC is an area that
not always achieved. In many cases, the LNAs were designeds tremendous promise if higher temperature material could
for lower noise figures than required since the amplifiers arpg, developed beyond the present 100-K threshold. Low noise
their ancillary support equipment could not be located in Ve heen and still is a multidimensional growth area. We will
close proximity to the antenna. Relatively long interc:onnectirtg(pbre a few of the paths taken by LNAs from the 1980s to
lines that could have substantial loss were used between th%ﬂay. We will consider some of the new developments that have
Consequently, higher cost LNAs with noise performance lowgga, made, and ponder where we are heading and how these

than was really required were necessary to meet the sysigi)_nojse developments will impact future applications and the
requirements. With the development of three-terminal devicgg, system architectures.

that has continually lowered the noise threshold coupled with

|I. INTRODUCTION

a significant reduction in size, weight, and power, system II. MASERS
Manuscript received November 15, 2001. . . .
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Fig. 1. State-of-the-art performance of LNAs.

power available in the spacecraft, and by the radio astronomers
who required highly sensitive receivers to explore the wonders
of the universe. They were also developed for the Jet Propulsion
: | Laboratory (JPL) deep space network (DSN) to maintain the
= " | long communication links with the spacecraft that were being
" '.|-_|1I - '_'- | _ | launched to explore the solar system. Most of the LNAs had
.. TH | relatively narrow bandwidths (about 5%-15%). However,
= | when the ultimate in low-noise performance was required, the
only LNA that could satisfy these demands was the MASER,
a narrow-band LNA £5%-10%). However, this LNA had to
be cryogenically cooled to liquid-helium temperaturegl K).
Both traveling-wave masers (TWM) and cavity masers were
originally developed. However, the instantaneous bandwidth
of the TWM was broader and became the MASER of choice
in most cases. Some of the early MASERs were physically
immersed in a bath of liquid helium, but the operational duty
cycle was very limited. With the availability of closed-cycle
Fig. 2. Millimeter-wave MCM module (courtesy of the EDO Corporation). refrigerators, the MASER became more acceptable. A MASER
is a very complex amplifier that is large, heavy, and consumed
enabled us to design systems that were only speculative in tbis of power (kilowatts). Most of this power was used for
past. In the early 1980s, ultra-low-noise performance generalhe cryogenic refrigerator that cooled the maser structure to
required amplifiers to be cryogenically cooled to liquid nitroged.5 K. The TWM MASER amplifies microwave signals that
temperatures (77 K) and even lower temperatures (4 K). Cryare propagating along the length of a tuned ruby crystal (other
genically cooled amplifiers were extensively used in satelliterystals were also used) in a slow-wave structure. The ruby
communication ground terminals due to the limited transmitterystal is cooled to a bath temperature of about 4.5 K. The
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Fig. 3. X-band TWM assembly (courtesy of the Jet Propulsion Laboratory,
California Institute of Technology).

physical details of anX-band TWM structure are shown in
Fig. 3 [3]. The noise temperatur#’¢) of the MASER structure
is directly proportional to its operating temperature, as shown

by the following equation [4]:
y geq [4] Fig. 4. X-band TWM internal cryogenic structure (courtesy of the Jet
Propulsion Laboratory, California Institute of Technology).

Te= TB/I
where progressedi a-band cavity masers are becoming the preferred
Te noise temperature of the TWM,; design approach because of lower pump power requirements
Ty physical temperature of the ruby crystal, and smaller volume when compared to the TWM. For these
I inversion ratio-constant determined by the material. units, noise temperatures of 5 K with a gain of 35 dB and a

Thenoisetemperature of acavity maserandthe TWM MASHandwidth of 85 MHz have been achieved in an open-cycle
are essentially the same for a high gain case when a relativitdypid-helium system. For future systems, it appears that cavity
low-loss slow-wave structure is used. AXi-band MASER masers could be the preferred choice over TWMs for future
structure that operates at a bath temperature of 4.5 K, with BN applications [5].
inversion ratio of approximately 2.8, has a theoretical noise The active element for the maser was a ruby crystal, although
temperature of 1.6 K. The noisetemperature ofthe LNAmeasuretther crystals were also used, that was placed in a very high
at the room-temperature flange is approximately 3.5 K. As timeagnetic field, normally provided by a superconducting magnet
bathtemperature ofthe MASER structureisraised orlowered, tivat was also operated at 4.5 K. The superconducting magnet
noise temperature is raised or lowered proportionally. Sine&as used to minimize the thermal load on the refrigerator. It
the MASER structure is mounted on a cold station at 4rfiormally was an air-core solenoid made of niobium—zirconium
K, low-loss input and output lines coupled with high thermakire. Some of the magnets were as large as 7.5 in in diameter,
isolation were required to achieve the low-noise temperaturein in length, and weighed about 3 Ib. The magnet generated a
the room-temperature input flange. Many innovative low-noigaagnetic field of about 4500 G with a current of 6.5 A.
techniques were used over the years to minimize the inputimprovements in MASER technology that improved RF
line loss, such as gold flashed stainless-steel lines, gapmpedformance and its size has been achieved over the years.
waveguide structures in the cryogenic environment, antenHawever, new technologies have started to compete suc-
horns attached to the intermediate cold station (77 K), etc. dessfully with it. Some of the MASER amplifiers are being
addition, ancillary lines that included the waveguide for theupplemented by cryogenically cooled HEMTs that operate at
pump source, bias lines for the magnet, etc. were also requirg@.K and lower. While still having the complexity of cryogenic
The entire structure was enclosed in a vacuum chamberctmoling, these refrigerators are less expensive, much smaller,
minimize the heatload. A photograph of &nband MASER [5] and consume a lot less power. Cryogenically cooled HEMTs
without the compressor and ancillary equipment box is showiave been developed that are now being used in the JPL's
in Fig. 4 and demonstrates the complexity of this LNA. ADSN. For example, anX-band InP HEMT operating in a
S-band MASER operating at 2.2 GHz had a noise temperat§eK refrigerator achieved a noise temperature of 4.5 K. The
of approximately 2 K at its input terminal, a gain of 30 dBPSN is now using both MASERs and cryogenically cooled
with a bandwidth of 20 MHz. AnX-band MASER had a HEMTSs in their ground terminals. While the physical structure
noise temperature of 3.5 K at the feedhorn aperture, a gainabfthe HEMT cryogenically cooled amplifier is still complex,
40 dB, and a bandwidth of 100 MHz. As the technology hasoader instantaneous bandwidths and almost comparable noise
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TUNING where
INDUCTOR fs signal frequency;
RP s Fi idler frequency= fp — [s;
INPUT g : ; .
afs o M varactor figure-of-merit= ¢ fc;
PUMP . g= a varactor nonlinearity ratio;
FILTER |, CJ a0
A varacTor <g= fc  varactor cutoff frequency;
AT Jwerron ge T varactor junction temperature.
Ry ®  The varactor cutoff frequency is defined by the following ex-
RP ‘/_‘J pression:
ouUTPUT
fe=1/2xRsCo
Fig. 5. Paramp circuit diagram.
9 P 9 where

Rs varactor equivalent series resistance
performance can be obtained. Kie-band, a noise temperature (', effective operating junction capacitance.
of 16 K has been achieved with an InP HEMT cooled to 6 KsaAs Schottky varactors with high self-resonant frequencies
However, further improvements for the HEMTs are ant|C|pategl>30 GHz) had operating cutoff frequencies in excess of
and, in the future, cryogenically cooled HEMTs may comsog GHz. Varactors generally used GaAs as the intrinisic semi-
very close to the noise performance that is now obtained o¥nductor material. The varactors had excellent performance at
with the MASER. both room and cryogenic temperatures and a variety of paramps
were available for the system design engineer. These LNAs
1. PARAMPS were designed to operate at 20 K, 77 K, thermoelectrically

In addition to the MASER, the paramp became the amplifi&0led to —40 °C, as well as room temperature. However,
of choice for many low-noise applications. The paramp n&imilar to the MASER, paramps were relatively complex
only provided extremely good low-noise performance at rooffSigns. The paramp generally required a very high-frequency
temperature, but gave excellent performance when cooledPigMP source that operated at a millimeter-wave frequency. The
cryogenic temperatures. Two basic types of paramps wétdmp source had to be temperature stabilized smce_char_lges
used, i.e., the nondegenerate and degenerate amplifier. $h8-1 dB in pump power resulted in 1.0-dB changes in gain.
nondegenerate amplifier, a single-sideband amplifier, WEL& addition, the cwculator_and paramp mount were generally
commonly used for communication and radar applications. THE€grated to control the impedance match between them to
degenerate amplifier was used in double-sideband applicati@lieve unconditional stability. The circulator and paramp also
where the signal was broad-band noise used in radio astron to be temperature stabilized. In addition, depending on
applications. Paramps maintained their LNA lead position untfl€ type of paramp used, they could be relatively large, heavy,
the FETs, HEMTSs, etc., excelled in their low-noise perfo@d consumed a lot of power. A photograph of a two-stage
mance and other attributes. However, the paramp did serv&ryogenically cooled paramp (without the compressor) that op-
very unique low-noise market that could not have been ser/@gted at 20 K'is shown in Fig. 6. Over the operating frequency
by any other amplifier at the time. range of 3.7-4.2 GHz that was used for a satellite commu-

Paramps use the nonlinear capacitance variation of a revefdigation ground terminal, this LNA had a gain of 30 dB and
biased varactor diode to provide the basic amplification mecfiQiSe temperature around 15 K. As varactor cutoff frequencies
anism. As shown in Fig. 5, the varactor is “pumped” at a fr@nd circulator insertion loss improved, noise temperatures that
quencyp, which is usually an order of magnitude higher thafould be obtained at room temperature were lowered. At the
the signal frequency's (for a nondegenerate amplifier). TheS&me time, tran.smltter power in the satellites was increasing.
paramp requires an “idler” circuit that allows current to flow aYVith the exception of the radio astronomers, the trend was to
the difference frequency that is generated by mixing the purqﬁvelop'smaller, lighter weight, more e_con0m|cal paramps that
and the signal frequency in the nonlinear capacitance. Througfit!ld still meet thez/T;,, system requirements. Thermoelec-
this mechanism, energy from the pump circuit is transferrddC coolers were also becoming more efficient _and reliable.
to the signal frequency, thereby providing gain. Actually, th@S & result, many new paramp designs were being developed
pumped varactor appears as a negative resistance at the sigfid thermoelectric coolers where the paramp mount and
frequency. A nonreciprocal three-port ferrite isolator with goodirculator were cooled to about —4C. A thermoelectrically
isolation shown in Fig. 5 is used to separate the input signal frdf@©1€d paramp (Fig. 7) that was cooled+88 °C had a noise
the output signal. temperature of 30 K over the 3.7-4.2-GHz frequency band.

The noise temperatuEe of the nondegenerate paramp (les§Oomparing these two LNAs (Fig. 6 versus Fig. 7), it is quite
the circulator loss) is shown as follows: [6]: obvious that the size and weight for the TE cooled paramp was

much less than for the cryogenically cooled paramp. Since the

fs  [sfi TE cooled paramp met the ground-station requirements, they
Te — fi M? T were used in the new systems and were replacements for the
€= fsfi b cyrogenically cooled units. Paramps operated successfully to

1= M2 about 20 GHz and a little beyond. Paramps were developed that
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One application that tested the performance and reliability
of the paramp was thé&-band communication link for the
space shuttle. The space shuttle was required to communicate
with the tracking ground terminals during liftoff and in orbit
either directly or through the TDRSS satellite. Theband
communication antennas are located at the front-end of the
shuttle. TheS-band preamplifier assembly (LRU) is located on
a shelf away from the antennas and, therefore, has a relatively
long interconnecting line between them. The LRU had a
transmit/receive diplexer, a redundant paramp followed by
a bipolar amplifier. Size prevented the paramp from being
integrated more closely with the antenna, and a lower noise
LNA was required to meet the performance objectives. The
paramp was the only LNA at the time that could meet these
noise-figure requirements. The paramp was pumped at 50 GHz
with a thermally stabilized Gunn oscillator. The Gunn oscillator
Fig. 6. Cryogenically cooled paramp (courtesy of the EDO Corporation). Was isolated from the paramp mount by a small section of
gold flashed plastic waveguide. The four-port circulator used
fiberglass ground planes that were gold plated. This innovative
design served the dual purpose of both reducing the power
consumption to achieve fast warmup, as well as meeting the
low insertion loss to meet the noise-figure requirements. The
redundant paramp performed extremely well over these many
years. However, due to obsolescence of many of the component
parts required for the paramp, a replacement for the paramp
was required. After over 20 years of successful operation, the
redundant paramp is finally starting to be replaced by a high
reliability redundant HEMT amplifier that meets the 1.3-dB
noise figure at the highest operating temperature. However,
until the retrofit is complete, the majority of shuttles today still
operate with a paramp in thg-band communication link. A
photograph of a single paramp and its HEMT replacement that
will be eventually installed in the space shuttle LRU is shown
in Fig. 8. The noise figure for the HEMT amplifier is about
the same as the paramp, but the size, weight, and power have
been significantly reduced. This figure clearly demonstrates
that not only has the RF performance been at least equaled,
but that the LNA size and weight has been greatly reduced.
Power dissipation has also been significantly reduced. The
reliability of the system is also increased due to the significant
reduction in the number of components and junction operating
temperature. With further improvements in MMIC technology
Fig. 7. Thermoelectrically cooled paramp (courtesy of the EDO Corporatiori) improve overall RF performance, a further reduction in size,

and providing more functions on a single chip, the LNA could
operated at 60 GHz [7] and as high as 94 GHz [8], but thes¥entually be integrated with the antenna to achieve optimum
were the exception, and not the rule. However, the coming grformance. The new technology introduced by the FETSs,
age of the FETs, HEMTS, etc., was to change all of this. It widEMTs, and MMIC components were rapidly changing LNA
not long before the room-temperature and TE-cooled HEMAerformance. These new technologies were to open the way
became the workhorse for many old applications, and enabféf many new applications that were not even considered or
the LNAs of choise for new ones, thereby replacing the paraniissible during the brief age of paramps.

Since a paramp requires a nonlinear capacitance for its mode
of operation, it is basically a relatively narrow-band device.
However, the paramp was capable of providing much greater
bandwidths than the MASER. To achieve the broadest possibléfhe new technological developments in LNAs that started
instantaneous bandwidth, the balanced amplifier was developedore the 1980s has rapidly progressed to the present day.
that used the self-resonant frequency of the varactor for tiikis continuous improvement in three-terminal devices (i.e.,
idler circuit. This paramp had a bandwidth of approximatelfETs, HEMTS, etc.) has led to better performance in noise
10%—15%. temperature, gain, bandwidth, frequency of operation, power

IV. FETsAND HEMTSs
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Fig. 9. Three-stage MMIC LNA at 183 GHz [12].

Fa8 S hutd dits HEMT reol t (courtesy of th Etherefore, has a lower noise figure. We were then acquainted

ig. 8. Space shuttle paramp and its replacement (courtesy of the .

Corporation). Wth the p-HEMTs_, and now the_InP HEMTS. As the dewc_es
improved, the achievable noise figure in the microwave region

dissipation, size, and reliability, as a minimum. With thesg s continuously lowered, while, at the same time, the fre-

developments, we have greatly expanded the capabiIitiesqbl‘!fenCy of operation was moving higher due to the increase in

both our present and new systems. The performance of F Snsconductance and the reduction in gatelength. In addition,

in the early 1980s has been shown in Fig. 1. Prior to theﬂe devices could be cryogenically cooled and, therefore,

time, GaAs FETs were developed for low-noise erformanceéXtremely low-noise temperatures were achieved. The high
' . P € P . fransconductancex~(1700 mS/mm) for the InP HEMTs has
clearly having better performance than the bipolar transistor, : . .
Increased the operating frequency range, gain bandwidth, and

MESFETs and HEMTs were also under development. FOI[0 ided the low-noise performance for LNAS. InP HEMTs
example, in 1972 [9], it was reported that FETs had achieved a Vi W-noIse p :

F max in excess of 30 GHz. A typical device at 4 GHz with ave agm of about 1000 mS/mm, which is almost twice the
a Gmax of 11 dB had a noise figure of 3 dB. At 8 GHz, value of p-HEMTs. Recently, the performance of a MMIC

transistor achieved & max of 7 dB with a noise figure ofau\lA that operates at 183 GHz with a gain of 20 dB over a

4 dB. From these early developments, rapid improvementsf’hg'GHZ bandwidth has been reported [12]. The noise figure of

semiconductor materials and processes led to greatly improYﬁ(@lLNA was less than 5.5 dB. A photograph of the three-stage

performance. If we consider the equation for minimum noise IC LNA is shown in Fig. 9. The_ampllfler used 0.0&m
figure for FETs, we can readily determined where improv Jate InP MMIC technology. The device has a transconductance
ments in device’parameters are required hat is greater than 1000 mS/mm, a cutoff frequency above

For FETSs, the minimum noise figure is described by [10] 200 GHz, and_ an oscnla_tlon frequency above 400 GHz. Similar
performance is also being reported by other researchers [13].

Fwmin = 1+ k, fCgs[(Rg + Rs)/gm]1/2 Remarkable progress has been made in LNAs over Fhese years
and we expect to have even more breakthroughs in the near
where future.
Fmin minimum noise figure; It is virtually impossible to enumerate all the advances
k1 fitting factor; that have been made in this paper. For this reason, we will
S frequency of operation; highlight some of the achievements that have been reported. In
Cys gate/source capacitance; Table I, [13], [14], we have tabulated the performance of both
gm transconductance; discrete/MMIC LNAs that have been reported. This is not a
Rg gate resistance; complete list, but does show what has been accomplished in a
Rs source resistance. relatively short time.

As we can see, a reduction ifigs as well as increasing The HEMTs, p-HEMTSs, and InP HEMTSs devices have been
the transconductance is beneficial to reducing the minimugontinuously improved to significantly lower the noise perfor-
noise figure. In fact, transconductance has been dramaticatignce of LNAs. By cooling these LNAs in TE coolers or cryo-
increased over the years. This increase has been achievedemsc systems, low-noise performance has been dramatically
we went from FETs, to HEMTSs, to p-HEMTS, and then to InBmproved. As stated previously, cryogenically cooled HEMTs
HEMTSs. By 1974, MESFETs (GaAs FETs with Schottky—barare now being used in the JPL DSN and are coming close to
rier gates) were reported that combined low noise with higtompeting with the MASER. AK -band, an InP HEMT cooled
gain and high dynamic range [11]. A broad-band amplifigo an operating temperature of 6 K had a noise temperature of
with a gain of 20 dB over the entire 8.0-12.0-GHz frequenc¥.5 K at the aperture of the feedhorn [5]. At 32 GHz, a cryo-
band with a noise figure of 5.5 dB was developed. We wegenically cooled HEMT had a noise temperature of 16 K when
then introduced to the HEMTs. HEMTs have higher cutoffooled to the same 6 K. A MMIC LNA at 90 GHz had a noise
frequencies than FETs due to their higher electron mobility antémperature of 62 K when cooled to 27 K [27]. A broad-band
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SUMMARY OF DISCRETE/MMIC

LNAS
FREQ | NOISE
GHZ |FIGURE{] GAIN- { YEAR | CRYO | REF.
dB dB
2.3-2.5 0.4 35 1993 No 15
7.0-11.0 1 21 1993 No 16
19.0-22.0f 1.1 38 1995 No 17
20-25 0.4 35 2000 YES 18
43.0-46.00 1.9 22 1995 No 19
50 2.8 9 1994 No 20
60 22 22.8 2000 No 21
56.0-60.0] 3.2 15 1992 No 22
56.6-64.0f 2.7 25 1993 No 23
60-80 23 25 2001 No 24
73-71 0.4 25 2001 YES 24
75.0- 6 23 1993 No 25
110.0
92.0-96.0f 3.3 20 1995 No 26
82-106 1.6 35 2000 YES 18
183 5.5 24 2001 No 12
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