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A Very High Dynamic
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Abstract: The pre-amplifier described here
uses the latest technology of pHEMT devices.
This technology enables the development a
pre-amplifier with a noise figure less than 0.3
dB and an Input 3rd order Intercept Point
(IIP3) of +2.5dBm. The combination of such
a low noise figure and high IP3 is unique, and
to my knowledge not met by any commercial
pre-amplifier for the 2 metre band. The ampli-
fier is unconditionally stable.

Intfroduction

Low noise amplifiers have always fascinated
me. Though critical by design, they were my
first steps in building an all mode 144 MHz
transceiver in the early 80’s. In fact, the first
pre-amplifiers that | built (1978) did just one
thing: oscillate! My fascination originated
form the (wrong) concept, that a low noise
amplifierimproves the signal to noise ratio. As
| will explain in this article, it does not! Never-
theless, a low noise amplifier is very important
at VHF and higher, in order to be able to
detect the often very weak signals. However,
in order to obtain a low noise figure, amplifiers
often had to be designed in such a manner,

that strong signal handling suffered. The ad-
vent of new devices enables us to design
amplifiers which are able to combine a low
noise figure with strong signal handling capa-
bility.

The following topics will be addressed in this
article:

e Theory on signal-to-noise ratio’s (describ-
ing the relation between ambient noise,
pre-amp noise figure and signal to noise
ratio);

= The importance of (high) dynamic range
of a pre-amplifier and the available de-
sign options (short overview of available
technigues, and the introduction of some
interesting recent developed devices);

s Designing the ideal Pre-Amplifier (issues
are described which must be met, in or-
der to obtain low noise figure and linear-
ity;

« Circuit description and construction of
the 144 MHz LNA; Putting it to opera-
tion).
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« Stability

+ Important gualities of a pre-amplifier and
how to measure them (Noise figure, IF3
and return loss measurements are de-
scribed); Measurement results (2-tone
test results, return loss and gain sweeps
are shown in plots. Also the result of the
noise figure measurement is presented);

= Conclusions

EinfUhrung

Rauscharme Verstérker haben mich immer
fasziniert. Die Anziehungskraft kam von dem
- mittlerweile als falsch erkanntem - Konzept
daf diese Verstarker das Signal/Rausch-Ver-
héltnis verbessern sollten. Ich werde im nach-
folgenden Artikel erklaren, daB dieses kei-
neswegs der Fall ist. Trotzdem sind sie wich-
tig, um auf VHF und héheren Frequenzen
schwache Signale zu verstarken. Oft wurde
zugunsten der Rauschzahl das Grof3signal-
verhalten geopfert. Nun ist es neue Transisto-
ren, mit denen sowohl eine niedrige

144MHZ LNA

Rauschzahl als auch ein hoher IP3 erreichbar
ist.

Folgende Themen werden behandelt:

» Details zum Signal/Rauschverhaltnis
s Intermodulationsverhalten

» Design des idealen Preamp

» Stabilitat

» Wichtige KenngroBen und deren Mes-
sung (Rauschzahl, IP3, RickfluBdamp-
fung)

» Folgerungen

Signal-to-noise ratio

Low noise amplifiers are the logical choice of
every first stage in VHF and up receivers.
Their purpose: to minimise the deterioration
of the signal-to-noise ratio as seen on the
antenna connector. A pre-amplifier will never
improve the signal-to-noise (SNR) ratio! The
SNR at the antenna plug is the best we are
ever able to obtain. Any noise added by an
amplifier will deteriorate the SNR, so we want
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Bild/Figure 1: SNR degradation, due to pre-amplifier nois
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to minimise that amount of noise. The ambi-
ent noise (man made, terrestrial or galactic
noise) sets the limit to the SNR and can be
expressed as dB above the thermal noise at
TO (T0=280 K) or as an equivalent tempera-
ture [K] at which the thermal noise would be
of the same value, In order to calculate SNR
and to perform calculations, it is often easier
to describe noise and wanted signal as tem-
perature [K] rather than in dB. The power
produced by a noise source is related to the
temperature of that source. An obvious exam-
ple we can see every day in the sky: The Sun!

In table 1 | have set 3 ambient noise levels
which may be found on 144 and 432 MHz. For
calculation purposes I'll use a low level as
seen in a quiet spot in the sky (EME), and a
high level which is common in a city. More-
over, I'll use a very low value for ambient
noise, as can be ohserved on 70 cm and
higher frequencies when pointing into the sky.
At these frequencies the Galactic noise is
much lower than on 144 MHz.

In order to assess the SNR we need to trans-
form it to an equjvalent noise power and

SNR after amplification:

Signal * G

(Amhim Moise + Pre-Amp Nuise) * G

divide it by the ambient noise level. In figure
1 1 have described the process between an-
tenna and pre-amplifier in terms of noise
power. The noise contribution of the pre-am-
plifier is transferred to the summing device
(+). The amplification (GQ) is considered noise
less, because the noise contribution is trans-
formed to the input.

The bandwidth in the calculations is setto 2.4
kHz, being the most common used by ama-
teurs.

The noise power is calculated as:
(1] Pan=kTB

Where:
Pn = Noise Power [W]

k  =Boltzmann (1.38-10722 [Ws/K])
B = Bandwidth [Hz]

A signal of -130 dBm equals 1-107'® W. Using
the above formula, T equals 3019 K (assum-
ing the noise is evenly distributed over a 2.4
kHz bandwidth).

Table 1: Various noise powers

Ambient Noise Moise (dB) Moisepower (K)
Low (432MHz) 0.15 10

Low (144MHz) 2.28 200

High (144MHz Urban) 8.97 2000
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Bild/Figure 2: Circuit Diagram
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Furthermore, for calculation purposes, let's
assume a decent pre-amplifier, with a noise
figure of 0.8 dB. The noise temperature of
such a pre-amp is 59 K.

Using the ambient noise levels from table 1,
the following SNR's at the antenna plug and
after amplification can be calculated. For the
SNR the amplification figure does not matter,
as both noise and signal are equally ampli-
fied. We only need gain in order to amplify the
nanovolt signals to levels were headphones
can be exited, but this figure is not important
when assessing the influence of pre-amplifier
noise to the final SNR.

Table 2: Signal-to-noise-ratio when a wanted
signal of 3019 K signal power is received.
SNR is shown before and after amplification,
applying various ambient noise levels, The
Noise figure of the pre-amp was set to 0.8 dB.

As we can see from table 2, the importance
of low noise temperatures increases as am-
bient noise levels drop. At 432 MHz EME it
becomes obvious that a small decrease in
noise temperature of the pre-amplifier has a
great effect on the SNR after amplification.
Even on 144 MHz EME it is worth while to
strive for a low noise figure.

Lowering the noise figure further, will improve
the SNR even more (| ought to say: "A lower
noise figure gives less deterioration of the
SNR"). Table 3 gives the SNR when a pre-am-
plifier with a noise figure of just 0.3 dB (21 K)
is used.

Table 3: Signal-to-noise-ratio when a wanted
signal of 3019 K signal power is received.
SNR is shown before and after amplification,
applying various ambient noise levels. The
Noise figure of the pre-amp was setto 0.3 dB.

Comparing the SNR's after amplification, it is
evident that 70 cm EME gains the most of low
noise figures. A drop of noise figure from 0.8
to 0.3 dB gives 3.5 dB improvement in SNR
(mind you, a drop in noise figure from, for
example, 3.5 to 3.0 dB will not give such an
improvement!).

Signal/Rauschverhditnis

Jeder Verstarker verschlechtert das von der
Antenne angebotene Signal/Rauschverhilt-
nis. Die Verschlechterung wird genau durch
seine Rauschzahl! definiert.

Um nun das bestmdgliche Signal/Rauschver-
héltnis in einem Empfanger zu erhalten, miis-
sen die ersten Stufen eine Empfanger sorg-
faltig auf niedriges Eigenrauschen ausgelegt
werden.

Um einen Uberblick zu bekammen, was iibar-
haupt erreichbar ist, habe ich in Tabelle 1 die
Rauschleistung, welche die Antenne aus der
Umgebung empfangt, in Abhangigkeit von
der Frequenz und der Umgebung aufgetra-
gen. Diese Rauschleistung definiert das mi-
nimale Signal, was empfangen werden kann.

Abb1. zeigt den Zusammenhang zwischen
der Hauschzahl eines Verstarkers und dem
Signal/Rauschverhéltnis. Ich nehme ein Si-
gnal von -130dBm an, was nach Formel [1]
einer Temperatur von 3018K entspricht. Ta-
belle 2 zeigt die Verhaltnisse bei einer
Rauschzahl von 0,8dB (= 59K) auf.

Erniedrigt man die Rauschzahl auf 0,3dB
(=21K) ergeben sich drastische Verbesserun-
gen auf 70em EME (+ 3,5dB SNR), immerhin
noch 0,7dB auf 2m EME (ruhiges Land), aber
nicht in der Stadtumgebung.

Dynamic range and available design
options

An important feature of an amplifier, is its
ability to cope with strong signals. Even
though a pre-amplifier will have the lowest
signal levels in the chain of amplification, any
distortion it creates can never be deleted by
subsequent compaonents. Moreover, strict
bandwidth limitation is not possible yet, due
to the involved loss which influence the noise
figure. Hence, the pre-amplifier needs to cope
with strong out of band signals as well.

Let's have a look at some devices. Probably
the most widely used device in low noise
pre-amplifiers, is the MGF1302. If properly
designed, a noise figure of 0.35 dB can be
achieved at 144 MHz. However, its large sig-
nal properties are poor; the IIP3 is -7..-13
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Table 2: 5/N of a 3019K Signal w/ NF=0.8dB

iAmblen’r Noise Noise (dB) [Noisepower (K) [S/N @ Antenna  [S/N @ RX-
(dB) Quiput (dB)

Low (432MHz) 0.15 10 24.8 16.4

Low (144MHz2) 2.28 200 11.8 10.7

High (144MHz 8.97 2000 1.8 1.7

Urban)

dBm. Some "old fashioned" transistors do
pretty good too, for example the BFTEGS,
which can deliver [1P3 better than +10 dBm
using loss |less feedback technology [1, 2]
However, the noise figure that is obiained is
relatively poor: about 1.5 dB. Some have
experimented using high power GaAs FET's
like the MGF1801. Though low noise figures
were acquired (0.2...0.4 dB), the |IP3 figures
remained relatively poor, given the type of
device used: +1.5 dBm [3].

The advent of today’'s modem communica-
tion technology has seen the development of
some interesting FET devices. Although spe-
cifically designed for PCS. (Personal Com-
munication Systems like DECT at 1900 MHz)
and GSM (900 and 1800 MHz), some of these
devices work pretty good into VHF frequen-
cies as well. One specific company that has
created such kind of devices is Agilent (for-
merly Hewleti-Packard semiconductor divi-
sion). A series of wide gatewidth PHEMT
devices have been introduced that show re-
markable features. MNoise figures below 0.5
dB are obtained at 1 GHz, combined with
exceptional large signal properties. |IP3's of
+7 dBm are easily achieved at UHF and SHF

frequencies. So what's the trade off? A rather
high drain current of 40 to 80 mA! However,
for desktop transceivers, power consumption
is rarely a limitation....

PHEMT stands for "Pseudomorphic High
Electron Mobility Transistor’. The HEMT
structure can be visualised (simplified) being
a 2-dimensional sheet, in which the electrons
can move from source to drain. The proper-
ties of the layer are such that very high elec-
tron mobility and saturation velocity is
achieved, giving rise to high T, and few colli-
sions with other electrons and atoms, hence
low noise.

The structure of these pHEMT's differs from
MESFET's, like the MGF1302, such that the
gate structures are very wide, The ATF33143,
for example, has a gate widith of 800 m, as
opposed to the MGF1302 which has a differ-
ent structure, utilising relatively narrow gate
widths. As a result of the wide (pHEMT) gate,
the current consumption has increased, but
without  sacrificing noise figure. The
ATF33143 (introduced 2 years ago) needed
negative biasing on the gate. More recent
devices have a slightly altered structure and

Table 3: /N of a 3019K Signal w/ NF=0.3dB

lAI‘nbierﬁ Noise INoise (dB) |Nolsepower (K] |S/N @ Antenna |S/N @ RX-
. (dB) Qutput (dB)
Low (432MHZ) 0.15 10 124.8 12.2
Low (144MHz) 2.28 {200 11.8 11.4
High (144MHz 8.97 2000 1.8 1.74
Urban) |

11
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Bild/Figure 3: Top view of the Prototype

are called E-pHEMTs. The "E" stands for
"Enhanced” and designates the need for
positive gate biasing. The ATF54143 needs
+0.6V gate biasing, and draws a low (leak-
age) gate current (a few pA). For VHF appli-
cations, the positive biasing has complicated
the circuit design somewhat, as we'll see
further on.

Devices designed for PCS and GSM (0.9 to
2 GHz), have very high gains at low frequen-
cies like 144 MHz. Gains in excess of 30 dB
can be achieved, but are too much to be
useful. Gain is fine, as long as it serves the
purpose of overcoming the noise figures of
subsequent stages. Anything more will only
result in overloading mixer and IF stages,
decreasing the dynamic range of the receiver.
30 dB of extra gain will decrease the usable
dynamic range by nearly 30 dB as well!

So how can we decrease the gain of SHF
devices without sacrificing the noise parame-
ters?

1. Using an attenuator behind the amplifier;

2. Inserting loss less feedback across the
device;

3. Use non-optimal loss less matching of the
device.

An attenuator will decrease the gain, and

diminish the load on the subsequent receiver

stages. However, by putting an attenuator

behind the pre-amplifier, the OIP3
is diminished by the same amount
as well. Although the subsequent
stages have some protection from
overloading, the maximum attain-
able dynamic range is limited too.
Limiting the gain of the pre-ampli-
fier without sacrificing the OIP3
(using some form of feedback or
non-optimal matching) will con-
serve the dynamic range.

Distortion is nearly always the ef-
fect of voltage or current limita-
tions that appear in the output cir-
cuit of an active device. Limiting
the voltage and/or current level in
the output circuitry, using loss less
feed-back for example, will de-
crease the gain, hence a higher
IIP3 will be obtained. Loss less feedback can
be created by inserting a small amount of
inductance in the source leads of the pHEMT.
Using simulations [4] a value of about 6 nH
turned out to give enough feedback to de-
crease the gain to about 23 dB in stead of 30
dB. However, this form of feedback may also
affect stability.

The linearity of a device depends on its ability
io handle currents and voltage across the
output terminals. Devices that either run at
high voltages, or are biased at high currents,
will usually perform well. The E-pHEMT de-
vices used here, are biased at currents of
about 70 mA (remember the MGF1302 run-
ning at 10 mAl). The addition of loss-less
feedback in the source, gives some reduced
gain, hence a higher lIP3.

Dynamischer Bereich

Sehr wichtig fiir die Auslegung des Vorver-
starkers ist die Optimierung des Intermodula-
tionsverhaltens. Intermodulation maskiert
schwache Signale und wird durch starke Si-
gnale im Band und aulerhalb des Bandes
erzeugt. Maturgeméan ist die Bandbreite von
Vorverstirkem recht grof3.

In der Vergangenheit wurde oft der MGF1202
eingesetzt. Bei einer minimalen Rauschzahl
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von 0,35dB ist sein Eingangs-Interzeptpunkt
ca.-13..-7 dBm.

Eine andere Option ist die Verwendung von
bipolaren Transistoren wie z.B. dem BFTE6
in einer Gegenkopplungsschaltung[1,2]. Dort
wird ein IIP3 wvon +10dBm bei einer
Rauschzahl von ca. 1,5dB erreicht.

Auch Leistungs-GaAs-Fet wie der MGF1801
werden benutzt. Bei Rauschzahlen wvon
0,2...0,4dB istder lIP3 ca. +1,5dBm [3]. Trotz
hoher DC-Leistung ist das weniger als erwar-
tet.

Inzwischen wurden moderne Leistung-
HEMT's flir die Anwendung in GSM-Basissta-
tionen entwickelt. Speziell Agilent (friher als
HP bekannt) vermarktet PHEMT's, die eine
Rauschzahl von 0,5dB bei 1GHz und einen

IIP3 von +7dBm bei dieser Frequenz errei-
chen.

Diese PHEMT's haben sehr groBe Breiten in
der Gate-Strukiur. Ein MGF1302 hat 250um,
ein ATF33143 hat 1600um (=1,6mm!) und ein
ATF51443 hat 800um. Dadurch werden klei-
ne Rauschzahlen bei groBem Strémen mog-
lich. GroBe Strome implizieren niedrige Inter-
modulation. Typische Strome fiir minimales
rauschen liegen bei 60...80mA. Der
ATF54143 ist ein E-PHEMT. Er braucht wie
ein normaler Leistungs-MOSFET eine positi-
ve Spannung auf dem Gate.

Die Transistoren sind fiir den Bereich von
0,9..2,5GHz vorgesehen. Auf 144MHz zei-
gen sie einen exorbitante Verstarkung von
mehr als 30dB. Das ist viel zu viel und ernied-

Bild/Figure 4: Close-up view of the E-pHEMT
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rigt nur den Dynamikbereich des Empfan-
gers.

Es gibt Methoden, um die Verstarkung zu
erniedrigen:

1. Abschwacher nach dem Verstarker

2, Kdinstliche Verstimmung

3. Anwendung von "Lossless Feedback”

Ein Abschwacher emniedrigt die Verstarkung.
Gleichzeitig wird aber auch der Ausgangs-In-
terzeptpunkt erniedrigt. Damit wird der Dyna-
mikbereich erniedrigt. Also keine gute ldee.

Mit bewuBter Fehlanpassung kann die Ver-
starkung auch erniedrigen. Z.B. kann man als
Drainlast einfach einen 50Q Widerstand neh-
mern.

Aam besten ist Anpassung auf die optimale
Last, die Spannungs- und Strombegrenzung
gleichzeitig erfolgen lai3t und die Anwendung
von Induktivitaten in der Source. Mittels PUF
[4] 1a03t sich zeigen, daf eine Induktivitat von
6nH die Verstarkung auf 23dB sinken a3t
Allerdings kénnen durch Sourceinduktivitat
leicht Instabilitéten oberhalb von 3GHz ent-
stehen.

Stability issues

When | started this design, | thought that
stability would be the least to worry about. It
turned out to be close to a nightmars!

The device | used has a cut-off frequency well
over 15 GHz. Hence, the maximum device
gain at VHF is very high ( 30 dB). One would
expect that the circuit might oscillate at VHF
frequencies, but it did not. It oscillated like hell
at 2...5 GHz.

The initial circuit | build was stable, but was
put on a piece of board, without any "cutting
edge" tweaking of the PCB. As soon as |
changed to "nice circuits" (nicely designed
board and a shiny aluminium case), things
turned sour. Murphy had spotted me!

| made 3 new PCB designs with various re-
sults, except one: They all oscillated as socn
as | put the lid on the box. However, in the last
design | had incorporated some features to
the circuit that did improve stability some-
what. But it still oscillated...

The part that had blotted my sight turned out
to be the tuning capacitor! | had used a tuning
capacitor which had an effective capacitor
length of some 9mm (total length head to tail
was 13mm). The series and paralle! series
resonances across the tuning capacitor was
(one of) the causes of input impedance val-
ues which turned the circuit into an oscillator.
Having substituted the tuning capacitor for a
low inductance type, the oscillations ceased.
Moreover, measuring the S-parameters of the
pre-amp (130 to 10000 MHz), calcullations
showed that the pre-amplifier is now uncon-
ditionally stable. Even with the lid on, which
is the most difficult task to achieve! This is
familiar to every microwave experimenter.

Stabilitat

Als ich mit diesem Projekt anfing, dachte ich
nicht, dal3 die Stabilitat ein Problem werden
konnte. Tatséchlich wurde es das Hauptpro-
blem. Der FET, die ich benutze, er hat eine
Grenzfrequenz von Uber 15GHz. Auf VHF ist
die Verstarkung mehr als 30dB.

Die Oszillationen waren zwischen 2 und
5GHz, sobald ich den Deckel aufsetzte. Auf
144MHz selbst war der Verstarker stabil. Die
induktive Gegenkopplung in der Source zu-
sammen mit einem ungeeigneten Abstimm-
kondensator im Eingangsschwingkreis er-
zeugten einen Oszillator.

Durch Wabhl eines geeigneten Trimmers und
Serieninduktivitdten im Gate und im Drain
wurde Stabilitat erreicht. Das wurde durch
Messungen der S-Parameter von 130MHz
bis 10000MHz bei geschlossenen Deckel be-
statigt.

Designing the ideal Pre-Am-
plifier

Let's get this straight: the ideal pre-amplifier
can not be constructed using amateur equip-
ment, but we can get very close to it these
days! Some modemn high frequency FET's
have NFmin which are equal or less than 0.1
dB! (NFmin is the minimum noise figure which
theoretically can be obtained with such a
device using loss less matching to the opti-
mum impedance). NFmin is acquired at a
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specific impedance. The transfarmation from
the antenna impedance (usually 500) to the
impedance of NFmin introduces loss, which
will add up to NFmin. If the impedance match
to NFmin fails (i.e.: the transformation ends
up with an impedance that difiers from the
optimum noise impedance), the noise figure
of the device will also be higher than NFmin.
The sensitivity for impedance mismatches is
often expressed with noise circles. Any point
on this circle will give a specific NF of the
device at the specified impedance. The larger
the distance between the successive circles,
the less critical the requirements of the
matching network will be.

To match to the optimum noise impedance,
we need to design a circuit that will do the trick
with the least amount of loss. The matching
loss is a function of loaded- and unloaded-Q
values of the matching network (Q is the ratio
between the centre frequency and the 3 dB
bandwidth of a resonant LC-network).

The unloaded Q (Qy) is the bandwidth of a
circuit without any loading by active or pas-
sive circuitry: just an LCR network. The
loaded @Q {QY) is the same network, but cou-
pled to an active or passive system, which
lowers the total bandwidth. The ratio between
these 2 figures, determines the loss, accord-
ing to the following formula:
CQu

[2] IL= E[}-Iﬂg{mu = GI}

As can easily be derived from the formula, a
high value for Qu and a low value for Q,
minimises the losses. However, the selectiv-
ity of the LC network, is determined by the
loaded Q (bandwidth!). A high value for the
lvaded Q, means small bandwidth (= high
selectivity), but increases the network loss. If
the active device has good strong signal pa-
rameters, we can tolerate poor selectivity,
because the device is able to cope with strong
out of band signals, hence design a matching
network with low loaded Q.

Well designed lumped coils can obtain fairly
high Q values of 300 to 600. Using a 3 dB
bandwidth of 20 MHz, the insertion loss will
amount 0.1...0.2 dB, giving an acceptable

selectivity of -10 dB at 100 MHz, compared
to 144 MHz.

Summarising the characteristics of the input
matching network:

— maitching antenna impedance to
MNFmin (NFmin is a device specific,
frequency dependent, impedance);

- keeping matching losses as low as
possible, given the practical con-
straints of available Q of the net-
work.

Design

Es gibt heute Transistoren, die selbst nur eine
Rauschzahl von 0,1dB auf VHF haben. Der
Transistor will eine bestimmte Impedanz flr
die minimale Rauschzahl "sehen”. Das wird
durch HKreise konstanter Rauschzahl im
Smith-Diagramm beschrieben.

Die optimale Impedanz ist meistuns wvon
508 verschieden. Man braucht also eine
Transformationsschaltung, welche diese Im-
pedanz aus der Nennimpedanz von 5080 her-
stellt. Die Verluste einer sclchen Transforma-
tion werden durch Gleichung [2] beschrieben.

Es kommit also darauf an, ein moglich grofes
Verhaitnis zwischen der Leerlaufgite Qu und
der Lastgite Qi, zu erreichen. Spulen haben
auf 2m Giten zwischen 300 und 800, Setzt
gine 3dB Bandbreite von 20MHz an, ist die
Lastgiite 144/20=7. Damit ist der Eingangs-
verlust 0,1...0,2dB.

Circuit Description

The LMNA is designed siraight forward (figure
2), however L2 and L5 need some special
attention. The input matching network con-
sists of C1, C2and L1. L1 is a lumped air coil,
made of 2 mm diameter silver plated copper
wire. Using wire spacing of 2mm, the theoreti-
cal @ is estimated to be above 500. The
inductance is 65 nH. The bandwidth (-3 dB)
is set to about 20 MHz, a compromise be-
tween selectivity and loss. At 100 MHz the
gain is reduced by 12 dB compared o 144
MHz. The calculated insertion loss amounts
to 0.1....0.15 dB.
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Bild/Figure 7: Input return loss measurement sef-up
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Konstruktion

Die Leiterplatte und der Bestickungsplan
sind aus den Abb.14...17 ersichtlich. Alle Bau-
element werden montiert und verldtet. Zuletzt
wird der sehr FET ATF54143 (4p) eingelétet.
L6 und L7 sitzen auf der Masseseite der
Flatine. Die Abb. 3 und 4 zeigen den Aufbau.

Adjustment

Although the pre-amplifier is stable, make
sure to connect an antenna, or 505 dummy
loads to in- and output. Connect a clean
power supply to the circuit (9 to 24V DC) and
measure the current at the power supply or
the voltage across RE. The current should
read between 65 and 70 mA, the voltage
measured across R6 should read about
1.14V.

Mext, insert the pre-amp in the RX chain and
tune to a beacon. Adjust the input coil tune
capacitor to maximum signal strength. | found
that the minimum noise figure is a very broad
minimurn.  Tuning for maximum signal
strength equals the minimum noise figure
within a few hundreds of a dB. The only way
to squeeze the last hundreds of noise figure
out of the pre-amp, is by using a calibrated
set-up.

- 50 Qhm
-
Abgleich

Die Betriebsspannung von 9...24V wird ange-
legt und verifiziert, daf3 der Strom 60...70mA
betragt. Die Spannung Ober RE6 betragt
1,14V

Der Eingangskreis wird an einer schwachen
Bake einfach auf Maximum gedreht., Die
Rauschzahl ist dann bis ein paar Hundertels
dB im Minimum.

Measurements

In this chapter some considerations and pit-
falls of measurement set-ups will be de-
scribed. Obviously, the noise figure of a pre-
amplifier Is one of the most important quanti-
ties, however, some errors easily made, may
lead to erroneous conclusions. The linearity
of a pre-amplifier may seem unimportant, but,
like the strength of a chain, the weakest part
of a receiver chain determines the total
strength. The in- and output impedance is an
indication of how stable an amplifier is. More-
over, high output return loss values will keep
subsequent amplifier stages guiet.
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Bild/Figure 8: Input 2-tone signals
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Noise figure measurements and inhe-
rent errors

Fortunately, | am in the position to use profes-
sional noise measurement equipment from
HP (HPB970A and HP346B noise source).
MNevertheless, one should be carsful not to
make measurement errors. Measurement er-
rors may be not obvious when starting a
measurement. An example is the effective
value of a periodic signal. If this is not a
perfect sinewave, most voltage meters will
give the wrong effective voltage. They are
designed using the assumption that an alter-
nating voltage will be a sinewave!

The input SWR of a low noise amplifier is
often everything but 500, Most designs will
use a tuned circuit in order to transform the
input impedance to optimal noise impedance
of the active device. As a consequence, the
optimal source impedance of an active device
rarely matches the optimal powerimpedance.
Hence, it is rare to find low noise pre-amps
that exhibit a 50Q input impedance. A poor
input SWR of a pre-amplifier may influence
the measurements dramatically (not the
noise figure itself!!).

The nature of noise measurement equipment
is to switch a known noise source ON and
OFF. The ratio between the ON and OFF
situation is the basis on which the noise figure
calculations are performed. The noise source
is followed by a fixed amount of attenuation.
However, the impedance of the noise source
itself may not be exactly 50Q, due to the fact
that a switch is invalved (ON and OFF). As
long as the impedance of the DUT is 5022 the
noise source mismatch is of no concern, be-
cause the equipment is calibrated using
50€) impedance. However, a DUT with an
input impedance other than 5042, will resultin
an error in attenuation factor between the 2
alternating noise states. This difference is
usually ignored, but becomes crucial when
the impedance deviates much from 500 or
when the noise figures we want to measure
are very small.

One example | recall, is a design from
YU1AW [5]. This pre-amplifier had an excel-
lent noise figure (it utilised a MGF1302), but

had an input SWR of 1:100 or so. Such a
SWR will not deteriorate the amplifier's per-
formance, but measuring its noise figure, was
quite a challenge! In fact, | was able to tune
the input circuit to negative noise figures!! The
only way to resolve this was by inserting a
fixed (calibrated) attenuator between the
noise source and amplifier. After subtracting
the attenuator value of the measured value, |
was able to obtain the real noise figure (0.35
dB for the YU1AW pre-amp).

If you are interested to get to the bottom of
noise figure measurements and pit falls, it is
worth reading an article by Rainer
Bertelsmeier, DJIBV [6].

Inserting extra attenuation reduces the meas-
urement error considerably and should be
standard practice in low noise pre-amp meas-
urements. Using a standard noise source
(even a professional one), may lead to mis-
leading (low) noise figures! Some noise figure
measurement set-ups automatically measure
the S-parameters of both noise scurce and
DUT, and compensate. This may be the ulti-
mate method, but requires a very expensive
set-up.

Measuring IP3

Linearity can be measured using 2 inde-
pendent signal sources, isolated from each
other by circulators and a combiner. The cir-
culators are added in order to increase the
isolation between the 2 signal sources and
pravent intermodulation to emanate from the
signal sources themselves (figure 5). In this
set-up | used the FSEA spectrum analyser
from Rohde & Schwarz (but any spectrum
analyser having adequate dynamic range,
may be used). Care must be taken not to
overload the analyser, which will lead to the
generation of IM products in the analyser
itself,

The isolators are from Philips (surplus 154
MHz pagers systems, tuned to 145 MHz),
which provide more than 40 dB isolation.
Added to the isolation provided by the hybrid
combiner (about 20 dB), both signal gener-
atars are isolated by maore than 60 dB, which
was sufficient to obtain more than 80 dB
suppression of any 3rd order products.
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Bild/Figure 10: Input Return Loss
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Bild/Figure 12: Gain plot from 95 to 195 MHz
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In figure 6, the relation between IM, the fun-
damental signal and IP3 is shown. As can be
seen the actual 3rd order IP point will never
be reached by an amplifier, because satura-
tion will have occurred long before, Instead,
we need to measure the intermodulation
products some 10 to 20 dB below the satura-
tion point of the amplifier, and calculate the
IP3. The Spurious Free Dynamic Range
(SFDR) can also be calculated if the [IP3 and
noise floor are known.

The equation for [P3 is:

@] IPs= 3-Po - IMD3
2
where
Po Single tone output level in dBm
IMDz  Two Tone 3rd order distortion

level in dBm

From the intermodulation products as they
appear at the output of the Device Under Test,
the 1IP3 can be calculated (as a tool | use a
freeware program from Agilent; AppCad [7]).

Measuring the return loss of amplifier
ports

The input and output return loss are a meas-
ure af how well an amplifier matches to 500
impedance. The smaller the reflection (i.e. a
high return loss level in dB), the better it
matches to 50€2. Is it an important value? Not
for the actual noise figure. However, upon
employing the LNA good matching guaran-
tees that 502 interconnection lines can be
used without having to take their length into
account. The return loss can be measured
using a directional coupler which is fed by a
signal generator and terminated by the De-
vice Under Test (DUT). The reflection port will
show the amount of energy that is not ab-
sorbed by the DUT and reflected back into the
directional coupler (Figure 7).

In stead of a spectrum analyser, a sensitive
power meter (< -10 dBm) or a calibrated
receiver can be used as well,

The sef-up can be easily calibrated: Step 1:
Let the output port open (i.e.: no DUT at-
tached to the directional coupler) and read the
strength of the signal at the reflection port of
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Bild/Figure 13: Gain plot from 0 fo 1800 MHz
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the directional coupler (a value should be
found equivalent to the specified coupling
loss of the directional coupler. For example,
if the coupling loss is 20 dB, and the signal
generator is set to -20 dBm, a value of about
-40 dBm should be found).

Step 2: Attach a 500 dummy load or 5002
SMD resistor to the output of the directional
coupler, and the reading should be at least 20
dB less than before because all energy
should be absorbed in the 50(2 load and no
reflections should appear at the reflection port
(apart of the directivity of the coupler in use,
usually 30 dB).

Messungen

Die Messungen beziehen sich auf folgende
Eigenschafien:

¢ Rauschzahl

= Linearitat (IP3)

= Eingangs- und Ausgangsanpassung

Rauschzahl
Normalerweise hat ein Vorversidrker ein
schlechtes Eingangs-VSWRH. Das geht den

MeBwert eine Rauschzahimessung sehr
stark beeinflussen.

Die Rauschguelle schaliet periodisch zwi-
schen Ein- und Auszustand hin- und her.
Dabei andert ihre Impedanz ganz wenig.
Selbst Sie ihre Anpassung zeigt (> 30db
RickfluRdampfung) reicht eine kleine Ande-
rung der Impedanz, um bei MeBobjekten mit
hohem VSWR eine Anderung der Verstar-
kung herbeizufihren. Damit kann je nach
Phasenlage ein gréBerer oder kleiner Y-faktor
vorgetduscht werden, was dann zu einem
falschen MeBwert fir die Rauschzahl fihr.
Speziell 15dB ENR Rauschguellen wie die
HP348B oder die AILTECH 7615 sind dafiir
anfallig. Da hilft dann nur ein zusatzlicher
10ciB Abschwécher.

Das war vor Jahren die einzige Methode, um
einen Vorverstarker nach YU1AW [5], der ein
Eingangs-VSWR von 1:100 hatte, zu mes-
sern.

Wer sich da eingehender informieren moch-
te, sei auf den Artikel von Rainer Bertelsmei-
er, DJSBV [6], verwiesen,
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Bild/Figure 15: PCB Top View
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Bild/Figure 16: Silk Screen Top
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Linearitat (IPD)
Wie in BA,. 5 gezeigt wird die Intermodulation

mit zwei entkoppelten Signalquellen und ei-
nem Spektrumanalysator gemessen.

Die Entkopplung wird mit zwei Isclatoren von
Philips und einem Hybridkoppler auf minde-
stens 60dB gehalien. Das reicht aus, um
keine Intermodulation im Dynamikbereich
(> 77dB) des Spektrumanalysators zu sehen
(Abb, B).

Abb. 6 zeigt den Zusammen zwischen den
Intermodulationsprodukten und dem Einton-
signalen. Die Produkte wachsen im linearen
Bereich mit der 3-fachen Geschwindikeit wie
die Einzelténe, bis schiieBlich Sattigung ein-
tritt. Aus einer solchen Kurve kann den IP3
und den intermodulationsfreien Bereich be-
stimmen.

Anpassung
Die Anpassung im Ein- und Ausgang macht
den Einsatz des Verstarkers problemlos z.B.

var Filtern und ist auBerdem ein Kriterium far
Stabilitat,

Die HockfluBdampfung kann nach dem Auf-
bau im Abb. 7 bestimmt werden. Die Kalibra-
tion wird durch Anlegen einer Last von 500
und einer offenen Last bewerkstelligt.

Measurement Results

Intermodulation

From the intermodulation products as they
appear at the output of the Device Under Test,
the OIP3 can be calculated (| used a freeware
pragram from Agilent: AppCad [7]). The lIF3
then follows by subtracting the gain (AppCad
will perform this equation as well). The 2-tone
test signal as applied to the pre-amplifier is
shown in figure 8a. All IM products are 80 dB
down. In figure 8b, the measured IM spec-
trum is shown as produced by the amplifier.

The measurements performed on the 144
MHz pre-amplifier shows 3rd order Inter-
maodulation Products of -55 dBm, compared
to the fundamental signals of -2 dBm. These
values result in an Output IP3 of +25.5 dBm.
At an amplifier gain of 23 dB, the lIP3 is +2.5
dBm (lIP3 = OIP3 - Gain).

Input and output return loss

The input and output return losses were
measured using a professional S-parameter
measurement set-up by HP. The input return
loss shows a fairly wide dip, and peaks at
-13.5 dB around 142 MHz. However, the re-
turn loss is still -12 dB at 144 MHz.

The output return loss has a more or less flat
characteristic, which is the result of the heavy
loading by R8 in the drain circuit. At 144 MHz
the output return loss is better than 25 dB.

Noise figure

In order to prevent the gain error, a fixed
(carefully measured!) attenuator of 10 dB was
inserted between the noise source and the
LNA. The noise LNA figure was measured to
be 0.25 dB.

Gain

The gain is measured in a traditional manner
(if you are lucky to have a spectrum analyser
at your disposal!). Figure 11 and 12 show
plots of different frequency spans. Aslight rise
in gain can be noticed for frequencies higher
than about 1500 MHz. This is due to the
series inductance of the tuning capacitor and
the series inductance in the source. As can

be seen from the plot, the gain is 23 dB
around 145 MHz.

Summarising

Gain: 23 dB
MNF: 0.25 dB
Input return loss: 12 dB
Output return loss: =25 dB
3rd order input intercept point: 2.5 dBm
Supply voltage: +9...+24V
D.C. supply current: 68 mA

Ergebnisse

Intermodulation

Abb. 9 zeigt die Intermodulationsprodukte ei-
nes intermodulationfreien Eingangssignal
nach Abb. 8. Aus den Pegeln errechnet sich
ein OIP3 von |IP3=-2dBm+55/2=25,5dBm.
Bel einer Verstarkung von 2,5dBm entspricht
das einem |IP3 von +2,5dBm.
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Anpassung

Abb. 10 zeigt die Eingangsanpassung. Sie ist
auf 144MHZ 12dB, ein erstaunlich hoher
Wert fur die RickfluBdampfung.

Abb. 12 zeigt, dal auf 145MHZ die Rick-
fluBdampfung besser als 30dB ist.

Rauschzahl

Die Rauschzahl des Prototypen wurde mittals
HP8970B und einer HP346B+10dB Ab-
schwécher mit 0,25dB gemessen.

Verstarkung

Die Verstarkung betragt auf 145MHz 23dB
(Abb. 12). Der Breitbandplot ist in Abb. 13.

Conclusions

The merit of this pre-amplifier is in the combi-
nation of a high dynamic range with a very low
noise figure. Optimal utilisation of both as-
pects can only be realised when the sub-
sequent stages have a high dynamic range
as well, otherwise only the noise figure will
drop, sacrificing dynamic range. Modem E-
pHEMT FET's enable us to construct pre-am-
plifiers with low noise figures and high IIP3,
without the need for compromises on either
aspect. Moreover, the Input- and Output im-
pedance’s can be matched very closely to
5002 as well, without sacrificing performance.
Some care must be taken in order to prevent
oscillation in the SHF frequency range, given
the high fT of these devices, but careifully
designed these amplifiers are unconditionally
stable.

SchiuBbemerkungen

Der Vorteill dieses Vorverstarkers besteht in
der niedrigen Hauschzahl, des hohem IP3,
der guten Ein- und Ausgangsanpassung und
nicht zuletzt der absoluten Stabilitat von 100
bis 10000MHz. Das wurde ermdglicht durch
den Einsaiz sines modemen E-PHEMT.
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