A state-of-the-art 2.3GHz Pre-amplifier
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Eagle-eyed readers may have noticed the reference to an ATF-54143 in John G3XDY's notes on the pre-amplifier testing results at the November Adastral Park round table, published in the March 2002 Newsletter.  Here are some more details of this pre-amp which has some rather interesting properties :-

The ATF-54143 is the first of a new breed of low noise GaAsFETs.  Released by Agilent Semiconductors (formerly HP) in mid-2001, it is less than one year old and offers some remarkable properties. It was designed for the mobile phone base station market, where low noise and good strong signal handling ability have to be achieved at the same time.  However, it can be used up to at least 6GHz (although the gain is starting to roll off at this point), and is ideally suited for amateur microwave use in the lower and middle bands.  

Agilent call the device an Enhancement-mode Pseudomorphic High Electron Mobility Transistor, or E-PHEMT.  HEMTs have been around for some time now, and will be familiar to anybody who has built a microwave low noise amplifier (LNA). 'Pseudomorphic' is a development of the basic HEMT, and refers to the way the Gallium Arsenide is doped during device manufacture; the channel of the FET being made from many thin layers, which form a lattice structure.  It sounds very impressive but is only of relevance to the semiconductor  physicists involved in the details of the design and fabrication of the device itself. (Incidentally, PHEMT is pronounced 'pee-hemt - not 'femt, but there doesn’t seem to be a universally accepted way to pronounce E-PHEMT'!)  

The really interesting bit is 'Enhancement'.  Until now, all low noise and high power GaAsFETs for RF and Microwave use were of the 'depletion' type, which means that the device has to be biased into the operating region by ensuring that the gate is at a more negative potential than the source.  The two most usual ways of achieving this are by grounding the gate at DC and using resistors in the source lead(s), or by grounding the source lead(s) and using a separate negative voltage generator.

Enhancement mode FETs require a positive voltage to be applied to the gate, which obviously makes things far easier in terms of circuit design and construction.  

The second interesting feature of the ATF-54143 is it's strong signal handling performance.  Traditionally, low noise GaAsFETs have had significantly worse performance in terms of being able to handle either in-band or out of band strong signals than bipolar transistors or MOSFETS.  The parameter most often used to describe strong signal handling performance is the 3rd order intercept point IP3, either referred to the input (IIP3) or the output (OIP3) [1],[2],[3].

Note that the difference between the IIP3 and the OIP3 is simply the gain or loss of the device, so that an amplifier (or transistor) with an IIP3 of  +10 dbm and 6dB gain will have an OIP3 of +16dBm.  The ATF-54143 has an OIP3 of up to 37dB at 2.3GHz, with an associated gain of 16dB, giving an IIP3 of +21dBm which is a very impressive figure indeed. The IP3 is a function of the bias conditions, and this allows a trade-off to be made between IP3,  gain and noise figure. 

On the higher microwave bands, strong signal handling is not usually an issue, but there are at least two cases where good strong signal handling could be used to good effect, particularly at 1.3GHz :-

i) The 1.3GHz band has a close proximity to the frequencies used by the huge Civil Aviation Authority radars in some parts of the country.  Some 1.3GHz receivers are consequently overloaded.

ii) Repeater builders have to go to great lengths to ensure that the repeater output does not de-sensitise the receiver. Traditionally repeaters have required a low loss, high Q cavity duplexer in order to separate the Tx and Rx signals. A receiver front end with a very high IP3 may not be as susceptible to self-desensitisation, allowing the possibility of a lower-specification receive filter.

The ATF-54143 could help in both of these situations. 

The noise figure of the ATF-54143 depends on frequency, but at 1.3GHz the NFmin (minimum noise figure if the rest of the circuit was ideal) is only 0.4dB, and only 0.5dB at 2.3GHz.  This is not quite as good as some other devices, such as the ATF-36077, but for the vast majority of cases this will not matter for two reasons :-

i) Noise figure differences of one or two tenths of a dB are only relevant in very special cases for space communications, such as satellite and EME - for terrestrial applications, it makes no real difference to the received signal/noise ratio due to the relatively high level of background noise (approx. 290K).

ii) Use of good RF circuit design techniques, high Q microwave passive components and low-loss PCB materials can reduce the circuit losses in a new LNA design such that the degradation in noise figure due to the these components (i.e. components external to the active device) are very small indeed, typically less than 0.2dB.

'So what's the catch?'  

The ATF-54143 is not expensive, currently being only £6 each, which is considerably cheaper than (for example) the Mitsubishi MGF1402.  One of the biggest problems is the size of the device - it is obviously in a surface mount package, as with all new devices (apart from those with no package at all - i.e. bare die!), and the package of the ATF-54143 is very small with the leads on a 0.65mm pitch, so some form of optical aid is required when soldering.  There is also the usual problem with all HEMTs in that there is a reasonable amount of gain at high frequencies, and this gain increases as the frequency is reduced.  This leads to the possibility of instability anywhere from several hundred MHz to over 10GHz, and careful circuit design is required to ensure that the resulting amplifier is stable.

Circuit Description

The positive gate bias can most easily be derived from a simple voltage divider consisting of two resistors.  However, the drain current is highly dependent on gate voltage, and the relationship between the drain current and gate voltage (transconductance, Gm) varies from device to device, as do the individual I-V curves.  The ATF-54143 data sheet  [4] gives details of an active bias circuit, which ensures that the bias conditions (drain voltage and current) are consistent from device to device, and offers a degree of temperature stability.  The design presented here is based on the Aglient design, with some subtle modifications.  Referring to the circuit diagram in figure 1 :-

R1 and R2 form a potential divider which keeps the base of TR1 at a constant voltage of approximately 2.7V.  The emitter voltage of TR1 is simply the base voltage + 0.65V.  This sets the drain voltage of TR2 at approximately 3.4V.

The drain current is set by the resistor R3 to be approximately 30mA. The gate current is almost zero, and can be ignored for the purposes of biasing.  The gate voltage is therefore the same as the collector voltage of TR2, and is regulated by TR2 such that conditions for the drain voltage and current are always met.  If the drain current of TR2 was to rise for any reason (such as a change in temperature), the voltage at the emitter of TR1 would drop causing the voltage at the collector to drop.  This would reduce the gate voltage, causing the drain current to drop, thus maintaining bias stability.  

However, the emitter-base voltage of a bipolar transistor decreases as the temperature increases.  Therefore, D1 is included to compensate for this; if the temperature increases, the voltage drop across D1 will reduce, causing the base voltage of TR1 to increase, but the emitter-base voltage of TR1 will also decrease with increased temperature, and consequently the voltage at the emitter of TR1 will be almost constant over a wide range of temperatures.  Measurements show that with this arrangement, the drain voltage of TR2 varies by only  100mV and the current varies by only 1.8mA over the temperature range -18(C to +60(C.  The temperature performance of microwave circuits is often ignored, but masthead mounted pre-amps can be subject to extremes of temperatures, especially if mounted at the feedpoint of a dish which is pointed at the sun in order to make G/T measurements.  The active bias circuit ensures that consistent bias conditions will be maintained over a wide range of temperatures.  Note that this bias circuit could be adapted for use with a negative gate-biased FET to give a similar level of bias stability, but the author is not aware of any amateur designs that actually do this. 

The bias conditions of VDS=3.4V and ID=30mA were chosen to give a low noise figure and reasonably high  gain at 2.3GHz, the objective being to reduce the noise figure of the system as a whole.  The bias conditions are set only by R1, R2 and R3.

Source Degeneration

Traditionally, HEMTs and PHEMTs have required the absolute minimum inductance from the source lead(s) to RF ground for best performance.  This is why FETs usually have two source leads; the inductance to ground is reduced which increases the gain.  The ATF-54143 has been designed to allow some source inductance to be used in order to raise the input impedance to be closer to 50 ohms.  The input impedance is of little importance in the majority of amateur radio applications, the exception once again being in repeaters where the performance of the duplexer is a function of the load presented to the ports.  For the majority of amateur applications, the input SWR of a low noise amplifier is of secondary importance to the noise figure and gain.

However, the PCB (see below) has been designed to allow some source degeneration if required.  This is achieved by etching two parallel tracks for each of the source leads.  One track connects to the device source lead, the other is connected to ground with a row of vias.  A small (0402 size) zero ohm link is used to connect the source lead to ground; the position of the link setting the source inductance.  For 2.3GHz (and above) the inductance is set to minimum, although the resulting impedance is not zero – the size of the zero ohm link acting like a short transmission line with a non-zero inductance.  This causes a reduction in gain of approximately 2dB, although the noise figure is unaffected.  More details of source degeneration can be found in reference [5].

Input match.

As with all discrete low noise amplifiers, the optimum noise figure does not occur when the device is matched to 50 ohms.  This causes all manner of confusion to some, but suffice to say that the best (lowest) noise figure is obtained when a certain mismatch occurs. The input impedance is transformed to this optimum impedance with C6 and L1; C3 ensures that the junction of L1 and R6 is at RF ground.  In order to achieve the best noise figure possible, the losses associated with these input matching components must be kept to a minimum, which means that high Q components must be used. 

Traditionally, inductors at these frequencies would either be printed on the PCB or formed from wire of the correct size.  The Q of printed inductors is limited by the loss tangent of the PCB material, and it is difficult to change the inductance of a track once the PCB has been manufactured.  The use of surface mount wound inductors allows for very high Qs, and also allows for a single PCB to be used at different frequencies.   The cost of wound inductors have recently been reduced to partly due to intense competition between the manufacturers, which is good news for the microwave constructor.   There are no variable capacitors or inductors that need to be adjusted for best performance – this is a true ‘no-tune’ design.

Recent advances in ceramics technology (developed for the mobile phone industry) have led to the development of surface mounted inductors in a range of different values and sizes, some of which have a very high Q at low, and even middle, microwave frequencies.  Once again, the bad news is the size of these parts – the highest Q inductors  are in the 0603 or 0402 size.  Whilst these are ‘industry standard’ sizes, they do pose some problems for the amateur at home – 0603 components measure approximately 1.6 x 0.8mm; 0402 components are considerably smaller!  Hand soldering is possible with the right equipment, but the techniques are very different to those required for more conventional, larger components.

The inductor chosen for the input match in this design is a Coilcraft 0603CS-030 which has an inductance of 3.9nH +/-5%.  The actual inductance varies with frequency, but the graph of L vs f is very flat and the actual inductance at 2.4GHz is very close to 3.9nH.  The Q of this inductor at 2.4GHz is approximately 100, and this high Q value is a major factor in keeping the noise figure of the amplifier down.

Second Stage

Some applications will benefit from a second stage of amplification.  This is achieved with an Agilent MGA-85563 low noise Monolithic Microwave Integrated Circuit (MMIC).  The MMIC is fairly easy to use compared to a discrete FET, requiring only one inductor to match the input and an RF choke and some decoupling capacitors on the output.  An external resistor sets the bias current, and that’s it!  The bias current of the second stage has been set to approximately 15mA.  The second stage has a noise figure of approximately 1.6dB and a gain of 18dB.  The IIP3 of the MGA-85563 is approximately –7dBm, which is considerably worse than the OIP3 of the ATF-54143.  This means that the overall system IP3 is limited by the second stage, not by the first stage, and the resultant IIP3 is approximately –20dBm.  However, as mentioned previously, the strong signal handling performance at 2.3GHz or 2.4GHz is not really an issue, and this level of performance will be found to be more than good enough.

‘Universal’ Printed Circuit Board.

The PCB used for this project has been manufactured professionally with 0.4mm plated through holes and a tin-lead finish.  This is obviously not the cheapest solution, but it is felt that this was only option given the small size of some of the components used.  Professionally etched PCBs offer a high degree of repeatability which is essential for consistent performance, and completely eliminate any uncertainty due to etching errors or mistakes.

The PCB dielectric is a material called AR320, made by Arlon Inc. in the USA.  This is a hybrid material of PTFE and fibreglass, offering some properties of both. The losses are much lower than with conventional FR4, but the cost of the material is much less than even the most common PTFE-only material, Rogers Duroid 5880.  Also, the hybrid material is much stronger than Duroid.  The dielectric constant is (perhaps not surprisingly) about half way between the two, at 3.2 (hence the name AR320) and the thickness is 0.8mm.  The PCB uses surface mounted components exclusively.  This allows the same PCB to be used for different bands; all that is required is for use at different frequencies is to change the value of the matching components, and possibly the bias resistors.   It is hoped that the same PCB can be used for a number of different pre-amps from 432MHz  or below to 3.4GHz and maybe even 5.7GHz.

It is fully appreciated that 0.8mm Arlon AR320 is an unusual choice of dielectric material.  This material was chosen for it’s suitability to do the job, and also because the author has stock of this material, it being used on other projects.  It is certainly not as readily available as FR4 or Duroid, and so ‘home-brewing’ the PCB will not be easy, if it is possible at all. (There may be an alternative PCB material such as Rogers 4003, although this has not been tried).

However, this LNA  is presented to show the levels of performance that can be achieved with a state-of-the-art design, not necessarily something that can be etched in the kitchen sink.  If any constructors wish to have a go at etching their own PCBs then please get in touch with the author who will supply artworks.  It may be possible to modify the PCB artworks for different dielectric materials, but this has not been tried and there are many pitfalls for the unwary.

Performance

The noise figure of the ATF-54134 increases with frequency, and much work has been done to reduce the noise figure at 2.4GHz to an absolute minimum, for use with the AO40 S-band downlink at 2401MHz.  The resultant noise figure of the two stage amplifier is 0.6dB (Te=48K) and the gain is approximately 28dB.  The ATF-54143 can be used as a single stage amplifier, in which case the noise figure is slightly less, and the gain is 13dB.  The output of the first stage (and the input of the second stage) is matched to 50 ohms, making it easy to use the first stage on it’s own if required.  The simulated IIP3 of the two stage amplifier is -20Bm, this is yet to be measured.  

Further Developments

A 1.3GHz version of the pre-amp is currently being developed.  The noise figure is expected to be approximately 0.4dB, although the biasing will be changed in order to improve the IP3 performance which may lead to a slight increase in noise figure.  The second stage will be re-designed in order to improve the IP3.   There are other reasons why a high IP3 is of advantage at 1.3GHz; full details will appear in a future edition of the newsletter.

Conclusion

The above design demonstrates that the amateur microwave community can benefit from the massive amount of research and development that is being carried out by the major component manufacturers.  New devices are being introduced literally on  a daily basis, and some of these devices can be put to good use by radio amateurs.

Other designs for amateur radio use of the ATF-54143 have been published [6], but the author is not aware of any other designs for the 2.3GHz band using this device.

The author does not claim any originality for this design; all the individual ideas and circuit blocks are used elsewhere in commercial receiver designs.  However, these ideas are now put together and demonstrated in a practical way for the amateur microwave experimenter.

Apart from the very small size, the ATF-54143 has no real drawbacks.   Now we have a device with very low noise figure, positive gate bias, superb strong signal handling and easy availability. Active bias circuitry ensures that bias adjustment potentiometers are not required, and the use of high Q lumped components gives a low noise figure and no need for tuning.  So not only can we have our cake, we can eat it and have second portions as well!
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PCBs or complete built & tested amplifiers are available from the author via GH Engineering;  email :-grant@ghengineering.co.uk.

