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Block Upconverter (BUC) technology has developed recently from direct upconversion 

and GaAs SSPAs to multiband topologies and GaN SSPAs. This paper outlines the 

development of a unit to cater for the latest demands on BUCs. It starts with an overview of 

various upconverter topologies and justifies the use of a dual band approach. It then 

presents the benefits of using GaN based MMICs biased in class A-B. Also shown is the 

overall improvement in linear power achieved through the use of a linearizer. The completed 

unit was capable of achieving 20W of linear power over a frequency range of 29 – 31 GHz in 

two 1 GHz bands. This power was reached with an operating input power of only 130 W and 

in a form factor of less than 1.35 L.  

Nomenclature 

 

IMD3 = 3
rd

-order Intermodulation Distortion product power level below carrier tone (also called IMR), dBc 

Plin = Linear RF Output Power, herein defined at IMD3 = -22dBc, dBm 

Psat = Saturated RF Output Power, dBm 

I. Introduction 

 BUC is an integral part of the satellite communications link. It translates signals generated by a modem to 

frequencies and power levels suitable for satellite communications. As demand for higher bandwidth increases, 

many system integrators are seeking to access multiple Ka band satellites without changing BUCs. This puts greater 

demands on the BUC to be able to operate at the required output power in all these bands. Changing from a single 

band BUC to a multi-band BUC is not trivial and cannot be achieved by simply tweaking the design slightly. Rather 

it involves a completely new system architecture. 

 Another demand on BUCs is related to size. As new applications are developed for satellite networks there is a 

push to shrink the size and weight of the ground station terminal. One of the best ways of minimizing a unit’s size is 

to reduce the power that the unit dissipates as heat. This can be done in one of two ways. Firstly, by the system 

integrator selecting a lower RF power unit that consumes less DC power. The drawback of this approach is that it 

may then comprise the link budget necessary to achieve suitable bit error rates. An alternative is for the BUC 

manufacturer to make their product more efficient. This also is not a trivial task. However the advent of new 

technologies such as GaN FETs have now made this possible. 

 This paper describes the design of a new Ka Band BUC incorporating wider bandwidth and higher power in a 

very compact package. This design was able to achieve useable output powers of over 20W over a frequency range 

of 28-31 GHz. The paper looks primarily at three parts of the design that are particularly relevant to wideband, high 

power BUCs: the upconverter, the SSPA and the linearizer. 
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II. Upconverter Topology 

A number of upconverter topologies were explored for this design. 

A. Direct Frequency Conversion 

 

The first was to extend an original design which directly converts a 1000 – 2000 MHz signal to Ka Band using a 

29000 MHz LO signal. This LO leaks through the upconverter mixer and needs to be suppressed by a bandpass filter 

before the signal is passed to the SSPA. A block diagram showing the local oscillator, mixer and bandpass filter is 

shown in Fig. 1. 

The input IF is only 1 GHz wide and therefore the output bandwidth is also limited to 1 GHz. The output 

frequency range can be extended up to 1.5 GHz by making the output filter slightly wider but still providing 

sufficient rejection at 29 GHz. It would then be possible to switch the VCO to 28.5 GHz in order to achieve 29.5 – 

30.5 GHz at the output when required. However with this topology it is not possible to pass a 29 GHz signal and 

also reject an LO signal at that the same frequency. Obviously this topology has its limitations in terms of wideband 

design. 

B. Switched Filter Banks 

Another upconverter topology is to use three separate waveguide filters and to switch the output of the Ka Band 

mixer to one of the desired frequencies. This would give the user the ability to select between three 1 GHz wide 

output bands. 

However this system requires several three-way switches, including one at the output of the mixer and the other 

at the input to the PA. Such waveguide switches are large and relatively expensive. Achieving the required phase 

noise might also involve switching between three VCOs. All of this is cumbersome and difficult to integrate into a 

small profile product. 

IF: 1 - 2 GHz

LO: 29 GHz

RF: 30 - 31 GHz

 
Figure 1. Block diagram of direct upconversion architecture. 

 

IF: 1 - 2 GHz

LO: 29 GHz

RF: 28 - 31 GHz

LO: 28 GHz

LO: 27 GHz

30 - 31 GHz

29 - 30 GHz

28 - 29 GHz

 
Figure 2. Block diagram of switched filter upconversion architecture. 
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C. Dual Up-conversion 

An alternative and less mechanically complex approach is to use a dual up-conversion architecture. Dual up-

conversion involves translating the input IF frequency to some secondary IF frequency before further up-converting 

the block of frequencies around the IF to the desired band. The benefit of this approach is that the LO of the final 

mixer can be well separated in frequency from the desired RF signal, thus allowing the output filter to operate over a 

3 GHz bandwidth while still rejecting any leakage at the final LO frequency. With this architecture there is only 

need for one Ka-band waveguide filter and no mechanical microwave switches. 

There are three main concerns when implementing a dual stage up-converter: spurious signals, gain flatness and 

phase noise. The first of these can be overcome by careful frequency planning, the second by maintaining excellent 

return loss throughout the various stages, and the third by careful design of the main frequency synthesizer to 

operate across a broader frequency range. Fortunately, since the Ka- frequency bands of interest are relatively high, 

it is possible to up-convert a 1 GHz frequency block to an intermediate IF while still avoiding the most dominant 

mixing products; such as the (2 x LO – IF) product. The phase noise and gain flatness of the complete upconverted 

signal are shown in figures 4 and 5. 

III. SSPA Design 

 Having designed the BUC for wideband operation the next step was to design a SSPA in a compact package with 

saturated output power greater than 25W from 28 – 31 GHz. A number of Gallium Arsenide (GaAs) Monolithic 

Microwave Integrated Circuits (MMICs) are available at this frequency, however their power is limited. A single 

device typically achieves a saturated power level of around 4W. In order to achieve a linear power of 20W it would 

be necessary to combine about ten GaAs MMICs in parallel. Given the size of the MMIC modules and the biasing 

networks required to operate them it would be difficult to implement this design in a compact space. 

An alternative is to use Gallium Nitride (GaN) technology in the PA MMICs. These FETs boast significant 

benefits over their GaAs based counterparts. Higher efficiency, wider bandwidth, improved reliability and higher 

output powers are just some of their features. Their higher output impedance also means that it is easier to achieve 

broader bandwidths. In this design we proposed to use four Triquint 9W GaN MMICs (TGA2595) in parallel in the 

IF: 1 - 2 GHz

LO: 5.5 GHz

RF: 28 - 31 GHz

LO: 21.5 - 23.5 GHz

IF2: 6.5 - 7.5 GHz

 
Figure 3. Block diagram of dual upconversion architecture. 

 

 
Figure 4. Phase noise of the complete system. 

 

 
 

Figure 5. Gain flatness in the 29 – 30 GHz band. 
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output stage and a 5W GaN MMIC 

(TGA2594) as a driver. Both of these 

MMICs have approximately 25 dB 

small signal gain over a 28 – 31 GHz 

frequency range. 

Traditionally SATCOM based 

FETs and MMICs have operated in 

class-A. In class-A the output FET is 

biased so that both the current and 

voltage are able to swing from rail to 

rail. This gives the best spectral 

performance, however the maximum 

theoretical efficiency of the output 

FET is only 50%, though in reality is 

much lower than this. This efficiency 

only occurs at the maximum output 

power. Considering Ka-band FETs 

only produce about 7-8 dB gain per 

stage and that all these FETs run off the same input voltage, the total overall efficiency of a BUC is less than 15%.  

The GaN MMICs used in this product have been designed by the manufacturer to operate closer to class-B or 

“deep AB”. That is, they operate with the gate voltage biased closer to the off condition so that the current is 

essentially clipped when the voltage reaches a peak. This mode of operation improves the efficiency but it comes 

with some trade-offs. 

The first is increased harmonic 

content. In class-A operation, the 

ideal FET produces no harmonic 

content when operating within its 

voltage limits. As the FET is moved 

from class-A through to class-B it 

uses less DC power, however the 

spectral content increases leading to 

higher harmonic and intermodulation 

distortion products. However there is 

another point close to class-B where 

both the 3
rd

 and 5
th

 harmonics reach a 

minimum. At this point if a short 

circuit is applied to the 2
nd

 

harmonics, then it is possible to 

produce an amplifier with higher 

efficiency and less harmonic output 

power. 

Another downside of operating in 

class-AB is that Pout no longer 

increases linearly with Pin. In other 

words, the amplifier exhibits “soft” 

gain compression over a wide input 

power range. This effect is exacerbated in GaN PAs where the device characteristics add further to the slow gain 

roll-off. However it is possible to bias the GaN device deep in class-AB such that the soft gain compression 

somewhat corrects itself. 

 The figure below shows a comparison of the gain response of a single GaN MMIC biased in class AB 

(IDSQ=420mA) and deep class AB (IDSQ=200mA). As the curve shows, the gain versus power response for the 

latter case is much flatter. The harmonic content of the amplifier operating deeper in class-AB is also lower – as 

seen by the dip in the third-order intermodulation distortion (IM3) response. 

Now, linear power is a measure of the BUCs useable output power and can be defined as the power measured at 

which the spectral regrowth of a half rate OQPSK modulated carrier is at least 30 dB below the peak power spectral 

 
Figure 6. Current swing versus conduction angle.

 

 
Figure 7. Relative spectral content versus conduction angle.
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density one symbol rate removed 

from the carrier frequency. Often it is 

also defined as the total power in two 

tones when the IM3 products are -25 

dBc relative to the total power, or -

22dBc relative to the power in each 

tone individually. Using this 

definition it can be seen from Fig. 8 

that a Ka-band GaN PA biased deep 

in class-AB will reach this linear 

power when the gain drops by 2dB 

with respect to the small signal gain. 

It should also be evident that since 

the gain is higher and the IM3 

products are the same, the achievable 

output power should also be higher 

than in “mild” class AB. Measuring 

the output with a power meter 

confirmed that it was actually about 1dB higher. 

 Characterizing a single GaN MMIC under a variety of bias currents revealed that operating with a lower IDSQ 

(of about 200 mA) gave a flatter power transfer response and better linearity however with a higher IDSQ (of about 

400mA) we were able to achieve higher saturated power. From this we determined that it might be beneficial to 

operate the GaN devices at a higher quiescent current with lower linear power and then correct the IMD products 

with a linearizer. 

IV. A Predistortion Linearizer 

There are various methods for improving the linear performance of a PA: feedback, feedforward and 

predistortion.
1
  The latter of these include analogue predistorters at the target frequency and digital predistorters, 

which often operate on the base-band signal. The second includes feedforward linearizers and other cancellation 

techniques. Feedforward amplifiers were popular in telecommunications base station infrastructure around the turn 

of the millennium however they have now largely made way for digital predistortion techniques.
2
 

 
Figure 8. Gain compression and IM3 versus input power for various 

bias conditions. 

 

 
Figure 9. Equivalent ways of conceptualising the operation of a predistortion linearizer: gain and phase 

correction (top); intermodulation injection (bottom). 
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A predistortion linearizer can be modelled in one of two ways. One way is to think of the linearizer as correcting 

the power transfer curve. Ideally an amplifier should exhibit a linear power transfer function. That is the gain and 

phase should both remain constant until the amplifier hits its saturation point. Thus an ideal predistortion linearizer 

would exhibit the opposite gain and phase response to the PA, so that overall the responses cancel one another. 

A second way of visualising a predistortion linearizer is that it actually creates its own intermodulation products at 

some controlled phase and amplitude that mix with the intermodulation products of the main PA. Both of these 

concepts are presented in Fig. 9. 

One of the most common forms of predistortion in communication systems is to use digital techniques at 

baseband (Digital Predistortion). Using this technique it is possible to cancel the 3
rd-

 through to the 7
th

-order 

intermodulation distortion products by over 30 dB at a particular power level. However, this technique has several 

drawbacks and is not often used in SATCOM BUCs. The first and most obvious reason is that it requires access to 

the baseband signal when it is being generated by the modem. This would mean that the BUC and SSPA must also 

be characterised for operation with a particular baseband generator (modem). It would also require the IM3 products 

to be largely monotonic with respect to the input power. Finally, the IM3 products suffer memory effects in the 

SSPA. That is, the PA responds slightly differently when abruptly changed from low-to-high power as it does when 

it changes from high-to-low. The digital predistorter is simply not fast enough to compensate for this effect. 

The preferred option to linearize SATCOM BUCs is to use analog predistortion. These circuits generally work by 

driving an active element, such as a diode or transistor, into saturation and coupling the intermodulation products, at 

some predetermined phase, back onto the main signal path. Due to their inherit nature, analogue circuits are able to 

respond much more rapidly to changes in power level and thus are not as susceptible to memory effects. 

We developed an analog linearizer that specifically targets GaN PAs and incorporated it into this product. The 

figure below shows a comparison of the spectral regrowth with the GaN PA biased at 420 mA and operating 2dB 

below saturated output power (blue), and the PA with the same bias and output power but with EM Solutions’ 

linearizer turned ON (red). As can be seen from the plot, the spectral regrowth in the adjacent channel has been 

improved by over 10 dB. Although the spectral regrowth in the alternate (next adjacent) channel is worse, the 

 
Figure 10. Comparison of spectral regrowth with and without the predistortion  linearizer (blue trace is 

OFF and red trace is ON) 
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transmit spectral masks are usually such that the benefits of increased output power with lower adjacent channel 

interference warrants use of the linearizer. 

V. Complete Unit 

 The BUC with inbuilt linearizer and the SSPA were combined together to form a complete unit. Initial testing 

from 29 – 31 GHz revealed saturated output powers of over 44 dBm (25W) across all frequencies and linear powers 

of around 43 dBm (20W) when verified using two-tone and spectral regrowth techniques. 

 

Frequency (MHz) Psat (dBm) Plin, IMD (dBm) Plin, spectral regrowth 

(dBm) 

29000 45.2 43.8 43.1 

30000 44.8 43.2 43.0 

31000 44.0 43.0 42.9 

 

 Gain flatness of the complete unit was within 3 dBp-p across each 1 GHz band and the phase noise met the 

required -95dBc/Hz at 100kHz offset. The overall size of the unit was only 180 x 100 x 75 mm or 1.35 L, however it 

does require an external heatsink or coldplate. The DC input power was only 4.5 A at 28 V or 126W when operating 

at linear power. This results in an efficiency of about 16% and a power density of 14.8 W/L. 

 One limitiation of this design was that it only met the required specifications over a frequency range of 29-

31GHz. This was primarily due to a filter, required after the second mixer, which had been machined incorrectly. 

We believe that when this filter meets the required specifications it will be possible to meet the full range of 

specifications from 28 – 31 GHz. 
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