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Abstract 
 A first demonstration of RF GaN on SiC technology 
capable of operating with a bias above 100 V in S-band 
radar power amplifiers is presented. Compared to state-
of-the-art S-band 50 V RF GaN technology, the approach 
and results presented in this work pave a new way to 
achieving kilowatt power levels which is otherwise harder 
to accomplish by traditional means of increasing the gate 
periphery of the transistor. The single-ended amplifier 
used in this work features a single 15 mm GaN HEMT 
transistor achieving a saturated power greater than 200 
W at 3 GHz when biased at 125 V with a pulse of 100 µs 
width and 10% duty cycle. The encouraging results 
presented in this work prove that further R&D funding 
aimed at advancing and maturing higher voltage RF GaN 
technology will lead to a concrete alternative to vacuum 
tube technology, fast becoming obsolete. 
 
INTRODUCTION 
 
 Several R&D funding programs exist to advance high 
voltage GaN technology for power management and high 
power switching applications [1]. 28 V and 50 V RF GaN on 
SiC technology is considered mature for manufacturing, 
although some R&D efforts in specific areas are still active 
[2]. GaN on Diamond for niche applications finds ongoing 
DARPA support [3]. Recent developments in high efficiency 
UHF power amplifiers for spaceborne SAR (synthetic 
aperture radar) applications funded by NASA have resulted in 
an RF GaN technology capable of operating from 75 V to 150 
V [4 - 7] in pulsed operation. High voltage operation requires 
longer drift regions with higher on-resistance in the transistor 
and enhanced high electric field effects. Although operation 
at high voltage and low frequency in power management and 
switching applications has already reached maturity, high 
voltage operation at high frequency for power amplifiers is 
still in the infancy. Some research work has already 
demonstrated CW operation at 100 V in UHF [8] and L-band 
[9]. Results have shown that heat dissipation is a strong 
barrier to further development for CW operation at 100 V or 
higher. But the latest trends in package technology could help 
bring such technology closer to manufacturing with a TRL of 
6. Another area of further technology advancement could be 
in high voltage RF GaN-on-Diamond. For pulsed operation, 
standard package technology is not a limiting factor, and this 
paper explores the suitability of high voltage RF GaN 
technology for S-band pulse radar amplifiers. The RF 

transistor was designed within the scope of NASA sponsored 
“High Efficiency 1-kW RF Power Amplifier for P-band 
SAR” project; therefore, die and epi designs are not optimized 
for S-band. For instance, series gate resistors are desirable for 
stability at UHF, but not for S-band since they reduce gain. 
Nonetheless, from a technical perspective it is important 
benchmarking the applicability of >100 V RF GaN 
technology in S-band as guidance for future developments. 
RF results presented in this article make a compelling case 
that with more R&D funding it is possible achieving multi-
kilowatt single-ended GaN transistors operating at >100 V in 
S-band and maybe C- and X-band.  
 
MOTIVATION FOR EXPLORING HIGHER VOLTAGE IN RF  
 

The rationale for exploring higher voltage operation in RF 
power amplifiers relies on equation (1) which gives the 
optimum load impedance of a class B amplifier given its 
operating voltage VDD and the output power PRF where VK is 
the knee voltage (typically 10% of VDD in RF GaN devices): 
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Neglecting VK for simplicity, with output power PRF = 1 

kW it can be calculated that going from a voltage VDD of 50 
V to 100 V increases the load impedance RL from 1.25 Ω to 5 
Ω. The corresponding transformation ratio for a match to 50 
Ω improves from 40x to only 10x which is significantly less 
lossy. For the same reason, single-ended devices of > 1 kW 
power are hardly achievable at 50 V, but they could be 
feasible at 100 V bias or higher. The output power of the 
transistor PRF is proportional to the operating voltage VDD and 
the transistor maximum current IDSMAX as given by equation 
(2), which accounts for the knee voltage VK: 

MAXKDDRF IDSVVP )(
4

1 −=
  (2) 

 
Power can be increased by increasing the maximum 

current or gate periphery of the transistor. However, the 
drawback is that the parasitic capacitances also increase 
making it harder to operate the device at higher frequencies 



due to higher RF losses; the parasitic capacitances also lead 
to lower impedance which makes impedance matching harder 
to accomplish. For instance, the output drain-source 
capacitance CDS is in parallel with RL given by equation (1) so 
that the equivalent impedance ZL seen by the transistor current 
generator is given by equation (3): 
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Therefore, the larger the size of the transistor, the larger 

CDS is, and the lower the load impedance ZL. Obviously, 
impedance matching techniques can make use of the 
capacitance CDS and resonate it thus cancelling out its loading 
effect on the current generator. However, this procedure is not 
totally effective as CDS is voltage dependent whereas passive 
matching elements such as inductors, thin film capacitors and 
micro strip transmission lines are not.  

Alternatively, power level can be increased by increasing 
the operating voltage VDD. Thus, for a given output power a 
smaller (gate periphery) transistor is needed which results in 
lower parasitic capacitances and higher impedance, both of 
which are desirable. A device designed to operate at higher 
voltage, however, requires a higher breakdown voltage, 
typically accomplished with a longer drift region and a 
modification of the epi structure for Gallium Nitride (GaN) 
devices or doping level in Silicon devices such as LDMOS. 
The modification for higher breakdown voltage results in a 
higher on-resistance (RDSON) which is reflected in an 
increased knee voltage VK. Doubling the operating voltage 
could lead to a 2x increase or more in the knee voltage VK. 
The maximum drain current is also slightly reduced, but not 
by a factor 2x. Therefore, from equation (2) we derive that a 
2x increase in operating voltage leads to higher power, 
although a bit lower from the 2x ideal factor. The maximum 
efficiency of a class B amplifier operating under optimum 
load match conditions is then given by equation (4): 









−=

DD

K
B V

V
1

4

πη
  (4) 

 
We can see that if increasing the operating voltage by 2x 

leads to a 2x increase in the on-resistance or knee voltage of 
the device, the maximum efficiency in a class B amplifier is 
unchanged. However, additional losses that are frequency 
dependent do not explicitly appear in equation (4) and these 
also contribute to degrading efficiency when higher bias 
operation is extended towards higher frequencies. As stated 
above, the output capacitance CDS is voltage dependent so it 
can only be partially tuned out with matching circuits, with 
the result that some stored power during each RF cycle is lost. 
This power loss is proportional to frequency and the square of 
the voltage amplitude. It is also in series with a resistive path 

to the ground plane and source terminal, and these resistances 
dissipate some of the power stored in each RF cycle, too. 
Figure 1 shows a potential profile as obtained from TCAD 
simulations with a bias of 100 V. The figure also illustrates 
CDS and its resistive and lossy paths.  

The key to achieving higher RF power level without 
sacrificing efficiency is to design transistors with higher 
breakdown voltage while minimizing the impact on the on-
resistance RDSON or knee voltage VK and on the capacitance 
CDS. This objective is hard to achieve with Si technology, so 
that 100V VDMOS or LDMOS are only competitive at <100 
MHz frequencies. That’s also the reason why 50 V LDMOS 
is used up to L-band, and for S-band 28 V LDMOS is used. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. TCAD electrostatic potential distribution at 100 V bias in a 
high voltage RF GaN device. Output capacitance and parasitic 
resistive element are also shown for clarity. 

 
In this exploratory research work we have taken 12 mm 

and 15 mm GaN transistors which can operate at 100 V or 
higher bias and characterized them using 100 µs pulse width 
and 10% duty cycle at 2.5 GHz and 3 GHz. For comparison, 
we have also characterized the devices at 1.5 GHz. 
 
HIGH VOLTAGE GAN RF RESULTS FOR S-BAND 
 
 RF characterization of a 15 mm die has been carried out at 
3 GHz with a bias ranging from 50 V to 150 V in steps of 25 
V. RF transistors amplifiers operating in S-band typically 
include an output pre-match; however, for the results report 
next the device is un-matched at the output. Without internal 
pre-match at the output, it is possible comparing the results at 
1.5 GHz, where internal pre-match plays a minor role. As 
stated above, the die design includes 4 Ω series gate resistor 
at each of the 10 unit cells. This approach underestimates the 
gain and efficiency the amplifier can achieve, but at the same 
time sets a worst-case boundary of its capabilities. The input 
match features a standard series L - shunt C - series L pre-
match topology with a resonance at 3 GHz. In Figure 2 



measured RF data for power gain and drain efficiency are 
reported versus output power while varying the drain bias at 
1.5 GHz. Starting at the industry standard of 50 V, data were 
taken at 75 V, 100 V, 125 V and 150 V. As the bias is 
increased, gain increases from 16 dB at 50 V to 21 dB at 150 
V while saturated power increases from 100 W to > 300 W. 
Drain efficiency is in the low 60% range without any 
harmonic tuning. The data were taken with a test fixture aided 
by external slug tuners and are meant to be a reference to 
monitor the effect of the lacking output pre-match as the 
frequency is increased to S-band.  
 

 

Fig. 2. Measured RF data at 1.5 GHz for a 15 mm GaN transistor as 
drain voltage is increased from 50 V to 75 V, 100 V, 125 V and 150 
V. Pulse width is 100 µs and duty cycle is 10 %. IDQ is 10 mA. 
 
 In Figure 3 measured RF data at 3 GHz for gain and drain 
efficiency are reported versus output power while varying the 
drain bias. As the bias is increased, power gain and output 
power increase. As expected, from 1.5 GHz to 3 GHz we 
observe a ~6 dB gain reduction due to fundamental transistor 
physics in common-source amplifier operation. The 40% 
peak drain efficiency reported in Figure 3 is too low to be of 
practical interest; the low efficiency values could be attributed 
to the lack of an internal pre-match at the output of the 
transistor. In fact, the 15 mm die has a 7.5 pF drain-source 
capacitance which at 3 GHz results in a 7.07 Ω reactance in 
parallel with the 27 Ω optimum load resistance given by 
equation (1) [VDD = 100 V, VK = 10 V, PRF = 150 W]. On the 
other hand, the same device tested at 1.5 GHz achieves >60% 
drain efficiency at >100 V bias, as seen in Figure 2. To expand 
our analysis, RF tests were carried out using a smaller die at 
lower frequency but still in S-band. The 12 mm un-matched 
device utilized in ref. [9] was characterized at 2.5 GHz with 
the same pulse conditions. Besides the lower frequency, the 
12 mm device has a lower capacitance CDS of 6 pF for a shunt 
reactance of 10.6 Ω so that better efficiency is expected. RF 
data are reported in Figure 4. With a smaller gate periphery, 
almost the same saturated power > 150 W is observed so that 
the optimum load resistance given by equation (1) [VDD = 100 
V, VK = 10 V, PRF = 150 W] is still 27 Ω. Gain has increased 
by 2 dB and the improved drain efficiency is now 50%. Last, 
the analysis at 100 V and 3 GHz is carried out on the un-
matched 12 mm die and the 15 mm die which now includes 

an output low-pass LCL pre-match. RF data are reported in 
Figure 5. The 12mm die preserves the same gain as at 2.5 
GHz, but saturated power has decreased, probably due to non-
optimal tuning. The 15 mm device still showcases >10 W/mm 
with >14 dB power gain, ~2 dB improvement compared to the 
unmatched version of the design. Both devices still fail to 
achieve greater ~40% drain efficiency at 3 GHz. The reason 
could be due to the fact that load impedance from the test 
fixture is not optimal, or that the 15 mm transistor load 
impedance at 100 V is already high enough so that raising the 
impedance more with an output pre-match does not 
necessarily improve the results. 
 

 

Fig. 3. Measured RF data at 3 GHz for a 15 mm GaN transistor as 
drain voltage is increased from 50 V to 75 V, 100 V, 125 V and 150 
V. Pulse width is 100 µs and duty cycle is 10 %. IDQ is 10 mA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Measured RF data at 2.5 GHz for a 12 mm un-matched GaN 
transistor at drain voltage of 100 V. Pulse width is 100 µs and duty 
cycle is 10 %. IDQ is 10 mA. 
 
 One of the desirable attributes of RF power transistors 
operating at high voltage is the intrinsically higher load 
impedance and the easier broadband capability it allows. In 
Figure 6 measured RF data on the 15 mm device characterized 
over the 2.7 – 3.5 GHz radar frequency band are reported. 
Input power is fixed at 7 W and drain bias is 100 V. Using the 
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same test fixture, output match at each frequency is adjusted 
externally through slug tuners.  Therefore, data are not truly 
broadband, but the test shows intrinsic capabilities at 100 V 
operation using the un-matched device. The data at 3 GHz are 
identical as in Figure 3. Power level stays above the 100 W 
mark across the band and efficiency is above 30 % with more 
than 15 dB gain. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Measured RF data at 3 GHz for a 12 mm un-matched GaN 
transistor at drain voltage of 100 V compared with a 15 mm die using 
output pre-match. IDQ is 10 mA. 
 

 

Fig. 6. Measured RF data at 100 V bias for a 15 mm GaN transistor 
in the frequency range from 2.7 to 3.5 GHz. Pulse conditions and IDQ 
are unchanged. Input power is fixed at 7 W. 
  
 Although better performance exists at S-band with state-
of-the-art 50 V RF GaN technology, the reader ought to be 
reminded that the data at 100 V reported above use a 1st 
generation device that was designed for UHF and L-band 
applications. Based on the encouraging RF data reported here, 
it would be interesting seeing this 1st generation UHF & L-
band technology evolve into a 2nd generation high voltage RF 
design optimized for higher frequency operation at S-band 
and lower C-band. 
 
CONCLUSIONS 
 
 An RF GaN power amplifier in S-band suitable for pulse 
radar applications has been described. The novelty of the 
proposed approach relies on a 1st generation RF GaN on SiC 

technology which can be operated at a bias >100 V. Further 
advances of this technology are likely to result in improved 
RF performance and in multi-kilowatt power levels only 
attainable with vacuum tube technology. To the authors’ 
knowledge this is the first time that solid-state RF power 
amplifiers operating at >100 V in S-band are reported. 
 

ACKNOWLEDGEMENTS 
 
 The authors would like to thank Dr. Tushar Thrivikraman 
and Gregory Sadowy from NASA/JPL for their support 
through the SBIR Phase II grant to Integra Technologies, Inc. 
under Contract Number NNX14CP07C. 
 
REFERENCES 
 
[1] T. D. Heidel, D. Henshall and P. Gradzki, Strategies for 

Wide Bandgap, Inexpensive Transistors for Controlling 
High-Efficiency Systems, CS-MANTECH, p. 7-10, 
Scottsdale, AZ, USA, 2015 

[2] D. Green, C. Dohrman and T.-H. Chang, Compound 
Semiconductor Technology for Modern RF Modules: 
Status and Future Directions, CS-MANTECH, p. 11-14, 
Scottsdale, AZ, USA, 2015 

[3] J.D. Blevins and G.D.Via, Prospects for Gallium Nitride-
on-Diamond Transistors, CSICS-2016, Austin, TX, USA 

[4] G. Formicone and J. Custer, Mixed Mode Class EF-1 High 
Efficiency GaN Power Amplifier for P-Band Space 
Applications, IMS-2015, Phoenix, AZ, USA 

[5] G. Formicone and J. Custer, Analysis of a GaN/SiC UHF 
Radar Amplifier for Operation at 125V Bias, EuMW-
2015, Paris, France. 

[6] G. Formicone, J. Burger and J. Custer, Quest for Vacuum 
Tubes’ Replacement: 150 V UHF GaN Radar Transistors, 
EuMW-2016, London, UK 

[7] G. Formicone, J. Burger and J. Custer, 150 V-Bias RF GaN 
for 1 kW UHF Radar Amplifiers, CSICS-2016, Austin, 
TX, USA. 

[8] G. Formicone, J. Burger, J. Custer, G. Bosi, A. Raffo and 
G. Vannini, Solid-State RF Power Amplifiers for ISM CW 
Applications Based on 100 V GaN Technology, EuMW-
2016, London, UK. 

[9] G. Formicone, J. Burger, J. Custer, W. Veitschegger, G. 
Bosi, A. Raffo and G. Vannini, A GaN Power Amplifier 
for 100 VDC Bus in GPS L-band, IEEE MTT-S PAWR-
2017, Phoenix, AZ, USA. 

  
ACRONYMS 
 

HEMT: High Electron Mobility Transistor  
GaN: Gallium Nitride 
SAR: Synthetic Aperture Radar 
SiC: Silicon Carbide 
TCAD: Technology Computer Aided Design 
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