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Design Description: C-Band, Class A, Power Amplifier 
   
 This document will describe the design from its initial concept to the final 
product, which will be a two stage power amplifier designed towards the following 
specifications: 
 
 
 
Power Source: 3.6 V Lithium Battery, 

it along with its 
specifications are 
shown to the right. 

 
 
Frequency Band of Operation:   5.7 - 6.1GHz 
1-dB Compression Point:   >= 0dB, relative to the input 
Power Gain at 1-dB Comp:   20dBm (100mW) 
Fundamental isolation:   >= 10dBm 
 
 Given the gain requirements of the amplifier explained above, it will most likely 
be necessary to include two amplifier stages.  The first stage will employ a PHEMT sized 
appropriately to drive the second stage which will be providing the bulk of the gain 
required.  The simulations that will be needed to characterize the amplifier are detailed in 
Table 1 below: 
 

 
Table 1 

 
 One of the issues that every power amplifier design has to deal with is supplying 
the amount of desired power to the load while keeping the current draw as low as 
possible.  Because being able to supply 100mW to the load doesn’t get you very much if 
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you have to change the supply batteries every twenty minutes.  This issue can be 
mitigated by designing for the best possible power efficiency.   
 
 As this is a power amplifier design, I will start the design work on the 2nd stage 
which I will refer to as the power stage of the device.  Once this stage is complete, I will 
concentrate my efforts on designing the 1st stage, which will be referred to as the driver 
stage.  The gain of this stage should at the very least satisfy the following equation to 
meet the minimum design requirements: 
 
           

Equation 1 
 

 
 The 1-dB compression point should either be equal to or exceed that of the power 
stage.  I’ve already mentioned that the power draw of the circuit is an important 
consideration, during the layout of the amplifier careful attention needs to be given to the 
metal trace widths and what their ratings are for the maximum current density.  Table 2 
below describes these ratings for this technology. 
 

 
Table 2 

 
Section I:  The Power Stage 
 
 The first thing that needs to be done is to appropriately size a device to achieve 
the requirements.  Being that the compression point and power gain called for in this 
requirements aren’t that trivial, the device will have to made large enough to 
accommodate these parameters.1  The amount of RF power capable of being generated 
from a transistor can be estimated from the device’s IV-Curves.  Equation 2 below 
describes the relationship. 
 

 
          Equation 2 
 
                                                 
1 The device sizes of the power and driver stages went through several iterations before the final 
dimensions were chosen.  This document will only present the devices present in the final design. 
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 Figure 1 below describes the schematic used to generate the IV-Curves for the 
device used in the Power Stage of the amplifier.  The dimensions of the device shown are 
described in Table 3 to the left of the figure.  The actual curves are shown in Figure 2 at 
the bottom of the page. 
 
  

 
 

 
                            Table 3 
 
 
 
 
 
 
          
                   Figure 1 
 

 
Figure 2 
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 Referring to Equation 2 the values of  DV and DI for this device are 
approximately 5.2 Volts and 320mA respectively.  After substituting these values into 
Equation 2 and solving, we see that this device is capable of supplying 208mW, or 
23.2dBm.  The appropriate gate and drain voltages are 0 and 3.6-Volts respectively.   
 
 Since this is the power stage of the amplifier, it is appropriate to use the method 
developed by Steve Cripps in matching a 50-W port to the drain of this device.  In the 
Cripp’s method, we are conjugately matching to eliminate the CDS while maintaining the 
RDS value.  Figure 3 below illustrates a circuit diagram of these components. 
 

 
 

Figure 3 
 
 Since size and bias points of the device determine these values, we can 
approximate the RDS value from the IV-Curves shown on the previous page.   
 

W=�
�

�
�
�

�= 25.16
32.0
2.5

A
V

RDS  

 
 CDS can be approximated by inspecting the S11 Smith Chart plot for the device.   
 

W-= )5.1515.3(11 jS  
 
 Extrapolating from this value we can approximate CDS to be 1.75pF.  As this is a 
fairly large device, this value is pretty reasonable.  The very first measurement that I’ve 
chosen to look at is the stability of the device.  While it’s true you can address the 
stability of a circuit at any point in the design cycle, it is best to address it up front.  This 
will reduce the possibility of needing to put in additional circuitry after you’ve spent time 
matching to the ports.  Figure 4 on the next page describes the preliminary schematic and 
simulation of the stability. 
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Schematic      Stability Curves 
 

         Figure 4 
 
 Although the stability is conditionally unstable from 100MHz to 500MHz, it may 
become unconditionally stable after the matching circuitry is added.  I will re-visit this at 
the end of this section.  The feedback capacitor’s purpose is to serve as a DC blocker to 
prevent any unnecessary current at the gate.   
 

The next step is to begin matching to the output of the device using the Cripp’s 
Method.  The table below describes the simulated S22 value at 5.9GHz, and the ZCripps 

value superimposed on this value.  In this case, the ZCripps and S22 values are not 
coincident.  It is the Cripp’s resistance value that I will match the output of this circuit to.   
 

( )W+= jS 3.52.4622  

( )W+= jZCripps 3.525.16  

 
 The output matching circuit has been designed with a Smith Chart program.  
Figure 5 below describes this matching circuit. 
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 The input port has to be matched as close to 50W as possible, S11 was simulated to 
the following value at 5.9GHz. 
 

W-= )2.1885.7(11 jS  
 
 As luck would have it, the only component needed to supply a match to 50W is a 
single shunt inductor.  Figure 6 below describes this. 
 

 
Figure 6 

 
 The finalized ideal schematic can be found in Figure 7 at the bottom of this page. 
 

 
Figure 7 
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 The following follow the simulation plan laid out in Table 1 found on the first 
page of this document. 
 

Non-Linear Simulation Results: 
 

 Fundamental, 2nd, and 3rd harmonic power levels at 5.9GHz with an input power 
level of 0dBm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 
 

 Clever analog design tricks might make it possible to boost the gain up to 20dB, 
but this would introduce more passive components which might destabilize the device.  
Since the real estate is available on the die, so rather than go this route I’ve decided to 
simply add an additional stage.  Figure 9 below describes the 1- and 3-dB compression 
points.  Power Added Efficiency and the output voltage waveforms are presented on the 
next page in Figures 10 and 11. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 
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Figure 10 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 
 
 Although the waveform at the 3-dB compression point looks extremely well 
behaved, recall that this is for an ideal circuit.  Upon closer inspection, there is a very 
small amount of ripple in the waveform, but not much.  I expect these graphs to look 
much more realistic after the non-ideal elements are inserted and the two stages are put 
together.   
 
 Linear Analysis of the Power Stage: 
 
 The S-Parameters of the circuit shown in Figure 7 are presented on the next page.  
The specific points that have been called out are characterizing the target bandwidth of 
the system from 5.6GHz to 6.1GHz. 
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Figure 12 

 
 As suspected, the instability problems corrected themselves after the matching 
circuitry was added.  Figure 13 below describes the MU curves again. 
 

 
Figure 13 
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 In order to reduce the size of this document, all of the non-ideal elements and 
back annotated simulations will be presented in Section III of this document, which 
describes the final circuit. 
 
Section II:  The Driver Stage 
 
 The method to design the driver stage is different from that of the power stage as 
its purpose is altered.  Both ports of this stage will be matched to 50W, this is similar to 
the method one would use in designing an SSA.  I will match the input of this device 
first, as the critical matching element here will be the output of this stage.  I want there to 
be as little reflection as possible between the input of the power stage and the output of 
the driver stage. 
 
 The device dimensions chosen for this stage are shown below if Figure 14. 
 
 
 
 
 
 
 
 
 
 
 
         Table 4 
 
 
 
          Figure 14 
 
 The IV-Curves for this device are shown on the following page.  The bias point 
will again be chosen to ensure the larges current and voltage swings possible.  As can be 
seen in Figure 15 the approximation for DV and DI are 5.2 Volts and 140mA.  Therefore 
the approximate maximum output RF power can be found using Equation 2 again. 
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Figure 15 

 
 I’m using the same feedback technique for this stage as I employed for the power 
stage, and as before I will check the stability after I’ve added the matching components to 
ensure I am unconditionally stable.  Figure 16 below describes the final ideal schematic 
designed for this stage.   
 

 
Figure 16 
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Non-Linear Simulations: 
 

 
Figure 17 

 
 Comparing this graph to Figure 9, we can see that this stage compresses at a 
higher input power than the power stage does.  Figure 18 below describes the harmonics 
for this stage. 
 

 
Figure 18 
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Figure 19 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20 
 
 The harmonic distortion is much more 
prevalent in this stage than it was in the power 
stage.  The figure to the right describes the 
harmonic powers associated with the first 5 
harmonics.  There is only about 15dB of isolation 
between the fundamental and the 3rd harmonic, 
which would cause this type of behavior. 
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 Linear Simulations: 
 
 Figure 21 below describes the S-Parameters for this stage. 
 

 
Figure 21 

 
 And finally, the stability shows that this stage is unconditionally stable. 
 

 
Figure 22 
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Section III:  Putting it all together 
 
 Figure 23 below describes the final schematic of the C-Band amplifier.  After 
examining the currents present at the gates of the transistors, I decided it would be 
prudent to go back and design in DC-Blocking capacitors in the feedback chains present 
in each stage.   
 

 
Figure 23 

 
 The final layout is presented in Figure 24 below. 
 

 
Figure 24 
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 As can be seen in Figure 23 on the previous page, some changes were made to the 
1st and 2nd stages.  The most notable are the addition of the isolation capacitors at the 
input, inter-stage coupling, and at the output.  Since I am biasing the PHEMT devices 
internally, these capacitors serve as DC-Blockers to ensure the bias points don’t change.  
Also, some of the inductors were made larger to handle the current densities. 
 
 Table 5 below describes the physical and electrical characteristics of the 
amplifier. 
 

 
Table 5 

 
 The following figures describe the back-annotated simulations run on the final 
version of the amplifier.  Again, I am using the simulation plan that I laid out in Table 1 
of this document. 
 
 Stability: 
 

 
Figure 25 
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 Non-Linear Simulations: 
 

 The following graphs show the non-linear behavior of the amplifier across the 
frequency band of interest.  Measurements were taken at 5.7GHz, 5.9GHz, and 6.1GHz.  
Figure 26 below describes the 1-dB and 3-dB compression points of the system. 
 

 
Figure 26 

 

 The next series of graphs show the behavior of the Harmonics at the same 
frequencies.  Figures 28 – 30 were included as it is useful to see the behavior of the 
harmonics over a broad power range.  The histogram below describes the behavior with 
in input of 0dBm. 
 

 
Figure 27 
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 Fundamental = 5.7 GHz 
 

 
Figure 28 

 

 Fundamental = 5.9 GHz 
 

 
Figure 29 
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 Fundamental = 6.1 GHz 
 

 
Figure 30 

 
 Figure 31 below describes the PAE at these same frequencies. 
 

 
Figure 31 
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 Finally, Figure 32 below describes the output voltage waveforms at the 1-dB and 
3-dB compression points at 5.9GHz.  These waveforms are centered about 0-volts due to 
the DC-Blocking capacitors used. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 32 
 
 Linear Simulations: 
 
 Figure 33 below describes the S-Parameters of the amplifier.   
 

 
Figure 33 
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Section IV:  Summary 
 
 This document describes a C-Band Power Amplifier operating in the frequency 
range of 5.7 – 6.1 GHz.  Table 6 below describes the initial requirements and the back 
annotated simulation results used to reach these design goals. 
 

 
Table 6 

 

 
Figure 34 

 
 According to the design tool that I have, this layout is DRC clean.   
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Appendix A:  Test Plan 
 
 Test I:  DC Measurements 
 

Make sure the substrate of the die is properly grounded, then apply 3.6-
Volts to the appropriate pad.  Labels have been laid out on the Metal 1 Layer to 
call out what each pad connection is. Table A.1 below describes the expected 
current draw of the amplifier. 

 

 
Table A.1 

 
 Test II:  RF Measurements 
 
  RF Measurement I:  Power Gain 

 
Once the DC parameters have been successfully tested, apply a bias of 0  

Volts to the bias pad at the lower left-hand corner of the die.  Then, using 150um 
pitch GSG probes apply a sinusoidal signal from the network analyzer with a 
power level of -20dBm, or 10uW.  Table A.2 describes what should be produced 
at the output of the amplifier. 
 

 
Table A.2 

 
 RF Measurement II:  Compression Point 
 
 Once the gain has been verified at a low power level, gradually increase 
the input power to just above 1mW, or 0dBm.  The amplifier should start to 
compress at this power level.  The output power of the amplifier at this point 
should be 100mW at this input.  Table A.3 describes these values. 
 

 
Table A.3 


