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ABSTRACT 
 
Abstract –– This paper presents a 3.3V, 0.5µm pHEMT on 100µm gallium arsenside (GaAs) 
power amplifier operating across the 5150-5875MHz frequency range.  Using a two-stage single-
ended configuration with on-chip input/output matching networks, the designed amplifier 
provides a power gain of 20dB in conjunction with a 1dB compression level of -9dBm.  A 
reverse isolation of greater than 30dB and DC power consumption of less than 43mW were 
achieved.  A feedback resistor is utilized to eliminate potential stability problems in addition to a 
large capacitor on the bias voltages.  The ideal elements are replaced with the foundry library 
elements and a layout is generated in preparation for fabrication.  A test plan is detailed for 
measuring the design for comparison to the simulated performance. 
 
 
Keywords –– MMIC, Power Amplifier, Single-Ended 
 
 
1. INTRODUCTION  
 
 Modern RF and microwave transmitter designs utilize integrated circuit (IC) power 
amplifiers (PA) that directly interface to the radiating element of an antenna to provide 
maximum RF power output and efficiency.  The goal of this PA design is efficiency – to get the 
most RF output power for a given DC power consumption.  Utilization of a single voltage 
supply, such as a 3.3V coin cell battery, is required.  The specifications for the PA design are as 
follows: 
 
 (i) On chip drain and gate bias network 
 (ii) On chip input and output matching networks 
 (iii) FET size tuned for efficient power operation with good input & output VSWR 
 (iv) Frequency:  5150 to 5875 MHz 
 (v) Bandwidth:  > 800MHz 
 (vi) Gain, small signal:  > 20dB 
 (vii) Gain ripple:  ±1 dB goal 
 (viii) Output power:  TBD @ 20-25% PAE (Power Added Efficiency) 
 (ix) Supply voltage:  +3.3V only, goal (3.0 to 3.6V range) 
 (x) VSWR, 50� :  < 1.5:1 input & output 
 (xi) Size:  60 x 60 mil ANACHIP 
 

This paper details the design of a C-band, two-stage singled-ended configuration PA 
fabricated in TriQuint TQPED GaAs process centered at 5.5GHz.  This design exhibits a gain of 
20dB, an input and output VSWR of less than 1.25:1, a reverse isolation greater than 30dB, a 
1dB compression (P1dB) of -9dBm, and requires less than 43mW of DC power, all packaged 
within less than a 60mil x 60mil footprint. 



2. DESIGN APPROACH 
 
Several topologies exist for PA circuits, with the single-ended topology being one of 

them.  In a single-ended design, the RF input signal is applied to the gate while the amplifier RF 
output signal is extracted from the drain.  Any stabilizing resistors must be implemented on the 
input of the transistor so the power loss across the resistors does not decrease the amount of 
output power.  An ideal PA would have a high compression point, high efficiency, and high gain.  
Maximum output power occurs when the input impedance of the output matching network 
equals the conjugate match of the drain impedance for a specified Cripps impedance value. 

 
To increase the gain of a single-stage amplifier, a second transistor can be configured in 

cascade.  With the addition of another active component, comes additional gain and power 
consumption.  It is important to optimize the driver amplifier stage for high efficiency so the 
overall PA efficiency remains high.   
 
3. SIMULATION SOFTWARE PACKAGE AND FOUNDRY  
 
3.1 SIMULATION SOFTWARE PACKAGE 

 
Applied Wave Research, Inc (AWR) Design Environment Version 8.02 was used as the 

simulation software package for this project.  The AWR Design Environment (AWRDE) suite is 
comprised of several software packages, including Analog Office (AO), which was utilized for 
the MMIC design of the PA.  Linear and nonlinear circuit simulations were used to analyze the 
performance of the PA, while the tuning and optimization capabilities were exploited to finalize 
the design.  Elements in the TQPED process library from TriQuint Semiconductor were used to 
create a final design that accounts for parasitics in the non-ideal components. 
 
3.2 FOUNDRY 
   

TriQuint Semiconductor is an independent semiconductor wafer foundry with capabilities 
of MMIC wafer processing.  The TriQuint TQPED 0.5mm pHEMT process is ideal for switches, 
low-noise amplifiers, power amplifiers, and integrated transceivers.  This particular process has 
D-mode and E-mode transistors, metal-insulator-metal (MIM) capacitors, spiral inductors, thin 
film resistors, and three metal interconnect layers.  Using proprietary libraries developed by 
TriQuint Semiconductor that model the TQPED process and are compatible with AWRDE, more 
realistic simulations were performed and analyzed in the development of the PA. 
 
4. DESIGN AND CIRCUIT SIMULATIONS  
 
 This section details the design of the PA, starting with the transistor model supplied by 
TriQuint based on the TQPED process, followed by the stabilization circuitry, transistor biasing, 
and matching network (input and output) designs. 



4.1 TRANSISTOR DEVICE – BIAS POINT AND CRIPPS ANALY SIS 
 
 The active element used in this amplifier design is an E-mode pHEMT transistor.  This 
particular transistor is a commercially available GaAs process from TriQuint Semiconductor.  
The exact transistor model used in the TQPED 1.1.21 library was the TQPED_EHSS_T3, which 
is an adjustable-length 0.5mm transistor.  A width of 15mm and a gate finger value of four were 
chosen for this design.  Table 1 lists the parameters of the utilized transistor.   
 

Table 1.  pHEMT E-Mode Transistor Properties 
 

Description Properties 
pHEMT Model Type TQPED_EHSS_T3 
Gate Width (W) 15µm 
Number of Gate Fingers (NG) 4 

 
Prior to selecting the E-mode device, a comparison between the D-mode and E-mode was 

performed.  The E-mode transistor has a higher gain for a given DC power consumption 
compared to the D-mode, as shown in Figure 1.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  D-mode vs E-mode Achievable Gain 
 
 Using a swept voltage generator on the gate and drain, the IV curves for E-mode 
transistor is generated and illustrated in Figure 2.   
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Figure 2.  IV Curves for the E-mode (4x15um) pHEMT 
 

 From the IV curves, it was determined that the optimum bias point voltage for a VDS of 
3.3V is VGS equal to 0.75V.  This bias value can be obtained with a resistive divider network 
using the single 3.3V supply.  
 
 A Cripps Method load-line analysis is a technique that can be used to determine the 
optimum output impedance needed to be present at the output stage of the PA.  Using the load-
line shown in Figure 2, the usable region of both the drain current and drain-to-source voltage is 
used to derive the performance of the PA as: 
 
 VGS = 0.75V 
 VDS = 3.3V 
 VDSmin = 0.6V 
 VDSmax = VDS + (VDS-VDSmin) = 3.3V + (3.3V-0.6V) = 6.0V 
 
 IDSS = 8.7mA 
 IDSmax = 17.4mA 
 
The RF output power of the PA should be approximately equal to (� VDS x � IDS)/8 �  11.7mW.  
With the device consumption at approximately 29mW, the Power Added Efficiency (PAE) 
should be approximately 40%.  However, the final PA design will have a lower PAE value since 
the design will be a dual-stage configuration and the power loss in the resistive biasing networks.   
 
 The Cripps resistance is calculated from the load-line analysis as � VDS / � IDS resulting in 
a value of 310� .   
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4.2 BIAS CIRCUITRY AND STABILITY  
 
 Stability is one of the most critical properties of an amplifier circuit.  An unstable circuit 
will oscillate and hence not perform as a controlled amplifier.  Likewise, a main goal of the 
design is to use a single supply voltage, such as a coin cell battery.  Therefore, a resistive divider 
network is necessary to achieve the gate bias (0.75V) while the coin cell battery voltage of 3.3V 
will directly supply the drain bias.  It was determined early in the modeling phase that the 
resistor values of the gate bias network directly affect the stability of the design.  To combat this 
effect, two separate stability circuits were studied and compared.  A series gate resistor, shown in 
Figure 3, was compared against a feedback resistor, shown in Figure 4.  Since a main goal of the 
PA design is to minimize power consumption and maximize PAE, a DC blocking capacitor was 
added in series with the feedback resistor to eliminate power loss in this stability circuit.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
        Figure 3.  Gate Resistor Stability Circuit   Figure 4.  Feedback Stability Circuit 
 
 The performances of both circuits are shown in Figures 5 and 6.  The stability, Figure 5, 
is slightly better across the 0.5-10GHz frequency range for the feedback resistor circuit (pink and 
blue curves).  However the real advantage of the feedback stability circuit is noticed in 
comparing the gain, shown in Figure 6.  The achievable gain rolls off much faster using the gate 
series stability circuits (pink curve) compared to the feedback stability circuits (blue curve).  
Thus the feedback stability circuit was chosen for the PA design. 
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Figure 5.  Stability for the Series Gate Resistor Circuit and the Feedback Resistor Circuit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Gain for the Series Gate Resistor Circuit and the Feedback Resistor Circuit 
 

4.3 INPUT AND OUTPUT MATCHING NETWORKS 
 
 The output impedance of the E-mode transistor at the center frequency of the design is 
shown on the smith chart in Figure 7.  Using a simple circuit to model the drain impedance of the 
E-mode, the shunt capacitance and resistance were chosen so the impedance of the circuit was 
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equal to the output impedance of the transistor.  Once the capacitance and resistance values are 
known, the resistance is changed to the Rcripps value, and this new impedance is used to design 
the PA.  For maximum power transfer, the output matching network (OMN) of the PA is 
designed to supply the complex conjugate of the Rcripps model.  Figure 8 illustrates the OMN 
design, which consists of shunt inductance of 3.4nH and a series capacitance of 251.5pF.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Transistor Library Model and Rcripps Circuit Model Output Impedance 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Output Matching Network Design 
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The input matching network (IMN) is designed to match input impedance of the 

transistor to 50W.  A series inductance of 1.52nH comprises the IMN.  A large capacitor is 
included in series to act as a DC blocking capacitor while minimizing its affect on the impedance 
matching.  Figure 9 illustrates the single-stage PA design using ideal components.  The linear S-
parameter performance of the ideal single-stage PA design is shown in Figure 10 and the overall 
stability is shown in Figure 11. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.  Ideal Single-Stage PA Design 
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Figure 10.  S-Parameter Performance of Ideal Single-Stage PA Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Stability Performance of Ideal Single-Stage PA Design 
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4.4 DRIVER AMPLIFIER 
 

The driver amplifier is used to provide additional gain but with minimal DC 
power consumption.  In addition, the driver amplifier must still be linear in the region 
where the output-stage amplifier design is in compression.  The bias point of the driver 
amplifier is based on taking approximately 20% of IDSS of the output-stage (reference 
Figure 2).   

 
Using the load line shown in Figure 12, the RF output power of the driver stage 

amplifier is approximately (� VDS x � IDS)/8 �  (2(3.3V – 0.33V) x 5mA)/8 �  3.7mW.  
With the device consumption at approximately 8.25mW, the Power Added Efficiency 
(PAE) should be approximately 45%.  However it is expected that the actual PAE will be 
lower due to the additional power loss in the biasing network.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12.  IV Curves for E-mode Driver Amplifier 
 

The driver amplifier stage is designed using the same steps described in sections 
4.2 and 4.3.  The final ideal driver amplifier stage design is shown in Figure 13 with its 
linear S-parameter performance and stability shown in Figures 14 and 15, respectively.   
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Figure 13.  Ideal Driver Amplifier Design 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14.  S-Parameter Performance of Ideal Driver Amplifier Design 
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Figure 15.  Stability Performance of Ideal Driver Amplifier Design  
 

 
 

4.5 TWO-STAGE SINGLE-ENDED PA DESIGN 
 
 The final PA design consists of an input driver amplifier stage followed by an output 
power amplifier stage.  The output of the driver amplifier stage needs to be matched to the input 
of the power amplifier stage.  Figure 16 shows the final PA design using ideal components, with 
Figure 17 illustrating the linear S-parameter performance and Figure 18 illustrating the overall 
stability. 
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Figure 16.  Ideal Two-Stage Single-Ended PA Design 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17.  S-Parameters Performance of Ideal Two-Stage Single-Ended PA Design  
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Figure 18.  Stability Performance of Ideal Two-Stage Single-Ended PA Design 
 
5. LAYOUT AND FINAL SIMULATED PERFORMANCE  
 
5.1 IDEAL VERSUS NON-IDEAL COMPONENTS 
 

Like the transistors, all the ideal components can be replaced with TriQuint TQPED 
Library components.  These components model the non-ideal parasitics that arise in all real 
components.  Replacing these components one at a time, while tuning and optimizing the circuit 
in discrete stages allows for a better design.  In addition, since the components on the output of 
the transistor stages will have small resistance values associated with them, the output power will 
be reduced.  Also, on-chip inductors and capacitors have lower quality factors (Q) resulting in 
less optimum performance.  Figure 19 illustrates the non-ideal PA design with all ideal 
components replaced with TQPED Library components, including RF and Bias pads.  Figures 20 
and 21, respectively, show the S-parameter and stability performance with these non-ideal 
components, while Figure 22 shows the 1dB compression for the design frequency.  Figure 23 
shows the PAE of the final non-ideal design. 
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Figure 19.  PA Design with Non-Ideal Components 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20.  S-parameter Performance of PA Design with Non-Ideal Components 
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Figure 21.  Stability Performance for PA Design with Non-Ideal Components 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22.  Power 1dB Compression for PA Design with Non-Ideal Components 

-20 -15 -10 -5 0
Power (dBm)

OVERALL PA Pcomp

-5

0

5

10

15

-9 dBm
9.446 dBm

DB(|Pcomp(PORT_2,1)|)[6,X] (dBm)
TQPEDOVERALLPA



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23.  PAE for PA Design with Non-Ideal Components 
 
 Table 2 lists a comparison between the PA performance with the ideal and non-ideal 
components.  Notice the slight degradation in performance due to the added resistance and lower 
Q factors of the components. 
 

Table 2.  Comparison Between Ideal and Non-Ideal Components Performance 
 

Parameter Ideal Circuit 
Performance 

Non-Ideal Circuit 
Performance 

Frequency [f] 5.5GHz 5.5GHz 
Gain [S21] 19.9 20.0 
Input Match [S11] -8.7 -8.9 
Output Match [S22] -11.5 -26.9 
Reverse Isolation [S12] -31.9 -34.2 
DC Power 42.3mW 42.7mW 

 
 
5.2 LAYOUT 
 
 Once the ideal components are replaced with the non-ideal components, a layout can be 
generated.  The TriQuint TQPED process has 3 metal layers with different thickness values.  In 
preparation for bench testing of the fabricated PA, a ground-signal-ground pad configuration is 
incorporated, with the pads on a 120µm pitch.  Figure 24 illustrates the generated layout in 2D, 
while figure 25 depicts the layout in 3D.   
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Figure 24.  Final PA Design Layout 



 
 

Figure 25.  3D Image of Final PA Design Layout 
 
5.3 EXTRACTION OF LAYOUT MODEL 
 
Once the layout is generated and signal, power, and ground paths are included, the trace runs can 
be extracted and included in the non-ideal simulation.  Additional degradation in performance is 
incurred with the addition of these extracted traces.   
 
5.4 FINAL DESIGN PERFORMANCE 
  
 Overall, the designed PA exhibits moderate output power, moderate efficiency, high gain, 
high reverse isolation, and low DC power consumption all encompassed in a compact layout.  
Table 3 lists the properties and performance of the designed PA. 



 
Table 3.  Simulated Performance of the Designed PA 

 
Parameter Simulated Performance 

Center Frequency [ƒ] 5.5GHz 
Bandwidth 13% 
Gain [S21] 20dB 
Gain Ripple ±0.5dB 
Input Match [S11] -9dB 
Output Match [S22] -27dB 
Reverse Isolation [S12] -34dB 
1dB Compression -9dBm 
DC Power 12mW 
PAE 20% 
Layout Footprint 60mil x 60mil 

 
 
6. DISCUSSION AND FUTURE WORK 
 
6.1 DISCUSSION 
 

Overall, the PA design has moderate performance and all simulations indicate that the 
design will perform close to the design specifications.  However there are some areas for 
improvement.  First, the driver amplifier stage could be designed to operate with less power 
consumption, either by using a lower bias voltage or by using a smaller sized transistor.  In 
addition, the inter-stage matching network should be designed for a power match instead of a 
50W match.  This would have increased efficiency while still maintaining the necessary gain 
requirements. 
 
6.2 FUTURE WORK 
 

In order to verify the performance of the designed PA presented, the circuit must be 
fabricated and measured.  A comparison of measured performance to the simulated performance 
allows for validation of the models used in the design.  The following test plan will be utilized to 
test the PA upon the completion of its fabrication. 
 
6.2.1 Test Plan 

 
Test Equipment 
 
 The following is a list of the required test equipment to measure both the linear 

 parameters and the power performance of the PA: 
  
 Power Supply  Network Analyzer  Wafer Probe Station 
 Signal Generator Spectrum Analyzer  Low-loss RF cables 
 



 
Linear Parameter Measurements 
The following steps are used to measure the linear (S) parameters of the PA: 
 
(1) Calibrate the network analyzer across the 0.5GHz to 10GHz frequency range  

  using proper calibration standards (short, open, load, thru – SOLT).  Include all  
  RF cables necessary to connect the network analyzer to the probe station in the  
  calibration. 

(2) Turn on DC power supply and set voltage to 0V. 
(3) Turn off DC power supply. 
(4) Place the DC bias probe on the pad of the chip labeled “+3.3V”. 
(5) Place the input RF probe (ground, signal, ground) on the pad of the chip labeled 

“RFin”. 
(6) Place the output RF probe (ground, signal, ground) on the pad of the chip labeled 

“RFout”. 
(7) Turn on the DC power supply and slowly adjust the voltage to +3.3V while  

  watching the current draw (simulated current consumption is < ?mA) 
(8)  Record the S-parameter data (S11, S21, S12, and S22). 
 
Power Measurements 
The following steps are used to measure the power peformance of the PA: 
 
(1) Calibrate the insertion loss in the RF cable used to connect the signal generator to  

  the probe station and the RF cable used to connect the spectrum analyzer to probe  
  station.  

(2) Turn on the DC power supply and set the voltage to 0V. 
(3) Turn off the DC power supply. 
(4) Place the DC bias probe on the pad of the chip labeled “+3.3V”. 
(5) Place the signal generator probe (ground, signal, ground) on the pad of the chip  

  labeled “RFin”. 
(6) Place the spectrum analyzer probe (ground, signal, ground) on the pad of the chip  

  labeled “RFout”. 
(7) Turn on the DC power supply and slowly adjust the voltage to +3.3V while  

  watching the current draw (simulated current consumption is < ?mA) 
(8) For Pin vs Pout measurement, set the signal generator to the frequency of interest  

  (?) and sweep the power up to but not exceeding 0dBm and record the output  
  power values from the spectrum analyzer. 

(9) For harmonics analysis measurements, set the signal generator to a center   
  frequency of 5.5GHz and sweep the spectrum analyzer across a broad frequency  
  range and record harmonic content power levels.  
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