Designing Class A Power Amplifier


Designing a Class A Power Amplifier Using the Load-Pull Method

Objectives:

· We would like to design a simple Class A power amplifier using the load-pull method.

· This is a low power and low voltage power amplifier, the output is slated for not more than 10 mW, with operating frequency at 410 MHz.

· The design steps is divided into 3 parts, the first is to design the DC biasing of the amplifier, the second is to perform a load-pull test on the circuit and finally we verify the performance of the circuit.  Two performance test is carried out, the gain compression test and the third order intercept (TOI) point test.
Background:
· The transistor chosen for the job is BFR92A which comes in SOT-23 package.  The maximum  IC sustainable by the transistor is 30.0mA, with transistion frequency fT = 5GHz, which is more than sufficient for the job.  

· Since this is a large signal nonlinear circuit, substantial harmonics will be generated, therefore the chosen simulation method is the Harmonic Balance Method.

· Common emitter configuration is used and the schematic for performing DC simulation and large signal load-pull test is shown in Figure 1.

· The amplifier is driven by a source with impedance of 50Ohms at the fundamental frequency.  We assume the source impedance also maintains at 50Ohms at the other higher harmonics.  If this assumption is not true, then we just assign new values to the impedance at higher harmonics.

Step 1: DC Simulation and Maximum RF Output Power Estimation

In performing this simulation we merely deactivate the Harmonic Balance and Parameter Sweep control.  The DC simulation results are:

	VC
	VE
	VB
	IC

	3.0V
	0.338V
	1.12V
	3.34mA


The result is reasonable, as VCC = 3.0V, VE of 0.1VCC or higher will ensure adequate bias stability and prevent thermal runnaway.  The dissipated DC power is:


PDC = (2(3.0)(0.00334 = 20.04mW 
The RF output power will not be higher than this level.  The ideal efficiency of this Class-A circuit is 50%, assuming a realistic value of 33%, the RF output power will be no more than 6.61mW for linear operation.

Step 2: Performing Load-Pull Test
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Figure 1 – The schematic of the Class A power amplifier.

The load-pull test:

As it name implies, the load-pull test is a brute force method to find the optimum load impedance.  We actually change large signal load impedance from a small value (near 0) to a large value and calculate the power deliver to the load.  A series of contours, known as isopower lines are then plotted on the Smith chart, representing the load reflection coefficients with similar output power level.  At the optimum load impedance the power amplifier will deliver maximum power to the load.  The optimum load for power amplifier is different from the maximum conjugate gain load for small signal amplifier.  In power amplifier design, we are more concern with the maximum output power than the gain of the amplifier.  The purpose of the power amplifier is to provide a buffer between the load and other amplifier stages, so that a slight change of load will have minimal effect on the performance of other small signal amplifier stages.  In this respect we assume that there is adequate drive from the source for the power amplifier to operate at the peak power level.  Some assumptions for this simulation:

· We only consider up to fifth harmonics in the Harmonic Balance simulation.

· The large signal source impedance remains at 50Ohms for all harmonics.

· The large signal load impedance appears as short circuit for higher harmonics (Due to non convergence during simulation, we set ZL(2nd harmonic) to 2.0Ohms).  This is justified by the fact that impedance matching network is usually used at the output.  We could utilize a low-pass impedance matching network for this purpose.  If this is not the case, then we must determine the relationship between the large signal impedance values at higher harmonics and the impedance value at the fundamental frequency.  As during the load-pull test, we only change the impedance value at the fundamental frequency.  This is a very complicated affair and will not be pursued at this state.  As the aim is to clarified the concept and procedure of a Class-A power amplifier design.

Changing the load impedance:

To sweep the load impedance at fundamental frequency, we change its S11 amplitude ® and phase (().


(Load = S11 = Rej(
Thus it is seen in from “SweepVar” and “Parameter Sweep” settings in Figure 1,  R is swept from 0 to 0.98 while ( is swept from 0o to 360o at a step of 10o.

Source power and harmonic distortion:

The source used is a one-tone power source.  As shown in Figure 1, this example use a source that delivers a power of –20dBm if a load of 50Ohm is connected to it.  In other words Pin = -20dBm is the available power.  Once we have determined the load impedance, we need to check for the level of harmonic distortion.  This is done by calculating the ratio of power at fundamental frequency over power due to higher harmonics.  The current probes and named nodes in the schematic of Figure 1 are for this purpose.  We call this ratio the Distortion Ratio (DR).  Whenever this ratio is less than 0.1 or –10dB, we can assume the circuit to be in linear mode.  Concepts such as input impedance can then be applied.  The Class-A power amplifier is essentially a linear power amplifier.  From the theory of power amplifier
, once nonlinear distortion sets in, the maximum power delivered at the fundamental frequency will cease to increase.  Any increase in input power to the amplifier will be converted to power at the harmonics.
Determining the Optimum Load Impedance:

· Set the source power at a starting value, say –20dbm.  

· Perform the load-pull test.  Find load impedance for maximum output power.

· Check that DR < 0.05.

· Increase source power, say to –15dbm.

· Repeat the load-pull test.  You should see that the new load impedance for maximum output power only changes slightly.  Check that DR still less than 0.05.

· Increase source power further to –10dbm.  Repeat load-pull test until DR > 0.05.  

· The load impedance for maximum output power is the optimum load impedance.

Load-pull test result:
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Figure 2 – The load-pull test result when DR is just less than 0.05.

From Figure 2, a good power amplifier should have large isopower contour area.  This signifies that the delivered output power is insensitive to load.  The power amplifier can deliver considerable power to a wide range of load with little change in output power level from its maximum value.  However this is usually difficult to fulfill.  In Figure 2, the result is reasonable.  The maximum power the power amplifier can supply without significant nonlinear distortion is 8.304dbm or 6.7mW.

Step 3: Measure the large signal input impedance and Performing Input Impedance Matching

Since Class-A power amplifier is almost linear, we can measure the input impedance when the output is terminated with optimum load.  The schematic to do this is shown in Figure 3.
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Figure 3 – The schematic for measuring input impedance at optimum condition.

The input impedance can be computed as:


Zin = Vin[1]/(-Iin[1]) = 10.302 – j10.491
The square brackets are used to access the fundamental harmonic terms.  After obtaining Zin we then proceed to match the source impedance of 50Ohms to Zin using conjugate matching method.  The L impedance transformation network is chosen and the matching circuit is shown in Figure 4.
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Figure 4 – The input impedance matching circuit.

Step 4: Gain Compression Test

The complete circuit of the Class-A power amplifier is shown in Figure 5.1.  The simulation settings in the schematic is also used to perform the gain compression test.  Basically we sweep the source power level “Pin” linearly from –30dBm to 0dBm.  From Figure 5.2, the 1dB gain compression occurs at available source power Pin:

Pin1dB Compression = -16.55dBm  

Also shown in Figure 5.2 are the time domain waveforms for input and output voltage/current  Pin = -16.55dBm.  Therefore we notice that the actual useful output is actually:


Pout(1dB) = +2.10dBm

The nominal power gain when output is terminated with optimum load is:


Pgain(opt) = 19.68dB
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Figure 5.1 – The schematic for Gain Compression test.
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Figure 5.2 – Gain compression test results.
Step 5: Third Order Intercept (TOI) Point Test

The schematic used for performing TOI is similar to the schematic of Figure 5.1.  The only change is we are now performing Harmonic Balance simulation with two frequencies (or two tones).  Therefore mixing components must be taken into account.  The simulation control variable “MaxOrder” must be set to at least 3 to access the (2f1-f2) and (2f2-f1) frequencies components.  Refer to the online help on ADS for further information.  The source must provide two frequency components at f1 = 410MHz and f2=411MHz respectively.  Thus the 1-tone power source is replaced with an N-tone power source.  For the TOI test both source magnitude must be similar
.
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Figure 6.1– Schematic for performing TOI test.

From Figure 6.2, the third order intercept (TOI) point occurs at Pin = -9.487dBm.
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Figure 6.2 – Result of TOI analysis.

Summary: Performance of the Class-A Power Amplifier

	Power Supply Voltage
	3.0V

	Operating Frequency
	410MHz

	Source impedance 
	50 (

	Optimum Load Impedance
	ZL(opt) = 438.05 + j0 (

	Maximum Output Power with

Negligible Harmonic Distortion.
	Pout(max) = +8.304dBm

	Large Signal Input Impedance at Optimum Load.
	Zin(opt) = 10.302 – j10.491 (

	Power gain when input is conjugately matched to source and at Optimum Load.
	19.68dB

	1dB Gain Compression Level for Available Source Power
	-16.55dBm

	Output Power at 1dB Gain Compression Level.
	+2.10dBm

	TOI input level (for Available Source Power), for f1=410MHz and f2=411MHz.
	-9.49dBm

	TOI output level (PIP)
	9.53 dBm

	Required Available Source Power to produce Pout(max) at output
	-0.5 dBm


Appendixes – Agilent ADS Data Display Used (ADS 2000).

Data Display for Load-Pull Test:
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Plot a contour of the fundamental harmonic for Vout

Pdel_max-0.01 is required in the option for the contour levels.

If the 0.01 is omitted, then the level corresponding to Pdel_max is a point and 

will not be shown.

Change the countour plot into polar form.  The innermost independent variable

of cPdel_dbm is the R, the magnitude of the load reflection coefficient.  While 

cPdel_dbm is the argument of the load reflection coefficient in degrees.
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Computation of the real output power in Watts

Vout[::,::,1] extracts the fundamental harmonic of the output voltage, similarly 

ILoad.i[::,::,1] extracts the fundamental harmonic of the load current.  Real 

power is computed as:

                                 Pr = 0.5Re[VoutxILoad*]  

Eqn
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Computation of Higher Harmonics Power 

The higher harmonics power is taken to be the sum of 2nd, 3rd and

fourth harmonics real power.

Forming the contour plot for higher harmonics power dissipation
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Data Display for Finding Large Signal Input Impedance:
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Zin_conj

10.302 + j10.491

EqnS11_conj=(Zin_conj-Z0)/(Zin_conj+Z0)

S11_conj

0.671 / 155.327

Computation of Large Signal Input Impedance at fundamental freuqency

Finding the S11 from Zin_fund and Zin_conj


Data Display for 1dB Gain Compression Test:

[image: image12.wmf]Eqn

Pout_watt = re(0.5*Vout*conj(ILoad.i))

Eqn

Pin_watt=re(0.5*Vin*conj(ISource.i))

Eqn

Pout_dbm = 10*log10(Pout_watt) + 30

Eqn

Pin_dbm = 10*log10(Pin_watt)+30

Eqn

Gain_fund_dbm = Pout_dbm[::,1]-Pin_dbm[::,1]

Pin

-30.000

-28.966

-27.931

-26.897

-25.862

-24.828

-23.793

-22.759

-21.724

-20.690

-19.655

-18.621

-17.586

-16.552

-15.517

-14.483

-13.448

-12.414

-11.379

-10.345

-9.310

-8.276

-7.241

-6.207

-5.172

-4.138

-3.103

-2.069

-1.034

0.000

Gain_fund_dbm

19.681 / 0.000

19.671 / 0.000

19.659 / 0.000

19.644 / 0.000

19.624 / 0.000

19.598 / 0.000

19.564 / 0.000

19.520 / 0.000

19.462 / 0.000

19.385 / 0.000

19.282 / 0.000

19.143 / 0.000

18.954 / 0.000

18.701 / 0.000

18.373 / 0.000

17.971 / 0.000

17.511 / 0.000

17.014 / 0.000

16.497 / 0.000

15.973 / 0.000

15.449 / 0.000

14.932 / 0.000

14.430 / 0.000

13.949 / 0.000

13.495 / 0.000

13.072 / 0.000

12.684 / 0.000

12.320 / 0.000

11.855 / 0.000

11.355 / 0.000

Pout_dbm[::,1]

-10.326

-9.300

-8.277

-7.258

-6.242

-5.233

-4.231

-3.240

-2.264

-1.308

-0.382

0.501

1.320

2.052

2.672

3.172

3.570

3.897

4.186

4.461

4.740

5.035

5.356

5.715

6.117

6.572

7.082

7.635

8.056

8.408

Pin_dbm[::,1]

30.007 / 180....

28.972 / 180....

27.937 / 180....

26.901 / 180....

25.866 / 180....

24.831 / 180....

23.795 / 180....

22.760 / 180....

21.726 / 180....

20.693 / 180....

19.664 / 180....

18.642 / 180....

17.634 / 180....

16.649 / 180....

15.701 / 180....

14.799 / 180....

13.942 / 180....

13.117 / 180....

12.311 / 180....

11.512 / 180....

10.709 / 180....

9.897 / 180.000

9.073 / 180.000

8.234 / 180.000

7.377 / 180.000

6.500 / 180.000

5.602 / 180.000

4.685 / 180.000

3.800 / 180.000

2.947 / 180.000

Power gain at fundamental frequency:

Computation of input and output power for all harmonics.

Calculate power gain at fundamental frequency

Convert the power to dbm

Gain Computation

Note:

Vin[i,j] extracts the jth harmonic components at

driving power index ith.  Both i,j begins from 0.  

Example Vin[1,2] extracts the 2nd harmonic of 

Vin at driving power Pin[1].  This also apply to 

Pout_watt, Vout etc.

m2

Pin=-16.552

Gain_fund_dbm=18.701 / 0.000

m1

Pin=0.000

Gain_Ext=19.676 / 0.000

m2

Pin=-16.552

Gain_fund_dbm=18.701 / 0.000

m1

Pin=0.000

Gain_Ext=19.676 / 0.000
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Pin=-16.552

Pout_dbm[::,1]=2.052

m3

Pin=-16.552

Pout_dbm[::,1]=2.052
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Pout_dbm[::,1]

m3

Pout_Ext

Eqn

Index = 13

Eqn

Source_dbm=Pin[Index]

Source_dbm

-16.552

User Setting

Selected Source power

Eqn

Vin_t=ts(Vin[Index,::])

Eqn

Vout_t = ts(Vout[Index,::])

Eqn

Iout_t=ts(ILoad.i[Index,::])

Eqn

Iin_t=ts(ISource.i[Index,::])
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Inspection of time domain waveform for input and output voltages, currents.

Steps to extrapolate fundamental output

power and the fundamental gain

Eqn

grad1=(Pout_dbm[2,1]-Pout_dbm[0,1])/(Pin[2]-Pin[0])

Select the source power:

Extrapolate output power equation:

Eqn

C1=Pout_dbm[0,1]

Eqn

Pout_Ext=grad1*(Pin-Pin[0])+C1

Eqn

Gain_Ext=0.5*(Gain_fund_dbm[0]+Gain_fund_dbm[1])+0*Pin

Extrapolate fundamental gain equation:

(Here we take the average of 2 initial gain values, 0*Pin is needed to

fool the program into generating an array)

NOTE:

Sometimes it is noticed that as the source power increases

beyond certain level, the input power becomes negative.  

This can be intrepreted as that the circuit becomes more and 

more oscillatory, beyond Pin(critical), the circuit  oscillates 

and power is supplied to the source instead.

From the above figures, we conclude that 1dB gain compression occurs at Pin=-6.552dBm, corresponding to output

power of +4.265dBm.


Data Display for TOI Test:

[image: image13.wmf]Note:

For MaxOrder = 4

To access the fundamental component, use

Vin[4] for f1 = 410MHz

To access the 3rd order mixing components, use

Vin[3] for (2f1-f2)=409MHz

Vin[6] for (2f2-f1)=412MHz

When MaxOrder is changed, the index is changed

too.  So you should run a single power sweep, 

display the frequency components and determine

the corresponding indexes.

Eqn

Index = 9

User Setting

Select the source power:

Eqn

Source_dbm=Pin[Index]

Source_dbm

-20.769

Selected Source power

Eqn

Pout_watt = re(0.5*Vout*conj(ILoad.i))

Eqn

Pin_watt=-re(0.5*Vin*conj(ISource.i))

Eqn

Pout_dbm = 10*log10(Pout_watt) + 30

Eqn

Pin_dbm = 10*log10(Pin_watt)+30

Note:

For input power, since the source is supplying power to

the power amplifier, the real power will be negative.  So

we multiply with -1 to make it positive.

Computation of input and output power for all harmonics.

Convert the power to dbm

Gain Computation

Note:

Vin[i,j] extracts the jth harmonic components at

driving power index ith.  Both i,j begins from 0.  

Example Vin[1,2] extracts the 2nd harmonic of 

Vin at driving power Pin[1].  This also apply to 

Pout_watt, Vout etc.

Pin

-30.000

-28.974

-27.949

-26.923

-25.897

-24.872

-23.846

-22.821

-21.795

-20.769

-19.744

Pout_dbm[::,3]

-53.219

-49.988

-46.720

-43.408

-40.049

-36.643

-33.209

-29.794

-26.495

-23.455

-20.810

Pout_dbm[::,6]

-53.404

-50.171

-46.901

-43.585

-40.221

-36.808

-33.364

-29.935

-26.616

-23.551

-20.894

Eqn

Pout_dbmIP3=0.5*(Pout_dbm[::,3] + Pout_dbm[::,6])

m1

Pin=-9.487

Pout_Fund_Ext=9.525

m1

Pin=-9.487

Pout_Fund_Ext=9.525
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Pout_dbmIP3

Pout_dbmFund

Pout_Fund_Ext

m1

Pout_IP3_Ext

Eqn

Pout_dbmFund = Pout_dbm[::,4]

Extracting the output power at 3rd order mixing frequencies 

(2f1-f2) and (2f2-f1):

Extracting the output power at fundamental frequency f1

Steps to extrapolate fundamental output

power 

Eqn

grad1=(Pout_dbm[1,4]-Pout_dbm[0,4])/(Pin[1]-Pin[0])

Extrapolate output power equation:

Eqn

C1=Pout_dbm[0,4]

Eqn

Pout_Fund_Ext=grad1*(Pin-Pin[0])+C1

Steps to extrapolate 3rd order mixed output

power 

Eqn

grad2=(Pout_dbmIP3[1]-Pout_dbmIP3[0])/(Pin[1]-Pin[0])

Extrapolate output power equation:

Eqn

C2=Pout_dbmIP3[0]

Eqn

Pout_IP3_Ext=grad2*(Pin-Pin[0])+C2

The Third Order Intercept point

NOTE:

We should compare both the higher and lower

frequencies 3rd order mixed power.  They should

be almost similar.  Otherwise it means we have

to increase the maximum mixing order

(MaxOrder) considered and the highest 

harmonics (Order(1) & Order(2)) in the Harmonics

Balance Simulator.


Source power = -5dbm


Maximum output power = +8.304dbm


Contour step = 0.5dbm.





Optimum Load impedance at fundamental frequency (410MHz)


ZL(opt) = 438.05 + j0





Fundamental frequency power





Average power at (2f1-f2) and (2f2-f1)





Extrapolated Lines





Output power at fundamental frequency versus source input power





Power gain at fundamental frequency versus source input power





Output and input voltage





Output and input current








� see book by S.C. Cripps, “RF Power Amplifiers for Wireless Communication”, 1999 Artech House, chapter 2.


� See Chapter 2 of the book by B. Razavi, “RF Microelectronics”, Prentice-Hall International, 1998 for more information on TOI test.
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