








The resonant frequency (w,) of the series RLyC,, circuit is

(5.3) 0 =22

° x+1/x2+4Qi

‘The components values for the series load network are given by:

_a Véc
(5.4) R==3%
QLR
(5.5) Lo=—k
1
5.6 C=
(5.6) R

Finally, the collector efficiency of the circuit can be obtained with the following

relationships:
P
(5.7) Ne=—2>-, where
Pec
(58) Po = Io,rms Vo,rms ? and
(5.9) Pee =1Icc Vee

5.2 CLASS CE DESIGN EXAMPLE

Using design equations (5.1) to (5.9), the component values are calculated for a

class CE amplifier operating with the design constraints shown in Table 5.1. The shunt
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capacitance value was chosen because it is representative of a typical device output

capacitance for a device operating under the given frequency and power conditions. The

results of the component calculations are shown in Table 5.2.

Table 5.1 Design Constraints

Operating frequency, fimay 850 MHz
Peak power output, Py 3W
Supply voltage, Voo 9 Vdc
Shunt capacitance, Co 15 pF
Quality factor, Qg 10

Table 5.2 Parameter and Component Values for the Class CE Amplifier

Parameter or Component Value
fmax(E) =141 MHz
kf =6
X =1.8
b =().352
a =0.195
Cs 15 pF
Co 3.89 pF
L, 10.78 nF
R 5.265 Q
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Given the amplifier component values, PSpice® analysis files are created for both a
BJT and a MESFET device. The file listings are provided in Section A.2 of the Appendix.
The active device parameters are representative of relatively ideal devices. For example,
the input and output capacitance for both the BIT and MESFET are assigned the default
value of zero Farads. The device capacitance values are fixed by adding a discrete
capacitor where desired. This is done to eliminate the concern of how a PSpice® device
model interprets an assigned parameter value. The transition times for the BJT are initially
set to the default value of zero seconds. The assumption behind this action is that devices
which currently exist are capable of switching at the system frequency, and therefore, the
transition times need not be a major concern for this simulation.
In each amplifier design, an initial simulation was performed using the calculated

_component values. The efficiency calculations were performed using the average (AVG)
and RMS functions provided in PROBE® (the post-processor graphics package
associated with PSpice®). Since PSpice® performs a transient analysis, and not a steady-
state analysis, the simulation was run over a 50 ns time period (roughly 40 RF cycles at
the given frequency) to reach an approximate steady-state condition. For the BJT, the
collector efficiency was approximately 66 percent; the MESFET simulation provided an
efficiency of 57 percent. By extending the time period of the transient analysis
(approximately 300 ns), the efficiencies were determined to be 73 percent and 61 percent
for the BJT and MESFET, respectively!l. Table 5.3 summarizes the results of each

simulation.

‘11Clearly, performing steady-state analysis using PSpicc® can be a time-consuming procedure for RF
circuits. An alternative technique is the Harmonic Balance method as described in Section A.3 of the

Appendix. Harmonic Balance can be a much more time-efficient technique for performing steady-state
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Table 5.3 BJT and MESFET Simulation Results

BJT Amplifier Result
Py 1.33 W
Pcce 20W

N 66%
MESFET Amplifier Result
P, 1.14 W
Pcce 20W

M 57%

53 CrLASS CE SUMMARY

Several points can be made about the results of the class CE amplifier analysis.
First, the design process is relatively straightforward and all of the component values can
‘be calculated using the given design parameters (i.e., X, b, and a)12. Second, although the
power output and efficiency results from the initial simulation are lower than the
calculated values, the circuits were not optimized for maximum efficiency and/or
maximum power output. Kazimierczuk and Tabisz [1989] point out that in the case of the

BJT amplifier, the efficiency was strongly dependent upon the value of driving base

analysis, especially if optimization of the circuit components is desired. In this study, circuit optimization
is not a priority and therefore PSpice® is sufficient for the purpose of analysis.

12Although these parameters are provided in tabular form by Kazimierczuk and Tabisz [1989], the same
results would be obtained by using any program similar to the one used by the authors which accounts for

the same transistor operation characteristics.
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current. It is expected that both the power output and efficiency would improve if the
circuits were optimized!3.

Finally, the issue of practical considerations must be addressed. It is reasonable to
assume that the efficiency (and thus power output) would be reduced as the device input
capacitance increases. This results from an additional capacitance which would require
charging and discharging for each RF cycle. In addition, the calculated value of the load
resistance (R = 5.265 Q) is far from a typical load (e.g., R = 50 Q of an antenna). By
recognizing that the output of this amplifier would require additional filtering to reduce
the harmonic content at the transmitter output, then the filter would have to ultimately be
designed to consider impedance matching as well. Use of the filter network would
undoubtedly result in a finite loss of power output and a reduction of overall system

efficiency.

. 54 CLASS F ANALYSIS

In Section 4.3, it was stated that class F power amplifier designs using either BJT
or MESFET devices should be able to operate correctly within the given system
constraints. Figure 5.2 illustrates a typical class F circuit configuration. Although a
class F amplifier is usually dc-biased at a class B level, as mentioned in Section 2.8, its
efficiency is higher than that of a class B. The higher efficiency is achieved by "squaring

up" the collector voltage waveform and minimizing the time during which current and

13Although this study does not seek to examine circuit optimization, a preliminary simulation was
performed in which the load network component values were varied one at a time, and the values chosen
were those that resulted in maximum efficiency. In both the BJT and MESFET simulations, the

'maximum efficiency was determined to be nearly 80 percent at a power output exceeding 2 W.
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voltage exist simultaneously. This waveshaping is accomplished by causing certain
harmonics of the output signal to be reflected back into the device. Thus, obtaining
proper impedance matches at the fundamental and harmonic frequencies is a crucial design
requirement for high-efficiency class F amplifiers. The impedance matching must take into
account the correct order and amplitude of the harmonic components.

Many examples of high-frequency class F amplifiers exist in recent literature.
Operating at frequencies in excess of 1 GHz, the class F concept (sometimes referred to as
harmonic impedance matching or waveshaping) is becoming more common in GaAs
monolithic microwave integrated circuits (MMICs). Examination of recent literature will
show that class F amplifier technology exists not only in the laboratory, but in practical
circuits as well. Finally, a PSpice® analysis of a class F amplifier design is performed to
provide additional justification for the use of class F designs in portable communication

systems.

5.4.1 CLASS F AMPLIFIER DESIGNS IN LITERATURE

You may recall from Section 4.2.8 that varying the impedance of the second
harmonic termination can result in an amplifier efficiency ranging from 30 to 80 percent.
The following examples describe several class F amplifiers in which the second harmonic
frequency components are reactively terminated with a short:

» At an operating frequency of 5 GHz, a computer simulation of a 1200 pm MESFET*4
power amplifier resulted in a power output of 691 mW with an efficiency of 80.5
percent. In addition, it was shown that both the input and output impedances should

be shorted at the second harmonic for maximum efficiency [Hall and Trew, 1991].

14The dimension of 1200 um refers to the MESFET gate periphery.
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* A simulation using the harmonic-balance method (see the Appendix, Section A.3)
revealed an efficiency increase from 54 percent to 65 percent by terminating the
amplifier input with a short at the second harmonic. Based upon these simulation
results, a 10 GHz MESFET amplifier was fabricated and tested. The measured results
show an efficiency of 61 percent at a power output of 450 mW [Khatibzadeh and
Tserng, 1990].

» Fabricated as part of a multistage amplifier for satellite communications, a 1 W GaAs
FET amplifier achieved a 65 percent efficiency at 4 GHz [Geller and Goettle, 1988].

» Bahl et al. [1989] fabricated a power MMIC amplifier. The measured results included

an efficiency of 70 percent and 1.7 W power output at 5 GHz.

It is worth noting a recent publication referring to a modified class F amplifier as
the Harmonic Reaction Amplifier, or HRA [Nishiki and Nojima, 1987]. The HRA is
composed of two FET's configured in a push-pull arrangement. The drains of the two
FETs are connected together via a second harmonic signal path which has an adjustable
length in order to vary the second harmonic resonance (see Figure 5.3). (The mechanism

for the length adjustment was not mentioned specifically, but is most likely a type of
transmission delay-line structure.) When this length is properly adjusted, each FET injects
a second harmonic current into the other in such a way as to create a second harmonic
standing wave whose amplitude is zero at the FET drains. The result is an amplifier with
a 75 percent efficiency and 2.7 W power output at 1.7 GHz. A conventional class F
amplifier at the same frequency yielded an efficiency of 65 percent with 1.5 W power
output. An updated version of the Harmonic Reaction Amplifier produced a 2 GHz, 5 W
power output with a 70 percent efficiency [Nishiki and Nojima, 1988]. Both of these

amplifiers used a class B dc-bias arrangement. Also, it should be noted that the updated

70



version of the HRA exceeds both the power output and frequency requirements for our
application. An added benefit of this particular design is a lower dc supply voltage (i.e.,
Vdd = 7 Vdc). Based upon the data found in these citations, the Harmonic Reaction
Amplifier (modified class F) supports the decision to include discussion of class F
amplifiers for the application of portable communication systems.

As was mentioned in Section 2.8, class F amplifiers may also be designed by
including the third harmonic frequency components in addition to the second order
harmonic components. Instead of providing a short, however, the third harmonic
components must see an open circuit in order to be reflected back into the device output.
The third order reflection serves to "square up" the output waveform even further,
resulting in an additional increase in efficiency. This is sometimes referred to as third
harmonic peaking.

One example of a third harmonic peaking class F amplifier is reported by Kopp and
Pritchett [1989]. A nonlinear simulator employing the harmonic balance technique was
used to examine a MESFET amplifier which provided a short for the second harmonic
frequency component and an open for the third harmonic. The result was an efficiency of
61.3 percent at 10 GHz and a power output of 270 mW. This efficiency represents an 8
percent increase over a comparable class B amplifier at this frequency. High-frequency
class F designs employing third harmonic peaking are not abundant in the literature. One

‘reason for this, as mentioned in Section 2.8, is as the frequency of operation increases,
accurate knowledge of the device impedances becomes increasingly difficult to obtain.
However, Hall and Trew [1991] point out that the amplifier efficiency is relatively

insensitive to impedance matching at the third harmonic

71



‘ ( ) Reject Filter

2nd Harmonic
Reject Filter

Combiner

o, 1|

Figure 5.3 Circuit Configuration for the Harmonic Reaction Amplifier

72



as long as the input and output impedances presented to the third harmonic components
are large in comparison with other circuit impedances. Thus, if second harmonic class F
designs provide the necessary increase in efficiency, design of the third harmonic
impedance matches may not be necessary. Any increase in efficiency is desirable, but the
value of the increase must be weighed against the cost of obtaining that increase.

In an effort to further examine the third harmonic peaking class F amplifier, a
PSpice® simulation was performed. Using the device parameters provided by Kopp and
Pritchett [1989], a class F amplifier was simulated at an operating frequency of 10 GHz.
The results are shown in Table 5.4. The PSpice® files are provided in the appendix,
Section A.4. Although the output power and efficiency of the PSpice,® simulation is
higher than that given by Kopp and Pritchett, the results are not unrealistic. Considering

that the device parameters wer taken from an actual device, the simulation results are

encouraging.
Table 5.4 Simulation Results for the Class F Amplifier
MESFET Amplifier at 10 GHz Result
P, 245W
Pcc 2.95W
" 83%
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5.4.2 MESFETSs AND BJTS IN A CLASS F DESIGN

There are two points to note concerning each of the previous citations. First, each
of these amplifiers operated at frequencies much higher than 850 MHz. This has
significance when considering the efficiencies and output powers provided in these
citations. With the exception of the modified class F Harmonic Reaction Amplifier
[Nishiki and Nojima, 1988], the output power for each of the cited designs was less than
the 3 W peak power desired. It is a well established fact that power gain tends to increase
as the frequency of operation is decreased!s. Thus, if the operating frequency of these
amplifiers were decreased to 850 MHz, it is reasonable to assume that, for a given input
power, the efficiency would increase due to an increase in the output power. This can be
seen in the literature just cited: a 61 percent efficiency at 10 GHz versus an 80.5 percent
efficiency at 5 GHz; likewise, the output power was doubled for a decrease in the
operating frequency from 10 GHz to 4 GHz.

It is also worth mentioning that higher output powers are possible through the use
of multi-device amplifiers. Such is the case of a 5 W GaAs FET amplifier with an
efficiency of 35 percent at 10 GHz [Kopp and Heston, 1988]. Here again, a decrease in
the operating frequency would be accompanied by an increase in efficiency. There is no

‘reason to doubt that high-efficiency class F amplifiers using FET technology cannot be
used for the desired application, by proper design, taking into account the trade-offs
between power output and efficiency.

The other point to consider about these citations is the exclusive use of FETs.

Although it was not stated why BJTs were not used, the fact that many of the citations

15This is why high frequency devices can become unstable when used at low frequencies: the gain is very

large.
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involved amplifiers for MMIC (high-frequency) applications points to one possible reason.
Since GaAs is usually the material of choice for microwave applications, it is reasonable to
find FET technology being used in these amplifiers. Additionally, GaAs fabrication
processes are geared to FET production; fabrication of GaAs BJTs is complex due to the
difficulty of performing diffusion processes in GaAs material.

As was already mentioned in Section 4.1.2 on FET devices, GaAs possesses the
attractive properties of fewer parasitics , and therefore higher operating frequencies, and a
higher electron mobility [Pengelly, 1982; Higgins, 1991]. Also, the slightly higher
impedances inherent in FET structures provide the FET with a slight advantage over BJTs
‘in areas such as biasing and impedance matching. Finally, GaAs devices were the first to
be used successfully at the high frequencies cited in the literature. At a (relatively) low
frequency of 850 MHz, the designer's choice to use a MESFET instead a BJT might well
be regulated by the same reasoning that a designer familiar with silicon devices might use a
BJT.

The question that remains is not whether BJTs can operate at 850 MHz, but can
they operate in a class F design at 850 MHz!6. Perhaps the answer to this question may be
found in an observation concerning class F operation [Krauss et al., 1980]. A statement
was made that actual class F operation exhibits characteristics of a saturating class C
amplifier and a suboptimum class E (i.e., class CE) amplifier. In addition, considerable
device saturation is usually noted with actual class F amplifiers. Since this condition is
typically associated with devices behaving as switches, class F designs using BJTs must

take into account any switching losses.

16The fact that silicon BJTs can operate in the GHz region is proven and accepted. For example, see

Basset and McCombs [1981] and Wang [1985].
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Referring to Section 3.1.3, recall that switching losses are caused by the time delay
experienced while the device input and output capacitances are being charged!” (rise and
.fall times), and by the time delay associated with the device conduction area being swept
clean of excess charge carriers as a result of saturation (charge storage). Assuming that
the input/output device capacitance is equivalent for the BJT and MESFET, then the
difference between the two devices will be due to the charge storage.

Consider that the BJT has two semiconductor junctions in the current conduction
path: the base-emitter and the base-collector junction!8. For a BJT in a saturated state, a
large amount of excess charge carriers exist in the base and collector regions. The
saturated state results in the base-emitter and base-collector junctions being forward-
biased. When the driving force is removed, the excess carriers must be removed before
the collector current can begin to decrease and the BJT can enter an active or cutoff state.
You may recall from the theory of BJT operation that the large electric field created by the
reverse-biased base-collector junction is responsible for sweeping the charge carriers out
of the base region. When the junction is forward-biased (e.g., during a state of device
saturation), this electric field is greatly reduced and the charges tend to move more slowly.
It is only when the excess charges are removed that the base-collector junction can return

to its normal reverse-biased condition. A finite amount of time is required to remove

17In this chapter's analysis of the class CE amplifier, the input and output capacitance values were
assumed to be zero.

18Here, "junction” refers to adjacent semiconductor materials of two different types (i.e. n-type and p-type
material). The channel of a MESFET has no such junctions; the ohmic contact regions for the source and
drain will typically have a much higher doping concentration than the channel, but these regions are of

‘the same type semiconductor material.
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these excess charge carriers and to cause the transistor to enter an active or cutoff state.
If the frequency of the drive signal is greater than the time required to remove the excess
charge carriers, the device cannot switch to a cutoff state [Neamen, 1992]. Thus,
depending upon the degree of device saturation that occurs in a class F design, a given
BJT may not be able to operate correctly.

These comments on BJT operation are not meant to imply that BJTs cannot be
used in class F amplifier designs. Rather, the purpose of the discussion is to examine why
a BJT might not function as well in a class F design. There is no reason to believe that a
BJT could not be a suitable device, and as fabrication methods and capabilities continue to
improve, switching losses at the system frequency of 850 MHz will not even be a concern.

In summary, the feasibility of class F amplifier designs for the intended application
has been demonstrated through the examination of research literature. Most current
designs use some form of second harmonic reactive terminations to increase the amplifier
efficiency. The required high efficiency and the output power can be obtained with
current technology. Although all of the cited designs use FETs as the active device, it is

reasonable to assume that properly designed BJTs could be used as well.
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CHAPTER 6

6.0 SUMMARY OF WORK COMPLETED

The work which was completed in the course of this study includes the
compilation of ideal amplifier classifications and their definitions, the discussion of limiting
factors which cause the amplifier operation to deviate from the ideal operation, the
selection of amplifier classes and active devices which fulfill the given system constraints!®,
and the evaluation of two classes (class CE and class F) and two active devices (BJT and
MESFET) which were deemed appropriate for use in high-efficiency RF power amplifier

~designs.

The amplifier classifications and definitions presented in Chapter 2 provide a
valuable summary in a unified and concise manner that is not commonly found in the
literature. The discussion of amplifier circuits and their operation will be of use to those
persons desiring a succinct explanation of the different amplifier classes.

The limitations that prohibit ideal operation of the amplifiers were discussed in
Chapter 3. The primary limitation for linear amplifiers (classes A, B, and AB) was
determined to be intermodulation distortion. Saturation voltage (or saturation resistance)
and transition losses were considered to have the most effect on switch-mode amplifiers
(classes D, E, and S). Amplifiers which are used as amplitude modulators (saturating

class C, class D, and class S modulator) were said to transfer any efficiency benefits to the

19The system constraints are repeated here for the sake of convenience: an operating frequency of
850 MHz, a voltage supply obtained from a 9 Vdc battery, a peak power output of 3 W, and a sinusoidal

signal to be amplified.
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modulation driver circuitry. Of the multiple power supply designs (classes G and H),

class H was also said to transfer its efficiency to the circuitry required to modulate the
power supply voltage. Class G was found to be limited to audio applications due to the
transient effects caused by turning on the active device during significant current
conduction. Finally, the class CE amplifier was introduced in Chapter 3 as a mixed mode
class in which the active device behaved as a switch and a current source over different
parts of the RF cycle. Depending upon the type of load network used, the active device of
‘the class F amplifier may behave in a similar fashion.

In Chapter 4, the active devices and amplifier classes were examined with respect
to the given system constraints. A practical discussion of high-frequency power BJTs and
FETs was presented. The primary conclusion concerning the active devices is that,
despite the complexity associated with some BJT designs, BJTs are readily available and
widely used due to the significant amount of acquired process experience. MESFETsS,
however, will continue to be used at higher frequencies primarily because GaAs is the
material of choice in microwave designs. Chapter 4 concludes with a re-evaluation of the
amplifier classes. Based upon the system constraints, class CE and class F were chosen
for their potential to operate at high frequencies with a high efficiency. It was also
determined that BJTs and MESFETSs would be considered for the active devices used in

-these designs.

The class CE amplifier design process was explained in Chapter 5. Using specific
design guidelines, two versions of a class CE amplifier (using a BJT and a MESFET as the
active device) were simulated on a computer using the PSpice® circuit analysis program.
At an operating frequency of 850 MHz, the initial simulations show amplifier efficiencies

of 66 percent and 57 percent for the BJIT and MESFET design, respectively. Because the
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circuits were not optimized (with respect to component values and drive levels),
efficiencies and output power levels were lower than expected.

The class F amplifier design was evaluated by the research results found in
literature. The majority of the designs employed some form of second harmonic reactive
termination to improve the efficiency of an otherwise conventional class B amplifier. The
ideal termination for the second harmonic component is a reactive short. It was
established that the class F amplifier is capable of operating at the desired frequency with
efficiencies greater than 70 percent. The Harmonic Reaction Amplifier (HRA) was
introduced as a modified class F amplifier using two active devices in a push-pull

‘arrangement. The HRA was found to offer a power output and efficiency that exceeds the
system requirements. A high-frequency (10 GHz) MESFET design was also examined
through the use of a computer simulation. The result was an efficiency of 83 percent at an
output power of 2.45 W. The MESFET is the active device predominantly used in class F
designs, but this appears to be due to the high frequencies encountered in the literature
(greater than several GHz). BJTs designed for high-frequency use should also be

considered for the active device in a class F amplifier.

6.1 TOPICS FOR FUTURE RESEARCH

There are several areas related to this study in which additional research could
provide substantial benefits. This section will briefly mention these areas and discuss some
‘practical considerations.

First, as mentioned in Chapter 1, the users of the cellular telephone system do not
control the power output of their unit; the cell site automatically and continually adjusts
each unit's output power. In this study, it has been assumed that the power output is

relatively constant. A practical power amplifier design would have to account for a
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varying output power while maintaining a high efficiency. For example, it has been
established that the efficiency of a class CE amplifier is dependent upon the amount of
drive current (for a BJT design). If the output power were to be reduced by using a lower
drive current, then the efficiency would certainly be affected. Therefore, methods of
controlling output power should be examined for this particular class, as well as other
classes that may suffer from this limitation.

Secondly, there are many different types of devices that are currently being
developed which could be investigated for use as the active device in high-efficiency
designs. Chapter 4 mentions several of these, including the static-induction FET
(SITFET) and the power silicon FET (PSIFET). Another device which was not
mentioned in this study is the heterojunction bipolar transistor (HBT). The HBT offers
the potential of higher output powers than the MESFET, with the added benefit of
operating speeds approaching that of MESFET devices [Higgins, 1991]. As the
fabrication methods and operating capabilities of the HBT and other devices improve,
some of the other classes of switch-mode amplifiers (e.g., class D or class E) should be
reconsidered.

Finally, areas of practical design such as impedance matching, driving the amplifier,

‘and biasing should be investigated. For example, impedance matching networks that take
advantage of existing parasitic reactances (i.e., device or circuit parasitics) could result in
lower insertion losses and thus higher amplifier efficiency. By taking advantage of the
operating characteristics of a device, research aimed at developing specific drive
waveforms may also increase the efficiency of an amplifier. As development of active
devices continues, different techniques may be required to meet special biasing or

impedance matching requirements. Research into these areas should be considered.
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APPENDIX

A.l1  PSpicE®

Circuit analysis is often performed by writing a set of linear or differential
equations that describe a circuit, and then solving those equations. Computers can be
used to solve many such simultaneous equations using a variety of numerical techniques.
PSpice® is a personal computer-based circuit-analysis program which originated from the
mainframe-based SPICE® (Simulation Program with Integrated-Circuit Emphasis), which
itself originated at the University of California, Berkeley, California, in the late 1960's.

| With this program, components and devices (e.g., resistors, capacitors, transistors,
etc.) are described mathematically by finite difference equations (which resulted from the
initial differential equations). Each set of nonlinear algebraic equations are then solved
iteratively at each time step [Gilmore and Steer, 1991]. In this way, a transient analysis is
performed. As will be discussed in section A.3, PSpice® is not able to perform steady-
state analysis. Rather, it approximates steady-state analysis if the transient analysis is run
for an extended period of time.

To perform a given type of analysis (e.g., transient, temperature, Fourier), a circuit
is described in a file listing called a netlist. Components are described by stating its type
(e.g., R for a resistor, C for a capacitor, etc.), the circuit nodes to which it is connected,
and its value. For example, a 10 KQ resistor connected between nodes 7 and 8 would be
described as:

R1 7 8 10k.
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Following the listing of circuit components, the type of analysis is then specified.

PSpice® uses this completed file and solves the finite difference equations associated with

the circuit components with respect to the stated circuit conditions.

In the case of this study, the "solution" is the result of a transient analysis. A post-

processing graphics package called Probe® may be used as an "electronic oscilloscope" to

view the transient response at different places within the circuit. PSpice® is made

available by the MicroSim Corporation.

A.2  PSPICE® NETLISTS FOR THE CLASS CE AMPLIFIER

The component values for the following netlists are obtained by using the class CE

design procedure provided by Kazimierczuk and Tabisz [1989]. Computer simulations

using these netlists can be performed with PSpice® versions 5.0 and later.

*

*

Vce

Class CE Amplifier using an Ideal BJT

Voltage Supply
1 0

Cbypass 1 0

*

Component Values

L(RFC) 1 2
C1 2 0
Co 2 5
Lo 5 6
R 6 0
* Active Device - BT
Q1 2 3
.model CE-BJT
* Drive Circuitry
Vdrive 4 0
Rdrivel 4 0

A%
100nF

74.7nH
15pF
3.7pF
11nH

0 CE-BIT
npn

sin(0 1.5 850e6 0 0 0)
10k
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Gl 3 0 table {v(4,0)} [(-1.5,-15m) (0,0)]

Rdrive2 3 0 10k
* Analysis Commands

tran 1ps  300ns

.probe

.end

* Class CE Amplifier using an Ideal MESFET

* Voltage Supply

Vce 1 0 WV
Cbypass 1 0 100nF
* Component Values

L(RFC) 1 2 74.7nH
C1 2 0 15pF
Co 2 5 3.7pF
Lo 5 6 11nH
R 6 0 4

* Active Device - MESFET
B1 2 3 0 CE-MESFET
.model CE-MESFET gasfet(level=3)

* Drive Circuitry

Vdrive 4 0 sin(-2.5 2.5 850e6 0 0 0)
Rdrivel 4 0 10k

E1l 3 0 table {v(4,0)} [(-2.5,-2.5) (0,0)]

* Analysis Commands
tran 1ps  300ns
.probe

.end
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A3 HARMONIC BALLANCE

The quote and information that follow is taken from a tutorial on nonlinear circuit
analysis by Gilmore and Steer [1991]. "The harmonic balance method is a technique for
the numerical solution of nonlinear analog circuits operating in a periodic, or quasi-
periodic, steady-state regime. The method can be used to efficiently derive the
continuous-wave response of numerous nonlinear microwave components including
amplifiers, mixers, and oscillators. Its efficiency derives from imposing a predetermined
steady-state form for the circuit response onto the nonlinear equations representing the
network, and solving for the set of unknown coefficients in the response equation. Its
attractiveness fof nonlinear microwave applications results from its speed and ability to
simply represent the dispersive, distributed elements that are common at high frequencies."

According the Gilmore and Steer, the harmonic balance method offers several
benefits over a SPICE® analysis. Among these are the capability to optimize circuits
without lengthy repetitive analysis and the ability to accommodate large circuits without a
substantial increase in the length of analysis. The harmonic balance method is both
practical and efficient for performing steady-state analysis of circuits using a sinusoidal
excitation, but transient analysis of amplitude modulation cannot be easily performed. A

time-domain tool such as SPICE® would be required for transient analysis.
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A.4  PSPICE® NETLIST FOR THE CLASS F AMPLIFIER

The component values and device parameters for the following netlist are obtained
from the article by Kopp and Pritchett [1989]. The active device parameters are taken
from the measurements of a 1200um ion-implanted FET. A computer simulation using

this netlist can be performed with PSpice® versions 5.0 and later.

* Class F amplifier using an non-ideal MESFET at 10 GHz

* Voltage Supply

Vce 1 0 Y
Cbypass 1 0 10nF

* Component Values

L(RFC) 1 2 16nH
Co 2 7 0.413pF
Lo 7 0 0.154nH
R 6 0 50

* Active Device - MESFET

B1 2 3 0 F-MESFET

.model F-MESFET  gasfet(level=3 vto=-4.2V cgs=1.2pF
+cgd=0.55pF cds=0.33pF rs=0.87

+1g=1rd=1)
* Drive Circuitry
Vdrive 4 0 sin(-4.2 4.2 10e9 0 0 0)
Rdrivel 4 0 10k
El 3 0 table {v(4,0)} [(-4.2,-4.2) (0,0)]
* Analysis Commands
.tran 0.1ps Sns
.probe
.end
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