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Abstract

AlGaAs/GaAs HBTs are generating interest for their superior power performance in the
1-5 GHz frequency regime for applications such as wireless LANs and cellular
telephones. Much of this interest stems from the fact that HBTs exhibit excellent
linearity compared to other power devices. There has been little work done to understand
and model the linearity of these devices. In this thesis the linearity properties of HBTs
are addressed and an approach to developing an analytical model for predicting IMD3,
the linearity figure of merit, is presented. The development is based on the two strongest
sources of nonlinearity: the collector current and the base to emitter junction capacitance.
The HP-Libra Harmonic Balance simulation environment based on the Gummel-Poon
model was evaluated to be a good predictor of both one-tone and two-tone device
performance. This simulation environment was then used to perform load and source
pulls to optimize device operation. Simulations were also utilized to determine the
sensitivity of IMD3 to various Gummel-Poon parameters at different biases. From the
sensitivity analysis, it was found that the base to collector junction capacitance plays a
significant part in the overall nonlinearity of the device at high collector current biases,
whereas the base to emitter junction capacitance plays a more significant role at the low
collector current biases.
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Chapter 1 - Introduction

1.1 Motivation

AlGaAs/GaAs Heterostructure Bipolar Transistors (HBT) are attracting interest in high
performance power amplifiers (PA) operating in the 1-5 GHz range for applications
requiring many tightly packed channels such as cellular telephones, satellite
communications, and wireless local area networks (LANs) [1.1, 1.2]. These devices are
especially attractive because of their superior linearity properties, high gain, high power
density and high efficiency [1.3, 1.4]. There are several performance figures of merit that
a radio frequency (RF) power HBT PA must be designed for. These include the gain (G),
power output (Pout), power added efficiency (PAE), and third-order intermodulation
distortion (IMD3) which is a figure of merit that asses linearity. A high G is desired so
that the PA can be constructed with a minimum number of stages to reduce the size,
weight, and cost. A high PAE is necessary for long talk times on battery operated
systems. POUT is in general a design parameter that is imposed by the system
requirements. A low IMD3 is needed so that the signal spillover to adjacent channels is
minimized. The IMD3 figure of merit relates directly to the linearity of the device, and
the investigation of this figure of merit is the purpose of this thesis.

1.2 Figures of Merit

The POUT figure of merit is simply the output power dissipated at the load at the
fundamental frequency. POUT is measured in watts or is normalized to 1 mW yielding
units of dBm, that is:

POUTn) = 10 loglo(PouRm)) [Equation 1.1]

In this thesis, the POUT shall be described in units of dBm.

G is the ratio of POUT to Pavailable, where Pavailable is the available power at the source, that
is, the input power at the fundamental frequency when the input impedance of the PA is
conjugately matched to the source impedance. In this thesis, G is reported in units of dB
defined as:

G = 10go Poag = PourdB, - Pavailable(am) [Equation 1.2]G(dora) l O logl° Pavailable(mw)

PAE, which is reported as a percentage, is simply the ratio of (POUT - PIN) to PDC, where
PDC is the DC power input:



PAE = (PUT-PI) PO - [Equation 1.3]
PDC DC

HBT PA with input and output load matching can exhibit G exceeding 15 dB, POUT of 30
dBm and PAE of 64% [1.5].

If a system is perfectly linear then the system will obey scaling and superposition. If an
amplifier is perfectly linear then one can input two signals independently and the sum of
those outputs will be identical to the output obtained when the two signals are input to the
PA at the same time. A nonlinear system will not obey scaling and superposition and
therefore a nonlinear PA will have a transfer function that will depend on all the signals
on the input, making it difficult to predict what the output signal will be for a typical
multi-tonal input. The linearity of a PA can be specified by several different figures of
merit. Among these are the notch power ratio (NPR), adjacent channel power ratio
(ACPR), third-order intermodulation-power intercept (IP3), and normalized third-order
intermodulation distortion (IMD3).

In the NPR method, pink noise with a small bandwidth notched out is input to the PA. In
a perfectly linear system, the output will have no amplitude at the frequencies that are
notched out at the input, but in a real system, the notch will 'fill in' a bit. How much it
fills in, is a measure of how linear the PA is. In the ACPR method, a complex spectrum
is introduced to the input of the PA and it is seen how much of it shows up at an adjacent
channel.

IP3 and IMD3 are both two-tone intermodulation methods where two different frequency
sinusoidal signals which are representative of the frequencies in the bandwidth being
amplified are input to the PA as shown in Figure 1.1. The input and output spectrum of a
two-tone analysis are shown as Figure 1.2.
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Figure 1. 1: Set up for two tone analysis of HBTPA.
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Figure 1.2: Input(a) and output(b) spectrum for two-tone analysis of HBT PA.

At the input, two tones of equal amplitude are presented to the PA. At the output,
harmonics, as well as intermodulation (mixing) frequencies are produced as shown
above. The input power in dBm where the third-order intermodulation power (PouT(201

- 02)) is equal to the fundamental power (POUT(mI)) is the IP3 figure of merit [1.6]. The
IMD3 figure of merit is simply the intermodulation power normalized by the fundamental
power:

Pur( (2, - 0 2)
IMD3 = [Equation 1.4]

This will be the figure of merit that will be used in this thesis as a measure of linearity.

When designing a PA, the trade-offs between these figures of merit must be considered.
There is an important point called the 1-dB gain compression point. This is the POUT
where G goes down by 1 dB from the small signal G. G compresses at this point because
the output is sufficiently large so that there is clipping on the output due to the transistor



being pushed into cutoff or saturation. PAE is typically very high beyond the 1-dB G
compression point, but the trade-off is that G is low and the IMD3 is high in that region.
A common-emitter (CE) HBT PA with POUT of 23.8 dBm exhibits IMD3 of -21 dBc at
the 1 dB gain compression point, but at a 1.5 dB back-off in POUT from the 1 dB G
compression point, it exhibits a much improved IMD3 of-30 dBc [1.7].

Currently there is a poor understanding of linearity and methods of modeling the figures
of merit relating to linearity. For the purpose of design, it is important to have an
analytical model. The work in this thesis provides such a model.

1.3 HBTs

There has been interest in GaAs based bipolar transistors since the early days of silicon
bipolar transistors. The general belief was that the high electron mobility and large
bandgap of GaAs will result in superior devices which can operate at higher frequencies
and higher junction temperatures. These hopes had been stiffled however by a lack of
high purity, low defect starting material, inability to create low leakage diffused
junctions, and inability to create low resistance ohmic contacts. The critical advancement
for GaAs junction technology was the development of molecular beam epitaxy (MBE)
which allowed the creation of high quality epitaxial layers on top of GaAs wafers and
allowed the formation of heterojunctions. The concept of using a heterojunction to
improve junction injection efficiency was first proposed by Shockley in 1948, but the
application of this concept did not come to fruition until the advent of the MBE [1.8, 1.9].

HBTs are heterojunction devices. This means that the emitter and the base are composed
of two different materials with different properties as shown in Figure 1.2.1. The emitter
is made with AlGaAs, which has a larger bandgap than the base material GaAs. The
base-collector junction is a homojunction for the devices in this study, but sometimes a
large bandgap material is also used for the collector to reduce the offset voltage and
charge storage during transistor saturation. The offset voltage may also be reduced by
grading the emitter-base junction.

Base Contact

Figure 1.3: Typical Structure of an AlGaAs/GaAs HBT.



The presence of the emitter base heterojunction allows for several desirable properties.
In a well designed homojunction transistor, the emitter is doped much more heavily than
the base, resulting in a high emitter injection efficiency by reducing the reverse injection
current from the base to the emitter. The presence of the valence band difference
between the emitter and base (AEv) in an HBT is a natural impediment to reverse
injection current. The bandgap difference between the emitter and base allows for a
significant increase in the gain than if the bandgap difference is not present. This allows
one to increase the base doping to very high levels (> 1019 cm 3), in fact higher than the
emitter doping without hurting the emitter injection efficiency and gain of the device.
The high base doping produces the benefit of a very low base resistance, even for
extremely thin bases with reduced carrier transit time. At the same time, the emitter
doping can be reduced to decrease the base-emitter capacitance. This yields devices
which exhibit high frequency response with a high breakdown voltage, making them
ideal for power devices. HBTs with breakdown voltage exceeding 20 volts and fmax
exceeding 120 GHz have been demonstrated. A highly doped base also yields a
negligible Early effect with the Early voltage typically greater than 100 volts. This
results in high voltage gain.

The AlGaAs/GaAs system also has an advantage in that the lattice constants of the two
materials are similar. The difference in the lattice constant of AlAs and GaAs is 0.14% at
room temperature, and even less at typical crystal growth temperatures making it possible
to grow high quality interfaces with reliable techniques such as organo-metal chemical
vapour deposition (MOCVD) and molecular beam epitaxy (MBE). The AlGaAs/GaAs
devices used for this project were fabricated by a MOCVD process at Raytheon. The
emitter and collector are doped with Si, to produce n-type material, and the base is doped
with C to produce p-type material. The emitter-base junction is a graded transition to
reduce the offset voltage.

In practice it is found that the HBT exhibits superior linearity characteristics compared to
other power devices such as metal-semiconductor field-effect transistors (MESFETs).
The efficiency or output power must be sacrificed to achieve the same level of linearity
performance in a MESFET PA as compared to an HBT PA. It is not intuitive that the
HBT would have superior linearity characteristics compared to other power devices such
as MESFETs. The HBT has an exponential dependence of I-V characteristics as opposed
to MESFETs which have a square-law dependence. It has been proposed however that
the intermodulation arising from the base-emitter capacitance (CBE) is out of phase with
the intermodulation arising from the collector current resulting in partial cancellation of
intermodulation distortion [1.10]. This will be clarified within this thesis.

1.4 Methodology

To asses linearity it was first important to set up an environment where the linearity as
well as POUT, G, and PAE can be predicted with a simple well accepted device model



such as the Gummel-Poon (GP) model. This GP model must be able to accurately predict
the figures of merit of interest over a wide range of bias conditions. After the verification
of the model and simulation environment with measurements, it was necessary to
investigate different sources of nonlinearity in this model. This has been done to
formulate a simple analytical method of predicting the linearity from the simple model
parameters. This model was then tested for several bias conditions and frequencies.

1.5 Organization

This thesis is presented in seven chapters. Chapter 2 delves into the methods of device
characterization and simulation. Both single-tone and two-tone measurement and
simulations are discussed. Chapter 3 presents the measurement and simulation data and
compares the two for a wide range of biases and loads. Again both two-tone and single-
tone results are examined to verify the simulation environment. Chapter 4 presents load
pull, source pull, and optimization results. This is totally simulation based. Chapter 5
presents sensitivity analysis data, where a GP model parameter is varied while holding all
other parameters constant at a constant bias and load and source impedances. From this it
was found which parameters are most important at different conditions. Chapter 6
presents the analytical model that was constructed by examining the individual sources of
nonlinearity, and is compared to simulation data. Chapter 7 summarizes the conclusions
of the work.



Chapter 2 Measurement and Simulation Setups

2.1 Introduction

In this chapter the measurement and simulation setups will be presented and discussed.
DC measurement setups along with S-parameter, one-tone, and two-tone measurements
conducted at Raytheon will be described first. Test benches for DC and S-parameter
analysis in the HP-Libra environment is explained next. The use of the Gummel-Poon
model for HBTs will be reviewed and the method of harmonic balance analysis of
nonlinear circuits will be discussed. This will then lead to presentation of simulation
setups and test benches in HP-Libra for single-tone, two-tone, load-pull and source-pull
simulations.

2.2 DC, S-Parameter, One-Tone, and Two-Tone Measurements

DC measurements on the HBT in common-emitter (CE) configuration was carried out at
MIT on a Cascade probe station using microwave probes. Data was collected on an
HP4145B semiconductor parameter analyzer. Initial attempts at the measurement
produced intolerable levels of oscillations and measurements could not be made. Using a
bias-tee on the base with a 10 dB attenuator on the RF output to ground eliminated these
oscillations. The measurement setup is shown as Figure 2.1.

Figure 2.1: Setup for Common-Emitter DC measurements ofHBTs.



The S-parameter measurements were made at Raytheon using an HP8510 Network
Analyzer. Test structures were utilized to de-embed the effects of the probes and other
externalities. The power and intermodulation measurements were done at Raytheon as
well. The source was an HP441B Signal generator which feeds the input into FXR brand
tuners for tuning the source impedance. The input and output are coupled to the device
via HP85108 Bias-tees. On the output there is again FXR brand tuners for setting the
load impedance. The output is analyzed on an HP8561E Spectrum Analyzer.

2.3 Gummel-Poon Model

HBTs operating in the large signal regime are typically modeled with the Gummel-Poon
Bipolar Transistor Model (GP) as shown in Figure 2.2 [2.1, 2.2]. The GP model is used
in many commercial CAD systems such as HP-Libra. The GP parameters for this device
have been extracted at Raytheon from DC and S-parameter data. From the GP model,
several sources of non-linearity are seen [2.3]. Some of the most significant ones are:
the exponential relationship between VBE and Ic , the exponential relationship between
VBE and IB, the VBC dependence of base to collector capacitance (CBC), and the VBE
dependence of base to emitter capacitance (CBE). These sources will be evaluated to
assess its overall contribution to the linearity of the device in chapter five.

Base

Cbc

" F1

Cbx-

Cce

Figure 2.2: Gummel-Poon model ofa junction transistor.



2.4 Simulation Environment

The simulation environment used in this study is HP-Libra 6.0 Simulator. Unlike other
common simulators like HSPICE, Libra uses a harmonic balance (HB) technique to solve
the circuits. In general any generic circuit can be decomposed into a linear and nonlinear
portion with the two portions connected by several nodes. HB is a dual domain (time and
frequency) technique, where the linear portion is solved in the frequency domain and the
nonlinear portion is solved in the time domain as can be seen in Figure 2.3. A flow chart
of the HB method is shown as Figure 2.4.

Figure 2.3: The network decomposed into its linear and nonlinear parts for HB analysis.

Number of Harmonics

Frequency fo
DC Analysis

Figure 2.4: Flowchart of the HB procedure.



In a HB simulation, the frequency, fo, and the number of harmonics to be used, i, must be
specified. First a DC analysis of the circuit is done. From the DC analysis, the initial
voltages at each node, k, between linear and nonlinear part (Vnlk(Oi)) are found. Based on
these voltages, the currents flowing into each node of the linear parts of the circuit

(I'k(Oi)) are solved using frequency domain techniques. An inverse Fourier transform
(IFT) is done on the interface node voltage to get the voltage in the time domain (Vn'k(t)).
Using Vnlk(t), a time domain analysis is done on the nonlinear part, based on the
nonlinear model (GP model in this case). This yields the current flowing into the
nonlinear ports, Inlk(t). A discrete Fourier transform (DFT) is done on the InIk(t), to get
the current in the frequency domain Inlk(Oi). If the difference between I'k(0i) and -Inlk(Oi)
is within the specified tolerance, then the process is complete. Otherwise, the node
voltages Vnlk(Oi) must be modified and the analysis repeated. This analysis must be
repeated for each desired harmonic frequency [2.4].

2.5 Simulation Setup Files

The basic device description file called EEGP_ce was created, which contained the GP
model parameters. The device model file is then placed in the CE Biasing circuit shown
in Figure 2.5. This is the file where all the biases are set for the device by adjusting VCC
and VB1. These sources are inductively coupled to the device so that it is a high
impedance path for RF and is effective in setting the bias.

4VCC

LARGE SIGNAL COMMON EMITTER HBT MODEL
(low pass response of ATN bias tee ammeter
included in circuit for IM uimulation)

CAP Lbndi I . -p1l atn biastee CAP

PORT 1 atn biastee EGPbndo PORT 2

Figure 2.5: CE Biasing Circuit for Simulation.



This file also includes the parasitics from the non-intrinsic parts of the device. The
EEGP ce box is the intrinsic HBT model as described by the GP model. Rblst on the
emitter is for thermal stability. Lvia is an inductance on the emitter which models the
path to ground for the common-emitter configuration. These extrinsic components model
the emitter via. The blocks in in.s2p and out.s2p are transmission lines of varying lengths
and widths. These model the path from the probe contacts to the actual metallurgical
contacts. Lbndi and Lbndo are inductances associated with the bond wires connecting the
device to the measurement jig. On the input and the output, there are S-parameter boxes
which simulate a bias-tee. The boxes represent a file which lists the four S-parameters of
the two port bias-tee at different frequencies. The input and output RF ports are both
coupled capacitively to the device. This is to allow a low impedance path to the RF input
and output and block the DC biasing. This biasing circuit is used in all of the various
simulation test benches.

2.6 DC and S-parameter Simulation

The DC simulations were performed using the test bench of Figure 2.6. In this setup,
bias] represents base current which is swept from 0 to 500 [pA in steps of 100 jtA. Bias2
is the collector voltage, which is swept from 0 to 6 volts in steps of 0.1 volts.

DC US -1l=  + DCVs
SRC1 18001smode_hb0011 SRC2
DC=_biask1 DC=_bias2

I-
Figure 2.6: DC test bench in HP-Libra.

The S-parameter simulations were conducted placing the two port network of Figure 2.5
in a test bench and specifying the characteristic impedance. The four S-parameters are
gotten for frequencies in the range of 250 MHz to 20 GHz.

2.7 One-Tone and Two-Tone Simulations

The test bench for the one-tone power simulation is shown as Figure 2.7. CE3R is the
biasing common-emitter configuration of Figure 2.5. The frequency of the power source
is kept constant while the power is swept from -20 dBm to 20 dBm. The power at the
source frequency delivered to Rload is evaluated, along with Gain, base current, collector
current, and power added efficiency.
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FsOUK E3R

Figure 2.7: One-Tone Simulation Test Bench.

The two-tone power simulation test bench is shown as Figure 2.8. There are two inputs
in this simulation test bench one with fl = 837 MHz and the other with f2 = 837.1 MHz.
Otherwise the two-tone test bench is very similar to the one-tone test bench. Not only is
the POUT(fl), PAE, Ic , and IB found like before, but also POUT(f2), POUT( 2 f1 - f2), POUT( 2 f2
- fl) are found.

Two-Tone Harman
for Power Sneep

i c Balance Test Bench

Tat CircuIt

Figure 2.8: Two-Tone Simulation Test Bench.

2.8 Load and Source Pull

The final simulation benches that are needed are the load pull and the source pull
benches. The test benches for one-tone and two-tone load pulls are shown as Figures 2.9
and 2.10, respectively. In a load pull, measurements of interest are taken at several
different load impedances. In the benches shown, the source impedance is kept constant

PSI

P ifR~

E3R

FLOAD

Mr



as well as the load impedances seen by the harmonics. The load impedance at the
fundamental frequency is varied with the tuneterm component in the circuit. The load
impedance seen by the fundamental frequency is controlled with a tuner, which presents
the device with several impedances as specified by the user. Based on this, contours of
constant value of these data are plotted on a Smith chart. This is an effective graphical
way of seeing what load must be presented to the device to optimize the figures of merit
of interest. Since the optimal loads for maximizing different figures of merit will likely
be different, this graphical approach allows one to understand the tradeoffs of a particular
load.

The one-tone source pull circuit is shown as Figure 2.12. The source pull is very similar
to the load pull. Different source impedances for the fundamental frequency are
introduced to the device, and the performance is recorded. Then constant contours of the
figures of merit are plotted on a Smith chart which represents the source impedance
space.

Single-Tone Harmonic Balance Test Bench
for Power Sweep

Tnt Circuft

PSOGURCE

CE3R

Figure 2.9: One-tone load pull simulation test bench.

Tvo-Tone Load Pull Sinurlation Test Bench

Test Clrcurt

RSOURCE

CE3R

1PS2

IPSI

Figure 2.10: Two-tone load pull simulation test bench.

FL(4f1 )



Single-Tone Harmonic
for Power Sweep

Balance Test Bench

Tuneterm s(2fo) Fs(3fo) Is (4fo)

CE3R

Figure 2.11: One-tone source pull simulation test bench.

2.9 Conclusions

This chapter has introduced the measurement and simulation setups for AlGaAs/GaAs
HBTs. The quality of the simulation environment based on these simulation test benches
for the DC, S-parameter, one-tone and two-tone measurements will be examined in the
next chapter. The fourth chapter will use the load and source pull test benches for device
optimization.

TreaL Circuit



Chapter 3-Measurements and Simulations

3.1 Introduction

The last chapter showed the setups that were used to measure and simulate the various
figures of merit of interest in this work. This chapter presents the data for DC
measurement, S-parameter measurements and simulation, one-tone measurement and
simulation, and two-tone measurement and simulation. The figures in this section
highlight the effectiveness of the Gummel-Poon model in the HP-Libra simulation
environment for device simulation.

3.2 DC Measurements

The result of the DC measurements are shown as Figure 3.1.
maximum collector current of 100 mA, since this is the
HP4145B can handle [3.1].

1

0.1

0.01
a-

E 1E-3

S1E-4
U)

_ E-5

o1 E-7

S1 E-8

1 E-9

The device was probed to a
maximum current that the

DC Gummel Plot
1 I ' I ' I ' I ' A I I I ' I '

r - -
Solid => Measured

r Dashed => Simulated -u

r

r
r

rr/

r

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

VBE (volts)

Figure 3.1: HBTDC Gummel Plot.

It is seen that there is a reasonably good match between the measured and simulated
collector current.



3.3 S-Parameters

The comparisons of measurements and simulation of the four s-parameters at a bias point
of VCE = 3.6 volts and Ic = 45 mA are shown as Figures 3.2-5. It can be seen that the
measurements and simulations match well up to frequencies in excess of 2 GHz. This
implies accurate extraction of the GP parameters.

Real and Imaginaryof 811, Vce.3 a ults lIc45 mA
1 ,

Real - Measurement

0. . Real - Simulation

04

I4 -0.2

-04

Imaginary - Simulation
-4
-

Frequency (GHI-

Figure 3.2: S1 1 I Real and Imaginary Simulation and Measurement data.

Real and Irnaginary ofS12; Voe= 3.B volts Ic =45 mA

0.

0 1 2 3 4 5 6 7 8 9 10
Frequency (GI-)

Figure 3.3: S12 Real and Imaginary Simulation and Measurement data.
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Figure 3.4: S21

08

2 3 4 5 B 7 8 9 10
Frequency (GH-Z

Real and Imaginary Simulation and Measurement data.

Real and Imaginary of 622; Voe = 3.5 volts Ic =45 mA

0.5

04

0.2

FE
0

-02
-_D

-0.4

0 2 3 4 5 7 8 9 10
Frequency (Gzh)

Figure 3.5: S22 Real and Imaginary Simulation and Measurement data.

3.4 Single-Tone Measurements and Simulations

An example of the single-tone simulation and measurement is shown as Figure 3.6. The
Gain (left y-axis) and PAE (right y-axis) are plotted versus POUT for both the simulation

Real - Mesurement

Real - Simulation

SImaginary -Measurement

Imaginary - Simulation



and the measurement. It can be seen that the simulation environment is effective in

(

20
18-

16-

14
12

10
8
6

4
2

0
-5

(96B303: VE = 3.6 volts an

0 5 10 15 20
POUT (dBm)

d 1C0

predicting the single-tone measurements.
Figure 3.6: Single-Tone Simulation and Measurement Results for load IL(fo) = 0. 003Z81.3 .

It is instructive to point out the salient features of this plot at this time. As can be seen,
for low output power, the gain is constant at around 16.7 dB and then starts to compress
around POUT = 16 dBm. The 1dB gain compression point is at POUT = 18.5 dBm. Beyond
this point, it is seen that the gain drops off quickly. This is because at this point the
output signal is sufficiently large so that the HBT is driven into cutoff, causing clipping
of the output, which manifests itself as a sharp reduction in G. The PDC is relatively
constant with the POUT, SO PAE increases as POUT increases. Beyond the 1dB gain
compression point, the PAE improves significantly and peaks as the G starts dropping
sharply. As the Gain falls off quickly, so does (Pour - PIN), causing the PAE to decrease.
The comparisons between simulation and measurements have been done for several load
impedances and biases. A few select ones are shown as Figures 3.7-9. Results are shown
for collector current bias in the range of 45 mA to 180 mA and several different load
impedances. These plots also show similar characteristics to Figure 3.6. For all
conditions, the simulations match the measurements relatively well.
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Figure 3.7: Single-Tone Simulation and Measurement Results for load FL(fo) = 0.361Z114.9 .

x96B303: VCE = 3.6 volts and Ic = 90 mA

I , I , I I ,

0 5 10 15
POUT (dBm)

90
80
70
60
50
40
30
20
10
0

I I . 1-10
20 25 30

Figure 3.8: Single Tone Simulation and Measurement Results for load IL(fO) = 0. 681Z-165.0 o
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x96B303: VcE = 3.6 volts and I1 = 180 mA22
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Figure 3. 9: Single-Tone Simulation and Measurement Results for load IL(fO) = 0. 696Z-1 74.9 o

3.5 Two-Tone Simulations

Figures 3.10 shows an example of the two-tone measurement and simulation results from
the setups shown in the previous chapter. The POUT on the x-axis of this graph is the
output power at 01 only, so the output power needs to be shifted by approximately 3 dBm
to compare to the one-tone test output power. The targeted IMD3 for design purposes is
-25 dBc. This level is right around the 1 dB gain compression point.
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Figure 3.10: Two-Tone Simulation and Measurement Results for load -L(fo) = 0. 00381.3 '

It can be seen from this figure that again there is an excellent match between the
measurements and the simulations. Some of the interesting points here is that the IMD3
seems to be increasing linearly with POUT with a certain slope up to about POUT = 15.5
dBm. After this point, which is the 1 dB Gain compression point, the IMD3 increase
with a greater slope with POUT due to output clipping. The two-tone measurements and
simulations have also been compared across a wide range of load impedances and biases.
Some of these are shown as Figures 3.11-13.
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Figure 3.13: Two-Tone Simulation and Measurement Results for load FL(fO) = 0. 681Z/165.0 .

3.6 Conclusions

This section showed simulations based on the setups from the previous chapter. The
good agreement that is found between the simulations and the measurements, for a wide
range of bias points and input and output impedances suggests that the HP-Libra
simulation environment with the GP model is effective in predicting device performance,
in particular, linearity. The simulation environment should be instrumental in predicting
accurate load pull and source pull data. These data are shown in the next chapter along
with the source and load optimization.
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Chapter 4 - Load Pull and Source Pull Simulations

4.1 Introduction

The previous chapter showed the excellent correlation between measured and simulated
data for both one-tone and two-tone analysis over a wide range of biases and loads.
Since the simulations work in such a wide range of load impedances, it is fair to assume
that the simulations will work in all of the load impedance space. This instills some level
of confidence in the load and source pull simulation analysis which is presented in this
chapter. The load pull and source pull analysis are used here to achieve an optimal load
and source impedance [4.1]. The simulation setups for this type of analysis was shown in
chapter 2.

4.2 Stability Space

Before doing load-pull analysis, it is important to determine what load and source
impedances may be introduced to the device without the PA becoming unstable due to
high feedback gain. The stability for the device can be plotted in impedance space to
show such constraints. The input stability circle and the output stability circle are the
locus of points where the magnitude of the input reflection coefficient jFin| and the
magnitude of the output reflection coefficient IF,,utl are equal to one [4.2]. For the device
in question, one may introduce input impedances that lies outside of the input stability
circle and output impedances that lie outside of the output stability circle. These plots for
three different biasing conditions are shown as figures 4.1-3.
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Figure 4.1: Stability plot for VCE = 3.6 volts and Ic = 45 mA.
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Figure 4.2: Stability plot for VCE = 3.6 volts and Ic = 90 mA.

Figure 4.3: Stability plot for VCE = 3.6 volts and Ic = 180 mA.



4.3 One-Tone Load Pull

The one-tone load pull simulation was used to show optimal load biases for the one-tone
figures of merit (G, POUT, and PAE). The load pull simply applies several output
impedances and calculates the various figures of merit. After that, the data is used to
extrapolate constant contours of the figure of merit being examined. During this
simulation the source reflection coefficients and load reflection coefficients at the
harmonics are held constant as shown in chapter 2. Examples of these simulations are
shown as Figure 4.4 and Figure 4.5, where constant contours of G and PAE are plotted.
Since the load pull simulations are conducted at a constant input power, PN, it would be
redundant to plot both G and POUT. The source reflection coefficients are the same as
those used for comparisons in the previous chapter.

-0. -5.0

Figure 4.4: One-tone load pull simulation for gain contours at Pin = 0 dBm, IC = 45 mA, and
VCE = 3.6 volts.
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Figure 4.5: One-tone Load Pull simulation for PAE Contours at Pin = 0 dBm, IC = 45 mA, and
VCE = 3.6 volts.

From this plot it is seen that the best possible point with regards to PAE and G is where
the two highest contours overlap. Unfortunately, at that load impedance, the PA is not
stable, so we must approach the optimal point, but be careful to stay in the stable load
impedance space. The point z = (0.5 + j0.2) is a good point for the load. Since Zo = 50
0, the load impedance would be ZL(fo) = (25 + j 10). This corresponds to a reflection
coefficient of FL = 0.356 Z 150.60. The performance at this load is shown as Figure 4.6.
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Figure 4. 6: Gain and PAE after load optimization via load pull simulation.

From this plot it is apparent that the load pull analysis was effective in finding a good
load bias when compared to Figures 3.6 and 3.7 of the previous chapter. At the PIN = 0
dBm point, the Gain is equal to the POUT. This point is around POUT = 18.5 dBm, which is
right around the 1 dB gain compression point, where in general, the two-tone IMD3
figure of merit is acceptable (< -25 dBc). The IMD3 will be examined in the next
section.

4.4 Two-tone Load Pull

The two-tone load pull analysis is used to asses the dependence of the IMD3 figure of
merit on the load impedance at a constant bias and available input power. Like the one-
tone load pull analysis, the constant contours of the figure of merit, in this case IMD3, are
plotted in the load impedance space as shown in Figure 4.7. From this simulation, it
seems that an impedance of ZL = 0.356 Z 150.60 will not only result in good one-tone
performance, but also good two-tone performance. The two-tone performance at this
load is shown as Figure 4.8.

Figure 4.7: Two-tone Load Pull simulation at Pin = 0 dBm,
showing constant IMD3 contours.

Ic = 45 mA, and VCE = 3.6 volts,
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Figure 4.8: IMD3 after load optimization via two-tone and one-tone load pull simulation.

The POUT of the two-tone simulation with the POUT of the one-tone simulation are not the
same. This is because, when one tone is input into the PA, only the amplitude of that
signal will induce the device to reach compression. In the two tone analysis, the
superposition of the two signals can push the device into compression sooner. The POUT
reported on the two-tone analysis is the power output at the lower of the two frequencies
(o)1). The load pull was done at a POUT of 13.1 dBm. At that point, the IMD3 figure of
merit is at -26.4 dBc. This figure is within specification, and close to the maximum
allowable IMD3 of-25 dBc. This indicates that the points examined on the one-tone and
two-tone load pulls are appropriate points to examine for device optimization.

4.5 One-tone Source Pull

One-tone source pull simulations were examined to determine the dependence of the PAE
and Gain on the source impedance at the fundamental frequency. The source pull
simulation is shown as Figure 4.9. The load reflection coefficient used for this simulation
was the optimized FL(fo) = 0.356 Z 150.60 from the load pull analysis.

II I I I



inf

5.0

-I .U

Figure 4.9: Two-tone Source Pull simulation at Pin = 0 dBm, Ic = 45 mA, and VCE = 3.6 volts.

Circle markers indicate PAE constant contours and square markers indicate Gain contours.

Keeping the stability requirements in mind, it seems that a normalized impedance of z =
(0.35 + j0.2) is a good point for optimal performance. This corresponds to a source
impedance of Zs(fo) = (17.5 + j 10) 0, and a source reflection coefficient of Fs(fo) = 0.569
Z 156.60. This value is very close to the impedance where all the previous
measurements and simulations were made. The single-tone and two-tone performances
at the optimized source and load impedances is shown as Figures 4.10 and 4.11.
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Figure 4. 11: IMD3 after load optimization via two-tone and one-tone load pull simulation.

At the point where the IMD3 is -25 dBc, the gain and PAE is at 19 dB and 33%,
respectively, which is better than the gain of 18.5 dB and PAE of 33% after just
conducting load optimization at the same IMD3. This is best achievable performance at
this bias of VCE = 3.6 volts and Ic = 45 mA.

4.6 Conclusions

In the previous chapter, it was shown that the simulation environment was effective in
predicting the figures of merit of interest over a wide range of biases and impedances.
This provides confidence in the validity of the load and source pull simulations that were
shown in this chapter. The input and output stability of the device was first mapped, so
that an impedance which renders the device unstable is not chosen. The load pull and
source pull were used to optimize the device performance by modifying the load and
source impedances at the fundamental frequency. The next chapter will examine the
sources of intermodulation distortion.



Chapter 5 - Sensitivity Analysis Simulation

5.1 Introduction

Chapter two showed the simulation setups which were used to asses device performance
by predicting the figures of merit of interest. Chapter three showed that this simulation
environment is very good at predicting device performance across a wide range of biases
and impedances. The purpose of this chapter is to investigate how each of the Gummel-
Poon parameters affects the intermodulation distortion purely based on simulation results.
The next chapter will examine the intermodulation distortion from an analytical basis.

5.2 High Ic Bias

The sensitivity analysis performed, was to vary the GP parameter of interest by +10%,
leaving all the other parameters unchanged in the simulation. The base biasing voltage
may have to be modified to maintain the collector current at a constant level of 180 mA.
The figures of merit are simulated at this modified GP description. This process is
repeated for a -10% modification of the GP parameter of interest. It was found that the
intermodulation distortion at a high collector current was affected by the base-collector
junction capacitance. The sensitivity analysis of CJC, MJC, VJC, CJE, MJE, and VJE
are shown as Figures 5.1-6. These are shown by plotting the IMD3 vs. POUT after varying
the GP parameter by +/- 10%. These simulations were conducted at constant load and
source impedances.
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x96B303: VCE = 3.6 volts and Ic = 180 mA; Sensitivity on MJC
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Figure 5.4: Sensitivity Analysis done for CJE, where CJE is increased
decreased (dotted) by ten percent.
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Figure 5.5: Sensitivity Analysis done for MJE, where MJE is increased (dashed) and
decreased (dotted) by ten percent.
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Figure 5. 6: Sensitivity Analysis done for VJE, where VJE is increased (dashed) and
decreased (dotted) by ten percent.

It is clear that changing CJC does not affect IMD3 very much, but IMD3 improves (i.e.
goes down) with decreasing MJC and increasing VJC as shown in Figures 5.2 and 5.3.
The equation for Cbc is:

CJC
Cb

[Equation 5.1]

From this equation it can be seen that Cbc is nonlinearly related to VJC and MJC and
linearly related to CJC. As VJC increases Cbc is less nonlinear with VBC and as MJC
increases, Cbc is more nonlinear with vBC. This seems to imply that a reduction in the
nonlinearity of Cbc, can result in an overall improvement in the nonlinearity.

It is also seen that at this bias condition, there is little variation in IMD3 with variation in
CJE, MJE, or VJE. This implies that at high collector currents, the nonlinearity of the
base-emitter capacitance plays a small part in the overall nonlinearity of the device
whereas the base-collector capacitance plays a significant role.

The GP Parameters, RE and NF also had an effect on the overall nonlinearity of the PA.
The emitter resistance, RE had a small effect. An increase in the emitter resistance
resulted in a increase in the overall IMD3. An increase in the base-emitter diode ideality
factor, NF, resulted in an increase in the IMD3. This is to be expected, since a higher NF
results in greater nonlinearity in the collector current. All the other GP parameters had a
negligible impact on the intermodulation distortion.
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5.3 Low Ic Bias Conditions

A similar sensitivity analysis was also done for a lower current bias. Figure 5.7-12 show
the sensitivity for several parameters at a collector current of 25 mA with the same VCE =
3.6 volts.
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Figure 5.9: Sensitivity Analysis done for MJC, where MJC is increased (dashed) and
decreased (dotted) by ten percent.
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Figure 5.10: Sensitivity Analysis done for CJE, where CJE is increased (dashed) and
decreased (dotted) by ten percent.
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Figure 5.12: Sensitivity Analysis done for VJE, where VJE is increased (dashed) and
decreased (dotted) by ten percent.

From these plots, it is seen that there is a difference between the high current and low
current case in terms of which nonlinearities contribute most significantly to the overall
nonlinearity of the device. It can be seen that variations in MJE and VJE contribute
greatly to the overall nonlinearity, which implies that the nonlinearity of the base-emitter
junction capacitance plays a significant role in the overall linearity of the device. The
expression for this capacitance is:
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CJE
Cbe = [Equation 5.2]

1 VJE

This equation is similar to the one for Cbc. As VJE increases Cbe is less nonlinear with VBE
and as MJE increases, Cbe is more nonlinear with VBE. From the simulation results it is
seen that as MJE increases, the overall IMD3 decreases and as VJE increases, the overall
IMD3 increases. This seems to imply that an increase in the nonlinearity of Cbe, Can
result in an overall improvement in the nonlinearity of the device.

As in the high bias case, an increase in RE and NF resulted in an increase in IMD3. All
other GP parameters had a negligible effect on IMD3.

5.4 Conclusions

In this chapter, simulations were used to examine the contribution that each of the GP
parameters have on the overall intermodulation distortion of the device. It was found that
for low collector currents, the base-emitter junction capacitance played a key role. At
high collector currents, however, it was found that the base-emitter junction capacitance
had a negligible effect, whereas the base-collector junction capacitance was more crucial.
It was also found that shifts which would cause the nonlinearity in Cbe to go up, actually
caused the overall the nonlinearity to come down. This point will be examined
analytically in the next chapter.



Chapter 6 - Analytical Derivations

6.1 Introduction

This chapter outlines a method for developing an analytical model for nonlinearity. The
model is based on adding higher-level order Taylor series expansion terms to the
traditional small-signal model. This approach has not been fully exploited and more
work is clearly needed. Nevertheless, this might be a good starting point for a more
detailed analysis of this kind in the future. The two main sources of nonlinearity in the
low collector current biases are examined: the collector current (Icf) and the base to
emitter capacitance (CBE). Each of these nonlinearities are examined by linearizing all
the components in the Gummel-Poon model except for the nonlinearity of interest. The
linearization is done by creating a small-signal equivalent element representing the first-
order Taylor series expansion of the nonlinear element based on where the device is
biased. The Taylor Series expansions for the nonlinearity of interest must be carried out
to the order which will produce the intermodulation being investigated.

6.2 Nonlinearity due to Collector Current

In order to have a manageable analytical model, we have simplified the GP model shown
in Figure 2.2 as shown in Figure 6.1. Most of the parasitic resistances, inductances, and
capacitances, as well as reverse injection currents have been removed since they affect
linearity only to the second order.

Rb

Cbei Ibf Ib I

Figure 6.1: Simplification of the GP model for nonlinearity analysis.

The nonlinearity in the collector current is investigated by linearizing everything except
the collector current component, as shown in Figure 6.2. The input to this circuit, Vin =
V1 + V2. The total base voltage is simply VBE = VBE + Vbe, where VBE is the bias base-
emitter voltage. The total collector current ic = Ic +ic, where Ic is the bias current and ie
is the small-signal current.
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Figure 6.2: Linearized circuit for examining nonlinearity due to collector current.

CBE and r, is determined at the bias point which for high input power changes with power
level. 11, 12, and 13 are the first, second and third order Taylor series expansion of the Ic-
VBE relationship:

[Equation 6.1]ic = Isexp } + Ic + 12 + 13

with:

11 = gmVr

'2 (7 mV2

1 = mV13 6 T gmV,

[Equation 6.2]

[Equation 6.3]

[Equation 6.4]

Typically only the I1 term is included in a small-signal model. A third-order expansion is
necessary to produce the third-order intermodulation in this case. The thermal voltage VT
= kT/q. k is Boltzmann's constant, T is the temperature, and q is the charge of an
electron. VT is defined as nfVT. nf is the diode ideality factor. V, is the voltage across r"
and Cbe as shown in Figure 6.2 and is related to Vin by:

, = beRs + = FV, [Equation 6.5]
rr + jC91Che(Rs + RB)r . + Rs + RB

The output voltage is given as:

Vo,, = -RLgmic

= B[RLm V +; Vi]

= B[V,,, + CV + DV]

[Equation 6.6]

Collector



Several variables are also defined below to simplify the expressions:

B = -RLg,F

D = (1 )2 F 2
6 V 2

[Equation 6.7]

[Equation 6.8]

[Equation 6.9]

For a two-tone input, the input voltage is Vin = Acos(olt) + Acos(o 2t). The amplitude A
is determined by the desired input power. By plugging in the expression for Vin into
Equation 6.8, and employing some trigonometric identities, one can derive Vout at several
frequencies, including o=(201-02) and o=(202-Ol). The output voltage amplitude at all
the frequencies is listed in Table 6.1.

Frequency Vu t Amplitude
DC BCA'

(01, (02 (9/4)BDA + BA

201, 202 (1/2)BCA

01-02, BCA'

(01+0)2

3oi, 30)2 (1/4)BDA 3

20 1 +0 2, (3/4)BDA

202+Ol,

201-02,

202-01

Table 6.1: Vo,, at several frequencies.

From the information in Table 6.1, the ratio of the amplitude of the output voltage signal
at o = 2o0 - 02 to the output voltage at oI can be formulated as:

Vout(2Ol - 2) 
D A 2

Vout (01) 94 DA
2

The intermodulation distortion, IMD3 is given by:

[Equation 6.10]

[Equation 6.11]IMD3 = 10 logo ., )

Figure 6.3 shows this modeled IMD3 compared to simulation results.



Simulated and Modelled IMD3 vs. Pin from Ic for Ic = 45 mA
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Figure 6 3: Modeled (circles) and Simulated (solid) IMD3 due to collector current.

It is clear that the intermodulation due to the collector current is significantly greater than
the over all intermodulation of the device for low PN. The saturation value of IMD3 at
high Pin appears to be correctly modeled.

6.3 Nonlinearity due to Cbe

A similar derivation for the Cbe nonlinearity is performed using the circuit of Figure 6.4.
In this circuit, everything is linearized except for Cbe, which will be Taylor expanded.
Three terms in the expansion will be used to obtain the third-order intermodulation terms.
If we denote Cbias_be as the base to emitter capacitance at the bias, the Taylor expansion of
Cbe can be written as:

[+ ME V _ MJE(ME-1) V2 1
Cbe = Cbias_be 1+ VJE-VE (V V

=Cb _b[1 +(MJE)JFV M E(ME-1) 2F 2V2]

where Equation 6.5 has been used.

[Equation 6.12]
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Vi

Figure 6.4: Linearized circuit for examining nonlinearity due to base-emitter capacitance.

To simplify the notation, we define:

VJE - VBE

(R, + Rb + r)+ 2C iahe(Rs )+ R, 2

M- = RLg[jCbasbeK(Rs + Rb)r, - K(Rs + Rb +r)r]

N = jCRLgm sbeK(R s + Rb)rx(MJE)JF

P = jRgC, ,eK(Rs + Rb)r. (ME)(MJE+1) J 2F 2

P=j)Lmba_b 2

The output voltage, Vout at different frequencies is listed in Table 6.2.

Frequency VOUT Amplitude
DC NA

01, (02 (9/4)PAJ + MA

201,202 (1/2)NA 2

01-02, NA2

(01+02
301, 30)2 (1/4)PA'

201+02, (3/4)PA 3

20 2+0 1 ,

2o)-02,

202-_1

Table 6.2: VOUT at several frequencies.

[Equation 6.13]

[Equation 6.14]

[Equation 6.15]

[Equation 6.16]

[Equation 6.17]



From the data in Table 6.2, the expression for IMD3 is shown as:

Vou,(2co 1 ) (4 PA2 [Equation 6.18]

IMD3 = 10 logo ,(2,-2) 2 [Equation 6.19]
IMD3The result of this equation is plotted with simulation data as shown in figure 6.5.

The result of this equation is plotted with simulation data as shown in figure 6.5.
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Figure 6. 5: Modeled (circles) and Simulated (solid) IMD3 due to CBE.

6.4 Nonlinearity due Ic, and CBE

This section will combine the nonlinearity from the collector current and base to emitter
junction capacitance. If the device is relatively linear, the combined Vout at oi and at
2o 1 -0 2 are:

Vo, (W) = %4 BDA3 + BA +% PA3
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V,, (2o, - 0 2 ) = BDA3 + 4 PA 3 [Equation 6.21]

[Equation 6.22]Vou, (2c, - 02) % 34BDA3 + PA 3

out(,(o) BDA3 + BA + 4 PA3

IMD3 = 10 loglo Vo ,(2
j 1-w2) 2 [Equation 6.23]

The result of the model after combining the collector current nonlinearity and base-
emitter capacitance nonlinearity is shown as Figure 6.6. It is clear that more work is
needed in this model.

Simulated and Modelled IMD3 vs. Pin from Ic & Cbe for Ic = 45 mA, Vce = 3.6 volts
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Figure 6.6: Modeled (circles) and Simulated (solid) IMD3 due to CBE and Ic.

6.5 Conclusions

In this chapter, a method for developing an analytical model for IMD3 has been outlined.
The intermodulation distortion arising from the collector current nonlinearity and the
base-emitter junction capacitance nonlinearity have been examined. The nonlinearities
were examined by simplifying the GP model and then linearizing all the GP components
by doing a first order Taylor series expansion except the nonlinearity to be examined.
The nonlinearity to be examined was expanded to the order which would produce third
order intermodulation products. The IMD3 from this analysis overshot the actual IMD3.
This may be due to not including the nonlinearities arising from the base-emitter diode
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and the base-collector junction capacitance. The model may be improved further by
including these other sources of nonlinearity. The next chapter will present the
conclusions of this thesis.



Chapter 7 - Conclusions

During the course of the thesis, a discussion of three single-tone figures of merit (POUT,
PAE, and Gain) and one two-tone figure of merit (IMD3) was presented. Simulation and
measurement results of these figures of merit were compared to validate the simulation
environment. Next the simulation environment was used to conduct load and source
pulls to optimize the load and source impedances. A simulation sensitivity analysis was
carried out and discussed. Finally, an analytical model for determining IMD3 figure of
merit from the two largest sources of nonlinearity was presented.

The one-tone, two-tone, and s-parameter measurements were carried out at Raytheon and
the DC measurements of the devices were carried out at MIT. The DC Gummel plot of
measured and simulated data showed good correlation as did the s-parameter data well in
excess of 2 GHz, which is beyond the application range of these devices. The one-tone
and two-tone measurements and simulations were also found to be in excellent
agreement. Both of these simulations were tested extensively, across a wide range of
biases and load impedances and proved to be quite robust. This was not only served as a
verification of the GP model parameters that were extracted by Raytheon based on s-
parameter and DC data, but also served as a validation for the HP-Libra HB simulation
environment. Since the simulation environment was so robust, it is appropriate to
conduct load and source pull simulations to optimize the load and source impedances.

Both single-tone and two-tone load pull simulations were conducted in addition to a
single-tone source pull simulation. To effectively choose a proper load and source one
must consider the input and output stability circles which had also been presented for
these devices at several bias conditions. The final optimized load reflection coefficient
was found to be FL(fo) = 0.356 Z 150.60 and the optimized source reflection coefficient
was found to be Fs(fo) = 0.569 Z 156.6'. This yielded very good results near the 1 dB
gain compression point. The POUT was found to be 19 dBm with a G of 19 dB and a PAE
of 33%. The IMD3 was -26 dBc which is below the -25 dBc specification for typical
applications.

The sensitivity was totally carried out in the HP-Libra simulation environment using the
single-tone and the two-tone test benches. The results seemed to indicate that the base to
collector junction capacitance (CBC) played a significant role in the nonlinearity of the
HBTs in high collector current bias conditions and the base to emitter junction
capacitance (CBE) played a significant role in the low collector current bias conditions. It
also demonstrated that the nonlinearity due to CBE is actually out of phase with the other
nonlinearities. This is manifested by the fact that steps taken to increase the nonlinearity
of CBE actually results in a decrease in the overall intermodulation distortion of the HBT
PA. This is not the case for CBC nonlinearities. Increasing the nonlinearity of CBC results
in an increase in the overall nonlinearity of the device. This finding has verified previous
claims of nonlinearity cancellation for CBE.



An analytical model of IMD3 in HBT PAs have been developed by only examining the
major sources of nonlinearity in the low collector current biases: collector current and
base to emitter junction capacitance. This analytical model has been predicting IMD3
which overshoots the actual IMD3. The accuracy of the model could be improved by
adding other nonlinearities to the analysis, namely the base to collector junction
capacitance and the base to emitter diode.

Future work should concentrate of incorporating other nonlinearities in the analytical
model already developed, especially Ibf and CBC. This would likely enhance the
performance of the model especially at higher collector current bias conditions. Also
load and source pulls for optimizing load and source impedances at the harmonics of the
fundamental frequency may lead to enhanced PA performance. This should be
investigated.
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