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(ABSTRACT) 

It is proposed to represent a nonlinear two-port device by a scattering- 

parameter (S-parameter) model containing a single nonlinearity. Furthermore, it is 

proposed that the nonlinearity be modeled as a memoryless nonlinear function. A 

bipolar junction transistor (BJT) operating in the active region is suggested as one 

application of this modeling approach. The validity of the model is demonstrated 

by the comparison of measured and model-predicted data for a microwave BJT. 

The proposed nonlinear model is represented by a linear three-port flow- 

graph having one of its ports terminated in a real-valued, nonlinear reflection. The 

model parameters are determined from measurements of device-under-test (DUT) 

transmission and reflection at various input drive levels. As an illustration of its 

utility, the model is applied to the design of an oscillator. The measured results of 

a constructed oscillator are provided. 

A presentation of a new form of calibration for microwave measurement 

systems precedes the nonlinear modeling discussion. The new calibration technique 

combines the transmission line approach to calibration with a load-pull process 

common to nonlinear device measurements. A two-port, one-way measurement 

process obviates the need for DUT reversal. The calibrated measurement of input 

reflection, transmission, and load reflection is discussed. In addition, the procedure 

for determining the small-signal S parameters of the DUT is given.
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Chapter 1 

Introduction 

1.1 BACKGROUND 

‘There is a growing interest in the analysis and design of nonlinear, 

microwave-frequency networks. This activity is being facilitated by the 

proliferation of computer-aided-design (CAD) software coupled with powerful 

personal computers. 

Microwave circuit design and analysis are almost invariably frequency- 

domain in their approach. Frequency-domain formulations deal more easily with 

narrowband, high-frequency, distributed-parameter networks than do those in the 

time-domain. Indeed, the equipment available for microwave measurement—from 

basic directional couplers and vector voltmeters to sophisticated network 

analyzers—is inherently frequency-domain based. Frequency-domain representation 

of devices and circuits operating in the microwave region requires some form of 

scattering-parameter (S-parameter) characterization, as no other parameter set is 

suitable at these frequencies. 

Nonlinear modeling, especially at microwave frequencies, poses a higher 

level of difficulty than does linear analysis. Because of the complexity of nonlinear 

models, hand calculations are generally impractical. Though there is CAD software 

intended for nonlinear analysis, the device models that are employed tend to be 

physically-based which adds to their complexity. Furthermore, the notion of S 

parameters to describe devices that are operating nonlinearly needs some 

interpretation. The S parameters are, after all, defined only for n-port networks



that obey the requirements of linearity, namely, homogeneity and superposition. 

There is the additional problem of creating a measurement system able to provide 

relatively high drive levels and independent control of the port levels such that the 

nonlinear element can be adequately characterized. In short, there appears to be a 

need for a simple, parameter-based nonlinear modeling technique that would lend 

itself to hand calculation or computer iteration apart from the currently available 

software incorporating complex device models. There is also the corresponding need 

for a basic measurement system for the characterization of nonlinear devices. 

1.2 PREVIOUS WORK 

In general, it has been difficult to obtain accurate large-signal parameters 

for transistors, especially at microwave frequencies. To account for the dependence 

of transistor parameters on the incident drive level necessitates additional 

complexity in the measurement system compared to the requirements for small- 

signal characterization. Most of the data available for microwave devices have been 

obtained experimentally by using some active or passive form of the “load-pull” 

technique [Vendelin et al, 1990] or by measuring so-called large-signal S parameters 

[Peterson et al, 1984]. An alternative to the latter is to extract the device S$ 

parameters at a desired operating level from a nonlinear model that is incorporated 

in a CAD program [Mokari-Bolhassan and Wong, 1989]. 

The use of load-pull techniques or S parameters to describe a nonlinear 

device result in the inability to predict device performance for load impedances 

other than the ones used for characterization. Load-pull methods have the 

advantage that the device can be characterized under conditions simulating actual 

circuit performance, but require that the measuring equipment be able to set the



load impedance to the value intended for design. The high-cost Hewlett-Packard 

8510 and Wiltron 630 network analyzers are commonly used for microwave 

measurements, but maintaining independent control of the port levels is 

problematic. One approach (Khramov, 1983] involves the use of two microwave 

generators operating at vastly different powers in order to make the measurements. 

Another technique [Toropov, 1981] introduces input and output matching networks 

that must be adjusted such that the device-under-test, operating at a desired power 

level, is delivering maximum power to a load. The parameters of the device must 

then be de-embedded from the composite network. 

The notion that the use of S parameters can be extended to nonlinear 

circuits goes back some twenty or more years. Extensive discussion is found in the 

literature of “large-signal S parameters,” generally without explicit delineation of 

the assumptions necessary for their definition. A notable exception to this is found 

in a paper by Gilmore and Rosenbaum (1983). Here the authors discuss the 

presuppositions inherent in the quasi-linearization of S parameters: 2) The voltages 

involved are nearly sinusoidal—the effects of harmonics are neglected. ii) The 

forward and reverse S$ parameters are functions only of the incident power at the 

input and output ports, respectively. The authors go on to provide an analytic 

approach to optimum oscillator design that is based on an active device 

characterized solely by its large-signal S parameters. The device modeling—done at 

a selection of powers incident at both ports—presumes the functional dependence of 

the device parameters as discussed above. 

In an attempt to design a power amplifier using small-signal techniques, 

several researchers [Leighton et al, 1973] assert that a transistor’s S parameters, 

with the exception of s,,, are not a strong function of excitation. The authors go on



to say that a class C power amplifier can be analyzed, at least approximately, by 

linear methods—a seemingly untenable claim given that the class C mode of 

operation is highly nonlinear. Indeed, in a later paper [van der Puije and 

Mazumder, 1978], the remark is made that attempts to obtain large-signal S$ 

parameters have been of limited success, especially in cases where the nonlinearity 

is severe such as in class C operation. Nevertheless, in an even more recent article 

[Hejhall, 1985], the author insists that a power amplifier design based solely on 

small-signal S parameters could be optimized with relative ease. This claim is 

made in spite of an accompanying graph showing a markedly lower efficiency at 

higher input power levels for a small-signal-based design relative to one using 

optimum source and load impedances. 

In the van der Puije paper (1978), the authors propose obtaining the S 

parameters of a device by varying the phase of the incident wave at one port 

relative to the other while holding the magnitudes of both waves constant. 

Measurements of device reflection and transmission taken at the desired drive level 

over the varying phase produce circles in the complex plane, the centers of which 

correspond to the device S parameters. 

Using a simplified unilateral physical model of a field-effect-transistor (FET) 

in a design of a microwave power amplifier, one researcher [Tucker, 1981] gives a 

method for computing the optimum load from the large-signal s.. as a function of 

device dissipation. Measured data of large-signal s,,; are used to determine the 

nonlinearity in the forward gain and, using these data, the author claims that the 

gain-compression characteristics of the FET can be calculated for any load 

admittance.



1.3 PROPOSED TECHNIQUES 

A calibrated measurement system is proposed that allows full two-port 

measurements while being excited independently at only one port. The load 

reflection provides the other excitation, making source switching or device reversal 

unnecessary. It will be shown that this technique can be utilized to accurately 

calibrate the measurement system. A significant advantage of the proposed 

measurement system essential to the characterization of nonlinear devices is that 

access to the load is retained. A single known standard positioned at the reference 

plane, two distinct lengths of transmission line for connection of the measurement 

ports, and three terminations—distinct, but not necessarily known—are required 

for calibration. 

A nonlinear model is proposed that provides a full characterization of at 

least a certain category of nonlinear devices. The model is not merely an equivalent 

two-port representing a certain drive condition, but actually a representation 

containing information about the nonlinear function that allows prediction of the 

port quantities for any combination of drive levels. The model is an extension of 

the familiar two-port S-parameter representation of a linear network. Indeed, the 

equipment required for characterization is very much the same—-signal generator, 

vector voltmeter, and directional couplers, or an equivalent four-port network 

analyzer. The extension to the model is the introduction of nonlinear reflection 

coefficients terminating additional ports with, presumably, each reflection 

coefficient representing a distinct two-terminal nonlinearity in a lumped-element 

circuit. The modeling of only a single nonlinearity will be pursued here. The 

nonlinear reflection coefficient is restricted to take on only real values which 

facilitates its characterization and utilization.



1.4 ORGANIZATION OF THESIS 

The succeeding chapters of this thesis are organized in the following way: 

Chapter 2 contains a review of current calibration schemes along with a detailed 

description of the proposed one-way, two-port measurement system. Chapter 3 

contains a discussion of the proposed nonlinear model and a detailed procedure for 

computing the model parameters. Chapter 4 shows the application of the nonlinear 

model to the prediction of amplifier gain over varying drive level. An approach to 

oscillator design is also given. Chapter 5 provides a summary of the objectives and 

results of the thesis.



Chapter 2 

Calibration 

2.1 INTRODUCTION 

Microwave S-parameter measurements involving the use of a network 

analyzer or vector voltmeter are subject to systematic, or repeatable, errors that 

are generally the most significant source of measurement uncertainty. These errors 

include mismatch and leakage in the test setup, imperfect isolation between the 

reference and test signal paths, and variations in system response with frequency. 

Because these errors are predictable, their effects can be removed from the 

measured data in order to obtain corrected values for the response of the device 

under test (DUT). Therefore, before actual device measurements are made, a 

calibration process is performed to characterize these errors. 

In practice, calibration requires the measurement of the magnitude and 

phase responses of known standard devices and the use of these data in conjunction 

with a model of the measurement system to determine error contributions. The 

DUT is then measured and vector mathematics is employed to compute the actual 

response of the DUT by removing the error contributions. The results are limited 

by the dynamic range of the instrument, by the extent to which the characteristics 

of the calibration standards are known, and by system noise or random errors. 

The particular model chosen to describe the measurement system 

determines the method of calibration, with the complexity of the model being a 

function of the number of error terms to be included. A brief summary of a number 

of common calibration models is presented along with signal flow-graphs for model



representation. A new one-way, two-port calibration system is then described. This 

latter system was developed to make the necessary measurements of nonlinear 

devices for the characterization of a nonlinear model proposed in the next chapter. 

2.2 ONE-PORT MODELS 

Simple one-port system models [Rytting, 1982] can be used when only 

reflection measurements are to be made on the device. See Fig. 2.1. In the simplest 

calibration, a “response” model is used. The error terms egg and e,,, corresponding 

to system directivity (isolation) and port match, respectively, are set to zero. 

Forward response error €), is determined by connecting a standard of known 

reflection coefficient I at precisely the electrical point where the DUT will 

subsequently be positioned. (This point is known as the measurement plane.) 

Because it is relatively simple to construct, the reflection standard is typically a 
/ 

short having [ = -1. Then, the measured reflection, I, = by gives €); = De, 
ay . 

If the model includes the isolation term ég), a termination having [=0, 

hereafter called a load, is connected, and e),=I,,. Then another standard is 

r 
  connected (again typically a short) and e),= ne where [,, and [ now 

correspond to the measured and assumed reflection, respectively, of the second 

standard. 

For the full one-port model, three distinct standards are required. As for the 

response model, é 9 is found using a load standard. Then two additional standards 

are used to obtain e), and e,,, typically an “open” (a lossless termination having 

approximately zero phase) and a short. If the load standard is not perfect (I' #0), 

but is known, the error terms are found by solving the set of three equations 

obtained from measurements of the three standards and the use of the model flow-



  

  
ONE-PORT MODEL 

Figure 2.1. One-port calibration model for microwave S-parameter measurements.
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“Open-Short-Load” (OSL), though the three standards need only be distinct and 

graph-derived expression IT, = e99 + i . This procedure is commonly called 

known. 

2.3 TWO-PORT MODELS 

Two-port system models [Rytting, 1982] allow transmission as well as 

reflection measurements to be made. There are three distinct two-port calibration 

procedures currently established in the literature, and a fourth process which is a 

slight modification. 

If a two-port test-set is not available with the option to switch the signal 

source to either port, a one-way two-port model (Fig. 2.2) can be utilized with the 

DUT turned around to make the reverse measurements. Error terms €p9, €; and €, 

are determined in the same manner as in the one-port case. System crosstalk 

(isolation), represented by e39, is measured with port 1 terminated in a load and 

with no connection at port 2, giving és3)7=7,,, where 7,, is the measured 

transmission, T,, = 

P
L
S
 

Port 1 and port 2 are then connected, either directly or with a short length 

of transmission line; this procedure is known as inserting a Thru. The port 2 match 

term, €22, is then measured as a one-port load, giving e.. =I,,- Finally, the port 2 

response €fror, €39, is calculated as e399 = (Ty, — €39)(1—€,;€22)- With all the model 

error terms determined, the composite S parameters of a DUT can be measured, 

$9; =Tm and s},=I,, in the forward direction and, equivalently, s{,=7,, and 

$92 =I, with the DUT reversed. From the error model, four linear equations can 

be derived relating the actual device parameters to the composite measurements 

and the model error terms. The closed-form solutions to these equations are 

10



  

  

  
TWO-PORT MODEL 

Figure 2.2. Two-port calibration model for microwave S-parameter measurements. 

11



available in the literature [Kasa, 1974]. 

A full two-port calibration system can be obtained by simply determining 

the above one-way model for both forward (port 1) and reverse (port 2) excitation. 

Generally, no attempt is made to link the two models. After the error terms are 

found, measurements are made of the DUT composite parameters (now without 

reversing the DUT). Again, the result is four equations which can be solved for the 

device parameters. 

The method of Thru-Reflect-Line (TRL) [Engen and Hoer, 1979] is an 

alternate approach to two-port calibration that relies on transmission lines instead 

of discrete impedance standards. Although the application of TRL results in the 

same error correction as in the conventional full two-port model, the mathematical 

derivation differs. Thru and system isolation measurements are the same as in the 

full two-port method. Line measurements are identical to those using the Thru but 

employ a connection of different length between ports 1 and 2. (The characteristic 

impedance of the Line becomes the standard impedance of the system.) TRL also 

uses a reflection standard, typically an open or short, with which the reflection 

coefficient of each test port is measured. Additional correction is provided by 

measuring the ratio of the test-set incident signals during the Thru and Line steps 

and modifying the e,, and e,., port match terms in order to account for any 

differences in the two sources. 

The Thru-Reflect-Match (TRM) method [Barr and Pervere, 1989; Eul and 

Schiek, 1988] simply replaces the Line step of TRL with matched load terminations 

at port 1 and port 2. The load terminations appear to the measurement system as 

the connection of a Line having an infinite attenuation. 

12



2.4 PROPOSED ONE-WAY TWO-PORT MODEL 

Consider the calibration model [Davis, 1991] shown in Fig. 2.3. This system 

differs in several ways from those outlined above: First, full two-port measurements 

can be made without necessitating source switching or device reversal. Second, in 

contrast with a typical network analyzer setup for S-parameter measurements, this 

system retains access to the load presented to the DUT, and the option is available 

to use a high-power generator for large-signal measurements. Finally, the 

requirements for calibration are a single known standard positioned at the reference 

plane, a Thru and Line connecting ports 1 and 2, and three distinct terminations 

located at the system output. The details of calibration are given in the following 

sections. 

2.4.1 Reflection 

/ 

From the model flow-graph, the measured reflection I,, ( = 21) is 
1 

  

_ Eg T _ 00 — (€o0€11 — €o 

where I is the reflection coefficient at the reference plane. The above equation, 

bilinear in I, can be rewritten with the error terms a, b, and d as new constants to 

  

give 

_a+bdT 
Dae 1+dQ° ’ (2.2) 

where 

a = €o0 (2.3a) 

b = —(€o0€11 — €01) (2.3) 

d =-€y, - (2.3c) 

13



  

    
PROPOSED ONE-WAY TWO-PORT MODEL 

Figure 2.3. Proposed one-way two-port calibration model for microwave S- 

parameter measurements. 

14



In solving for the above variables, one known standard is used, with the 

measurement system reference plane determined by the standard’s electrical 

position. A reflection measurement is made of this standard connected at port 1. 

Subsequent reflection measurements are taken of three terminations at the system 

output with a Thru and a Line successively connected between ports 1 and 2. The 

three terminations may not necessarily be known, but they must be distinct, as 

must be the electrical lengths of the Thru and Line. The measurements are used to 

write seven independent equations of the form of (2.2) which after some 

manipulation yield values for the error terms. The details of the procedure are now 

presented. 

The calibration procedure begins with the reflection measurement of the 

standard connected at port 1. The first equation is written as 

(2.4)   

where the value of standard [, must be known. Typically, the standard is a short 

({, = —1), in which case 

  Pm = 2=5 (2.4a) 

The Thru is then used to connect port 1 to port 2 and one of the three 

terminations is connected to the system output. A reflection measurement now 

yields 

where I, is the reflection at the reference plane corresponding to the first 

termination and I, is a measured quantity. Measurement of the same termination 

15



using the Line instead of the Thru produces 

a+b. jz 
Mn=] +d. 2 ’ 

where z is the delay parameter representing the electrical length difference between 

the Thru and Line. 

Similarly, four additional equations can be written from the measurements 

of the remaining two terminations. The general form of the equations resulting 

from the measurements using the Thru and Line can be written as 

T: 
i 

t + dQ. I; -a- br = 0 (2.5a) 

Ts + dll yr —-a- br .z =0. (2.5b) 

Combining (2.5a) and (2.5b) to eliminate [; and writing out the result for each 
i 

termination gives 

(Ty, —a)(T yd -b) = 2(f, - a)(T yd - 8) (2.6a) 

(T')-— a)(T'.d —b) = 2(Tp, — a)(Tyd — 5) (2.6b) 

(T's) — a)(T3.d — 6) = 2(T3, —@)(T33d —8) . (2.6c) 

Eliminating delay parameter x by combining (2.6a) and (2.6b) results in 

[To Pa(P it — Ty) — PiPula _ r)| = 

(To -Pa)-(i- r,)2 +(T,.Pa- PP yt? . (2.7a) 

16



Similarly combining (2.6b) and (2.6c) gives 

(oP a(U's, Pat) -TsPa(Cn—F'a)] = 
(Ca —Tan)- Coe —Fa) P+ al —ToP alt? (2.76) 

Now, by combining (2.7a) and (2.7b), the unknowns ab and 24 ¢ can be   

determined in terms of the measured reflections as 

ab 

  

—_ & 

a7 (2.8a) 

ad+b_ 8 peas (2.8b) 

where 

aT Ty 30 — TP 3) + Tol a(al  — TP) + aPa(Tal au - Tila) 

B=T>; Pus. — Ts - (ToT a)) + Talal — Pau - (3-2) + 

P3Pa(P ot — Ta - (Pi - Tu) 

7 =T (Pa -T3) + Tala -Pu)+Ts(Pu-Ta) - 

Equations (2.8a) and (2.8b) can be rearranged and combined to give 

=0 (2.9a) 

and 

Gi) AG) + 4-9 (2.9) 
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The general form of (2.9a) and (2.9b) is 

2 Py iaig 2.10 yp Sys 2a , (2.10) 

where the roots y,; and y, are self-evident as 

Yi =a 

=€pq from (2.3a) (2.11a) 

and 

.
 

te i 
a.
|o
~ 

= <oor yi — To from (2.3b) and (2.3b) . (2.11b) 

Error term €99, which represents effective directivity (the sum of all leakage signals 

appearing at b,), is expected to be small and therefore is equated to the smaller 

root of (2.10). 

Before the familiar quadratic formula is applied to (2.10), the possibility is 

considered of y approaching zero and, consequently, the ratios 5 and f approaching 

infinity. Thus, (2.10) is first rewritten as 

yy’? - By+a=0 (2.12) 

and (2.12) is then multiplied by y~* to become 

ay~?- By +7=0. (2.13) 
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The quadratic formula is applied to (2.13) and y, is found as 

2a: (2.14) € =y = ) 

ee B+ /B? 470 

where the sign in the denominator is chosen for the root with the smaller 

magnitude. The form of (2.14) is well-behaved for small 7, as desired. The second 

root (2.11b) is found in reciprocal form as 

én 7 (2.15)   
1 
Y2 

where the sign in the denominator is chosen for the ratio having the smaller 

magnitude. 

Solving for error e,,, using (2.3c) and a rearrangement of (2.4a), results in 

d £(a-T.n) 
b (a sm 

oT em— 1 

where a is known from (2.11a) and (2.14) and d is known from (2.11b) and (2.15). 

With é€g) and e,, known, €9, may be solved for by using (2.3a), (2.3b), and 

(2.3c) in (2.4) to give 

(Tom ~ €o0)(1 ~~ €1,T,) (2.17) 
€o1 = r 

8 

2.4.2 Isolation 

The measurement system isolation (crosstalk) terms, eg9 and e€49, are found 

with port 1 terminated in a load and no connection at port 2. Then 
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and C4o=Tm ; 

where r,, is the measured source ratio, r,, =. If the magnitudes of the crosstalk 
1 

terms approximate the reading of the measurement instrument with its probes 

removed from the test ports, then és) and eg) are simply set to zero. 

2.4.3 Transmission 

With e€o9, €91, €11) €39, and €49 known, the remaining model error terms can 

be determined. Port 1 and port 2 are connected with a Thru, and measurements 

are made of reflection, transmission, and source ratio with two distinct 

terminations. A subset of the three terminations employed in Section 2.4.1 is used 

in order to avoid additional reflection measurements. From the model flow-graph, 

the measured reflection, transmission, and source ratio are given, respectively, as 

= bo +L ln = Coot T-e,,T, (2.18) 

T= ea + 82+ egg], (2.19) 

Pg = Cg + O42 teas (2.20) m 40 1_- ent ’ 

where I, is the reflection coefficient at the reference plane corresponding to a given 

termination at the system output. Equations (2.18) through (2.20) are rearranged, 

respectively, as 

  _ €00 — Tn 2.21 
. (€o0€11 - Ep) —€,,l , ( ) 
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(Tm — €30)(1 — ey TL) = €32 + sgl, (2.22) 

(Tm— Cao )(1l —en: TL) = Cao teal, - (2.23) 

From the measured reflections of the two terminations, two values of Ty, are 

calculated using (2.21). These values are then used in (2.22) and (2.23) to create 

four equations in four unknowns which are solved for the remaining error terms. 

2.5 DEVICE MEASUREMENTS 

With all the error terms of the measurement system now known, the input 

reflection and transmission of the DUT may be determined along with the actual 

load reflection. In general, with a DUT connected at the reference plane, the 

measured reflection, transmission, and source ratio are given, respectively, as 

  

_ eg T= Coo + i—e,F (2.24) 

—c, 4 Tesg + &ssl'L) (2.25) 
Tm = €30 + 1—e,,. 

T(€4, + €331 L) (2.26) 
Tim = €49 + 1 e141 

where T and 7 are the true input reflection and transmission of the DUT, 

respectively, and I, is the actual load reflection presented to the DUT. Using 

(2.24) to solve for T' results in 

  

- €00— Tm 2.27 
~ (€g0€11 — €01) — C11! mm ( 2) 
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It is useful to have a means of determining I’, without removing the DUT 

and inserting a Thru. The uncorrected load reflection, I,,—the ratio of aj to bj 

with only the crosstalk error contributions removed—is 

  

—e€ , ’ ? 40 
, Ay — ECgn a 
i= 2 40 1 = 5 . (2.28a) 

by — e390} 22 _ 
a, 30 

With the use of (2.19) and (2.20) in (2.28a), Ty, is written as 

  

i _ Tm — a0 

ry ~ Tm €39 ? (2.28b) 

where the quantities r,, and 7,, can be measured with a DUT at the reference 

plane. Ty, is related to the actual load reflection, I, by substituting (2.25) and 

(2.26) into (2.28b) to give 

  

r Ty = San tase 2.29 
¥ €39 + sgh 1 (2.29) 

Solving (2.29) for T,, results in 

/ 

T, = £42 eal | (2.30) 
—€43 + say       

With I and I, known, the value of + may be found using (2.25): 

  

(Tm — €30)(1 - eur’) =. . 2.31 
7 €39 + ssl. ( )       

In general, it is necessary to record the input drive to the DUT when making level- 

dependent measurements of reflection and transmission. The drive level at the 
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DUT is 
  

/ Aa} 

      
a, = Te) ’ (2.32) 

where 

A= atl. , (2.33) 
1, =0 

2.6 S-PARAMETER MEASUREMENTS 

The S parameters of the DUT can be determined by measuring the device 

reflection, [, and transmission, 7, for two distinct values of load reflection, TL, 

circumventing the need to independently control the level at ap. 

From the device flow-graph, reflection and transmission are defined, 

respectively, as 

. $91 S,9l 1 T=s), +t Te (2.34) 

and 

_ $21 T=T3 Tt (2.35) 

Rewritting (2.35) for each load reflection gives 

$9] = 7,(1 —_ Soq1L 1) (2.36) 

$y, = 7,(1- 892], 2) (2.37) 

and equating (2.36) and (2.37) to eliminate s,, results in 

  

= 71772 | | 2.38 
22 740, -Tal Le ( )       
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Substituting (2.38) in (2.36) or (2.37) results in 

  

  
TyT ATL - TL) 

  Tyl 11 — 724 Le 
  

(2.39) 

To find 3,2, (2.34) is rewritten for each load reflection. The two equations are 

combined to eliminate s,,, and (2.38) and (2.39) are substituted for s,, and s), to 

give 
  

$12 

  
~ Ti-h 

7401, ~ Tal Lo     

Finally, (2.35) is used in (2.34) to write 

3,=T,- T1510 Ly ’ 

which upon substitution of (2.40) becomes 

  

$1, = 

  
Ty Pf 27 TIT) 

TT, —T 1 L2     

24 

(2.40) 

(2.41) 

(2.42)



Chapter 3 

Nonlinear Model 

3.1 INTRODUCTION 

Microwave circuit design involving the large-signal operation of an active 

device requires accurate device characterization that poses complications over those 

encountered in small-signal modeling. Extensive lumped- and distributed-element 

physical models, while offering a strong relationship to device physics, necessitate 

the use of large-scale computer-aided-design (CAD) software. Other methods that 

rely on an S-parameter-based model require, because of the nonlinear behavior of 

the device, numerous measurements made at varying power levels and terminating 

impedances. Thus there is the motivation for the development of a hybrid approach 

to large-signal modeling in which a parameter-based model that describes the linear 

behavior of the device is combined with a circuit-based component to account for 

the nonlinear effects. 

Consider the possibility of representing a nonlinear circuit by a standard 

two-port 5-parameter model with one extension: additional ports coupled to the 

first two, and terminated in devices having nonlinear reflection coefficients [Davis 

and Keller, 1991]. Furthermore, consider restricting the nonlinear reflections to be 

memoryless, that is, point-by-point functions independent of time. In the frequency 

domain, this restriction implies that the nonlinear functions would assume only real 

values, making possible their easy characterization and utilization. Interaction 

between the nonlinear reflections and the complex-valued linear subnetwork in the 

phasor domain allows not only a change in the amplitude response but also the 
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appropriate change in phase response. 

Presumably, every two-terminal nonlinearity in a lumped-element circuit 

would be represented as a nonlinear reflection in an S-parameter model of that 

circuit. For simplicity, however, it will be assumed here that only one significant 

nonlinearity is present. In the model of a non-saturated bipolar junction transistor 

(BJT), for example, a single nonlinear device would represent the base-emitter 

junction, with the other components of the model representing the transistor’s 

linear elements. Experimental work with BJT’s demonstrated that a single, 

memoryless nonlinearity, embedded in a three-port flow-graph, is indeed sufficient 

to represent the behavior of common devices. 

There are several advantages to this proposed model. The only drive- 

dependent element is the single nonlinearity which is easily determined from 

measurement; only two load impedances are needed for characterization. After 

characterization, model behavior can then be predicted for any load or source 

termination and thus the model lends itself well to common design problems with 

varied terminations. For example, the model may be used to determine the 

transmission and input and output reflection of an amplifier design. Also, the 

model is simple and degenerates to the familiar two-port flow-graph for small-signal 

analysis. In short, the majority of the flow-graph is linear and constant and the 

nonlinear portion is known in tabular or graphical form. These parts combine to 

produce a fully determined model. 

The model will be limited here to narrowband, fixed-frequency, and fixed- 

bias-configuration circuits dominated by a single nonlinearity. Application of the 

model will require that device saturation be avoided due to the single nonlinearity 

assumption. Furthermore, the prediction of harmonic generation will not be 
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considered. 

3.2 MODEL REPRESENTATION 

The proposed model is shown in Fig. 3.1. The nonlinearity is embedded in 

the model as the reflection coefficient Ty located at port 3. The value of Ty is a 

nonlinear function of the drive level at port 3 and is constrained to take on only 

real values. Thus I'y represents a purely resistive (or memoryless) circuit element. 

At drive levels corresponding to small-signal conditions, [y is assumed to be zero. 

The balance of the model is considered to be a linear, time-invariant network. 

From the model flow-graph, the input reflection T (= 3) and the 

. b 
transmission T (= a) are found as 

T=s,,+ $1383: (1 — $o90'L) + $919720' (1 — Sag) + $31$23812 NTL (3.1) 
1 — Sol, — S330 — ($2332 — $22833) CNEL 

and 

$91(1 — 833I'y) + $3123! Nn (3.2) 
T= 3 

1 — S00, — $330 y - (823532 _ 829533) NEL 

where T, (= 72) is the load reflection coefficient at port 2. 
2 

In (3.1) and (3.2), the expressions for [T and 7 are both bilinear 

transformations of the variable 'y. From complex variable theory it is known that 

bilinear transformations always transform circles into circles. As Ty has been 

constrained to be real, the values it assumes will fall on a straight line. A line can 

be considered as a degenerate case of a circle, that is, a circle having an infinite 

radius and center. Thus for a range of values of I'y, corresponding to a range of 

excitations, the quantities [ and 7 have the locus of a circle. 
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NONLINEAR MODEL 

Figure 3.1. Model for representation of two-port device having a single, 

memoryless nonlinearity. 
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The fact that the values of T and 7 corresponding to different drive levels 

have the locus of circles will be needed in the next section to determine the model 

parameters. By measuring at least three points that are known to fall on a circle, 

the center and radius of that circle can be determined—a larger number of 

measurements not being necessary. If a few noise-free measurements are made and 

there is confidence in the applicability of the model, then the few measurements 

are sufficient to determine the circle. 

There may be instances where a larger number of drive level measurements 

would be desirable to ensure good circle-fitting. And, indeed, it must be noted that 

a larger number of measurements are necessary in order to fully characterize the 

nonlinear element of the model. However, the change in drive level is one- 

dimensional—the reflection coefficient of the chosen load termination along with 

the effects of the model network fix the a, to az relationship. Under this condition 

and with the knowledge that the measurement values must lie on a circle, model 

parameters can be found which will make possible the prediction of model behavior 

for any combination of a, and a, in a complex phasor sense. Thus the 

characterization of the model in one dimension is extended to two, that is, from a, 

and a, having a fixed relationship to a, and a, assuming any values. In other 

words, instead of the equivalent two-port flow paths being determined, the 

nonlinear element itself is characterized. 

3.3 DETERMINATION OF MODEL PARAMETERS 

Before the model parameters of the device-under-test (DUT) can be 

determined, the measurement system should be calibrated using the procedure 

detailed in Chapter 2. All quantities that follow assume a calibrated measurement 
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system. 

In order to characterize the model, it is necessary to make measurements of 

I’ and 7 over a range of input drive levels and with two distinct load terminations, 

hereafter called I, and T',. As discussed above, even though data at only three 

different levels are required for the determination of the linear portion of the 

model, supplemental measurements at other drive levels are necessary for the 

characterization of the nonlinear element. The additional measurements may also 

be desirable to overcome the effects of system noise and improve the subsequent 

circle fitting. 

3.3.1 Small-Signal 

For the model to represent the DUT operating in a small-signal mode, the 

model nonlinearity, I'y, is equated to zero and the model flow-graph becomes a 

two-port. To determine the small-signal model parameters, the drive level applied 

to the DUT must be set low enough to ensure linear operation. Input reflection and 

transmission data for the DUT are obtained using each of the two loads. The 

formulas developed in Section 2.6—(2.42), (2.40), (2.39), and (2.38)—are then 

utilized to obtain 

«= ick 
] eed 

m7 ™ ToT L2 

T4170, ~ TL.) 
21 — 

740, - TIL, 

™1-T Sq = 1 2 
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3.3.2 Choice of S45 

To begin solving for the large-signal model parameters, circles are fit to the 

points corresponding to either the transmission or reflection data for each load 

reflection. The circle-fitting procedure given by Kasa (1976) uses a modified least- 

square-error criterion to effect a closed-form solution. Circles fitted to transmission 

and reflection data for a microwave transistor amplifier operating at 880 MHz are 

shown in Figs. 3.2 and 3.3, respectively. When these data were recorded, care was 

taken to limit the input drive level to prevent device saturation. The effect of a 

further increase in the drive level is illustrated in Figs. 3.4 and 3.5. (In each of the 

circle plots, the origin is located at the center of the enclosed rectangular area, 

which accounts for the location of the circle.) As device saturation begins to occur, 

the departure of the measured data from the original circle curvature may be 

observed, particularly in the case of reflection. The resulting fitted circles, 

consequently, have centers that are invalid for device characterization. The 

discussion here continues with the assumption that transmission data that has been 

drive-level limited is used for circle-fitting. 

The circle that has been fitted to the transmission data passes through a 

point corresponding to small-signal transmission. Thus, if the small-signal 

component is removed from each data point, the fitted circle must pass through the 

origin. The general parametric form for a circle in the complex plane versus 6 is 

z=C+ Re’? ) (3.3) 

where C and R are the center and radius. The circle representing only large-signal 

transmission—thus passing through the origin—has a radius equal to the 
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TRANSMISSION CIRCLE 

Figure 3.2. Circle fit to transmission data points. Input drive level limited to 

prevent saturation of device under test. 
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REFLECTION CIRCLE 

Figure 3.3. Circle fit to reflection data points. Input drive level limited to prevent 

saturation of device under test. 
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TRANSMISSION CIRCLE 

Figure 3.4. Circle fit to transmission data points. Input drive level becoming 

sufficiently high to saturate device under test. 
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REFLECTION CIRCLE 

Figure 3.5. Circle fit to reflection data points. Input drive level becoming 

sufficiently high to saturate device under test. 
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magnitude of its center: 

7-1) =C,+\C,|e* , (3.4) 

where C’, is the center of the large-signal transmission circle and 7, is the small- 

signal transmission. In (3.4), |C,| is replaced by the complex quantity C, with the 

additional phase component absorbed by the angle of the complex exponential to 

give, without loss of generality, 

T-T)=CrtCre® . (3.5) 

Because (3.5) must be true for any load reflection, the choice is made to 

write the large-signal transmission in terms of the model paths for a load reflection 

of zero as 

r (7-7) L - =a Te (3.6) 

Now, the right sides of (3.5) (choosing the minus sign) and (3.6) are equated and 

rearranged to solve for e!® as 

C; 
1- Saal Nn 

  

1— (222 + $9353) Jr 

eit = (3.7) 

Since the magnitude of the expression on the right side of (3.7) must be unity and 

I'y is assumed to be real, the coefficients of Ty must be conjugates: 

833C'r + S23831 = sf, . (3.8) 
T 

Equation (3.7) is then rewritten as 

. 1—s%.0 b _ 331.N ; e! =i Ty (3.9) 
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If s3, is expressed as $3, = a+ jb, equation (3.9) becomes 

(3.10) 
  

Dn where the function ~ ar is real. Since the form of Ty is arbitrary from a 
—ain 
  

modeling viewpoint, the constants a and 6 may be equated to zero and one, 

respectively, such that 

Ss3=)). (3.11) 

The choice to make s3; imaginary is considered suitable for the model of a 

microwave BJT, for example, where the nonlinear base-emitter junction is expected 

to be capacitive. In other applications, another choice for s,, may be appropriate. 

3.3.3 Finding S,;/So, 

Expressions for model nodes 5, and 6, are written as 

by = $114, + 3,242 + 34303 (3.12) 

by = $2141 + $2242 + $2303 « (3.13) 

Equations (3.12) and (3.13) may be rearranged to solve for s,, and s,3, respectively, 

and the first result divided by the second to give 

$13 _ by ~ $414) — $1242 (3.14) z= 
23 by — $21 — $949 
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The numerator and denominator of the right side of (3.14) may be divided by a, to 

find the ratio of nonlinear parameters in terms of measured and known quantities 

as 

_ $13 P- $1) — 3 97T, 
"= 323 7— 821 — $qqT Ty, | (3.15) 

The ratio r in (3.15) is determined by utilizing the known small-signal parameters 

along with values of I’ and 7 measured using either [',, or I',, at a high drive level 

such that Ty is non-zero. 

3.3.4 Determining 593531 and $9353 

It is desirable to isolate the remaining unknown parameters for solution. To 

do this, an expression is found for the large-signal model transmission for any given 

load reflection. First, the small-signal transmission, 7), is written from the model 

flow-graph as 

—___921 1 ToT 3 TT (3.16) 

Next, (3.16) is subtracted from the general expression for transmission in (3.2) to 

give 

323531 $938328911', 

1-soV, * (1—s221',)?| 
  

  

T-T)= (3.17) 
1- ss + paale lr 

Equation (3.17) has the form 

ta 19 = ; (3.18) 

where 

a = 223531 $238328a11 1 (3.19) 
~T- Sol, (1 - $991)? 
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and 

S23$321', (3.20) b=sat7 7. Ty 

The right sides of (3.18) and (3.5) are equated and rearranged to give 

Tr Cr = Cp 
_C,-(4+bC, 0 n 
7 1-b.'y 

a+bC, 

wt fe 
~~ [oly 

or 

  

(3.21) 

As in (3.7), the coefficients of Ty in (3.21) must be complex conjugates in order for 

the right side to have a magnitude of unity. Thus, 

a+bC, — B* 

G. =? 
  

or 

a=C,(b* —b) 

= ~j2C, Im(b) . (3.22) 

The variables a and 6 in (3.22) may be replaced by (3.19) and (3.20), respectively, 

to give 

  

S23831_, $23832Sul', _ soy S2383al'y 3.23 
T- spl (1 —syl JOT ION 888 T— Sool (3.28) 
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The unknown quantities in (3.23) are s,,3,, and 5353. By using the two 

distinct values of load reflection, [,, and T,,, four equations are created that 

contain the real and imaginary components of the unknowns. Let subscript :, 

t € {1,2}, designate correspondence to a particular load reflection and let 

O = $9333) (3.24) 

B; =l|- So! 'L; (3.25) 

y= $23532 . (3.26) 

Thus, (3.23) becomes 

B. + my = —j2C ,, In| + “1 

or 

a+ Sal = c, | tur ~ $338; + (747) B;+ 259, (3.27) 

Rearranging (3.27) and making use of (3.11) gives the form 

  

a+a,7y+b,7*4+¢,=0 , (3.28) 

where 

r,. a; = a + Cr Th; 

C, BMT, 

c;= j2B, Cz, . 

To solve for y, (3.28) is written for each load reflection and the resulting two 

equations are combined to eliminate a. The new equation, containing the 

unknowns y and ¥*, is then decomposed into two real, independent equations 
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which can be solved simultaneously for the real and imaginary parts of y. Solving 

for y gives, after some simplification, 

Y = 823832 = fartcar ’ (3.29) 

where 

Az=4a,-4, 

Bz=b,-}, 

CHe,-cg . 

With y known, a is found from (3.28) as 

OQ = $383, = —(a;¥ + b,7* +¢,) , (3.30) 

with 7 equated to 1 or 2. 

3.3.5 Solving For Individual Parameters 

The large-signal parameters can be normalized to s3,, the drive to the 

nonlinear element from port 1. Thus, s3, is set to unity: 

| (2.81) 
Then, from (3.30) and (3.31) 

(3.32) 
and, from (3.15) and (3.32) 

(3.33) 
Finally, s3, is found from (3.29) as 
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$32 = 5 . (3.34) 
  

3.3.6 Characterizing Ty 

The last step in determining the model parameters is characterizing the 

value of the nonlinear element, I'y, versus drive level. From (3.18), ['y is expressed 

in terms of the measured transmission, Tr, and the known model parameters as 

  
_ T—T9 IN=aghroa| ° (3.35) 

      

where a, b, and 79 are given by (3.19), (3.20), and (3.16), respectively. Using (3.35), 

a value for [Ty is computed for each measured value of + which, in turn, 

corresponds to a measured drive level at the model flow-graph input a,. However, 

there is also the load-dependent contribution of input a, (via s3)) to the level at the 

input of the nonlinear element. Therefore, there is not a unique value of Ty for a 

given level at a, if the load reflection is not fixed. In order to be able to predict the 

value of ['y versus the a, level for any I, the relationship of the drive level at Ty, 

hereafter called ay, to the level at a, must be known. From the model flow-graph 

and (3.31), ay is found as 

_ 4, + $320 Ta, 
an = —“T-s.... 7 Saal 'N . (3.35) 

In general, only the magnitudes of the drive levels are of interest. 

Thus, (3.35) becomes 

Gy + $321, Ta, pee (3.36) |4n|=     
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3.4 SUMMARY 

In the familiar small-signal flow-graph characterization, a single drive level 

and a single termination—a load—are the requirements to find parameters which 

will enable prediction for any source and load terminations. Effectively then, it 

appears that in the characterization of the proposed nonlinear model, a minimum 

of additional measurements—made now over a range of drive levels and with two 

distinct terminations—allows the prediction of nonlinear behavior for any 

combination of a, and a, and thus by implication, any source and load 

terminations. 
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Chapter 4 

Applications 

4.1 INTRODUCTION 

A model that is able to describe the nonlinear behavior of an active device 

lends itself to a variety of applications. For example, a nonlinear model could be 

used to predict the input reflection and output power level of a large-signal 

amplifier, for a given input power level and load impedance. The design of an 

oscillator might proceed by choosing a certain gain compression and output level as 

design constraints for a given load. A nonlinear model for the active device could 

then be utilized to predict the input reflection and transmission in order to design 

the oscillator feedback network. 

To illustrate the applicability and verify the accuracy of the nonlinear model 

described in Chapter 3, this chapter will present three examples of its use. First, 

the model will be used to predict the input reflection and transmission of a typical 

microstrip amplifier, and these predictions will be compared with actual laboratory 

measurements. Second, the subject of stability in the context of large-signal 

amplifiers will be briefly addressed. Finally, the nonlinear model will be used to 

develop a new approach to oscillator design; this approach will be illustrated by 

converting the microstrip amplifier into an oscillator and showing through 

measurements that it meets the design goals. 
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4.2 PREDICTION OF INPUT REFLECTION AND TRANSMISSION 

The nonlinear model in Fig. 3.1 can be utilized to predict the input 

reflection, [, and transmission, T, of a modeled device. The device-under-test 

(DUT) must be first characterized using the method detailed in Section 3.3, which 

requires two arbitrary, distinct load terminations. In order to retain the 

applicability of the nonlinear model, care must be taken to avoid saturation of the 

DUT during the characterization and subsequent measurements. 

The characterization of the DUT provides values for the linear portion of 

the model as well as tabular information about the nonlinear element, Ty. This 

tabular information provides the value of 'y versus the drive level ay at port 3. A 

sample set of linear path values and a plot of associated values of Iy versus ay are 

shown in Fig. 4.1. These data were derived from the characterization at 880 MHz of 

an MRF901 bipolar junction transistor (BJT) which was biased at 2 mA and 

connected as a common-emitter microwave amplifier. The characterization data 

were utilized in a comparison of model-predicted values of transmission and 

reflection with measured values. This device characterization was also used in an 

example of oscillator design. 

To utilize the model for design, it is necessary to know the ratio of the 

magnitude of the input drive level, a,, to the magnitude of the nonlinear element 

drive level, ay, for a given load termination. From the model flow-graph (Fig. 3.1), 

the ratio of ay to a, is found as 

Qn _ 831(1 — 899V'},) + S21532FL . (4.1) 
41 1 — Sool, — Sggl'n — (523832 — $22833) NIL 
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Figure 4.1. MRF901 BJT microwave amplifier characterization at 880 MHz, 

I, =2 mA. Values for the (a) linear and (b) nonlinear components in the nonlinear 

model shown in Fig. 3.1. 
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Then, from (4.1), the desired magnitude of a, is found as 

(4.2) 1a, |=]an - — 82qV'1, — S33l'n — ($2332 — Spes)ENTL 
83, (1 — SqI),) + 5915321, 

  

  

The formulas for input reflection and transmission given in Section 3.2 are 

8138311 n(1 — Sool’) + $21$191'L(1 — $330'n) + $31$23$120 NIL, (3.1) 
T = $11 + 3 

1 — S291), — Sgn — (323839 ~ $9933) NT, 

$91(1 — 833I'y) + $31 Sa3l'N (3.2) T= . 

1 — SooV, — S833 y - (893839 - 8995833)T NUL 

The known model parameters—both the linear components and the tabular data of 

['y versus ay—are substituted in (3.1), (3.2), and (4.2) to obtain, in tabular form, 

predicted values of I and 7 versus |a,|. For a valid comparison between measured 

data and model-predicted values of IT and 7, the load termination, I, that is 

employed here must be distinct from the two terminations used for the model 

characterization. This requirement assures mathematical independence between the 

computation of the model parameters and the computation of predicted [ and 1. 

The three terminations employed for this work were an open, short, and load. 

Measured data and model-predicted values of transmission and reflection are 

shown in Figs. 4.2 and 4.3 for the microstrip amplifier of Fig. 4.1. The accuracy of 

the magnitude and phase predictions for transmission is excellent. The constant 

one-degree phase error may be the result of a repeatability problem. The accuracy 

of the reflection magnitude prediction is also quite good, while the worst-case error 

in the reflection phase prediction is seven degrees. Closer agreement is expected for 

the case of transmission because the model development was based on a circle- 
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Figure 4.2. Measured and predicted transmission (a) magnitude and (b) phase 

versus input drive level for MRF901 BJT microwave amplifier. 
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Figure 4.3. Measured and predicted reflection (a) magnitude and (b) phase versus 

input drive level for MRF901 BJT microwave amplifier. 
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fitting to transmission data. Overall, the results are reasonable for predictions 

based on measured data. Potential nonlinearities of the measurement system have 

been neglected, possibly explaining the deviation in the reflection results. 

4.3 STABILITY 

If a nonlinear model is to be utilized in the design of an amplifier, the large- 

signal stability of the amplifier should be considered. As a nonlinear model would 

most likely be used in the design of large-signal devices such as power amplifiers, it 

is appropriate to consider extending the familiar small-signal stability criteria to 

large-signal operation. 

The small-signal stability of an amplifier may be determined by applying 

the well-known stability criteria [Carson, 1975] to the S parameters of the active 

device and the reflection coefficients of the terminations. This approach to stability 

analysis may be extended to a large-signal amplifier for a given input drive level. 

The equivalent two-port 5 parameters that describe the amplifier at the given 

drive level are used as in the small-signal case. These so-called large-signal S$ 

parameters may be measured [Leighton et al, 1973], or computed from the 

nonlinear model of Chapter 3. From Fig. 3.1, the large-signal S parameters, 

denoted here as s/,, 2,7 € {1,2}, are given as 

si, = 54,4 S83 (4.3) = gf —— 

YN" 1 Sealy? 

where the value of ['y corresponds to the given drive level. 

A stability analysis of a linear system may be expanded to include the 

notion of relative stability, the effect of a perturbation on the nominal stable 
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operating condition. The relative stability of a large-signal amplifier might be 

determined by the use of a set of incremental S parameters which describe the 

behavior of small-signal variations on a nominal large-signal excitation. For 

illustration, an expression for s,, in an incremental sense, s‘4 = oan will be found, 

again from Fig. 3.1. The output 5, may be written in terms of the inputs a, and a, 

as 

_ $1383: ln $13832l'N 
1= («1 +7 3... a a +(s +TH tt a . (4.4) 

Equation (4.4) may be differentiated with respect to a, to give 

A _ 
§q] = 34, + 

8135310 N , [ $1393141 + $13$32%2]OU Nn 4.5 
+ (1 - 5330)’ [a 49) 

If the partial derivative a in (4.5) is set to zero, the incremental S parameter s>, 

reverts to the large-signal form of (4.3). It must be noted that this partial 

derivative does not, strictly speaking, exist because its value is dependent on the 

phase of the small-signal perturbation relative to the large-signal excitation. This 

problem may be resolved by decomposing the partial derivative into in-phase and 

quadrature components and computing the incremental S parameters for each case. 

The resulting two sets of S parameters should be used, in turn, in the 

determination of network stability. 

Incremental S parameters might also be applied to an amplitude stability 

analysis of an oscillator, offering the potential of predicting oscillator squegging (or 

motorboating). Further work in the area of stability is recommended. 

51



4.4 OSCILLATOR DESIGN 

There are three fundamental components of a sinewave oscillator—an 

amplifier or active device, a feedback network, and an output load. Noise that is 

present at the instant when power is applied to the oscillator is amplified, filtered 

and reapplied to the amplifier input. If the amplifying device and feedback network 

are described with the usual small-signal models, it is expected from analysis that 

the amplifier output will increase without bound—an impossible scenario. The 

physical mechanism that provides amplitude stabilization is usually the nonlinear 

behavior of the amplifier, that is, the amplifier gain decreasing as the signal at its 

input grows. Thus, an amplifier used in this application is a candidate for the 

nonlinear model described in the previous chapter. 

4.4.1 Choosing Value for Ty 

The first step in the design of an oscillator using the nonlinear model in Fig. 

3.1 is to plot the values of the nonlinear element, I'y, versus the port 3 drive level, 

called ay, that were obtained in tabular form from the model characterization. The 

plot of [Ty that represents the particular device used for this example is shown in 

Fig. 4.1. Operating characteristics of the oscillator are determined by selecting a 

value for [y. To enhance the oscillator amplitude stability, a desirable choice for 

['y would be in the region where I'y exhibits the greatest change with respect to 

drive level. Within this region, a higher operating level may tend to accentuate 

harmonic production, while too low a level may cause unreliable startup. Once the 

choice of [Ty has been made, the three-port nonlinear model may be reduced to a 

two-port equivalent with the resulting flow-graph paths designated by primed 

quantities. With the output load incorporated into the feedback network, an 
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oscillator may then be represented as the connection of two-port flow-graphs as 

shown in Fig. 4.4a. 

4.4.2 Oscillator Topology 

The design of the oscillator proceeds here with the assumption that the 

feedback existing within the active device itself is sufficient to support oscillation 

given certain source and load terminations, I's and I. Thus, the transmission 

portion of the feedback network may be eliminated so that 

The representation of an oscillator having the constraint of (4.6) is shown in Fig. 

4.4b. 

4.4.3 Finding Source and Load Terminations 

The reflection coefficient looking into port 2 of the active device is given by 

8125911 's (4.7) 
DP, = 832+ j . 

1 — s1,I's 

A necessary condition for oscillation is that terminations, [Ts and T,, must be 

connected to port 1 and port 2 such that 

rT, =1. (4.8) 
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Figure 4.4. 
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(a) Generalized representation of an oscillator as the connection of a 

nonlinear active device model with a feedback network. (b) Representation of 

oscillator topology chosen for design: sf, = sf, =0. 
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Similarly, [,, the reflection coefficient looking into port 1 of the active device, may 

be expressed in terms of I',; a second necessary condition for oscillation is that 

PTs=1. (4.9) 

Equations (4.8) and (4.9) imply that the active device is potentially unstable and 

that the condition of resonance exists at ports 1 and 2. It may be shown [Gonzalez, 

1984] that if (4.8) is satisfied, (4.9) must be satisfied, and vice versa. 

From (4.7) and (4.8), 

1-s1,T 
lr, =—£ , 4.10 

" $22-A T's (4.10) 
where 

— o/ Qf / .f 
A, = 311522 — 512521 - 

The source termination, I's = s*,, may be considered as one side of a pi-network, a 

common feedback topology for oscillators. The internal feedback of the active 

device, sj,, would serve as the middle element—likely being capacitive—and the 

load termination, I, =s§,, would represent the other side. Thus, I's may be 

constrained to be purely reactive, that is, 

|Tsf=1 . (4.11) 

The constraint of (4.11) implies that I, will have the locus of a circle with center 

at zero and radius of one given by 
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The expression for Ty, in (4.10) is a bilinear transformation of the variable 

I's. Because Ig is constrained to have the locus of a circle, the quantity I, also has 

the locus of a circle. It may be shown (see Appendix) that, given a known bilinear 

transformation of a variable having the locus of a known circle, the center and 

radius of the transformed circle may be found. For the bilinear transformation of 

I's, the resulting center and radius of the I, circle may be determined, respectively, 

as 

C. = (S52) — {14% (4.13) 
* [sho[?=]4,/? . 

and 

_ 842591 4 Ry = Pas (4.14) 
    

The load reflection circle may be plotted using (4.13) and (4.14). The output 

load to which power must be delivered is incorporated in I. Therefore, [, must be 

passive given by 

\T | <1. 

A passive load reflection exists if 

|Cu|-Ril<1 , (4.15) 

that is, if at least some portion of the load reflection circle lies in the region in the 

reflection plane representing |['|<1. If (4.15) does not hold, the above procedure 

may be repeated after choosing another value for ['y, shifting the DC bias point of 

the active device, or selecting another active device type. Once (4.15) has been 

satisfied, a specific point on the I, circle may be selected based on considerations 
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such as ease of design or construction. In the example that follows, the point closest 

to the origin was selected to keep the transformation ratio in the output matching 

network as close to unity as possible. In this case, I’, is given by 

TL=C,-Rype<k . (4.16) 

With T, known, I's may be determined from a rearrangement of (4.10): 

1-s}.. 
To = 4.17 

Se s-A pS L \ 

After I's is determined from (4.17), a check on the result may be made by verifying 

(4.11). 

Because, in practice, a lossless source termination is impossible to 

implement, the required load termination will differ somewhat from the originally 

selected value. Therefore, the magnitude of I's should be reduced by a factor based 

on a loss estimate or a direct measurement of the source termination. The final 

value of [', may then be computed from (4.10). 

4.4.4 Output Level Prediction 

After the source and load terminations have been computed, the output 

level of the designed oscillator may be predicted. The level at node ag in Fig. 3.1 is 

given by 

a,=ayIy , (4.18) 

57



where ['y is the value chosen in the design procedure for the nonlinear reflection 

coefficient and ay is the corresponding drive level at port 3. The value of ay may 

be found by interpolating the tabular information of Ty versus ay that was 

produced as part of the nonlinear model characterization. 

The ratio of b, to a; in Fig. 3.1 is computed as 

6, _ $93(1 — 8331's) + $135211's (4.19) 

3 1-3 Vg—sy0 pt Adsl, ’ 

where I's and I, are the design source and load terminations, respectively, and 

A, = $11$22 — $21$12 - 

In the measurement system shown in Fig. 2.3, the oscillator power delivered 

to I, may be measured at node 6,. The predicted output power level at 6 is given 

by 

5 | _ 10 log |bof (1 “IPLDIA Plesaf , (4.20) 

dBm 

where the factor (1-|Ty f) accounts for the inclusion of a matching network 

cascaded to the 6,-a, nodes in the figure. The factor 6, may be found from (4.18) 

and (4.19). The factors A and e,, are measurement system quantities discussed in 

Section 2.4. Equation (4.20) assumes a lossless output matching network and a 502 

reference impedance. 
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4.4.5 Results 

Common-emitter measurements of an MRF901 BJT microwave amplifier 

were made at 880 MHz for the characterization of the nonlinear model introduced 

in Chapter 3. The resulting characterization data were presented in Fig. 4.1. An 

oscillator was subsequently designed using the above procedure and constructed 

with microstrip techniques. The oscillator layout is shown in Fig. 4.5. 

As an intermediate step in the design procedure, the reflection at the 

transistor input was both measured and predicted with the design value of I, 

connected at the output. The results are shown in Fig. 4.6. The magnitude of the 

input reflection is seen to be greater than unity over a range of input drive levels— 

the expected condition for a potential oscillator. 

The computed source reflection termination was then connected at the 

transistor input and oscillation was observed on a spectrum analyzer connected to 

port 63. The measured oscillator frequency was 900 MHz and the measured output 

level was —31.5 dBm. The power actually delivered to I, would be approximately 

20 dB greater, after accounting for the Aes isolation factor for port 63. 

The measured output level was about 1.5 dB lower than the predicted value. 

This small discrepancy may be accounted for by the slight error observed in the 

input reflection magnitude prediction shown in Fig. 4.6a and by loss in the output 

matching network. 
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Figure 4.5. Microstrip 880 MHz oscillator. Coupling capacitors and bias networks 

were used during the transistor characterization; to construct an oscillator, the two 

output tuning stubs were added and the input line was cut to form the input stub. 

Bypass capacitors, Cs, were constructed using microstrip patches; coupling 

capacitors, C., were 100 pF chips. Bias voltages, Vb and V,., were derived from a 

collector-feedback resistor network. Load resistor, Ry, was a 502 termination. 
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Figure 4.6. Measured and predicted input reflection coefficient (a) magnitude and 

(b) phase versus input drive level for MRF901 BJT microwave amplifier with load 

reflection chosen for instability. 
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Chapter 5 

Conclusion 

Current approaches to the analysis of nonlinear devices at microwave 

frequencies generally rely on complex, physically-based models that require 

powerful computational tools for their use. Previous attempts at developing 

parameter-based models have resulted in descriptions that are termination-specific 

or that have questionable validity in a nonlinear environment. This thesis has 

provided a simple S-parameter-based model that may be used to accurately 

predict—for arbitrary source or load terminations—the nonlinear behavior of a two- 

port device exhibiting a single nonlinearity. 

The nonlinear model was shown to be realizable with a conventional 3-port 

flow-graph having a real-valued, nonlinear reflection terminating one of the ports. 

A procedure was developed for computing the model parameters from measured 

values of device transmission and reflection. The ability of the characterized 

nonlinear model to predict device performance for an arbitrary load termination 

was verified by comparisons of measured and predicted data for both device 

transmission and reflection. 

The concepts of large-signal and incremental stability were discussed. It was 

shown that both types of stability could be determined by computing the so-called 

large-signal and incremental S parameters using the nonlinear model. 

The design procedure for a microwave oscillator was given as an application 

of the nonlinear model. An oscillator was constructed using microstrip techniques 

and the measured results showed good agreement with the model predictions. 
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This thesis has also described a new one-way, two port measurement system 

that is suitable for the characterization of nonlinear devices. The system provides 

the necessary independent control of the incident voltages at the device ports 

without requiring source switching or device reversal. Calibrated measurements of 

device reflection and transmission for a chosen load reflection may be made using 

the system and such measurements were utilized for the nonlinear model 

characterization. In addition, it was shown that by making device measurements 

with two distinct terminations, the small-signal S parameters could be determined. 

Adapting the nonlinear model for broadband device characterization is an 

avenue for future work. A more general stability formulation could be explored. In 

addition, it is suggested that the linearity and repeatability of the measurement 

system be examined. 
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Appendix 

Bilinear Transformation of a Known Circle 

It will be shown that, for a given bilinear transformation of a variable 

having the locus of a known circle, the center and radius of the transformed circle 

may be determined. Though the results may be found in the literature, the 

development presented here was prepared by Dr. William A. Davis of Virginia 

Polytechnic Institute. 

The general form of a bilinear transformation is given as 

w = the 5 (A.1) 

where a through d are known constants and z is the independent variable. Let z 

have the locus of a circle such that 

z-A+Be* | (A.2) 

where A and B are, respectively, the known center and radius. 

Equation (A.1) may be rewritten to give 

_ get as) +(a—) 
w 

c+dz 
  

  _b ,fad-—be)\ 1 =54/ 5 Ja: (A.3) 
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Equation (A.2) may be substituted in (A.3) to give 

  

_b (ade) ] A.4 
edt d /(c4dA)+dBer © (4) 

Finally, (A.4) may be multiplied and divided by the factor 

  

* * D*,-jd 

tc+aay*-aneelerd) +a Be “| ; (c+dA)+dBe? 

to give 

  

ad — be) UC +dA)* +dBe] w=) | , 
i+( qd / |c+dAf-ldBP (A5) 

If equation (A.5) is rewritten in the form w=C+Re*, where C and R are the 

center and radius of the transformed circle, respectively, then 

  

dA)* 
C= b4(ad be) (c+ ; A.6 

d d /\c4dAf-|dBf (A6) 

___lad-bc|B (A.7) 
lc+dAP —ldBP| 

Thus, circle z with center A and radius B is transformed by (A.1) to a new circle w 

with center C’ and radius R given by (A.6) and (A.7), respectively. It should be 

noted that the relationship between ¢ and a has not been established, that is, there 

is not a point-by-point correspondence between the original and transformed 

circles. 
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