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ABSTRACT

] —~
" This thesis dééls with the theoret}cal and practical aspects of
negative-resistance amplifier design in high-impedance
efivironments such as £in iine. To support the analysis, an
fﬁPATT amplifier 1in sihgle—ridge fin iine is designed, and tﬂe:
amplifier's performance is measured. Boti\::hnalysis and
experiment show that the behavior of negative-resistance
amplifiers in high-impedance environments is very sensitive to
changes in c¢ircuit parameters. Also, the design of such
amplifiers is shown to require excessive accuracy 1in the
characterization of the - diode as the diode . reflection-
coefficient approaches the unit cirecle, and as the required gain
increases.

The equalizer design for the fin-line amplifier was based on an
improved characterization of series stubs in £in 1line. This
characterization 1is presented in the form of empirical
clpseﬁ—form expressions for the scattering parameters of series
stubs in single-ridge unilateral fin line with narrow gap width.
These expressions show the effect of fin-line gap-width, stub
1eﬁgth and frequency, and are suitable for computer-aided design..
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1-1 ) INTRODUCTION

Activity in the mill}mete:—wave spectrum continues to increase
to meet civilian, scientific, and military needs in such diverse
fields as satellite communicationg, remote sensing and terminal

“

seekers fomgymissiles. The mm-wave circuit designer must driy,h\‘ﬁ\\

from a wide ramge of technologies to meet specifications that
are unique to each application. For applications requiring mod-
erate power amplifiers in moderate production quantities, the
IMPATT amplifier in fin line technique promises to be a light
weight, low cost realization.

’

At mm-wave frequencies the IMPATT diode is the most powerful and

most efficlent so0lid state "device. Where the benefits of solid

gtate (low cost, light weight, and low-voltage power supply) are
,\gessentlal the IMPATT ampllfler is preferred if its llmgfatlons

(limited bandwidth, poor llnearlty. high noise, inadequate

eff1c1ency, and poor temperature stablllty) can be tolerated.

The small dimensiofts and associated tight tolerances of mm-wave
circuits are much costlier to realize with conventional
waveguide stfuctureF than with the printed-circuit structures of
finj‘line or microstrip. At mm-wave frequencies, fin line is
often preferred over microstrip because it hag less severe
tolerances, it has lower losses,. it is naturally shielded, and
it allows straightforward transitions to waveguide. .

‘é&us the spec1al features of both the IMPATT dlode and the fin
line should combine to make a light weight and inexpensive mod-
. erate power amplifier.
This thesis records anv attempt to demonstrate the viability of
IMPATT amplifiers in a,fin-Iine environment. It describes both
'the theory and the experimental procedures that were used to
construct an amplifier opefating at 11 GHz. This low frequency

allows the convenience of 1larger dimensions and more precise

L
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network analyser measurementsg; vyet it does not prevent the

techniques used and the lessons learned from being applied to
higher frequencies. '

-
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2~1 AN OVERV.IEW, OF NEGATIVE—RE"SISTANCE AMPLIFIERS"

The negative-resistance (or regenerative) amplifier is commonly

used at frequencies where transistors with the required output -

power are nonexistent. The -“inherent igolation, high" gain.
simplicity aep wide bandwidth of the transistor aPplifier are
- sacrificed for the higher power of thevw negative-resistance
amplifier circuit. -
- 1

The negative-resistance device is 'usually a packaged semiconduc-
tor diode (IMPATT. Gunn, etc.) that behaves like a lumped immit-
tance with™a negative real part. For example, a typical s}kicon
IMPATT diode operating at 11» Ghz would present afout -2 -jl12
ohms at the packége terminals ‘-when biased with a direct current
of 200 mA. A good general description of negative-resistance
devices as well as™a comprehensive 1ligt of references is given
in [1]. . : . ' -

’

.

Fiqg. 2-1 shows functiﬁnal diagrams for the two basic types of
negative-resistance aﬁplifiers : reflection amplifiers and
transmission amplifiers. ., the " reflection amplifier (Fig.
2-1@). the output powg}rhj; the powe;' reflected from thg
|rin|2. the squared magnitude
of the reflection coefficient at the equalizer input. In the
transmissjon amplifier (Fig. 2-1b), the butput power is the
transmitted power and the gain is the squared magﬁktude of the
overall transmission coefficient.

equalizer and the gain 1is

The equalizers in both types are lossless, partially reflective
circuite that are designed to increase the magnitude of the
appropriate diode + S-parameter {reflection coefficient or
transmission coefficient) to that reqﬁired for- the complete
amplifier. This increase is obtained at the expense of reduced
useable bandwidth. ‘ ’ N

-

Single-diode reflection amplifiers are nonreciprocal because

i




(a)’ REFLECTION AMPLIFIER

CIRCULATOR ] EQUALIZER . DIODE

(b) TRANSMISSION AMPLIFIER

[>  |EQUALIZER EQUALIZER D

Fig. 2-1 The two basic typeg/ﬁé reflection amplifier.

fhey uee a circulator to separate the Anput and output signals.
The bandwidth is usually that oE//éi

typically less than 5 percent for low insertion loss (less than
0.5- dB) types for mm-wave frequencies [2]. The c¢irculator
can be eliminatgﬁ if two reflection amplifiers ‘are woupled
through a 90° hyﬁrid circuit as shown in Fig. 2-2. The gain is

.the- same as for either amplifier but the output power is

.doubled. The hybrid-coupled amplifier is reciprocal and its

bandwidth is that of either individual amplifier. However, if
the load and generator must be 1isolated, the bandwidth is
reduced to that of the necessary isolator(s}u which is typically
the same as for the c¢irculators mentioned above. Reference
[3] containe "a 1979 survey of millimeter-wave solid-state
reflection amplifiers as well as a large list of references.

et

<

e circulator, which is

'
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90° HYBRID

o° EQUALIZER

in D

4 N\ -
<]_ / o° \ EQUALIZER
— . e

. Fin _ ! 1-.D

Fig. 2-2 The hybrid coupled reflection amplifier is :é&iprocal. S

The transmission amplifier has no inherent need for a
circulator. The:efore.it hag a greater iEQEhtial bandwidth than
the  reflection .amplifier. However, 1like the hybrid—coupléd
amplifier, the _transmission amplifier is reciprocal, and the
bandwidth suffers when isodators are added. Also, this amplifier

type tends to exhibit reflection gain which can rise. to levels

gsignificantly higher than unity at the passband edges. Tliree-
stage transmission amplifiers without interstage isolators have
been demonstrated (a].

The 'negative resistance of diode¢Bs decreases quickly® (tow&rds
zero) as the incident poﬁer inoteases. In an IMPATT amplifier
designed for maximum output power, the diode's negative
résistance is about one-third .of its small signal value. This
nonlinear characterietic¢ can cause the amplifier to osci&{ate
when the input éignal is removed. Such an amplifier is called an
injection-locked oscillator because it can be considered as an'
oscillator whose freguency will lock to that of the "injected"
input signal (when that siénal is sufficiently large).



. locked. See reference (5] for an example.

‘[1] L.O.Chua ef\al. "Bipolar-JFET-MOSFET negative

Amplifiers,that'don't oscillate when the input signal is removed

are said to be stable. A more detailed description of the
“injection locked oscillatoer type of amplifier is given in Sec.

5-2.

IMPATT diodes are the most powerful source ‘of solid state power
but they also have the largest noise fjgures. Consequently. this
type of diode is most often used~i§ thg final stage of a cascade
of amplifiers where the additionaﬁ\géiie is least detrimental.

IMPATT anmplifiers for this applicatio are usually injection

The fin-line amplifier that was designed for this thesis was a
stable reflection-type IMPATT:. amplifier since it was not

. possible to obtain in the lab the necessary large input signal

levels fpr’injection locking. The diode was characterized and
the amplifier was tested with network analyser signals of much

- less power (~5 uW) than the maximum power available from the

b d

diode (~3 W). . e -

q
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"adjacent to the symbol. The magnitude is equal

-1 SOME REFLECTION AMPLIFIER THEORY

The basic reflection amplifier is a cascade connection of two

circuits: the equalizer, and the negative-resistance device. The

interplay of signals in such a circuit can be easily determined
with the aid of a signal flow dgraph like the one in Fig. 3-1.

EQUALIZER DIODE

rin '

PORT 1 PORT 2

Fig. 3-1 Thé signal flow graph for the basic reflection
amplifier.

Each of the symbols Egen and Einé in the figure representg
the complex amplitude of the total signal at the de which is
Qif\hye gquare
root of the signql power. The phase is egqual to ﬂhe phase of the
signal. B .
Whenever two circuits are connected in casgcade, the 1loop
equation for the signals at the interface must be satisfied.
From Fig. 3-1 the loop equation for the reflection amplifier is

By * Einelp®22 = Eine ‘{5 . (3-1a)

—

where E2 = EgenSZI : (3-1b)



Suppose the input “gignal ise removed 80 that Egen = 0. 1If
E. . 18 subsequently discovered to be nonzero, then the
circuit is an oscillator by definition and eq. (3-la) simplifies

to

FDSZZ = 1 . | (3-2)
(3-2) is notationally very simple but not as informative as the
equivalent eq. (3-3). © '

arg{s,,] = -arg[l,] ' (3-3a)

(3-3b)

1§,,1 = 1717,

These equations give the phase rand magnitude relaticenships that
prevail when the circuit is oscillating.

When Egen is nonzero, the circuit is a reflection émplifier‘
and (3-3b) is no 1longer correct. However, t3—3a). remaine at
least approximately correct throughout .thé amplifier passband,
This will now be demonstrated by showing that IEZI is much

less than lEincI in a typical amplifier:

Since the ‘equalizer in Fig., 3-1 is nearly lossless, the power
added by the diode can be measured at either equalizer port as
the difference between -the power flowing left and the 'power
flowing right. At port 2, the power added is

add inc - Py =P

2 . ‘ :
Dl inc inc(lrbI -1 ' (3-2)

LE

where‘Pinc ig the power incident on the diode. -
At port 1, the powexr added is

Padd = PgenG - pgen = Pgen(G - 1) (3-5)



where G is the amplifier gain, and Pgen is the power incident
on port 1 of the equalizer. '

(3-4) and (3-5) can be combined to eliminate Padd and obtain a
relationship between the power incident on the diode, P ‘

inc
and the power incident on the amplifier, Pgen' The resui? is |
(G - l)Pgen . )
Pine = T (3)

Since the -equalizer 1is lossléss. jts S-parameters obey the
relationships (3-7) [1].

Is;,) = Is,,1 . (3-7a)
15,1 = 15,51

)
85,8, = ~[1 - IS lll ] exp(J{arg[Slll + arg(s,,11 (3-7¢)

(Note that in {1] the authors define the ingoing agh

outgoing travelling waves ags voltage _waves 'wifﬁx\cggg;ex
_amplltudes of a = Vin and b = vout' resp. 1f
the more popular definitions of a = vi /fzo and b = Vout/fzo are

used. then the relations given in ([1] reduce to eqs. (3-7),
which are independent of the characteristic impedance at either
port.)

by applying egs. (3-7) to (3-1b), the power leaving port 2 when
the equalizer is perfectly matched can be computed as -

P, = PgenlSp !’
= PgeHISZl 12! 2’
© = Pgenfl - 1S4, | 2) ‘
= Pyl - 155,15 _ o (3-8)

10 o
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To relate the power incident on the diode to the power that

would be incident on a wmatched 1load, (3-6) and (3-8) can be
combined to obtain

ine (G - 1) .
S (3-9)
. 2 : 2 ’
An. alternative and independent solution for Pinc/P2 can be
obtained by rearranging (3-la) to give
Einc 1
e = e ——— (3-10)
E, 1- I‘Dszz
The corresponding ratio of the powers is just
~

Pinc L .

e = (3-11)

2 : i
P2 |1’~ PDSZZI
This equation and (5—9) can be combined to give
V &
: 2 - . 12 '
|1 - FDSZ%| = K(1 - J522| ) (3= }
2
. |FD| ~ 1
where K = ———ce
G -1 ! ,

Although (3-12) does , not uniquely determine 522. it does -

establish upper and lower limits for (See Appendix

Iszzl.
5.) These limits are

11



ISZZI S —— s m e | (3-13)
In the passband of a reflection amplifier, typical walues for G,
and |FD| are: _

G.= 4 ‘ ' - (3-14a)
Tl = 1.1 \ - | (3-14b)

For these values, |s,, | must be in the range

0.75% 8§ |s

ap| 8 0.96875 - ; ' _ (3-14c)
- ) o
In (3-9) the  ratio Pinc/Pz can be no smaller than thg value
set by the smallest . value of |Szzl. subsfituting
|§22| = 0.75 and egs. (3-l4a.b) into (3f9) gives ’
"By o % 33 P, ' ’ . (3-15)

or, equivalently.

IA ' ]

|E2| 5 33 lEinc' - .(3—16)
Since |E2| is much smaller than ‘ IEincl ~ in the
passband of a reflection amplifier. one can say that

arg[FDszz] = 0 (3-17)
Generally the phases of both r and S decrease

. D 22
monotonically with frequency so that, at some frequency fc

near the center of the passband, arg[PDS is exactly

221
zero and (3-17) is replaced by (3-3a).

‘Eq. (3-17) establishes arg[szzl in the passband. A formula

for |S in the passband will now be derived:

22I

12
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Mason's loop rule [2] can be applied to the =signal flow.
‘graph in Fig. 3-1 to get the familiar relation ‘

(3-18)

Pl

Since the equalizer is lossless, eqs. (3-7) can be applied to
(3-18) to obtain

18,51 - Ty exp(jarg(s,,1) -
g = e exp(jarg(s, ;1) (3-19)
1 -5,
This can be sihplified with the aid-of (3-17) to obtain
IS4 1T, _ .
Lip & =-===v--mm——- exp(jarg(s,, 1) (3-20)
L - s, 1T,

which is exact when the frequency is fc. Taking the magnitude
of both sides of {3-20) and solving for 1522| gives

I e . (3-21)

Since the gain of the amplifier is G=|T.

. 0
ln| ne can

1
replace lrinl in eq. (3-21) with G/z to give

(3-22)

which is exact at fc. This equation is useful in equalizer




1

desigh and in-the sensitivity analysis that follows next.

3-2 SENSITIVITY ANALYSIS

The characteristics of the components of a reflection amplifier
can vary from their assumed values - because of ageing,.
epvironﬁéhtal changes, experimental error, etc. These var{a;ions
can cause the amplifier to depart significantly from its desired

behavior. Thus, it 1is-—important to know in advance the
sensitivity of rin .to changes in’ FD. This section will
"show that the " sensitivity of T, =~ to r, is strongly

dependent on the characteristic impedance of the transmission
line in which the diode is mounted.

The sensitivity of . to T_ is defined as
. in D

FD drin ,
S = e ———— . (3-23)
r. 4dar

in D
This can be evaluated by the direct substitution of (3-19), but
the process is somewhat gimplified by writing (3-19) .as

rin = T exp(garg[sll]) " (3-24a)
Is,,| ~ [y exp(jarg(s,,1)
where I = ~——cmmommoommmmm oo (3-24b)
1 - s,,I}

Because [ and ,rin are related by a constant factor that is
independent of DD' the sensitivities of Dboth rin and ' T
to FD are identical. Thus S can be computed simply as

14



_ FD ar )
S = -= —--- ‘ (3-25)
r dFD
"since [ is an analytic function of FD. obtaining its
complex derivative is ‘straightforward. It is
2
AT/AT. = — e (3-26)
YD 2 , .
(1 s, . I}

8,51 - rpexp(jdrgls,, 1)
'Thig is exact for all frequencies. In the passband, (3-17) is
true and S can be approximated Pym;

8 M e e , (3-28)

which 1is -exact at the frequency f . Thus S is real at f ~and
can be expected to be nearly real elsewhere 1in the passband
Also, (3-22) 1is exact at fc. Thus S depends only on IPDI
and G at fc and can be expected to be relatively ingensitive

to arg[FD] and S in the rest of the passbhand.

22
The behavior of (3-28) at f is shown in Fig. 3-2 where S is
plotted as a function of |F | for various paseband gains.

The figqure shows that the sen31t1v1ty will increase as the gain
increases and as !FDl decreases. in fact, as IFDI
approaches unity, the sensitivity becomes infinite. In other

words, as |T approaches unity, even a very small

-

15
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Fig. 3-2 The gensitivity S of Pin to 'PD as a function

of |FD| for various passband gains.

uncertainty in FD will make the design totally unpredictable,.

Another way to illustrate the unceitainty in rin due to a
%jven uncertainty 1in FD is based on the bilinear nature of
(3-19). This equation has the property of mapping circles in the
FD plane into circles in the rin plaﬁe. In pagticula: it

will map an errcr circle for FD into the corresponding error
circle for I,
) in

Suppose that at the, frequency fc' an amplifier has an assumed
value of FD = -1.06 - j0.28,. and that the anticipated gain

.is "G = 4. Suppose also, that the actual value of FD lies on

the circumference of a circle of radius 0.03 centered on the

assumed value for FD. The size and location of the

16
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-cq::espondinq error circfe for rin can be obtained from the
formulas in Appendix 2, which relate the centers and radiuses of
bilinearly transformed circles. One need only use (3—}7) and
(3-22) to | obtain a value for 522 in the bilinear
transformation (3-19). The two circles are plotted in Fig. 3-3.

ERROR CIRCLE FOR rin .

[Py l=2.5

. ' Irinl-z . -

[thlﬁl

ars
@”)

ERROR CIRCLE FOR T

p @

LY

\

UNIT CIRCLE

Fig. 3-3 The error -circle for Fin when the error c¢ircle for
FD hags a radius of 0.03.

The figure shows that the magnitude of' Fin can lie anywhere

ibetween the extremes of Irinl = 2.52 and IFinl =
1.61 when FD is allowed to move around its error circle of
radius 0.03. Since G - |Fin|2. the corresponding

variation in gain is from G = 6.35 to G = 2.59.

—_
Naturally. knowing that the predictability will improve as
IFDl" incredses. the designer ‘will want to obtain the
;atgest possible IFD| from the diocde. One way to do this,
which is applicable to IMPATT diodes, is to use the largest safe
bias current. Another way, which is applicable to all negative-

17
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resistance devices, is to use the optimum. transmission line

impedance. It is. shown in 'Appendix 1 that -the largest |FDI-

will be measured when

ZO = IZDI _ (3-29)-

where Z is the characteristic impedance of the transmission
Nine, and Z. is .the diode impedance. u

D
Since high-power amplifiers have 1low erl, the desjgn of
high-power, high-gain amplifiers will require precise
characterization of the diode for predictable results.

S
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4-1 . - SOME TRANSMISSIOE/AMPLIFIER ?HEORY

T '
Like thefreflection‘amplifier, the transmission amplifier has a
pasgband in which the gain is large and relatively constant.
Unlike the reflection amplifier,  the transmissidn amplifier 1is
transmissive rather than reflective and reciprocal rather than
nonreciprocal. Hence, this type of amplifier is essentiaiiy a
filter with gain. The structure of any optimum filter that
operates between 1identical impedances (or between identical
waveguide cross sections) will be symmetrical about its center.
Thus, the optimum single-diode transmission amplifier‘will have -
two symmetrically identical equalizers on each side of the diodb
as_shown in Fig. 4-la. (Here, optimum means the 1argé;t gain-
bandwidth product is obtained from a given circuit complexity.)

Suppoee a symmetrical single-diode transmission amplifier is
driven at each port by signals that are equal in magnitude and
phase. The circuit will then be structuray and electrically

symmetrical and therefore indistinguisghable from.-two identical

1,- “Fhd simultaneously opera%ing reflection amplifiers. See Fig.

4a-1b. This means that ea h equa&if@r'cén be designéd as if it
were meant for a rgflection amplifier. In other words, the
desidh of a transmission amplifier can be reduced to the design
of a reflection amplifier. 'Thg apparent diode reflectioﬁ

coefficient for the reflection amplifiers can be derived from

the actual diode S-paramaters as follows:.

?

When the transmission amplifier is symmetricélyy. driven, the
incident and reflected waves on each side of the diode must
satisfy eqs. (4-1). (See Fig. 4-1b.)

’

E1'1nc - Ezinc ' : // (4-1a)

Birer ~ Farer ' : (4-1b)

This means that the reflection coefficients seen looking toward
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Fig. 4-1. (a)The symmetrical. transmission amplifier. "
"(b)The symmetrical transmission amplifier during/ simultaneous
exitatioh. This amplifier behaves like . two independent

reflection amplif%é?% whose diode reflection coefficients are
FD.

the diode from either side_are identical and equal to

I =E /

D 1re¢’Eline © Eores’E

2inc (4-2)
Similarly, the rafledtion coefficients seen looking away from
the -diode are identical and equal to

D : (4-3)

Flinc/Elref = Eyinc’Bares = vr ,
Applying eq. (3-18) te the dicde gives <

S21-512(1/FD)
FD = 511 * ommmomommmmoems ‘ (4-4)

o —
1 Szz(l/FD)
-.(
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for which. there are two solutions:

+
.

where Sll' SZZ' 521. and 512 are the diode S-parameters.

Because the diode 1’ symmetrical and reciprocal

Sll = 522 and szi = Slz : {4-5)

The diode is shunt connected and electrically small. Thué the
total voltage dcross the diode is just the sum of the incident
and reflected waves or 1 + 511 (for unity incident voltage).
Since the total voltage across the diode is also the value of

the- signal that is transmitted, one can immediately write

+

521= 1 + S].l (4—6)‘

Substituting (4-5) and (4-6)} into (4-4) gives

D 11" D 1

2 - 2s T -1 - 28,, = 0 (4-7)

t

Ty = -1 (4-8)

and

Fp = 28,, + 1, : _ ‘ (4-9)
XY D

The* first solution is a special case of the second solution
(sll =, -1). The second solution gives the diode réflection
coefficient to be used when designing a transmission amplifier

by using methods appropriate for-reflection amplifiers.

During s'icmultaneous two way ampllifica'tion. the diode must supply
twice as rmich power asg during one way dmplification. (Equal
input powers are assumed in both _cases.) Sihce the diode is
nonlinear,. its parameters wi‘ll be significantly different 1in

21
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k/;:gijfggggs. The optimum equalizers for simultaneous two-way
transmission will not be same as those for one-way
amplification. Therefore, egualizers designed by the method just
described must use § as measured when the diode wak adding

11
the appropriate power for the application.

,-m. "'"‘lg)



" 5-1 AN AMPLIFIER DESIGN EXAMFPLE

-

The following example illustrates the design and behavior of the
‘simple high-power reflection amplifier shown in Fig. S-1. The

Z, = 158 DIODE AS DESCRIBED
Pen” 0.3 el R IN APPENDIX 3

Fig. 5-1 A simple reflection amplifier design example. It is
requixed ) to find the transmission 1line Jlength & and the
inductance L so that there is a peak gain of 10 at 11 GHz.

diode 1ie the ficticious X-band IMPATT diode described in
Appendix 3. 1Its characteristic curves are repeated here in
Fig. 5-2 for eas? reference. It is required to obtain a peak
gain of G = 10 at a frequency of £ = 11 GHz when the input power
\

is Pgen = 0,32 W.

The design of the equalizer rests on a knowledge of the power
that the diode must add to the circuit to ,meet the
specifications given above. From {(3-5) this can be computed as

Podd = Pien(G - 1) =2.9W | (5-1)

Now that P_,. is known, it is used to determine the incident

power on the diode, Pinc' and the diode reflection-

coefficient, FD. From (3-4) the incident power is

P. = P_. /(IT 1% - 1)" (5-2)
inc add D

Since Pinc and. FD are both unknown, a second relation

‘involving them is required. It is repfesented by ' the
characteristic curves for the diode. See Fig. 5-2. Usually’

~_ - \ 2
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11

FREQUENCY (GHz)

Fig. 5-2 Characteristic curves for the diode described .in
Appendix 3. '

+

these curves are obtained by measurement, and then an explicit

expression of the form

£) (5-3)

1‘“D = F(Pine

is fitted to the results. For the purpose of this desiﬁn examplg
the function F is simulated by the Fortran program OWIKDIOD1
described in Appendix 3. This program returns PD for a given
Piﬁc and frequency f. '

v .
(5-2) and (5-3) can be solved for FD by using the following
recursion formula:

1
Padd :
(Pinc)n+1 Fommmmm s e ——~ ;__-_ ‘- (Pinc)o a 0 (5_4)
i F[(Pinc)n' £f]1 |7 -1
FD is the wvalue of F when the change in Pinc Decomes
negligible. For this example, FD = -0.26 -j1.05 when Padd
~\_ : 24



= 2.9 W and £

11 GHz.

7.5 . [\ Poen” 0-3W

Y T | e

GAIN 5.0 N\ - L = 0,73nH
/ . ) ’ 1 = 10, 9mm .
. . . -

2.5/' C =10

0.0

10.50 10.75 11,00 11.25 11.50

-
FREQ (GHz)
/ In(T, )
11.2 GHz h

UNIT CIRCLE

(
.

- )
-—Re([‘ln) - ¢

10.6 GHz

10.7 GHZ

11.0 GHz

10,9 GHz

Fig. 5-3 Optimized gain and Fin functions for the example
amplifier in Fig. S5-1. .

Now that [‘D is known, it can' be used to determine 522 of

25



the equalizer. At frequencies near the center of the passband
the phase of 822 can be found from (3-3a) and the magnitude of

522 can be found from (3-22).

Smith-chart techniques can be used to compute the size of the

inductor that will present an equalizer reflection coefficient

of S te the diode at 11 GHz. The results are

22
L = 0.7 nH , (5-5)
and ’
L = 11 mm . : (5-86)

These are used as the starting point in an optimization routine
to fiﬁd the best fit to a flat gain of. 10 between 10.9 GHz and
11.1 GHz. The optimized _gain and rin functions are plotted
in Fig. 5-3. The optimum inductor size and pogition are also
given.

5-2 : THE INJECTION-LOCKED OSCILLATOR

A Y
The gain specification for this example was -chosen so that the
amplifier would behave as an injection-locked oscillator. The
diode used in this example is somewhat more 1linear than” a
typical diode so a larger than typical gain was required to make
the circuit oscillate when the input signal was removed.

As shown in Sec. 3-1, the condition for oscillation is that the
loop gain in Fig. 3-1 is unity. This is written as

Fp8,, =1 : - . (5-7a) -

or, equivalently, as

s,, = /T, . (5-7b)
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Fig. 5-4 illustrates the behavior of an injection-locked
oscillator by plotting thé frequency dependence of both sides of
(5-7b) in the comblex plane.

—
30 / -~
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INCIDgpy POy, e -~ S5, AT 11 Giiz 22 AT 12 Qe ~ ~
ER (1 -~ '
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™
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22 E
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-
/ g
/.._ S,., OF EQUALIZER E '
22 wn

Fig. 5-4 The frequency dependent behavior of /T, and s
in the injection-locked oscillator/amplifier of Fig. 5-1.

22

Imagine that the «circuit is amplifying according to the
specifications given above. Also imagine that the frequency is
being swept from below the passband to above the passband. 522
is seen to travel in a -clockwise direction along the path
indicated. Conversely, 1/[‘D travels in a generally
counterclockwige direction. Below the passband the path of
1/FD approximates the characteristic curve for 2zero incident
power. As the passband is traversed, the incident power seen by
the diode increases and 1/[‘D ~veers sharply away from the
oncoming S22 {(when Pgen = 0.32 W). At 11 GHz, S22 and
1/I‘D have almost exactly the game phase, and the' incident
power is very near to maximum. Above the passband, the path of

1/FD returns to the characteristic curve for =zero incident

27 .
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power.
This type of behavior can be seen-in all reflection amplifiers,
whether stable or injection locked.

That this 'amplifier might oscillate -when there is no input
gignal is indicated by the presence of a .portion of the path of
522 inside the region of operation of the diode. When there is
no input signal, the path that would be followed by 1/PD is
the characteristic curve -for Pine = 9- That the amplifier will
oscillate is indicated by the phase equality of Sz2 and
ry when the frequency is =11.15 GHz. At this
frequency, |1/FD| < Iszzl. Therefore the total gain around the

loop in Fig. 3-1 is real and greater than one. The loop signal,
which is initially Jjust a noise  voltage, will, increase
continuously as it travels around the loop. At the same time
Pinc will also increase since it is the power of the loop
signal. '

The incident power cannot increase forever. There must be some
opposing mechanism that will eventually 1limit Pinc tc some
finite value. This mechanism reveals itself in the nonlinear
behavior of the diode: FD depends on Pinc in such a way
that l/IFDI increases as Pinc increases. Thus, wWith each

increase in P there is an opposing - increase in

1/|FD|. This ;;ghces the loop gain, causing Pinc to
asymptotically_approach a finite final value where the loop gain
is one. At this value, eqs. (5-7) are satisfied and the circuit
oscillates. From Fig. 5-4, the final value for Pin in this

c
example is about 1 W.

As long as there 1is no input signal. the circuit is a free-
running oscillator. The output power of this oscillator is just
the power added bY the dicde as calculated by (3-4).

2 L)
I

P =P .. = P. Ul - 1 - (5-8)

oscC add inc¢

28



To design a free-running oscillator, use the recursion formula
(5-4) to find the FD that occurs at the -required power and
frequency. Then, ' determine the necessary equa;izer 'S5, from
(b-7b). The rate at which 522 changes with frequency near the
point 1/FD determines the Q of the oscillator.
L

This amplifier design example was created to illustrate the
behavior of a reflection amplifier operating under large signal
conditions. The fin-line amplifier designed for this thesis was
a small-signal amplifier because ' it was not possible to
characterize the diode for large signal operation.
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6-1 EQUALIZER DESIGN BY OPTIMIZATION

Today, computer assisted design (CAD) 1is widely wused in
microwave circuit design. An important part of CAD is computer
cptimization. This is the minimization of a function C that
describes the closeness of fit of another function F to a
desired function D. In the case of computer assisted equalizer
design, D is the desired gain response of the amplifier and F is
the calculated gain response for a particuiar set of.va;iables.
These wvariables can be lumped element values or the physical
dimensions of a distributed element circuit. e

There are many optimiZzation routihes in use today, each with its
own unique set of'advantages and'disadvahtages. Fortunately for
the microwave circuit designer; the 'merits of each are
relatively unimportant and any one routine will be adegquate. One
method of optimization proceedé by computing the gradient at
'fsome starting peoint and then following. more or less accurately,
the path of steepest descent to the minimum. The Fortran code to
implement this method for this  thesis was adapted from the
version of the 'harduardt—Levenberg algorithm given in [1].
For a recent review of optimization techniques wi;n a‘goodxlist
of references, refer to [2] '

Obviouslf. it is desireable to select that starting point from
which a steepest, descent will lead to a global rather than a
local minimum. It is the technique of selecting the starting
point that distinguishes the various computer assisted equalizer
design methodéF-//n .

For example, those techniques”™ [3], [a]. [5] based on
Carlin's resistance-excursion method [6] use a theorem from
circuit theory to obtain the starting point for the optimization
of .lumped-element equalizers. (Carlin's‘method is also known as
the real-frequency technigue. An alternative description of thé
method can be found 1in [7].Y The <circuit can then be.
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transformed to an approximately 'eﬁuivalent Jdistributed—element
circuit appropriate f¢r microwave frequehciea.

Another technique, which is purely numerical, obtains a set of
candidate starting points from a systematic search ovgr a coarse
n-dimensional grid defined by the n variables in F. Each of the
candidates 1is then given ' to the optimization routiﬁg. The
smallest of the minimums thus obtained 'is considered to be the-
global minimum. This approach is used 1in [8] and 1in this
thesis. The 1listing of a Fortran subprogram for such a
systematic search is given in [9].

This method's advantage is that it can give starting points
directly in the form of microwave‘circuit dimensions; there is
no need for an intermediate step involving lumped-element
circuits and no need to learn techniques for transforming lumped
circuits to distributed circuits. '

Cﬁ}' /

For this thesisg, the function to be minimized was defined as

n

n
]
I =1 rh

£

(F(f.d,.d,....d ) - D(£)]? (6-1)
bid
1

where.fi. i = 1,n are frequencies eqﬁally spaced across
the péssband. '

di' i = 1.m are the fin line circuit dimensions.

. F is the computed gain function of the amplifier.

, .
¥

D is the desired flat gain function.

The gain-and bandwidth of an amplifier cannot be selected

independep%f? of each other. That is,'for_any given passband
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gain, G, the width of the passband cannot exceed'a,iimit set‘by
the diode reflectign-coefficfent functioh. rD(f). and the
generator reflection-coefficient function, FG(f). _[10].
[11]. ([12}. For this reason the function D(f) mugt be
chosen carefully so that the optimization“routiﬁe is not asked
to design an impossible'equalizéri_The feasibility of D(f) can
be ‘confirmed in advance by the techniques used in [101,.
~[11]. (121, {13], and [14]), but the computations involved are
intractable for all but the simplest I and FG functions.

An alternative technique begins by optimizing an equalizer for a
D{(f) with a narrow and therefore feasible passband. The
. closeness of fit to.D(f) will bé better than required. The
technique proceeds by repeating the optimization _ with
progressively whder passbands until the closeness. of fit is
marginal. Typically three or four, such iterations are all thgt
are. required. The bandwidth “thus obtained is the 1largest

:._L'r. .

- !

realizable bandwidth for the chosen circuit complexity and type. - '
<r
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7-1 USING A NETWORK ANALYSER TO CHARACTERIZE
¥ TRUCTURES IN FIN LINE )

‘Netwqu‘analysersAcéﬁ ditectly measure the S-parameters of only
those structures that are embedded in transmission media for
which standard loads are available for calibration. Although
there are no readily available standard loads for fin &;}ne.
thefe is an indirect method that' can Be'uéed to. characterize
fin-line structures. . )

The method beginé by deducing the S-parameters_of a transition
to the transmission medium for which there are no standard
loads. (In this thesis the transition was from rectangular
waveguide to fin line.) Then, the structure to be characterized
is pléced betwesn two su7£ transitions, and the S-parameters of
“the combined'circui; are measured. Finally, the S-parameters of
the embedded structure are obtained by using deembedding

¢ .
formulé% such as thode given in Appendix 4.

-

L
Fsr this thesis.'tne transition was characterized by a method
similar to that .described- by Souza and Talboys (1] and by
_Gupﬁa et al [2]. In their method, a set of 3 equations in
Si,+ S,p- and Szis12 are derived and then 1linearized by
restricting the magnitude of 522 to nearly 2zero. (Although
the solution of a 1linear set of equations is si?ple\ and

straightforward, the restriction to S = 0 can bé avoided

22
by. solving the original nonlinear equations with an. iterative

.technique.) ' '

The method developed here obtains explicit {noniterative)

expressions for S S and

11’ 22°
the restriction ‘Qézl = 0.
L)

521812 without invoking

1 3

el

nghe derivation of this method begins by aﬁplying eq. (3-18) to

the case of a-zlbort terminated with a reflection coefficient
of T . See Fig. 7-1. The result is '

-
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S :
4 11 SZZ‘\ ¥ FL
512
Tin PORT 2

Fig. 7-1 The signal flow gréph for a 2-port terminated with a
reflection coefficient of FL.

‘.F. = 8§ P —————— . ‘ (7_1)

? It is a simple although somewhat tedious task to obtain from

{7-1) explicit * formulas for sll' 822. and 521512 in,
terms of 3 ‘known pairs of reflection coefficients
(rinm' FLm)' m = 1,3. Thege formulas are
FL - HJ :
s11 T mmmm——— . - (7-2a)
HI - FK
GI - EK
822 = - mmm—m——— 14 - ) (7—2b)
HI -~ FK
EL - GJ q
531812 = B11855 + 7o o (7-2c),
HI - FK :
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where E = FLZ - FLB .

F = T, (-E) .

¢ =T -Ty -

H=T,-6 .

I =Tinz = Lins o .

Jo= Fipp (1)

K=Ti-Tim .

L =T, _(-K) ~

in3 R - - , \
. & : . ) b

Eqs. (7-2) would appear to be inapplicable when the transmission
medium at port 2' has, no etandard. loadd -available for it.
Fortunately, it is -possible  to induce known reflection

coefficients without using a known physical termination:

‘A reflection coefficient of +1 appears at the axis-oflhymmetry
of a symmetrical- 2-port when it is simultaneously ﬁriven at both
ports by signals of equal magnitude and phase. A reflection
coefficient oft;lﬁabpears when the driving signalslare equal in
magnitude but oppdéite i%lphase. Let each half of. this 2-port be
identical to the 2~+port described in the previous paragraph so
that ports 2 fgég;each other. See Fig. 7-2a. There are now two
pairs of (Finj FL) ' available for,’ the gharacﬁerizatipn.
They are obtained by measuring rin during eacp type of
exitation. ‘ _ : .

The third paiF ‘of‘ -(Fin, FL)>‘ can be . obtained. after
inserting a 1length of uniform  transmission-line with the same
cross-sectional geometry as that at port 2 of the‘ original
2-port. See Fig. 7-2b. -The resulting composite-2-port is still
symmetrical, and reflection COefficienﬁs of +1 and -1 can be
induced at the axis of symmetry as before. The 'reflection
coefficient that terminates the o;iginal 2-port is just '
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Fig. 7-2 (a)Two identical 2-ports .symmetrically connected and
drlvén g0 as to induce a reflectlon coefficient of tl at the
axis of symmetry. (b)a unlfo:m transmission-line 1is 1naerted
at the axis of symmetry. The reflection coefficient' at the axis
of symmetry is s8till +1' but the reflection coefficients at
ports 2 have changed.

FP3 = p exp(-2vL) - . . (7-3)

where

Y is the complex propagation congtant of the transmission
line. ‘

¢ is half the length of the transmission line.

-

p is the reflection coefficient induced at the axis of
symmetry. The choice of p = 1 or p = -1 is arbitrary.'

-

) _
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The p?ir (rinB' FL3) is obtained by measuring rina
during either type of exitation. Eq§. (7-2) are then used to
complete the characterization of the 2-port. Best experimental
accuracy is dbtained whgn 22 is about one-quarter wavelength.

If the 2—por£ is known to be linear then the circuits of figure
Z2a,b need not be driven similtaneously. Instead, simultaneous
exitation can be &simulated by a computation based on the
measured S-parameters of those circuits. The input reflection-
coefficients that would have 'been measured during simultaneous
in-phase and out-of-phase exitation are

T,

Tin =R+ T (7-3a)
and
in ~ R -T . (7-4b)

regspectively. R and T are the measured Sll and S resp. of

the symmetric circuit.

21°

In this method, four measurements (two sets of R and T) are used
to obtain the three .parameters for the 2-port. This redundancy
"permits a reduction in experimental error. As shown in [3],
each of the 2-port parameters can be determined as the average
of four answers derived from the four possible combinations of

the four pairs of (rin' FL) taken three at a time.

'When an automatic network analyser 1is used, the extra’
measurement is obtained - with no additicnal. effort since this
instrument normally gives its results in pairs of R and T. ‘

Here is a summary of the procedure for characterizing-a linear
2-port that has no standard loads available for one of its ports:
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1.....Measure the S-parameters (Ra and Ta) of the c¢ircuit in

Fig. 7-2a.
2..... Compute the first two pairs of (FL, rin) from
Finy = Ry + T, o Tpq = +1 (7-5a)
rinz = Ra - Ta . FLZ = =1 © (7-5b)
"3..... Measure the S-paraneters {Rb and Tb) of the circuit in
Fig. 7-2b. '
4..... Compute the third pair of (FL, Pins from
rin3 = Rb + Tb . FLB = p =1 exp(-2v%) (7-6a)
or from
F1n3 = Rb - Tb . FL3 = p =. -1 exp(-2v2) (7-6b)
y _ .
:5 ..... Use  egs. (7 2) to obtain Sll' 822. and 821812

with or without the averaging process described above.

7-2 CHARACTERIZING A WAVEGUIDE-TO-FIN-LINE TRANSITION

Fig. 7-3 contains diagrams of the two symmetrical circuite that
were used tc characterize the waveguide-to-fin-line transition.
The inserted length Lbﬁa uniform fin-line was assumed to be

lossless, hence ¥ in (745) became
Y = j(2w/kg) (7-7)

Xg, the guided wavelength in the wuniform fin 1ine, was

computed from

Ty 2 3
. Xg/s = al + az(s/k) + a3(s/X) + a4(s/k) . (7-8)
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"Fig. 7-3 The symmetrical circuits that were used to

characterize the waveguide-to-fin-line transitions.

.////,_/’Where a, = 150.4 + 24.29 (d/s) C (7-9a)
‘ a, = -9092: - 2098 (d/s) o (7-9b)

. a, = 236500 + 64900 (d/s) (7-9¢)

a, = -2269000 - 690800 (d/s) (7-94)

d is the gap width in the uniform fin line,
8 is the fin line substrate thickness and
» is the wavelength in free space.

This formula was obtained by  fitting a polynomial to data
obtained from a spectral domain program. The formula is within
1% of the data over the following ranges:

l.‘k . » A |
g/a < 0.1 ' %&&Qgé)

0.6 < d/s < 2.7 | (7-10%)
32 < \/8 < 49 . (7-10¢)
LW
where a is the broad dimension of the wavequide housing.

-
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7-3 CHARACTERIZATION OF THE DIODE

Having found the characteristics of the waveguide-to-fin line
transition, the diode S-parameters were obtained next by placing
the diode between two such transitions. The S-parameters of the
composite circuit were measured, and the diode S-parameters were
deduced by using the deembedding formulas of Aﬁpendix-4.‘

F

$,, and 521 of the diode were wused in (7-1) to obtain

FD' the reflection coefficient of the open-circuit
terminated diode. The results are plotted in Fig. 7-4. The plot

- shows that the diode reflection coefficient 1lies very close to

the unit circle. As was shown in Sec. 3-2, this is a very
undesireable region for predictable amplifier design. This is a
direct result of the large difference between -the fin 1line
impedance and the diode impedance. (Zo of the fin line was
about 100 ohms: the magnitude of the diode impedance was about
12 ohms.)



> Re(Tp)

«» 12 GHz

11.2 GHz"

Fig. 7-4 Measured reflection coefficients of the open-circuit
terminated diode in single-ridge unilateral fin line.
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8-1 THE CHARACTERIZATION OF SERIES STUB:B IN FIN LINE
'\ ¥

The series stub has been a popular cirecuit element in the
design of oscillators and narrow-band filters in fin 1line
[1]. [2].‘ However, until this thesis work, ‘the
available information did not have sufficient accuracy or
flexibility for most other design problems. Before using the
series stub in the fin line equalizer, it was necessary to
obtain an improved description. Measurements were made at.
several frequencies on stubs of various lengths in unilateral
fin lines with various gap widths to obtain a set of expli@it
expressions for stub S-parameters. The results represent a
significant increase in the available design information for
short- and open-circuited series stubs in f£in line. (They have
been published at the 1984 IEEE 1International Microwave
Symposium [3].) |

8_2 THE STUB MODEL "L
A fin line stubfcan be described either by its S-parameters or
by an equivalent circuit with lumped elements. The latter has
two advantages. |[First, it directly depicts the circuit bepavior
of the discontinuity. Second, it separately describes the
various field disturbances at the branching points and at the
far end of the stub.

These effects were incorporated into the equivalent
transmission line circllits shown in Figq. 8-1. Then,
measurements wWere made with an automatic network analyser to
determine the dependence of the equivalent circuit parameters
on frequency, stub length, and fin line gap width.
Eé .

Like the diode. the series stubs were characterized by placing
them between two waveguide-to-fin-line. transitions as described

earlier in Sec. 7-1. The transitions and stubs were etched on
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L%
0.76 mm thick RT/Duroid® (cr

= 2.22) and mounted in WR-90 °
waveguide. see Fig. a-2.

All stubs had a width of 1 mm.
) )

L L L L LSS s SsS

L AL L L L 7

‘ R=2mm T
. _L..’ b b
width Imm—{‘Lg' . width=1mm 2
’ d |

}
! d
rd IR A A AAAl S LS T 777 72T

TFA JX=
),y ! s
| | LL

Zy, j‘T% Z, Z,, JB}-%JEL Zy,
( ) (b)

Fig. 8-1 Equivalent transmission 1line

short-(a) and open-(b) circuited series stubs in wnilateral
single-ridge fin line. '

~

circuits for the

OPEN-CIRCUITED STUB

SHORT-CIRCUITED STUB.
'

Fig 8--2 Metallzatlon patterns used to Jmeasure the gscattering

parameters of the stub discontinuities in unilateral fin 11ne

(WR-90, €, = 2.22, substrate thickness was s = 0.762 m) .



8-3 ' "DERIVING THE -EMPIRICAL EXPRESSIONS

\

The .scattering parameters of an ideal series stub 1in a
TN, . . . . : - ’
\\Hn;//};ansmlsslon line (that is, one with no losses and zero width

and hence no branching points and end effects)'are -
\\\ /__,_____ '

Sy =~ ' . - (8-1)

2 + 2.

in
2

Szus = "7 : \ . o (8-2)

2 + zin .
where Zin is the 1impedance seen looking into the stub

normalized to the <characteristiec impedance of the main

transmission line. 2in'can be computed from

z, + tanh’yﬂ.e

- J , (8-3)
1 + zttannyae

where 2 is the characteristic.impedance of the stub divided by
the characferiatic impedance ¢f the main transmission line, and

Y = « + jB is the propagation constant in the stub, and

Qe is the length of the stub in the equivalent circuit, and

2. is the terminating impedance ¢f the stub divided by the

t
characteristic impedance of the stub. \

When a shunt admittance jBB igs added as shown in Fig. 8-1, the
overall scattering parameters can be found from Mason's 1loop
rule [4]. They are

2

52105115 ~ 855111
Sll‘ = Sllb + —ommrm e e ;"" (B—Q)
1 - 25,555 * B855570)
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2
Sz21b°21s o .
B e e e e — ——— Ea) -_
521 ; | - . (8-5)
1 - 25545110 * 85¢511p
where sllb = (-jbs)/(z + Jbs) is the reflection
coefficient of a . shunt -admittance of ij T o= jB 201

(normalized to the characteristic admittance of the main

-_—

transmission line, and

5215 = 1 4+ Slib ig the the transmission coefficient of the
shunt admittance, and

2 2
85, = 8115 ~ S216

The following formulas were obtained by optimizing the fit of
(8-4) and (8-5) to the experimental data for the series stubs.
For convenience of scaling, all variables were normalized to thé
substrate thickness s. ‘

by = 7.56(8/)\) exp[_6.3117(d/s)] hl (8-6)
z = 2[1.524(d/8) ) -0.5%4 . S (8-7)
a = 0.08(s/\) nepers/mm : (8-8)

. s €
where N is the free space wavelngth. (L

@

The current flowing around the end of a short- circuited stub

follows a path whose length is finite. This finite path length

for the current gives the. stub an inductive behavior which is
modelled here by an excess length of line A2 defined by

A/s = 0.1082(&/3)2 {1 - exp{-0.762(%/s8}]} A . (8-9)

Open-circuited stubs are terminated by a parallel combination of

an inductive and capacitive reactance X and .X_. See

. e 3]
Fig. 8-1b. These reactances are normalized to the characteristic
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‘impgdance of the stub and are given by (8-10) and (8-11).

. . B ’ .
X, = (s/k)[84.{g‘=\2.474(&/3)] : - (8-10)
1/%, = (s/\)[30.93 - 7.422(2/s)]{0.026 - 0.17(d/s) ] (8-11)

(8-10) and (8—11)'can be used to find the normalized terminating
impedance

zZ, = ———--- e | | (8-12)

Expressions (8-6) to (8-11) are valid in the ranges given by
(7-10) and in the range .
N \*
1.6 < &/8 < 5.3 ’ {8-13)
-a,
When the error is computed as the magnitude of the difference
between the fitted and measured scattering parameters, the
standard deviation for the short-circuit fit is 0.03-and that
for the open-circuit fit is 0.045. The reference planes of the

gcattering parameters are coincident with®the stub edges. .’

The restriction to constant stub width allows simple expressions
and should have 1little effect on the flexiblity of practical
designs. Also, expressions (8-6) to (8-11) do not depend on the

waveguide"dimensions- because small gap ratios (d/b << 1) and

narrow substrates {s/a << 1) are assumed. .
. £l

The expressions operate on normalized dimensions to allow

convenient scaling to freguencies higher:than X-band. Losses are

expected to 3increase linearly with frequency as indicated by

(8-8). ‘

The waVvelength in a stub can be computed from formula (7-8) for -
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)
the gquided waveleq@ﬁﬁ in a single ridge unilateral fin Iine on
substrates  with cr = 2.22. The wavelength is the same as

that in single-ridge fin line when the fin-line gap is egual to
half the studb width.

Fig. 8-3 Comparison of measured data to fitted curves for a
short-circuited stub (inductive data) and an open-circuited stub
(capacitive data). Each stub is 4 mm long and in a sin¢le-ridge
unilateral fin line with fin line gap of 0.85 mm.

‘ -
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9~1- " A GENERAL DESCRIPTION OF THE FIN-LINE AMFPLIFIER

The salient features of the fin-line amplifier that was éesigned‘
for this thesis are shown in Fig. 9-1. Going from left to right
there is a waveguide-to-fin-line transition. ~a. fin line
equalizer, the IMPATT diode, and a final series stub that
presents an open circﬁit to the right side of the diode.

The waveguide—to—fin¥ling transition is not essential to the
operation of the amplifier. 1Its 'purpose here 1is to permit
characterization by a network analyser with waveguide test-
porta. The £fin 1line is single-ridged and unilateral with a
feflon-fiberglass - gubstrate (RT/Duroid®, . €, = 2.22). There
is a 1L mm. gap between the edge of the fin and the floor of the
houeing. Single-ridged fin line was used pecause'it is the only
type of fin line that allows one terminal of the diode to be
mounted in the bulk metal df the housing for adequate heat

sinking.
P

/- HAVEGUIDE HOUSING

r - STNGLE-RIDGE FIN LINE
I —

— ; ¥ }
Ié o — e v v

WAVEGUIDE-TO~-FIN-LIKE TRANSITIOH EQUALIZER DIODE TERMINATING
STUB -

Fig. 9-1 The salient features of the fin-line amplifier.

5

The equalizer. congsists of two short-circuited stubs in geries
with the fin line. Their widths are 1 mm. Empirical results were
used to chéracterize the stubs. Numerical results were used to
characterize the lengths of uniform fin line that connect the
stubs to each other and to the dibde. Explicit formulas for the
behavior of the stubs and of the uniform fin lines are presented
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in sec. 8-3 and Sec. 7-2, respectively.

The IMPATT diode is made by NEC (part no. NDB8T1lW-5H). This”is a
gilicon diode capable of adding 3 W of power at 11 GHz. Itse best

dc-to-RF conversion efficiency is about 12%. Although the diode

igs capable of eupplying 'high levels of RF power, the power
'leveik prevailing in this amplifier wehe in the microwatt range.
This is because both the amplifier and the diode were
characterized with a network analyser whose  test-port signal
power ‘was about SuwW. such a small-signal amplifier is
sufficient for the purpose of this thesis : .to determine the
feasibjlity of conszéucting aﬁ IMPATT amplifier in'a fin line
environment. ' '
’

The gseries stub to the right of the diode serves to open-circuit
terminate ‘the right side of the diode. This method of
terminatioh allowed the local environment of the diede to be the
game during the operation of the amplifier as during the
characterization of the diode. ' '

-

'9-2 ' ' AMPLIFIER PERFORMANCE -

The predicted and measured gain-curves for the amplifier are
given in Fig. 9-2. There is agreement in the shape and location
of the two curves, but there is a 3 dB difference in midband
gain ‘that needs to be explained. Since the measured and
predicted passbands are in good agreement with respect to anpe

and location, it is unlikely that the gain error is due to phase,

errors 1in 522 or in FD. (Refer to Sec 3-1 and the
amplifier deéign example in Sec. §-2.) Another possible
explanation for the error in gain is that |FD| was

gmaller - than the measured value, The sensitivity analysis of

Sec. 3-2 shows that this explanation is 1likely given the

uncertainty in FD and the proximity of FD to the unit

circle:
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GAIN (dB)
A

Fig. 9-2 °~ Measured and predicted gain curves for .the IMPATT
amplifier in fin 1line.

A reasonable measure of the uncertainty in FD comes fkom the
results of the characterization o6f the fin-line stubs described
in Chqﬁt. 8. There, the magnitude of error between fitted and
measuged S-parameters for the shorted stubs had a standard
deviation of 0.03. Since the same method and equipment were used
to characterize :the diode, ghe game standard deviation in
magnitude of error can be assumed.

As shown 1in Fig. 7-4, the measured value for Fb is -very
close to the unit circle. This design used a midband value for("//ﬂf-
I, of -1.06 -j0.28. | ‘ | \

Fig. 3-3 was created to—illustrate the éffects of exactly the
conditions Jjust described. It shows the circular path that
rin would follow as’ FD is’ made to vary -around its
assumed wvalue at a distance of 0.03. .When |FD| is 0.03
less than its assumed value (arg[FD] unchanged), the

gain drops from 4 to 2.6. Thus, most of the error in gain can be
/ " \ . \
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attributed to the small, but likely, magnitude error of 0}03 in
IFD|. ‘

' The poor piedictability of this amplifier's performance is
mostly due to the proximity of FD to the 'unit circle. This
in turn 1is due te the difference between the fin-line
characteristic impedance and the magnitude of the diode
impedance. (See Sec. 3-2.) The impedance .of sgingle-ridge fin
line with a gap width of lmm. is Zozloo ohms. Thé magnitude
of the diode impedange is Zb=15 ohms. In theory, the f£fin-
line 1impedance c¢an be reduced to the optimum value of
ZD=|ZDI1 FD would then be about four times further
away from the unit circle (see Appendix 1), and the expected
error in  midband gain would be only 0.1 (assuming an
experimental error of 0.03 in FD). However, the appropriate
"fin-line gap is much too small for practical implementation even
at. such low frequencies as 11 GHz.

) ‘

hnothez way to 1improve the predictability is to increase the
éécuracy of the diode characterigation.. SupposeJ the amplifier
described here was allowed to have a 10% error in passband gain.
That is, the gain is allowed to vary from as little as 3.6 to as

much as 4.4, The corresponding variation in ]Finl is

from J3.§=1.§ to v4.4=2.1. Thus the error circle around

r‘in
0.1. Theoretically an error circle of radius 0.1 around Fin

in Fig. 3-3 is allowed to have a radius of as much as

would require an error-circle radius of only 0.007 around
FD. This ;equires a four-fold improvement in the accuraéy of
the characterization technique. Such accuracy would be very
difficulﬁ to achieve at mm-wave freguéncies. Also, such accuracy
may become lost in thg diode mounting uncertainties. The use of
a low-impedance type of transmission line (such as microstrip)
would allow |FD] to be maximized, " and partially
alleviates the need for excessivé experimental accuracy.

The fin-line amplifier described here was a small-signal

52



amplifier; when the IMPATT amplifier is used in its normal
function as " a power amplifier the quantity 1 - |PD|
drops to about .one~third of its small signal value. Hence, the
requirement for precise characterization becomes difficult for
microstrip and practically impossible for fin line.

For these reasons it can be concluded that the IMPATT diodg and
the £in liné are an incompatible combination for negative
resistance amplifiers. '




"%

1.0-1 CONCLUSIONS

In this thesis it was demonstrated that symmetrical single—diode
transmission‘amplifiets can be designed by the saﬁe methods that
are used to design reflection amplifiers. '
An improved méthod ig described for measuring the S-parameters
of structures in transmission media such as fin line for which
there are. no standard loads.-

Empirical expressions have been presented for the S-parameters
of open- and short-circuited series stubs in single-ridge
unilateral fin line. This is a significant contribution'to the
available design information for these structureg because the
effects‘of frequency., substrate thickness, £in line gap and stub
length are incorporated. .

" The predictability of a negative-resistance amplifier improves

as the required gain decreases and as the diode reflection
coefficient. moves away from the unit circle. This behavior is

jllustrated by the sensitivity curves in Fig. 3-2. The IMPATT

diode and the fiff 1line are not a suitable combination for -

negative-resistance amplification because the large fin-line
impedance causes the diode reflection coefficient to reside very
close to the unit c¢ircle. The maximum -distance £rom FD to
the unit circle is obtained when the transmission-line impedance
is equal to the magnitude of the diode impedance. It is not
feasible to produce the small fin—line' gap width required to
match the impedance of the IMPATT diode.
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'APPENDIX 1

THE REFLECTION COEFFICIENT OF A DIODE
AS A FUNCTION OF CHARACTERISTIC IMPEDANCE

The reflection coefficient of a diode at the end of a
transmission line is

R ' - (Al-1)

where 2, = transmission line characterisd{; impedance
ZD = diode impedance

The purpose ‘of thie appendix is to show how FD varies with

zo for a given zD = RD + jxD. This can be - done by
computing the mapping of the real axis of the Zo plane 1into
the T lane, .- )
e I pla - {
- Egq. (Al-1) is a mapping of the form >
aw + b y
Z = me—eee : (Al-2)
cw + d
where w = 2 >
o -
- a = -1
b=D
¢ =1
d =<§zD

Finding the mapping of the real axis of the ZO plane is
'equivalent"to‘finding the locus of w in the 2z plane by varying
|wi and keeping arglw] constant. It is shown in [Y]

that ‘the locus is a circle with a radius of

-
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R = —em oo - . (Al-3)
2|ld/c] sin(argfd] - argfc] - arg[w]) s

and center at

C = a/c + R exp(j{arg(p] - arg(w] + w/2}) (Al~4)
where ,
P = (ad - be)/c? (A1-5)

(Note : eg. 2.157 in [1] contains a mise printed esign.)

Usinﬁ{the equivalences given with (Al1-2) gives

R =_[1 + (RDIXD)ZJ% _ _ (Al-6)
and . {/’
C = —jRD/xD . {Al-7)

Since the .center of the circle in the PD plane lies on the
imaginary axis, the point where |FD| is largest must
also lie on the imaginary axis. Thus, in (Al-1),

o

grngD - Z 1 = arg[ZD + Zo] + wlz' (Al-8)

when |PD| is largest. Thig means that . the Lﬁrigiﬁ and the
two points ZD - Zo and ZD + zo' form the vertices of a
right triangle. (See Fig. Al-1.) The hypotenuse is the magnitude

of the difference between these two vertices.

(2 + 2) - (2, - ?o)l = 2 ;0 ) (Al;?)

Application of the Pythagorean theorem to the triangle in
Fig. Al-1 gives '
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ﬁﬁi. illustrate the dependence of [. on Z

IMAGINARY AXIS -

REAL AXfS

Zp
Zp - 2 Z +2Z
oL __| D o
I 2z 1
o
G " '
Fig. ‘A11}, The origin and the points zD + Zo and ZD - zo

form a right triangle whose hypotenuse is zzo in length.

2 2 2 : .

IZZQl = |ZD % Zol + IZD - ZOI (A;—IO)
'Inse:tlng ZD = RD + JXD lnto (Al1-10) and. solving. for Zo
gives

, R .
2 z 2 . ' '
Z, = Ry + X | L ' , (Al-11)
or v
Zo = |ZD| > o (31f12)

~

.Thus for maximum |F.

D" Z, must equal -|Z

D"

D 0 the mapping in

" Fig. Al-2 was drawn. The diode impedance is the small signal

impedance of the fictitious diode described in Appendix 3 (freq.
= 1l1.6 GHz, Ibias = ?25 mR). The quantity 1 - |FD|
diminishes by a factor ?f about four as zo goes from 150 to
100Q.
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=Re(1"n)
Zo- 1004
zo- 500 7 ez .
Z = 300 rD- E?iﬁf??ll
o -] | H

ZD- -2.01 -j12.25 ohms

Z = 150
o

Fig. Al-2 A plot of T, as fupction of Z_. IT,1  is

largest when Zo = Ile. ; ,

“J
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APPENDIX 2

GENERAL FORMULAS FOR THE RADIUS AND CENTER OF

A BILINEARLY TRANSFORMED CIRCLE
Eq. (Al-2) is known as thé bilinear transformation. It has the
property of mapping circles in the w-plane ‘into circles in the
Z-plane. whereas Appendix 1 gives the radius and center of the
z-circle for. the special case that the w-circle ig a straight
line ,through the origin (infinite radius and center at
infinity), this appendix gives formﬁlas for the radius and
center in the general case.

The mapping (Al-2) is equivalent to

F
Z =E # ———-o ° . _ | - (A2-1)
W+ G :
where E = a/c¢
be - ad
F = e~
c2
G = d/c

Thue, to obtain the z-c¢ircle. the w—ciicle is first translated
by G. then inverted, then etretchadd and rotated by F, and
finally - given another translation by E, Applying these
operations to the w—circle- with Fradius Rw and center at Cw
leads to the following formulas for‘ the radius Rz and the
center Cz of. the z-circle:

59

&



o)
u
]

u

M+ ——=

60

{(A2-2)

(A2-3)

N



APPENDIX 3 : ’
FORMULAS FOR THE IMPEDANCE OF A FICTITIOUS BUT TYPICAL
' IMPATT DIODE ‘

The following two expressions describé the chip impedahce of a
typical silicon IMPATT DDR. diode. They’ were creaf;q to aid the
author's understanding of negative resistance amplifiers and
oscillators. The .exbression& were derived by fitting to a
variety of published experimental and theoretical curves for
this type of d{ode. These expressions are believed to show the
correct qualitétive dependence on bias current, RF current. and
frequency. Appropriate constants in the expressidns werei\\
adjusted to give agreement with the manufacturer's data for the
diode that was used in this thesis work (NEC NDBT11lW-5H).

-

Chip reactance (ohms) : ’ . \\\“//’

XD = -330/f {1 - [1 - exp(-IﬁF/?.S)] [exp({(5~f)/4a)] } ‘ (A3-1)

: TSN~
fffﬁ7 L . - (ﬁfd

Chip resistance (ohms)

A . . " . . * -
RD = R1R2 + 0.24 IRF ) ,"k§:3 . (Asfga)
- ' " . ™
. 9.4 -
where R, = 5 — - (A3-2b)
1 2.% -
) [l + BY]
IBIAS Irr - .
R, = —--—- [1 - - . (A3-2c)
225 3.7 ' H&‘ﬁ '
) . . ‘ AN -
{ "A‘ - ll o . -
: s ~
~P = e ", (A3-24)
. / 4.
3 — v

1 v ' ' * . 2



Ny

-

% A f - 2e%p(6 - £) (R3-2e)

f = frequency in GHz.

hY

el P . B
e ’iRF = peak RF current through the chip in A.

I ‘R/é dc bias current through the chip fh ma. The
o ‘H/’ngimum safe bias current is 225 WA.
: | : -

a

L]

‘ .« ‘
The maximum RF power qfﬁilable from this diode is 3.09 W at
11 GHz.ﬁThis is also the maXimum safe pager for an IMPATT diode:

drlv1ng\ a diode harder (increasing IRF) actually. -reduces the

power added and’drastiéally.increases the risk of failure. When
{A3-2) is used in - -

. Il ' -
‘ 2 '
= _4 - = _
Power added = A(IRF) RD . IBIAS = 22% , f 11 (A3-3)
the poher added will 1increase with IRF ‘up to 3.09 W at
-IRF = 2.05 A and” then,decrease bgyond this point.
(A3-1) and (A3-2) can b omputed by the Fortran subroutine
L]
Z_OF_IMPATT the listing fok which appears at the end of “this-
' appendix. { ¢

R /
The IMPATT diode chip is normilly placed in a hermetically

sealed” package that adds additional parasitic reactances to form

"the "totél‘ impedance of the packaged diode. The equivalent

¢ircuit 5%: the'}ﬁackaged diode 1is shown in Fig. A3-1. The
subroutine PACKAGED_DIODE computes the impedance of the-packad@&%b
diode from the Hparasitics given in Fig. A3-1 and from the
results of Z__OF_-IMPATT. Also computed are the right and left

.8ide admittances and the diode reflection coefficient. These can

be used to find the dependence of reflection coefficient on
/ . .
incident bower.‘The listing for PACKAGED_ DIODE appears at the
end pf this appeﬁdix
’\\ \ . -
At microwave frequencies, a useful method of characterizing
' ‘ 2
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= C = 0.35pF
T ¢ P

-~

Fig. A3-1 The equivalent circuit for the fictitious diode. The
package paragitics are the same as the published values ;for
diode used in the fin line amplifier (NEC NDBT11W-5H).

nonlinear devices is to obtain their reflection coefficients for
different incident power levels. Te simwlate this, a third
program called QWIKDIOD1 was written to convert the impedance
versus RF current description of the dicde to a reflection
coefficient versus incident power description. Because of the
nonlinear interdependence of RF current, reflection coefficient
and incident power, the reflection coeffiéient cannot be written
as an explicit function of incident power. Instead, the program
uses a method of successive approximations - that becomés
sufficiently accurate after -less than six i.teu:at:'lonss.‘1 The
results of this simulated characterization are presented in Figf
Aﬁ-z as characteristic curves of T versus frequency for

D
various incident power levels.
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INCIDENT POWER(W)

i
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Fig. A3-2 Characteristic curves for the fictitious IMPATT diode.

The program listings for QWIKDIOD1, PACKAGED_DIODE, and
Z_OF_IMPATT appear next:
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The " S-parameters

APPENDIX 4
THE DE—EﬁBEDDING FORMULAS OF KRUPPA AND SODOMSKY

of the unknown 2-port in Fig.

A4-1-

can be

determined, £from the s-paramétersfof the embedding 2-ports and

from

the mnmeasured S-parameters of the cascade of

2-ports.

Explicit formulas for the S-parameters of the embedded 2-port

are [1]
° ) ’
(l) (2) (2) (2) (2) (2)
(Rp - (82" (R )+ Sy 1 - 855 TRty
S, = -=emommemmms——mmooeoos : --------------------------- (A4-1)
D
(L), (2)
TRSZI S12
512 = mmmm e (quf)
D .
(2) (L -
TpS21 512 .
3Syy = mmmmmm—--- (R4-3)
D
(2) (l) (1) (l) (1) (1)
(RR - S )[S - Sll ) o+ S ] - 522 T T
§,p = TmmT T TEmT oSS oo oo m oo oooooomo oo (R4-4)
D
\G
# where D = UV - W v
- (1) (1) (l) (1)
U = 545 S21 S32" (R = S 7)
_ (2) (2) (2) (2)
Vo= 8517815 * S35 (Rg = Spy7) . r»///
_ e (2) (L) 7 .
W =55 S22 TRTF
R.. Tp. Rp. and T, are “the measured S-parameters of the
. compogite circuit in Fig. A4-1. RF.and TF are the reflection
72



. (Ry)

~. 1 T'(.'
S(l) Sa1 SS), .
18 ) (2)
151 ng)n 151 Spak Y522 s{¥y
Q1 P (2) -
3 . s
12 $12 | 21
Re - (1)
; (Ty) FORWARD '
REVERSE

Fig. A4-1 An unknown 2-port embedded between two known 2-ports.
. hY

The forward S-parameters of the entire cascade are RF and
TF’ The rgvgrse S-paramters are RR and TR'

.and transmission S-parameters,- resp. measured in the forward
‘direction (left to right in the figure). 'RR and T, are the
reflection and transmission S-parameters, resp. measure& in the

reverse direction (right to left in the figure).

L3
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‘APPENDIX 5

-~

A DETERMINATION OF THE RANGE CF 522 FOR A LOSSLESS EQUALIZER
THAT WILL OBTAIN THE REQUIRED GAIN FROM A

v NEGATIVE-RESISTANCE DEVICE

In Seéﬁ 3-1 it is shown that, when a lossless equalizer is
connected to a negative-resistance device (N.R.D.). the circuit
must satisfy the the following restriction:

‘ 2 T2 .
2
v ‘ !FDI -1 A
_where K = e :
G -1 B )

G = amplifier gain .

FD = reflection coeff#cient of the N.R.D.

822 = match terminated Feflection coefficient of the

logsless equaliZef as“seen by the N.R.D. -

The squared magnitude of 1 - PDSZZ can be obtained by a

direct application of the cosine law. The result is

2 ' 2 o
1+ IT8,,17 - 2ITpS, lcos(e) = K(1 - I5,,1%) ;:"‘ (A5-2). .

where « = axg[FD] + arg[szz]

———

Isolating cos(x=) and simplifying gives

COB(®) = ——mmm—mmm J“(:: ------------- - (A5-3)
21T, 118, 2|1 : - -

Since cos(«x) must be less than or equal to one, the limits for

|s

—

22] cin be found by solving ‘ -
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+ K) |55, 1

(A5-5)

When 522‘ is within these limits, its argument can be found from

arg[Szz.] =(= - arg[[]

.\ P
-
- e .
,;, = i
' A9
¥
i #\
. _""\.—-—"“ — [
L < s
3 of
—_ g, s
o \*‘q 8 -

(AS-6)





