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I. INTRODUCTION

Since the discovery of the TRAPATT mode of operation many
investigators have attempted to develop broad-band TRAPATT amplifiers.
Gibbons and Grace! constructed an X-band amplifier having a saturated
power output of 19 W, 7 dB gain and 29 percent efficiency at 8.6 Gliz.
The device was tested in an X-band reflection type amplifier circuit
operating at a duty factor of less than 1 percent and a bias pulse
width of 0.2 uys. Cox et al.? developed a TRAPATT amplifier operating
between 8 and 8.5 GHz with peak power output as high as 34 W and 12
to 16 percent efficiency. Fong and Ying? used both n-type and p-type
TRAPATT diodes in a coaxial air-line circuit employing an impedance
transformer close to the diode and two tuning slugs. For the n-type
TRAPATT operating at 5 GHz the peak power was typically 18 to 25 W,
the gain 5 to T dB, the dc-RF efficiency 2% to 30 percent and the
3-dB bandwidth was 3 to 5 percent. The comparable results for the
p-type TRAPATT amplifier operating at 8.73 GHz was 2 to 4 W, 4 to 9
dB gain, 18.5 percent efficiency and 2 to 7 percent bandwidth.
Additional work by Fong et al." using a fix-tuned MIC amplifier cir-
cuit resulted in approximately 90 W, 5 dB gain, 20 percent efficiency
and a 3-dB bandwidth of 17 percent. It should be emphasized that
these results were obtained without the benefit of any tuning.
However, considerable work was devoted to characterizing the circuit
using a network analyzer, and to cire' ¢ modeling with the aid of
a computer. It was evident from these esults, as well as from the

work of others, that the circuit is the dominating factor in TRAPATT

operation whether it be as an oscillator or as an amplifier.
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Curtice et al.® utilized the second-harmonic-extraction approach
to develop an X-band TRAPATT amplifier. They designed the device such
that the RF input and output signals were twice the TRAPATT funda-
mental frequency. Typical results for their amplifier were 10 to 12
W, 6 dB gain, 10 percent efficiency and a 200 MHz bandwidth at
approximately 8 GHz.

There have been numerous other recent investigations on TRAPATT
amplifiers but in every case one of the major obstacles has been the
inability to create a broad-band amplifier. Progress has been made
but the problems are far from being resolved. The purpose of this
program was to determine theoretically and experimentally the circuit
characteristics needed to achieve broadband amplification with TRAPATT
diodes. The investigation was divided into three main steps:

1. Theoretical determination using computer simulation of the

required real and imaginary parts as a function of frequency for the

amplifier circuit.
2. Synthesis of amplifier circuits, if realizable, which would

match the required circuit characteristics.

)

3. Construction and testing of the circuit designs obtained in 2.

II. DETERMINATION OF CIRCUIT CHARACTERISTICS
To model the TRAPATT device, a computer simulation program
developed by Paul Bauhahn of the Electron Physics Laboratory was used.®
The numerical method is explicit in the drift current and half implicit
in the diffusion current. The method begins by assuming that n and p
(electron and hole densities), JN and JP (electron and hole currents)

and E (electric rield) are known throughout the diode at one parti-

cular time. Aiso, the terminal voltage, VT‘ which exists across the
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diode at the next time step is specified. Given this information, the

simulation calculates the diode current at the next time step. The

actual sequence of steps implemented by the program is as follows:
l. p and n are calculated at the next time step using the

equations

i RN A N

ot q X 8 (1)
and

on 1l 9JN

—_— = = —— 4

9t q 9x e s (2)

where G is the generation due to avalanche multiplication.

2. The electric field E is calculated at the next time step from

Poisson's equation (once n and p are determined)

3E
90X

The electric field must also satisfy the equation

W
[

(e]

= 2@-n+n-p . (3)

(&)

1}
<

where N and P represent the doping densities Nd and NA’ respectively,

and W the length of the diode.

3. The currents JN and JP at the next time step are calculated

from the equations

JN =

)
qpnnE + an R (5)

aX
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4. The terminal current (not including the displacement component)
is calculated from
el ;-Iw (JN + JP) dx (7)
it W p ;

At this point the cycle is repeated, the terminal voltage for the
next time step (two steps ahead of the starting time) is specified, and
the current for this time step is again calculated.

The above simulation is a voltage-driven scheme; i.e., the diode
terminal voltage is specified as a function of time and the resulting
diode current is calculated as a function of time. However, the program
can also bz used with a current drive. In this case JDRIVE(t) is the
driving current at a particular time t, while JT(t) is the terminal
current less the displacement component as calculated in 4. The difference
in these quantities yields the displacement current so that the voltage

VT at the next time step becomes

t + At) = V.(t) + [IDRIVE(E) - JT(t)] (8)

2 T

23

i

where Cd is the diode capacitance e/W plus any additional capacitance
which might be in parallel with the diode.

Whether a current drive or a voltage drive is used for the
TRAPATT cycle, two major problems arise, that of convergence and that
of realizability. For example, if a periodic current drive is applied
to the device, the resulting voltage waveform should also be periodic.
In fact the state of the diode at time t should be identical in all

respects to the stete of the diode at times t + nT, where T is the

current period ana n is any integer. The problem of convergence is a
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difficult one for TRAPATT operation because avalanche multiplication
is a random process which tends to work against any periodicity of the
solution.
Even after convergence has been obtained, the solution may not
be realizable, i.e., a Fourier analysis of the resulting voltage and
current waveforms may not yield a negative resistance at all harmonic
frequencies considered. This is the case for the idealized step current
waveforms that have been used in some previous TRAPATT analyses.7’8 {
A number of different techniques have been formulated to bring
about convargence in the TRAPATT cycle. These techniques use either a
current-driven or a voltage-driven scheme. The general current drive
waveform used in the s:imulations described in this report is shown in Fig. 1.
The amplitudes of the various sections, Al, A2 and A3, and the angles of the
segments connecting the constant amplitude sections, 01, 62 and 63, are all
variable parameters. Once these parameters have been set, the times
tl - tg are determined during a preliminary simulation to guarantee that
the voltage recovers at t5 approximately to its iwnitial value at t = 0.
A3 is low (~100 A/cm?) so that the voltage does not change significantly
between ts and T.
An example of a converged solution using this type of current

drive is shown in Fig. 2. The voltage and current waveforms were

Fourier analyzed to obtain the diode impedance and power generated at

the first five harmonics; the results are given in Table 1, where F is
frequency in GHz, PRF is power generated in W/cm?, EFF is the efficiency
in percent, G and B are the real and imaginary parts of the admittance

in mhos/cem”, and R and X are the corresponding impedance components in Q/cm?.

VITAMP, VITANG, JIAMP and JIANG describe the amplitudes and phases of the lourier
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Table 1

Fourier Analysis of Fig. 2.

JDC= C.672E+04 VDC= 0.532E+02 PODC=
=1 F= 3.13 Pkf= 9.4457p+404  LiF= 26.39
= -4,.8628E+02 B= -2,5226E+22 R= -1.6204E-C3
VTAMP= 19.71 VTANs= 164.39 JIAMP=11868.5352

= 2 F= 6,27 PRF= 1.8152£+¢04 EFT= S0
G= =-1,4523E+02 = =3,6832E+)2 R= -“.2650E-0b
VTANP= 15.81 VTANG= 58.19 JIAMP= 9362.3281

I= 3 P= 9.40 PRP= -9.7555E+¢03 EFF= -2.73
= 2.,0161B+02 B8= ~3,9226E+02 R= 1.03C5E-03

VIAHE=  9.98  TTA'is=  =23,84 JIAMP= 7174.4344

1= P= 12.5 PRRP= =3,8326k4+03 EFf= -1.07
G= 2.63 2040 B= =7.96C1E+02 R= 3.7743E-.4
VIAMD= 17 VTANG= 64,13 JLAHP= 6539.4805
= 5 P= 15.67 PRF= 3.206CE+02 EFF= .79

3= =1.8673E+¢01 B= =-6,80C%E+02 2= =-4.0241L-05

VTANP= 5.86 VYTANS= -103.26 JIAMP= T7C05.25C0

EXECUTION TERMNINATED

BECT AVAILABLE COPY

v ~
T S5, ciaichisie e

0.358E406

X B.U058F-CU
\’IAN(’- 1-0-53

X= 2.3497E-03
JLANG= -U6.00

X= 2.0166E-03

JikNG= =-97.79

X=, 1.1302R-C3
JIANG= -141.72

X=  1.46752-03
JIANG= 165.85
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components of terminal voltage and current (less the displacement

component) according to the equations

VI(I) = VTAMP(I) sin [wt + VTANG(I)]

JT(I) = JIAMP(I) sin [wt + JIAMP(I)] ,

where the unit of current is A/cm2.

Although this is a converged solution, it does not represent a
realistic case because the diode does not exhibit negative resistance
at the third and fourth harmenics. A technique for circumventing this
difficulty will be described later in the report.

Table 2 lists the results of a Fourier analysis of the voltage
and current during the first cycle of simulation after the times tl—t5 were
determined so that the voltage recovered at the end of the cycle approxi-
mately to the starting value. It is seen that the impedances agree to
within approximately 10 percent up to the third harmonic. Evidence from
several such comparisons has indicated that the ¢i le can be well char-

acterized up to the third harmonic by a single cycle simulation, and that

it is unnecessary to go fhrough the time and expense required to obtain

a converged soluticn, at least as far as the diode impedances are concerned.
For particularly stubborn cases, it was necessary to use a
voltage-driven scheme to obtain convergence. This approach is more
effective because the diode is much more sensitive to small changes in
driving voltage than to changes in driving current, and the convergence
process consists cof varying some paremeter, such as the dec voltage level
cycle after cycie. lowever, this approach introduces new ditficulties,

some of which are illustrated in Fig. 3. 'The simulation her. was




JDC=

I=1

G= -4,5)93E+02
VTAMP=

‘1= 2

G= =-1.3459E+02
VT AMD=

I= 3
G=

I= 4
G=

I= 5

G= -6.6U22E+01
VTAMP=

2.0227E+02
VIAMP=

1.085184+4C2
VTAMP=

RBP4 SV S S—

10

Table 2

Fourier Analysis of One-Cycle Simulation

Using Current Drive of Fig. 2.

0.688E+04 VDC= 0.5301r+4C2 pDC= 0.364E+)06

PRF= 9.,7827E+74 cFF= 26.84
B= -2,7932E2402 R= -1,6C278-03 ¥= 9.9277E-T4

VTANG= 161.86 JIAMP=12312.9297 JIANG= 22.14

PRF= 1.8411E+34 EFF= 5.05

VTANG= 63.82 JIAMP= 9381.9180 JILANG= =39.90

PRF= -3.9045E+03 LFPF= -2.44
B= -4.1155E+02 R= 9.6I189E-04 Xx= 1.9571E-C3

VTANG= =-12,30 JIAMDP= 70192.0469 JIANS= =-86.61

PPF= =1.6)90E+03 EFP= -J.44

B= =8.3079E+¢02 R= 1.5458E=-04 X= 1.1835E-03
VTANG= -41.78 JIAMP= 6790.9492 JIANs= =-126.79

PiF= 1.2612E+03 EFF= J.35

R= =6,5327E+022 tH= =-1.5405E-04 Y= 1.5151E-03
VITANG= -84, 16 JILMNP= T207.17%%& QJIANG= =-177.42
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started using a current-driven scheme, where the initial curreat @rive
is the step waveform (with finite rise and fall times) shown in the
figure. The voltage waveform resulting from this current drive was
stored and used in successive iterations as the voltage drive. The
current resulting from this voltage drive for the converged solutions is

also shown in the figure and is seen to differ from the initial current

drive. This is because the stored voltage waveform is an approximation

of the actual voltage, i.e., it is composed of line segments connecting
the array storage points. Because the diode is so sensitive to voltage
variations (especially changes in slope that affect calculation of the
displacement current), the error introduced by this representation is
sufficient to distort the curre¢nt waveform. The current spike at the
end of the cycle is due to the discontinuity between the initial and
final values of the voltage drive. If the voltage drive is modified

so that the discontinuity is made more gradual, then the resulting total
current will differ from the original current drive over a correspond-
ingly larger portion of the cycle.

Table 3 shows a Fourier analysis of the final converged solution
for this case. Table 4 shows the Fourier analysis of the first cycle
of simulation for which the stepped current drive was used. Again,
good agreement is observed up to the third harmonic; however,
these waveforms are unrealistic at the third harmonic because the
real part of the impedance at the third harmonic is positive.

On the basis of the above information it was decided to design
the amplifier using only the first three harmonics. The results indi-
cated that good characterization of the diode could be obtained using

a one cycle simulation at these frequencies. The decision wus also
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Teble 3

Fourier Analysis of Converged Solution of Fig. 3.

G= -5.6048E402 B= -2.424TE+02 R= -1.5029E-03 X= 6.5018E-04
VTANP= 20112 VTANG= 162.29 JIAMP-13374.7813 JISNG=  14.82

5jj?aeoo¢ EFFs 4434,
+02 R= -1.5466E-03

1= 3 F= 1C.51 PRF= -9.3372E+403 EFF=  -2.25
—G= T 3301998 ¥ 02 8T =3, 60RGEF02 R~ 1. 3656E=03 ~X¥ [TBI03ER03

VIAMPS 7,86 VTANG=  -5.27 JI1AMP= 6033.7266 JIANG= =-72.09
PG O T PRET ST ITISE¥ O R FE T <0503

G= S5.6273F+C0 B= -6.4078F+02 R= 1.37C4F-05 X= 1.56C5E-03

VTAMP- 6.8 VIANG= =24.53 JIAMP= 7570.8750 JIANG= -114.24

§oii s f= 17.51 PRF= -8.9120E402 EFF= - C.22

G= 3.7491E+01 B= --5.1804E+02 R= 1.38966-04 X= 1.9202E-03
AN 589 YTANGT T =2 NS T AP TSIV.ATAT T JTARGE =TT0.SY

BEST AVAILABIE (opy
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Table 4
Fourier Analysis of One-Cycle Simulation Using
Initial Current Drive of Fig. 3.

—.m' . i % ™ ; . ) LS i
I= 1 F= 3.5C PRF= 1.1794Ee05 EFF=  26.95 : :

VTAMP= 20.10 VTANG= 162.64 JIAMP=13770.0352 JIANG= 14.32

..’ & R 1 o‘.!“ ) -
$02 R= —~1.4374E-03 X= 2.9664E-03
) IAMP= 8972.6563 JIANG= -45.75

6= ~1 32295*02 fe -2.13'_
vvanv; 17.25 VIANG= 58,98

I= 3 F= 10,51 PRF= -9.3617C(+403 FEFF= -2.15
G= 3.0235E¢C2 B= =3.8949F402 R= 1.2436(-02 X= 1.,6021E-07

AT ANPET T8 TV TANGE 9365 I TAMPE 5249, J00C —JTANGE—=$3528 ———
= & F= 14.01 PRE= 5.9 Or8e02 EFF= - Oud4 . . u o
— RS OSIE=TS X Ts iy

VIANPS  6.90 JTANG= -24e94 J1A“0- T352.6133 JIANG= -116.19

- TI0Y
' -2e3491€400 B= ~s.4ssteocz Re -7.9224E ~06

X . 1.33643@03
MPe. 698 VIANG: -83481  J1AWP= 7776.9288 8
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motivated by the fact that RCA has successfully designed e TRAPATT
oscillator using a three harmonic design upproach.9

However, before useful design criteria can be determined, the
diode must be characterized over the entire design frequency band of
the amplifier, ranging from the low end of the fundamental band to the
high end of the third harmonic band. To obtain this characterization,
the diode must be driven in such a way that negative resistance is
exhibited at least for the first three harmonics.

One current drive which does give negative resistance is shown
in Fig. U4, along with the resulting voltage. The driving current is
triangular shaped and reaches its peak when the voltage is low. A
Fourier analysis of this one cycle simulation is given in Table 5. It
is seen that negative resistance is exhibited for the first five
harmonics. By making the initial rise of the current drive steeper,
higher fundamental efficiency can be obtained; the maximum efficiency
thus obtained was about 30 percent. This driving current is similar
to that experimentally observed by Snappl’as i1l rated in Fig. 5.

A series of such results were obtained for different frequencies
and for different values of capacitance directly in parallel with the
diode. Knowing the diode impedance characteristics over a frequency
band and the required gain, the external circuit requirements could be

determined. The type of circuit used is illustruted in Fig. 6.

The power gain of such a reflection ampliiier is given by
- TR+
Pou‘-, = YD ‘N \ (9)
* b
Pin Y+ Yy

where YD is the diode admittance (obtained from -nalyses like the one
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Table 5

Fourier Analysis of One-Cycle Simulation

of Fig. k.

—3bE= - -3+102E405- VDE= - OvH23F402 - PDHC= GoBA2E+C6

I= 1 F= 3.99 PRF= 1,046T7FE+05 EFF=  19.69
G=mB 105586402 B by 266TEHOY - R= —7,4958F-04 X=  5,245]1F-04
VTAMP= 15.29 VTANG= 149.43 JIAMP=17933,.G531 JIANG= 9.66
=2 F=7.58  PRR=  442243E+404 FFF= 7455 :
G= -4.1846E402 B= -4.9560F+02 R= -9.94606-04 X= 1.1780E-03
VIAMP= 14.21 VTANG=  55.71 JTAMP=12295.1445 JIANG= -63.21
I= 3 F= 11.5¢ PRF= 5,2005F¢03 EFF= C.S8
G= -1.2141E402 B= -3.8760E+02 R= -7,3556F-04 X= 2.3495F-03
—VTAMP=__ 9 26 VTANG=  =14.08 —JIAMP:= 7308.8750  JIANG= ~112492 —-
1= 4 F= 15,55 PRF= 5.0835FE402 EFF= 0.1C
6= =2 21246401 B= ~5,25256402 - R==8,00526~06— X= - 1,90056-083
VTAMP=  6.78 VTANG= =54.42 JIAMP= 7111.4336 JIANG= -145.63
—3=5 F= 10,94 PRE= 4, 4S19Es02 EFfF=__ 068 - - - — o~

“G= ~1.9853E401 B= -5.9704E+02 R= -5,5632F-05 X= 1.6731E-03
VTAMP= 6.70 VTANG= -109.7T J1AMP= 83R2.2461 JIANG= 199.32

BEST AVAI /4 (oPY
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shown in Fig. 4) and Y_ is the admittance of the lossless coupling

N

network terminated in the load resistance. For a desired gain, if YD

is known for a particular frequency, then a suitable YN can be deter-
mined by solving the above equation. This specifies the circuit in the

fundamental frequency band where amplification occurs. In the second

and third harmonic bands, the oscillation conditions must be satisfied,

IS sS——

Lalan X

N YD everywhere.

An example of the required circuit impedance ZN thus obtained is
given in Fig. 7. The fundamental band (solid) extends from 4 to 6.5 GHz,

the second harmonic band (dotted) from 8 to 13 GHz, and the third harmonic

band (solid) from 12 to 19.5 GHz. The area of the diode is assumed to be

10~"% c¢m?. The added capacitance in parallel with the diode is 0.38 pF.

For each simulation throughout the frequency band, a Fourier

analysis of the resulting voltage and current was performed, |ike

the analysis shown in Table 5. The fundamental power generated by
the diode is given in Watts/cm? by PRF, where PRF = (-1/2)(VTAMP)
(JIAMP) cos (VTANG - JIANG). To find the actual power generated, PRF

is multiplied by the diode area. The fundamental output power vs.

frequency calculated in this manner for the amplifier is illustrated

in Fig. 8. The diode is a p+nn+ structure with a 2-um n layer, with

n=8x 10!% em™3, The maximum power gain occurs at 5 GHz and is 15 dB.

The maximum fundamental efficiency of 28.3 percent occurs at 4.5 Gilz.
Figure 9 shows the impedance vs. frequency characteristics tor

the coaxial oscillator circuit used by Snnpp.l” Comparison with Fig. T

points cut some important qualitative differences between oscillator

and amplifier design. The wide variations in impedance of Fig. 9

ensure that the circuit can be tuned to present the most favorable
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impedance at a set of fixed frequencies fl - f however, when simultan-

L]
5

eous operation over the entire frequency band is envisioned, it is seen

that these wide variations tend to prohibit wideband operation. The
circuit characteristics in Fig. T indicate that the real and imaginary
parts should not vary considerably over the fundamental and second
harmonic bands; it is only at the high end of the third harmonic band
that resonant behavior is exhibited. As yet, the importance of the
shape of R and X in the third harmonic band is now known, but it is
probably less important than the first two bands because the least power
is generated at the third harmonic.

The next step in the investigation was to develop a circuit which
realizes characteristics similar to those of Fig. 7. This is discussed

in the following section.

IIT. SYNTHESIS OF CIRCUIT CHARACTERISTICS

The objective of this phase of the investigation was to determine {3
the type of lossless network which would lead to a close approximation
of the impedance characteristics of Fig. 7. It was also considered de- {4
sirable to include some provisions for tuning in the circuit design,
since there was no way of knowing how closely the requirements of an
actual diode would match the specifications indicated in Fig. T.

[t can be stated that a circuit of the type illustrated in Fig.

10, where a lossless network is placed in series with the load resis-
tance, will never synthesize the required impedunce. For this circuit,
the imaginary part of the impedance is Jjust the impedance of Lthe lossless

network, and it is well known from Foster': reanctance theorem that
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E . =26
9xX ‘
= > )
30 0 (10)
for a lossless network. However, it is readily apparent from Fig. 7 that

3x/dw < 0 for most of the frequency range thus violating Foster's
reactance theorem. :

A circuit which reasonably approximates the real part of Fig. 7

is a stepped impedance transformer whose section length reaches half
wavelength where the real part of Fig. 7 reaches its maximum. The
transformer would be matched to about 10 Q@ throughout the fundamental
and second harmonic bands, and the real part would increase to the

value of the load resistance at the half-wavelength freguency. Although
standard transformer designs were investigated, if was found that the
behavior of the imaginary part of the impedance for the transformer was
not a good approximation to that of Fig. 7. In fact, in the vicinity

of the half wavelength frequency the imaginary part reaches a positive
maximum rather than the required minimum impedance. Furthermore, from
Foster's reactance theorem it is seen that there does not exist a series
lossless network which can be placed between the transformer and the
diode to give the correct imaginary part.

: Computer-aided design techniques were used to synthesize the
required impedance. The circuit consisted of a stepped line of N
sections as illustrated in Fig. 11. The objective was to determine the
characteristic impedances and section lengths, (Il,...,LN) and
(1,,...51.) so that 2 (jw) would approximate the impedance of Fig. T

1 N N

as closely as possible. If the following error function is formed,

MR

E = NF;EQ 1 |Zyldey) = 2 (e, ) | (11)
d ” .
tay P Zs(jmi )
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where Zs(jm) is the impedance of Fig. 7 specified at discrete frequencies

<w1’“2""’wNFREQ)’ and where p is a positive integer, then the problem

of synthesizing Zg(Jw) becomes equivalent to finding (Zl,...,ZN) and

(L.,...,1 ) such that E is minimized.

1 N
The algorithm used to generate the solution presented here is one
of the Fletcher-Powell minimization schemes. The minimization program
was written by Prof. Calahan of The University of Michigan. This method
requires calculation of the partial derivatives of E with respect to the
optimizing parameters, which are easily obtained from one network
calculation using the methods described by Baua¢vr.11 This progr:
found to be very effective, especially in problems when the initial
values of the optimizing parameters are far from the values at the error
function minimum.
First a series of minimizations for different values of N wer
carried out to determine the circuit complexity required.
so that ZN(Jw) was reasonably close to Zs(Jm), and the improvemen
obtained by using an (N + 1) section circuit instead of an
circuit was minor. It was found that N = O sections fulfilled thes
requirements, at least in the fundamental and second harmonic frequency
bands. It was hoped that, since little power is generated at the third
harmonic, the mismatch between ZS(Jw) and SN(jw) in this band would not
impair the amplifier performance. Figure 12 shows the best ZN(jm)

obtained for an 8-section stepped line. Z.(jw) for a diode with a

2=um N layer and area of 2 x 10~% em?2 is also shown. Note that the

s P AT ey e 0 a4 T ) T AT AT A At o o
vt e - T A S I A ) B S e T e TR AR

agrecment is quite good in the 3 to 8 GHz range ror both the real and
imaginary parts.
In this minimization procedure, it is entirely possible that the

circuit parameters at the error function minimum will turn out to be
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unrealizable. For example, one or more of the Z's or L's at the solution

point could turn out to be negative. For the circuit of Fig. 12 the
parameters were all positive, but the values for the first section,

Z = 0.07T49 Q and 21 = 4,12 x 107% m, are both too small to be realized
in a practical stepped coaxial line. However, the fact that the length
is so small suggests that the first section can be realized as a lumped
element. The ABCD matrix for a single section of lossless line of

length 2 and characteristic impedance Z is given by

A B cos (gR) j%z sin (B2)
(B4 D !le cos (Bﬂ,)

where B = 25/A. If & is very small compared to the wavelength X, then
sin (BL) = pLand cos (BL) ~ 1. With these changes the B term beccmes

jZ2(ge), and since Z and B are very small, this term may be neglected.
Using these approximations, the matrix becomes

A B 1 0 r- ] O-I
e ’ (1 \)

where ¥ is the velocity of light. However, Eq. 13 ic just the ABCD
matrix of a shunt capacitor with a capacitance of &/Zv farads. This
suggests that the amplifier circuit should present a shunt capacitance
at the diode terminals of approximately 1.9 pF. Also, in the diode
computer simulation it was assumed that an added capacitance of 0.5 pF

existed at the chip terminals. Thus the circuit should provide a total

added capacitance of approximately 2.3 pl.
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Figure 13 shows the resulting circuit; Table 6 presents the
characteristic impedances and lengths of the sections and also the
final error function gradients at the error function minimum point.
The meaning of these gradients can be understood referring to Eq. 11
for E(Zl,...,Z8 and Ql,...,ls). For this particular minimization p

was set to 2, and

_ 9E
GRAD(Zi) il el
A
K
. - 9B )
(xRAD(li) = X (1h)

Therefore the gradients are a measure of how much the error
function E will change if a single parameter is varied. It is seen
from Table 6 that variation of El or Zl’ or equivalently, variation of
the shunt capacitance at the circuit input, will produce a change in E
much larger than a corresponding variation in any of the other parameters
would produce. This suggests that tuning ot the amplifier circuit can
best be accomplished by varying the shunt capacituance.

Figure 14 shows the effect on ZN(Jw) of deereasing the shunt
capacitance from 1.83 to 0.69 pF. Comparison with Fig. 12 shows that
decreasing the capacitance tends to make both the real and imaginary
parts of ZN(Jm) more positive. Figure 15 shows the effect of increasing
the shunt capacitance from 1.83 to 2.5 pF. Comparison shows that the

effect is mostly to lower the real part of Z_(Jjw) in the second and

“N

third harmonic bands.

?
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Table 6

Parameters and Gradients at the PFrror Kunetion Minimum,

Zi(Q) GRAD(Zi) )Li(m) GRAD(SLi)

7.49x10™2 - 0.542 4.12 x 107° 988
7.35 3.36 x 100 1.38 %10 - 8.49

32.8 1.50 x 103 1.06 x 1077 - 0.411

20.3 1.86 x 1073 1.20 x 107¢ - 2.18

25.8 5.67 x 1073 1.43 x 107° - 1.38

28.8 3.99 x 1003 1.42 x 107? - 3.65

33.9 9.3¢ x 167% 1.16 x 107° - 2.07

42,k T30 = I0°% 1.26 = 1672 - 5.92
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IV. CONSTRUCTION AND TESTING OF THE CIRCUIT

The circuit described in Fig. 13 and Table 6 was fabricated as
a coaxial stepped line. The shunt lumped-element capacitance was pro-
vided by a ceramic disk surrounding the diode package, as illustrated
in Fig. 16. By varying the diameter of the metallized layer in contact
with the top of the package, the shunt capacitance could be varied.
Several ceramic disks with different metallization diameters were fab-
ricated to provide the tuning capability illustrated in Figs. 14 and 15.
To provide more flexibility, the remaining seven sections were fabricated
separately, so that all seven sections could slide together to form the
stepped line. Initially three different pieces of varying lengths were
made for each step, with the middle-sized pieces conforming to the
values given in Table 5. Thus the circuit can be further tuned by
changing the lengths of the T sections separately.

Diodes of 2-pm epitaxial width were bonded in small packages
designed to operate up to 30 GHz, so that the parasitic lead inductance

was reduced and the parasitic capacitance increased. Examination of

Fig. 12 shows that Im{ZN(jw)} is already more positive than ]m{ZS(jM)},

50 that the introduction of a parasitic Jjwl. component to Im{ZN(jm)}
will cause the circuit impedance to further deviate from the desired
characteristics.

The stepped line and shunt capacitor just described are located
in the "lossless network" box of the reflection amplifier circuit in
Fig. 6. Since in the design of this network a 50-( termination was

assumed, it is important that the circulator appears as 50 @ at port

throughout the frequency band. Unfortunately, circulators are designed

to be matched over a one octave bandwidth at best. This vugprests

-36-
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that, if the circulator is matched throughout the fundamental band,

-

then it is not possible to obtain a match at the seccnd or third
harmonic except at certain isolated frequencies in the bands where
the circulator impedance happens to fall near the center of the Smith
chart.

Figure 17 shows the input impedance at port 2 of an S-band
)

circulator from 2 to 4% GHz, with 50-Q terminations on ports 1L and 3.

>

The best match for the fundamental occurs at 3.94 GHz., As Mig. 18

shows, it so happens that at twice this frequency, T7.85 GHz, the cir-

culator is also well matched. Therefore when the fundaunentrid
frequency is close to 3.94 GHz, the circuit will be maitched ab
the fundamental and second harmonic although the bandwidih wi
undoubtedly be quite small.

rewit of Fig. 6 could

To alleviate this matching problem, the ¢
be modified as shown in Fig. 19. Throughout the fundamental band, the
highpass filter is cutoff and appears like an open circuit; therecfore
the fundamental frequency sees the nearly 50-Q input impedance at port
2 of the circulator through the lowpass filter. Frequencies at the
se rond and third harmonic bands are blocked by the lowpass filter
which is cutoff and appears as an open circuit. These higher frequen-
cieu are matched to 50 @ through the highpass tilter.

The coaxial stepped line was tested using: the contigursilio
Mig. Oy i.e0.4 without the increased mitcehing: capability which would
be provided by the circuit of Fig. 19. Many ditterent combinatiom
of* section lengths and ceramie disk metalization diameter were tried
but neithor amplification nor oscillation was observed fot any

these combinations.




FIG. 17 CIRCULATOR IMPEDANCE AT PORT 2 FROM 2 TO 4 GHz WITH PORTS

1 AND 3 TERMINATED IN 50 Q.
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(CULATE IMPEDANCE AT PORT 2 IN THE SECOND HARMONIC BAND

WITH PORTS 1 AND 3 TERMINATED IN 50 Q.
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To evaluate this problem, it was decided to measure the impedance
vs. frequency charactsrisitcs of the stepped line, as determined by
looking back into the circuit from the diode chip. This measurement
is difficult to make directly since the diode is mounted at the end of
the coaxial stepped line without any external connections; contact with
the circuit is made on the opposite side of the stepped sections where
the diode bias pulse is introduced. Therefore it was decided to use
an indirect method known as the de-embedding technique to measure the
coaxial line characteristics.

The de-embedding measurement procedure may be understood by
referring to Fig. 20. Port 1 corresponds to the point where the diode
bias pulse is applied and where measurements of reflection coefficient
can be made, in this case using a Hewlett-Packard Network Analyzer.

The incident voltage wave is ao and the reflected wave at port 1 is

bo. Port 2 corresponds to the diode chip terminals inside the package;
a, is the voltage wave incident and bl the wave reflected at port 2.
The unknown network comprises the stepped coaxial sections plus the
package and mounting parameters; i.e., everything between the bias
iiput at 1 and the diode chip at 2. The objective is to determine the
impedance seen by the diode chip, looking in at port 2, when the
intervening network is terminated at port 1 with 50 @ (this termina~
tion assumes that the circulator shown in Fig. ¢ looks like 50 Q at
input 2). However, it is possible only to measure the reflection
coefficient looking in at port 1 and not at port 2. The de-embedding
technique requires that three measurements be made at port 1: T

ml’

I , and I' _. For each of these measurements a different known ter-

m2 m3

minating impedance ZT is attached at port 2; i.e., the measurement
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B is taken with the termination ZTi attached. From Fig. 20, it is

seen that

bo a1 P Zo
= —— = — = = (18)
Fmi a ¥ PTi b 7. 7 K- 1.2,3 . 15
fe) it Jiga o

The unknown network is characterized by the equitions

= g
B Sooao Solal ?

it SRS By RS (16)

An alternative approach to de-embedding is illustrated in Fig.
21, where the unknown network is represented by Z-parameters. This
was the first method used in this investigation but it was tound to
be inferior to the S-parameter method. Although the impedances (2‘.m,L
are used in the de-embedding equations at port 1, one actually measures
the Pmi's as before, hence requiring the introduction of the following
transformation:
7 = Z i—ileL (17)
mi ol - rmi ’
It is seen that if rmi approaches 1, considerable numerical error
may be introduced by this transformation.
From Fig. 20, it is apparent that
8¢ r

T
r_, 3 gl 31

mi 00 S“I‘Ti -1

il
-

-
1]
b

-
-
w
-
pr
e
x
—

and from Fig. 21,
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FIG. 21 THE DE-EMBEDDING MEASUREMENT TECHNIQUE; Z-PARAMETER METHOD.
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In Eqs. 18 and 19, the Tmi's (and hence the Zmi‘s) are known

from measurement and the I'...'s and Z_.'s are assumed known; therefore

it P

the unknowns are the three S-parameters in Eg. 18 and the three

Z-parameters in Eq. 19. Solving for these unknowns yields

P b Bkl =P 7 AP =)

rm1(1T2 R & m2 T3 T1 m3 ' Ti s

S = :
- T + ¥ - + 7 i e A 4
¥ I‘Tll.‘rl'll(FTZ IT3) 1“TZI‘m.'Z(I’I‘S I‘TI ) I 'l‘3rm?(l'[‘l T2 /
(20)
- Y + .
LAl S0P o Ty = T * TioTrn = TPy
S (rTl = Ty
and
- - S
g2 B b sleri)(rmi oo) gl 5l
ol 8 % gL =B
ol
for Eq. 18 and
- Z - - (7 - 0 AR o
Z = (Lml Zm3)(/m1ZT1 ZmZZT?.) ( ml m;’)(lml T1 m3 'L'B)
1 B - - il =g By, = % !
: (Aml Zm3)(Z'I‘1 ZTZ) (lml m?)(le /Tx)
0 - + 7 - 7
m2 T2 Zmlle Zl 1 (LTI "1'2) a
Z = - . 3 (21)
22 Z . =2
ml m2
and
2 = y - 7 Z + I o= ly@3
le (zll zmi)(b22 ZTi) W L
fotr Bg. 19.

I1 this way the S or Z parameters of the network intervening
between the measurement port and the diode chip were found. In order

to obtain the three known terminating impedances BT’ a TRAFPATT diode

was used which was reversed biased below breakdown, so that it behaved




P Iy o

as a varactor. Three different bias voltages were used, for each of

which the diode capacitance was known from previous C-V measurements,
and the diode series resistance was estimated based on the doping pro-

file. (Onece the Z..,"s (and T ) were known, the measurement of

1
i T S

P (and Zmi) at each bias voltage yielded sufficient information to
solve for the S parameters according to Eq. 20, or the Z-parameters
according to Eq. 21. The resulting network contains all elements
between the measurement port and the diode chip; i.e., the bias T,
the stepped coaxial sections, the ceramic disk surround:is the package,
the package parasitics and any other elem nts which might be included
in the circult.

After the S (or Z) parameters were sbtained, the impedance which

the chip would see if port 1 were termi-: cec n 50 Q (aO = 0) was

obtained from

145
Pt B el
e B
or
ZZ
R R - S (22)

+
22 le 50

Figure 22 shows the first de-embedding results for the case where
the stepped coaxial sections and the ceramic disk have been removed;
also a larger (S-l4) package was used. The only element in the coaxial
line besides the bias T, necessary to set the varactor bias, was a
small dielectric support to properly position the center conductor.

The impedance plotted is the impedance which would be presented to the

chip if the empty cavity were terminated in 50 Q. Zm1 and Zm2 were

separate measurements performed on different days to test repeatability.
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The Z-parameter algorithm corresponding to Fig. 21 was used for these

L e

measurements. is the impedance one would expect to see for the

ZTHEOR

e

empty cavity assuming the bias T is well matched; the circuit used to

calculate is shown in Fig. 23.

ZTHEOR

There is evidently considerable discrepancy between measured and
theoretical results in Fig. 22. In addition, the peak-to-peak varia-
tion in measured data is much greater than would be exvected for such
a simple circuit. At this point in the investigation, two reasons for
this discrepancy were proposed. The first was related to the trans-
formation of Eq. 17. The Fmi's are for a nearly lossless circuit,
since the only loss is the diode resistance and the loss in the empty
coaxial line, and it is precisely when Irmi‘ approaches unity that one
is likely to have difficulty with this transformation. The second
reason was the error introduced by the network analyzer system.

To remedy the first source of error, it was decided to convert
to the S-parameter algorithm so that the transformation in Eq. 18 was
avoided. As for the second difficulty, a network nalyzer error
correction procedure was formulated. This correction procedure uses
the de-embedding technique illustrated in Fig. 20; the S-parameters
of the unknown network now represent the errors introduced by the
| network analyzer, and it is assumed that these errors are adequately
represented by a linear, reciprocal two port. FPort 2 of Fig. 20 is
now the physical point where an unknown is connected for network
analyzer reflection coefficient measurement. Therefore the FTi‘s are
the actual reflection coefficients of three known, standard termina-

tions, e.g., a short, open, and matched 50 Q load. The reflection

E coet'ficients e at port 1 are the readings displayed by the network
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analyzer. In general Fmi will not be exactly equal to T because

g2

the network analyzer introduces systematic errors in the measurement
system. The error correction procedure consists of obtaining three
measurements, the Fmi's, corresponding to the three known terminations,

the T s. Then Eq. 20 is wused to obtain an S-parameter character-

1
Ti
ization for the measurement errors. If the S-parameters are denoted

(& (= e
by S_.s Sol’ and Sll’ taen for any future measurement for an unknown

termination, qu, a corrected estimate for the actual reflection

coefficient of the unknown can be obtained by writing

qu i Szo
F = e 2 e e : (23)
4 (Sol) ki ll(rmu > SOO)

Depending on the accuracy to which the T standards are known,

i
and the precision with which the Fmi can be read from the network
analyzer, Eq. 23 should be capable of eliminating all linear errors
in the measurement system.

The measurement of the empty cavity with ti dielectric support
was repeated, incorporating the S-parameter algorithm and the error
correction procedure; the results are given in Fig. 2k. It is seen
that as a result of the error correction the measured curves are much .
smoother than those of Fig. 22. The agreement between measured and %

theoretical results is reasonable for the imaginary part, although a

better circuit model is needed to obtain good agreement.

Figure 25 shows the measured and theoretical impedance (with
error correction) for the amplifier circuit, with the seven stepped
coaxial sections and the metallized ceramic disk surrounding the

package. In this figure, 2 is the impedance of the eipgh%t sections

THEOR




-52-

"NOILOEHHYOD HOHHH

HIIM ENIT TVIXVOD ALIWI HOd HFONVIIJWI QALOEAIXH XTIVOILIHOTHI ANV TIHNSVIW #c

ZH9 ‘AON3ND3Y4

Ov, e & pe TEFe 0L . 982 9T T T2, 02
I I _ _ _ ! _ _ T o

)

o »\.o

s~ e e |

4 -~ ~ ~

(4031 7)w Bl (Wzyw e —oz

ov

09

08

00!

‘014

T '3ONVA3dNI




ZH9 ‘AON3NO3IYS

(08 4 8'¢ 9¢ v'e c¢e oe 8¢ 972 ve 2?2 (o )r4
_ I _ T I _ . T I =
5 Amouz.—vaE— i 5 Ly - &
o 6 % 0
OIHL gy 1 \\\vllltlllflllo.llj
i o e B
" 0\ O_.\\\.‘
' \ '.lllll.t\\\
/ey 7 —oz
/ .
¢ \\
\ e (Yz)w B
/ 4
/
.\ \\ —0%
/
4
oS
T ——— " TS i atian

*NOILOTYHOO ¥OMHMI HIIM IINDYID HETJAITAWY HHL 40 HINVAAIWI QIILOHIXHE ATIVOILIYOHHL ANV dHENSYAW

U ‘3ONVA3dNI

S "DId




e we

5k

I, e

vy

given in Table 5, terminated in 50 . The major element that this

model neglects is the bias T. It should be noted that the imaginary

part of the impedance is inductive, whereas it was designed to be
small and capacitive in this frequency range.

An effort was next made to determine what factors were over-
looked in the design and fabrication of the amplifier circuit which

caused the imaginary part to be much more inductive than intended.

It was thought the explanation might be the effects described recently
by Eisenhart.l? He proposes that the regions of space near the diode
package in the coaxial line store electric and magnetic energy and
that these regions can bpe accounted for by a lumped L-C network. For
the geometry of the amplifier ecircuit, this network essentially reduces
to a series inductance. This L-C network was incorporated in the cir-
cuit model. Also, the bias T was separately characterized, and these
measurements were included, leading to a hybrid model, i.e., one which
includes both idealized theoretical models of circuit elements and
measured data. The T-section amplifier impedance was measured, in
this case with an S-4 package and without the ceramic disk. Figure

2( shows the results of these measurements. The circuit model used

in computing 2 in Fig. 26 is shown in Fig. 27. Figure 26 shows

THEOR
much better agreement, especially in the imaginary part of impedance,
supporting the conclusion that the Eisenhart eftect was the significant
element which was not included in the previous circuit models.

In Fig. 28, the measured impedance of the empty cavity already
plotted in Fig. 24 is repeated. However, :THEM‘ was calculated from

a circuit model which, in addition to the elemcuts shown in Fig. 23,

includes the Eisenhart mounting parasitics and ‘1o measured
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characterization of the bias T. A substarntial improvement in agree-
ment of the resistive parts should be noted by comparing the two
figures.
Thus it appears that even with the package lead inductance
minimized, the series inductance due to energy cstorage in the regions
; near the package, as explained by Eisenhart, will make it very diffi-
i cult to obtain the broad-band capacitive impedance characteristice of

Fig. 12 using a stepped coaxial line. It should be recalled that,

even without this series inductance, the coaxial circuit optimiza-
tion program was not sble to synthesize the desired capacitive
Im{ZS} outside the fundamental band.

For the above reasons it was decided that = different kind of
circuit from the stepped coaxial line already discussed should be
fabricated for optimum amplifier performance. Fofore doing tnis, It
was decided to experimentally confirm the theoretical amplifier imped-
ance requirements of Fig. 12 by operating an existing oscillator cir-
cuit as an amplifier and measuring the circuit impedance at the frequency
of amplification.

An oscillator circuit with four tuning slugs was tuned so that
no output from the diode was detected unless an input signal at
approximately 2.2 GHz and 0.6 Watts was present. With this tuning slug
configuration it was found that, although the diode would not operate
without an external input signal, it was pessible for the generated
fundamental diode signal to be at a different frequency than the
input signal even with the input signal present. If the frequency of

the input was varied from 2 GHz to well above the miaband point at

2.2 GHz with the amplifier output monitored on o spectrum analyzer,
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the following sequence of events was observed. With the input

%3 frequency below the midband frequency by more than approximaitely
50 MHz, there was no signal generated by the diode except wideband

noise well below the input level. As the frequency of the input

- SRS

signal was brought within 50 MHz of the midband frequency, @ noticeable
diode signal began to appear at the midband point, i.e., at a frequency
different from the input frequency. This separate diode signal continued

to build up until the input frequency came to within 2 MHz of midband.

At this point, the diode signal shifted over and locked with the
input signal. The two signals remained locked together for approximately
3 MHz. If the input frequency was further increased, the diode signal

returned to its midband frequency value and its amplitude decreased

until the input frequency was approximately 50 MHz above midband, at
which point only low level noise was detectable from the diode. At

any frequency within the 100 MHz range, if the input signal was removed,
the diode signal also disappeared. The midband gain observed for this
circuit configuration was 8.6 dB.

The circuit is being optimized to improve the amplifier charac-
teristics, and equipment is being set up to measure the impedance vs.
frequency characteristics up to the third harmonic, using the de-embedding
method. Also, a lumped element TRAPATT oscillator circuit operating
in the 800 MHz range is being used as an amplifier, and similar
impedance vs. frequency measurements are being made. This data will be
compared with the previously obtained theorelicnl amplifier impedance,

and the two setus of impedance date will be used in designing future

amplifier circuits.




g V. CONCLUSION g ]

\\ ! 3

A description has been given of the device simulation computer

program which is the basis of the theoretical results obtained.

Different methods for obtaining solutions using this program with

* current drive and voltage drive have been discussed, and a particular
current drive yielding negative resistance at least up to the third
barmonic has been presented. It was demonstrated that a one cycle

simulation is sufficient to characterize the diode impedance, thus

avoiding the time and expense of obtaining converged solutions. Irom
a series of diode simulations at different frequencies, the required
impedance vs. frequency characteristics for a broadband amplifier was

presented. An optimization procedure was discussed whereby the param-

eters of a stepped coaxial line are adjusted so that the input
impedance approximates the required theoretical impedance as closely
as possible. The fabrication of the resulting circuit was outlined.
Impedance vs. frequency measurements of the fabricated circulit were
| presented and reasons given for discrepancies between the measured
circuit impedances and the expected impedance based on the original
circuit model. Finally, experimental results for an amplifier circuit
were given as well as suggestions for future measurements and i 3

circuit fabrication modifications. §;

)
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