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ABSTRACT

. With th,en_use of thres terminal devices being extended into the
millimeter Wave range, new e'onfigd?ationefor mou-nting thése
devices become necessary Th|s thesis descnbes a 20 GHz GaAs FET
‘ampllfler which uses a combtnatlon of, fmhne and mlcrostnp A new
" transition which has been developed to mtegrate these two forms of
transmission lines. is described.- Also descrlbed in this. thesis is a
transverse resonance program which has been used to calculate the

effective dielectric cohstant, characteristlc |mpedance and cutoff

frequency of a finline with narrow gaps and flmte metalllzatlon

thickness.
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CHAPTER |

INTRODUCTION

Field effect transistors (FETs) and mofe rec'efntly high -electron
mobility trahsistors (HEMTs) are being used in the design of low
noise amplifiers in the 26.5 to 40 GHz frequency range [1]; [2], [3]. In
addition,. an all FET receiver at 30 GHz [4] and a 60 GHz FET amplifier
[5] have been reported. This signals the movement. of three terminal
active devices into the millimeter-wave _frequency'range, a region of
the frequency ‘spectrum p‘revipuslly dominated by two terminai
devices. _ .
| In th‘is thesis the design of a 20 GHz FET amplifier using a
combination of finline and microstrip is described. .Finline is a very
attractive “transmission line medium at millimeter-wave
frequencies for many reasons. It exhibits lower dispérsion and less
losses than microstrip within this frequency range. Due to its
inherent shie‘iding, radiation losses are minimized. The tapered
transitions from the finline to waveguide are easily realized by
photolithographic technigues and provide a good return loss over a
relatively large bandwidth.
Although this amplifier was designed at 20 GHz due to the
availability of test equipment and devices, its design could be
scaled to millimeter-wave frequencies where the true benefits of

its design would become more apparent.



For the design of this amplifier scétfering parameters for the
transistor used (NEC- NE67300) w;ere 'availab'le from the .
manufacturer up to 18 GHz, Slnce 1t was deswable to predlct its
'peﬁonnance above this ﬁequency a dewce model was developed.
.ThlS model is described’ in Chapter 2.

In Chapter 3 the design process which was us'ed in the ‘design
oftM; amplifier is discussed. This mvbWéd‘deygnMQ an amplifier
which was unconditionally stable, had a reasonable bandwidth and
provided about 6 "\dB of gain at 20 GHz.

‘ Chapter 4 "desc'ribes_how the, ampli'fier which was designed in
Chapter 3 was realized using a finline microstrip cdmbination of
circuitry.. This chapter also desoribe‘s the design of the‘ tapers,
finline to microstrip transition and FET mounting structure.

Chapter 5 presents the rneasured results of the amplifier
described in Chapter 4.

Chapter 6 describes a‘ transverse resonance program which
was developed in order to i‘nvestigate the properties of finlines with
narrow gapwidths. This was required in order to evaluate the
parameters (effective dielectric constant, characteristic impe-
dance, and cutoff frequency) of a low impedance finline section in
the Uan;Mon section of the amplifier. | | i

'Chapter 7 presents the conclusions of this thesis.

The appendix “contains a listing of the program described in
Chapter 6 as well as the drawings used to make the split block
housing which held the amplifier circuit. '

In summary, this thesis descﬁbes the following origina

contributions:



1.) Broadband, low loss microsirip - to - finline transition. -

2.) Fast and accurate finline design program which accounts

for finite metallization thickr_wess. .

a

3.) Technology improvement : plated through holes which

simplify mounting and performance of finline circuits.

4.) . Configuration which allows an ampiifier to be mounted

in either a finline or waveguide environment.

5.) Novel biasing network which provides an overall

unconditionally stable amplifier

=y
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CHAPTER I

TRANSISTOR MODEL

The manufacturer of the transistor used in "the design of the
.amplifier-described in tHis thesis (NEC NEG67300) éUppIie.s_ S-
parameters fbr the frequency range 2-18 GHz. For investigating
properties of the FET above 18 GHz, a device model was developed.
This model was used to predict S-parameters up to 30 GHz. It was
formulated based on «the values of the measured S-parameters
supplied by the manufacturer. .

The optimization capabilifies of a microwave CAD program,
Super-Compact [1], were utilized to derive the component values in
the model. By using an FET model existing in the Super-Compact
Iibréry, the component values were chosen in such a way that the
cbr;wputed S-parameters of the mode! matcrjed the manufacturer
supplied S-parameters from 2-18 GHz. The model of the FET used by
Super-Compact is shown in Figure 2-1. Initial predictions for the
components shown in Figure 2-1 were taken from a typical FET

model described by R. Pengelly [2].



RD LD

aeqd s Y Y Y

L

== CGE <RI : ‘ T CDE -

o—
—

RS

Figure 2-1 FET Model



Table 2-1

Component Values in Device Model

G TRANSCONDUCTANCE _ 07

OGS GATE-SOURCE CAPACITANCE 32 pF
GBS GATE-SOURCE CONDUCTANCE ~ 991X10-6
' CDG DRAIN-GATE CAPACITANCE .03 pF
COC  DIPOLE LAYER CAPACITANCE .03 pF
CDS DRAIN-SOURCE CAPACITANCE " .03 PF
GDS DRAIN-SOURCE CONDUCTANCE 6.9X10-3
Rl  CHANNEL RESISTANCE : 10.3 Ohm
-RG  GATE RESISTANGE. 3.1 Ohm
"RD  DRAIN RESISTANCE 3.2 Ohm
RS  SOURCE RESISTANCE 4.2 Ohm
QE EXTERNAL GATE-CAPACITANCE .04 pF
CDE EXTERNAL DRAIN CAPACITANCE .02 pF
LG  GATE LEAD INDUCTANCE .03 nH
LD  DRAIN LEAD INDUCTANCE - .03 nH

LS  SOURCE LEAD INDUCTANCE .01 nH

After optimization by Super-Compact the values assigned to

the various components of the model were as shown in Table 2-1. In

this table, G is the transconductance which relates Ipg, the drain to |
source current, to VGgg, the gate to source voltage. CDC is the dipole
layer capacitahce describing the effect of a dipole layer which is
formed in the channel under the gate end of the drain. The other
components in the model are self explanatory.

Table 2-2 shows the manufacturer supplied S-parameters from

2-18 GHz. Table 2-3 lists the S-parameters generated by the model.

EY



_The manufacturer supplied values of S14 and Soo are compar.ed

. to those génerated by the mode! in Smith chart plots shown in Figure

2-2. S92 and So{ are compared in polar plots shown in Figure 2-3.

These plots indicate that a fairly accurate description of the device

is obtained with. the device model..

~

_ Table 2-2
Manufacturer Supplied S-Parameters

L

Freq - S11 . Saq St2 . . Sa
GHz Mag Ang Mag Ang- Mag Ang Mag Ang

0.950 -26.0 3.790 161.0 0.040 79.0 0.590-13.0

2

-4 0.890 -50.0 3.260 141.0 0.060 66.0 0.580-24.0
6 0.820 -70.0 2.830 126.0 0.080 56.0- 0.540-33.0
8 0.780 -88.0 2.550 114.0 0.090 51.0 0.500-42.0
10 0.730-102.0 2.210 104.0 0.100 48.0 0.270-48.0
12 0.710-114.0- 2.160 93.0 0.100 43.0 0.450-55.0
14 0.710-122.0 2.110 90.0 0.110 44.0 0.470-62.0
16 0.670-128.0 1.920 76.@ 0.110 43.0 0.490-64.0

18 0.660-140.0 1.810 63.0 0.110 40.0 0.520-70.0

o
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Table 2-3

Model S-Parameters

Freq
GHz
2
4
6
8
12
14
16
18
20
V22
24
26
28

n
-

S11

Mag -~ Ang Mag
0.905 26.4 3.836
0.862 -50.3 3.501
0.813 -70.6. 3.098
0.769 -87.4 2.714
0.707-112.4 2.108
" 0.686-121.8 1.88%"
0.670-129.7 1.694
0.657-136.4 1.538
0.647-142.3 1.407
0.639-147.4 1.295
0.632-151.9 1.199
0.627-155.9 1.116
0.622-159.6 1.043
0.618-162.9 0.979

S21
Ang
160.0
141.8
126.3
113.2
92.5
84.0
76.4
'69.4
63.0
57.1
51.5
~46.3
41.3
36.6

S12 |
Mag Ang

'0.030

0.055
0.074
0.088
0.107
0.114
0.120
0.126
0.131
0.136
0.141
0.145
0.150
0.154

74.0
64.2
56.0
49.7
41.6
38.9
36.7
34.8
33.2
31.7
30.2
28.9
27.5
26.2

Sap

Mag
0.577
0.553
0.527
0.506

0.482

0.478

0.477

0.480

0.484

0.490
0.497
0.505
0.513
0.522-

Ang

-12.2

-28.2
-32.5
-40.4

-53.8

-59.8

-65.5

-71.0
-76.9
-81.4
-86.4
-91.2
-95.8
100.3

The model has the most difficulty in simulating S2¢1 and Ss»2

their fairly nonilinear behavior with frequency as compared

other two S-parameters. Since this model was not used in the

due to
to the

design

of the amplifier except to predict out of band performance, such as

gain and stability, the fact that the model S-parameters did not

exactly match the measured S-parameters caused no design errors.

11
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" Once initial investigations into the design of ‘the amplifier v?vere
~completed, more accurate measured S-parameters became available.

These were supplied by the Space Electronics Division of the

-

Communications Research Cente;‘- in Ottawa. These measured S-

parameters were used in the final circuit design. Table 2-4 shows

the measured S parameter values. Table 2-5 shows the S-parameters
modified to include the effect of bond wires. 'The bond wires are

modelled as inductors equal to .2nH each at the gate ‘and drain of the
FET. |



Table 2-4

Measured S Parameter Values

13

FREQ MAG ANG

GHz

2.0

3.0, 0.900.

4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

S11
0.970

0.860

S11

-36.0 12.477
-49.0 11.868
. -60.0 10.828 —.A

DB .-

S21

ANG
-S21.

150.000 0.610

138.000
28.00

0.830 . -74.0 10.000”  123.00

0.800
0.790
0.780
0.750
0.730
0.720
0.680
0.650
0.670
0.640
0.640
0.670

0.670°

0.660
0.680

-85.0
-94.0
-101.0
-108.0
-112.0
-118.0
-122.0
-123.0 .
.-128.0 -
-135.0
-143.0
-147.0
-151.0
-153.0
-157.0

9.337
8.563

7.889

7.421
6.888

5.575

5.343
4.190
4.959
4.910
4.454
4.660
3.107
2.984
2.212

113.000
104.000
96.000
95.000
88.000
-84.000
79.000
78.000

72.000

67.000
67.000
64.000
62.000
54.000
53.000

MAG

S12

0.050
0.060
0.060
0.070
0.070
0.080

.0.080

0.080
0.080
0.080
0.080
0.090
0.080
0.090

0.100

0.100
0.100
0.090

ANG

..812

67.000
60.000

153.000
52.000

45.000

44.000

39.000
41.000
37.000
38.000
37.000
38.000

35.000

40.000
42.000
46.000

45.000 -
48.000

51.000

MAG
S22

~0.610

0.570
0.550
0.530
0.510
0.510
0.520
0.220

0.490

0.510
0.510
0.530
0.520

0.500

0.470
0.460
0.470
0.450
0.430

ANG
Spo

-20.000
-26.000
-30.000
-36.000
-43.000
-48.000
-51.000~
-56.000
-57.000
-61.000
-64.000 "
-63.000
-61.000
-58.000
-64.000
-71.000
-79.000
-83.000

-89.000




' Measured S Parameter Values

Table ' 2-5

(Modified to. Include the Effect of Bond Wires)

14

FREQ MAG  ANG

GHz

2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0

14.0

15.0
16.0
17.0
18.0
19.0
20.0

S11

0.970
0.897
0.851
0.814
0.787
0.772
0.759
0.726
0.699
0.688
0.644
0.608"
0.642
0.625
0.645

- 0.683

0.699
0.697
0.724

S11

-36.582
-50.578
-63.100
-79.631
-94.156
-106.588
-117.377
-128.165
-135.970
-145.991
-154.293
-158.759
-168.153
-179.742
168.725
162.053
155.154
149.992

‘144 112

DB

S21

12.648
12.174
11.275

10.603

10.082
9.433
8.867
8.469
7.958
6.706
6.477
5.374
6.123
5.930
5.339
5.492
3.876

3.639

2.687

ANG
Sa1

149.006
136.030
124.766
117.981
105.917
95.814 -
84.729
81.432
72.360
66.026
58.950
56.469
48.220
41.413
38.495
32.300
07.449
17.157
13.327

MAG -

S12°

0.041

0.052

0.063
0.064
0.076
0.077
0.080

0.090

0.090

-0.091
0.091

0.092
0.103

0.101

0.100
0.110
0.109
0.108

0.095

ANG
' ’ ‘
S12

66.069
58.030
49.766
46.981
37.917
34814
27.729

127432

21.360
20.026
16.950
16.469
11.220
14.413
13.495
14.300
10.449
11.157
11.327

‘MAG

So2

0.606
0.560
0.534

- 0.505
0.475
0.461

" 0.457
0.446
0.398
0.407
0.392
0.405
0.375
0.343
0.293
0.266
0.272
0.241
0.228

ANG

S22

-19.902 -
-25.970
-30.137
-36.488
-45.738
-51.958
-56.496
-63.450
-65.203
-71.302
-76.587
-75.960
-74.433
-70.134
.-80.993 °
-97.245
-114.125
-125.564
-143.141
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DESIGN AND ANALYSIS OF THE AMPLIFIER

3.1 INTRODUCTION

The amplifier described in this thesis was desigried as a narrowband .

high gain device. Very little attempt was made to optimize either

bandwidth or noise figure at the expense of gain since the purpose of -

the study was to develop a circuit configuration in which the
transistor itself would provide stable gain. Fﬁrther studies should
be initiated in order to improve the bandwidth and noise figure of
the.émpiifier.- Since the finlﬂine to microstrip transition appears to
be fairly wideband this would involve using a w'i'deband matching
network to increase the operating bandwidth of the amplifier.

e

3.2 STABILITY ANALYSIS

¢
An important. characteristic which must be. carefully .investigated
when designing ‘microwave amplifiers is that of‘stability. A
microwave amplifier can be either .unconditionally or conditionally
.stable. An unconditionally stable amplifier is one which can be
considered stable (i.e. non oscillating) for all passive load and
~ source impedances. For a conditionally stable amplifier however
there exist certain load and source impedances which cause tHe real
part of the input and output impedance of the network to becorﬁe

negative, thereby forcing the input or output reflection coefficients

to be greater than unity. To determine whether or not a transistor is



conditionaily or unconditionally stable Rollet's stability factor [1] is
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calculated. )

| " S22l2 Y
K=1 + IS11822-S12'821IZ-|S11I2-§5]‘;2—ég (3-1)

The transistor is conditionally stable when K is less than unity.

-Woods [2] showed that for a device to be unconditionally stable, K

must be greater than unity and the quantity Bi must be positive.
Bi=1 + [S11]2-[S22/2- [A|]2 (3-2)
A =8S11822 - $12821 | (3-3)

When the device is ;:onditionally stable one can draw stability
circles on a Smith chért to indicate the values of load and source

\
impedance which will cause instability of the circuit. These circlés

can be determined as follows:

Sii- ASH)"
Center "Cgj = (Sii ) i) (3-4)
Radius Rg:JSLSmL (3-5)
D
Di = [Sil2- |a]2 (3-6)

where i=1, j=2 when the input stability circle is being drawn, and

1I=2, j=1 when the output stability circle is being drawn. The ™



signifies the complex conjugate The area on the Smith chart which .
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represents—stable—operating—conditionsis “either outsnde “oF inside
the stability circle depending on whether |Sqq] is greater or less
than unity and whether or not the origin of the Smith chart -is

enclosed by the circle. Here, [Sq1] is less than unity. in such a case

if the circle does not enclose the origin the region OUtSIdB the

stability circle represents the stable region. When the origin is
enclosed by the stability circle the region within the stability circle
represents stable operatli{é“rcondmons .

Based on the above equations, a stability analysis of the
transistor (NE67300) used in this study was undertaken. Table 3-2
depicts the results of a Touchstone [3] analysis and shows the value
of K and By From thesé results one can‘ see that this transistor is
only conditionally stable at most frequencies below 10.0 GHz. The
locations of the stabﬁiﬁty circles and the .regic.m of stability i.s
indicated in Table 3-1. The magﬁitude, angle and radius of the
circles are given for the input (8B1) and the output (SB2). In_all
cases the stable region is located outside the stability circle. A plot
of the stability circles is shown in Figure 3-1.

These figureé and Table 3-1 emphasize the fact that the
transistor is only conditionally stable. However, there are two ways
of assuring stable operation when using a potentially unstable
device, 1) alter the network so that thé stability circles lie outside
the Smith chart or 2) limit the gain such that the network operates
in the stable reg\;ion. The second method is treated in [4]. If one

chooses to limit the gain of the amplifier, it must be kept below the



rnaxiknurh stable gain (MSG) to ensure stability. This can be
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MSG = {S21/S12| (3-7)

- The values of the MSG are shown along with K and By in Table
3-2. When K is > 1 the maximum available gain is shown. Maximum
available gain ‘is ‘defined in the: next sectio'n of this chapter. Early
aftempts at designing the amplifier described in this thesis were
based on.designs which limited the gain to. below MSG and utilized
source and load reflection coefficients oufside the stability circles.
These designs proved unsuccessful in that they still tended to be
unstable at low frequehcies. One reason for their unstability is due
to the fact that the transistor was seeing the reactance of a cutoff
finline at low frequencies (i.e. bélow cutoff). There are presently no
means to calculate the reactance of a finline below cutoff. This
makes it very difficult to predict whether or not a conditionally
stable transistor placed in a finline  will oscillate at frequencies
below the cutoff frequency of the finline.

Early attempts at mounting a FET directly in a finline circuit

resulted in unpredictable oscillations due to the low frequency

—

cutoff behavior of the fiﬁline. At this point it became clear that the
combination of finline and microstrip described in this thesis would
be better suited in this application The impedance seen by the FET at
low frequencies could be predicted so that these oscillati‘op
conditions could be avoided. By proper design of the bias circuit the

lower out of band frequencies would see a 50 ohm load. As seen from
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the stability curcles this represents a stabie load at all frequenmes

At—the— deS|gn—~frequency—the bias_circuit_is._designed_such_that the

FET would see the finline. The ‘cwcun configuration which  allows

this is described in the next chapter.
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EEsof - Touchstone e‘01/28/88 - 14:41:33 - gTAB

INPUT © g?;e
OUTPUT+ S22,

Figure 3-1 Stability Circles

Table 3-1  Stability Circle Locations

FREU-UH, MAGLEDL) ANOLEB1) RADLEHIJ FAKLSDHL] CHLLOEL) ANGLDBLS HEULBB<d rFehlobidld
STAB . E£TAB 6TAB STAB ETAEB STAB ETAB STAB

2.00000 1.034 39.037 0.0%90 1.000 2.871 73.038 2,369 1,000
4.00000 1.174 &3. 459 0.129 1.000 2,053 51.481 0.874 1.000
&. 00000 1.317 94,201 0.429 1,000 2.8435 77.%577  2.099 1.000

8.00000 1.34%  110.349 0.439 - 1.000 2.549 81,737 1.747 1.000
10. 0000 1.400 119.440 0.416 1.000 2,305 79.735 1.334 1.000
12, 0000 1.460 128,722 0.395 1.000 1.944  78.604& 0.859 1.000
14.0000 1.517  134.069 0.454 1.000 2.013 77.054  0.923 1.000
14, 0000 1.526 148,104 Q.416 1. 000 2.042  74.910 Q.84 1.000
18. 0000 1.418  153.575 0,347 1.000 1.894 B8%.154 0.776 1.000
20.0000 1.403 157.823 0.270 1,000 2.024 91.541 0.760 1.000
FREQ~GHZ N 1 DBIGMAX]
B267300 BR2&7I00  BIRSTI00
2.00000 0.344 v 1,219 15.218°
3.00000  1.03%9 1.221 12.742
4.00000 1.401 1.210 8.844
5.00000 1.780 1.225 7.095
&. 00000 0,639 1.218 16.218
7.00000 0.4697 1.218 15.830
; 8.00000 0,70} 1.1681 14.914
.00000 0.748 1.178 14,480
10. 0000 0.947 1.185 14.413
11.0000 1.059 1.158 12.272
12.0000 1.234 1,115 10.725
13.0000 1.484 1.0%3 8.944
14, 0000 1.189 1.080 10.308
15. 0000 1.317 1.083 F.540 ¥
14. 0000 1.389 1.141 8.969
17.0000 1.09% 1.202 10,454
18. 0000 1.283 1.191 8.359
19.0000 1.391 1.203 7.764
20. 0060 1,457 1.04% &.823

Table 3-¥  Stability Analysis and Maximum Available Gain
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22

/

An initial step in the design process was to determine the ‘maximum
available gain at 20 GHz, the design frequency.. The maximum

available gain (MAG) is defined as the power available at the output

- of the amplifier divided by the power available at the input when

both input and output are simultaneously conjugately matched. The

value of MAG can be determined using:

1812l K \}K‘“—) (3-8)

-

Using the S-parameters from Table 2-5 and the value of K
fc_)und in Table 3-2, MAG was found to be 6.8 dB at 20 GHz. The ioad
and source terminations which enable a simultaneous conjugate
match are found using the following equations. The input and output
reflection coefficients of a two-port when terminated by an

arbitrary source and .load are given by:

.32131211

rm=s11+(1 _ SQQFL) (3‘9)
S21512l's

Fout = S22 + (3-10)

(1-S11Is)

When these equations are solved simultaneously for I's =I'jp" and ' =

Iout® the following equations. result.



By -VB42-4|Cq?

I

MS™¥—— 3¢, , | (3-11)

B2 - VB22 - 4{Cp)|2 .
FpL =2 2202 [Ca | (3-12)

Where By is previdusly defined in equation 3-2 and

B2 =1 + |S2212- |S11[2- a2 (3-13)

 C1=Sy1-4Sp* (3-14)
Co = S22- AS¢¢” - (3-15)

A is as defined in equation 3-3.

Using the S-parameters for 20 GHz listed in Table 2-5 and ,

solving the above -equation yields:
'ms = .79 < -145

'mL = .46 < 132

These correspond to the reflection coefficients which the input and
output of the transistor must see in order to achieve the maximum
available gain of 6.8 dB. By denormalizing this to 50 6hms these

reflection coefficients correspond to impedances of:



[_;
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In
i

Zin=68:i153 __ Yin=5—= 023 + j.055

24

. 1 .
Zout=215 + j186  Yout =3 = .027 - 023

A single parallel stub is used to realize the input and output
métching network . The smi'th chart shown-\in‘ Figure 3-2 illustrates
the design of .the input matching network while Figure 3-3 shows
the design of the output matching network. The input matc_hiné;
network consists of an open circuited stub .190% long at a distance
.006A from the FET. The output matching network is a .374A long
stub situated .478A away from the FET. All the lines are assumed to
be 50 ohm. Table 3-3 shows the calculated results of the reflection
éoefficients when using these parallél'stub matching networks. As
shown in the table \’)ve can see that these results are very close to
the desired reflection coefficients at 20 GHz. In the next chapter the
microstrip realization of this matching network as well as the

realization of the rest of the amplifier circuit is discussed.

@

"
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Input Matching Network Design

Fjgure 3-2



Table 3-3

Analysis of Input and Qutput Matching Networks

FREGQ-GHZ

18. 0000
19.0000
20,0000

T 21,0000

22.0000

23.0000

24.0000
25. 0000
24.0000

MAGLGL ]
HATCH2

0.4678
0.734
0.7684
0.8386
0.883%
0.928
0.9463
o.588
Q. 999

Figure 3-3

ANGL{G1]
MATCH2

—134. 6018
~141.073
-1435,946
-131.239
~156.964
~163.113
=176.458

174,543

MAGLG1]
MATCHS

0. 6446
0.349
0. 450
0.379
0.303
0.23&
0.172
0.11¢

0.03}

Qutput MaLching Network DeSign

ANGIGE1]
MATCHI

~179.387
136.479
133.374
111,037
89.332
&8.047
47.077
26.325
5.707
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3.4 NOISE ANALYSIS

It is known that the noise factor of a linear two-pori can be related

“to the source admittance Ys by:

* ‘Rn|Ys - Yopt|? :
F o Fin 4 S% ot : (3-19)

-

where Yopt = Gopt+jBopt is the source admittance at which F = Fnpip
and Yg = Gs+jBs. Ry is the normalized equivalent noise resistance of
the two-port. For the design of a low noise amplifier the values of
Fmin, Bn and Ygpy (in terms of I'gpt) are often specified by the
transistor manufacturer. For the transistor used, these parameters

" are shown in Table 3-4.

Table 3-4
NOISE FIGURE DATA FOR NE67300

Freq. MIN NOISE FIGURE OPT NCOISE SOURCE NORM

GHz daB MAG ANG An

4.0 0.40 - 0.640 69.0 0.380
8.0 0.80 0.550 115.0 0.200
1220 1.40 0.480 155.0 , 0.200

18.0 1.90 0.460 -33.0 0.400



Using the specified optimum source reflection coefficient and

specifying a conjugate match at the output we can determine the

28

achievable transducer gain if the optimum noise figure is desired.
Usrng Super Compact it was found that this gain corresponds to 2.9
dB at 18 GHz for a noise flgure of 1.9 dB.

Since noise data is only available up to 18 GHz the amplifier .
could not be analyzed for noise figure at the design frequency:

calculéted. However in the next chapter results are given up to 18.'

GHz. ,_ - *
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CHAPTER IV
REALIZATION OF THE AMPLIFIER IN FINLINE
41 MOUNTING A FET IN FINLINE

Previously, FETs have been mounted in finline in at least four

different circuit configurations. Jacob et al. [1] realized a FET-

_ oscillator by mounting a FET between two finlines in a four-port”

finline junction as shown in Figure 4-1a. Feedback was provided by
-printing a metal strip on the back ofj the circuit between the drain
and gate. |

Meinel [2] designed a 30 GHz oscillator b;/‘ mounting a FET

inside a T-type finline series junction as shown in Figure 4-1b. By

changing the length of the g-ate drain resonator some degree of .

‘mechanical tuning was achieved. This circuit, although well suited

for oscillator applications, could not be used to mount a FET in an
‘4 amplifier ?;anigurétion due to the gate-drain .feedback which leads
to an unstable circuit. | )

| Ebner et al. [3] have designed a transistor mounlt which can be
used to mount a FET in a cqnfiguration suitable for use as an
amplifier. Their circuit consists o% antipodal to microstrip
transitions at the input and output ports similar to that described by
van Heuven [4]. The transistor is then mounted in microstrip using
conventional means. A dissipative slot is incorporated in one of the
antipodal fins to provide a resistive load to the transistor at

frequencies below cutoff of the finline. This graphite slot is located

30



near the waveguide housing aw y - from the. finline slot so that it has
little influence on the domimant finline mode. Although this circuit
allowed stable operation of all transistors tested by the authors,
the transitions accounted for at least 2.5. dB insertion loss at‘ X band.

| ‘L'Ecuyer et al. [5] described an FET amplifier-at 17 GHz which
- was constructed using finline. The configuration used is shown in
" Figure 4-1c. The circuit was designed such that the FET sees only
the bias circuit at frequencies below cutoff of the finline. This
_ circuit was difficult to tune and had a reiati'vely fow gain.

An initial attempt at designing the amplifier described in this
thesis used a circuit configuration similar to that used by Jacob [1].
The circuit is "shown in Figure 4-2. Jacob's circuit utilized a
metallic strip on the back of the substrate in order to increase the
feedback from the gain to gate to have an oscillation condition.
Since in this amplifier as little feedback as possible was desired,
the input and output arms of the circuit were separated by plated
through holes as well as metallic septums both above and below the
circuit. A window was cut in the metal septum above the circuit
where the FET was bonded. The bias circuit was designed in coplanar
waveguide similar'to L'Ecuyer's design. A 100 ohm chip resistor was
bonded between the gate and source to act as a load at‘low
frequ-encies. Sliding finline shorts were used to achieve maximum

coupling between the FET bond wires and the finline slots.

3y’
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Analysis. showed that this resistor only lowered the gain
slightly at the desfgn frequency. This circuit was found to' be very
susceptible to instability and did not provide much flexibility. with

tuning. Because of this, a new circuit configuration was chosen

which is perfectly stable while providing a much greater flexibility:

in tun'ing.. The new circuit topology is shown in Figures 4-3a, 4-3b

.and 4-3c. Figure 4-3a shows the front of the circuit which consists
of the finline input and output circuitry. Figure 4-3b shows the
backside of the circuit which consists of the amplifier matching and
bias networks. Figure 4-3c shoWs an overlay of the two circuits to
show how they match up together when printed on the substrate. The
circuit was manufactured at Bolriet T'echnologies- using a thin film
process. In this prdcess a thin Iaye.r of copper is sputtered onto the
bare substratﬂe[This thin layer is then etched. The etched circuit is
plated to the desired thickness‘and gold flashed. Because a very thin
\Iayer of copper is being etched, very fine lines and spaces can be
realized® with this technique. This circuit was manufactured on RT
Duroid 5880 material which has a dielectric constant of 2.20. The

design and operation of the circuit is described in the following

sections.

34
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4.2 INPUT AND OUTPUT TAPER DESIGN

The input and output of the amplifier consists of transitions -from
waveguide to finline to microstrip. In this circuit the transition
~ from 'waveguide to finline consists of a taper. ,Although quarter-

wave transformers have been used for .this purpose they provide a

relatively narrow band match as compared to that of a tapered.

transition. There are various taper profiles which may be used.

These include exponential, parabolic and cosine sguared - tapers.

GSptimum design data for these tapers have been described by.

Pramanick et al. [6]. A taper profile described by Beyer et al. [7] has

been used in fhis thesis. The taper .profile is determined by two
ci‘rcuiar arcs. The authors show that- this easily realizable taper
provides ‘greater than 30 dB return loss from 1‘8 to 26.5 GHi. Using
equations developed in [7] one chooses the impedance at the midpoi'nt

(If2) of the taper to equal the algebraic mean of the end impedances,
so that at z = I/2: |

Zy + 24
5 | (4-1)

Zg(l/2) =
where Zp is the impedance of a full ‘height waveguide (470 ohms) and
Z4 is the finline impedance. The authors give expressions for the

radius and centers of circular arcs which will provide smooth

~continuous transitions with the impedance at z = I/2 being Zg(}2).
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BC-)th‘ input and output tapers were 25 mm long. This_

corresponds to approximately ‘1.5 times the length c;f the finline
guided waveleng‘th. The transitions were analyzed using Touchstone
by dividing each transition into ten cascaded transmission lines 2.5
mm in length. The characteristic impedance énd effective dielectric
_constant at 20 GHz was determined for each finline section. In this
way .each' of the. finline sections lcou[d';ef}reated as general
transmission lines. The results of this analysis are shown in Figure
4-4. In the analysis -shown dispersion effects were not included.
That is to say, the characteristic impedance and effective dielectric

constant of the finline sections were assumed to not vary over the

frequency range of interest. This approximate analysis shows the,

transitions to have a return loss greater than- 40 dB from 18 to 26
GHz.

37
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4.3 FINLINE TO MICROSTRIP TRANSITION

Design of the finline to microstrip transition is-based on designs of
slotline to microstrip transitions. To check the validity of treating
the finline as a slotline, data taken from a paper by Mariani et al. [ 8]
for the characteristics of slotiine was compared to data generated
by a finline spectral domain program using the same pafameters.
Mariani et al. calculated a ‘.137 inch thick substrate with an er = 20.3
and a slot width of .024 inches to have a characteristic impedance
of 45 ohms and an effective dielectric conétant (eeff) of 8.60. The
finline program yielded a Zy of 50.5 ohms and eeff equal to 8.80 when

the waveguide walls were moved a large distance away

(approXi}nately 100x slot width). Additionally it was postulated that |

because a very narrow slot was being used in the amplifier circuit (d
- .15mm,d/b = .03) the walls would have little effect on the
characteristic impedance and effectiv.e dielectric constant so that
the model of a slotline to microstrip transition could be used for the
finline to micrbstrip transition.

Knorr developed a model for slotline to microstrip transitions
in a paper on slotline transitions, [9]. Figure 4-5 shows a typi_ca’l
slotline to miqrostrip transition and its equivalent circuit. As
shown in Figure 4-5, the transition consists of a slotline aﬁd
microstrip crossing eaéh, other at right angles. The slotline is
terminated by a short circuit 1/4'from the junction. The microstrip
line is terminated in an open circuit a distance A/4 from the

junction. In the model shown, the reactance Xos represents the

39



inductance of a short circuited slotline, Coc ié the capacitance due
to the end effect of an open microstrip line. Zos and Zom are the
characteristic impedances of thé slot- and microstrip. Figure 4-5c¢
shows the equivalent finline .to microstrip transition which is used
in this thesis. In fhis figure Zof is the finline impedance and Zam is

" the microstrip impedance. The value of. the turns ratio n for the

transformer is dependant on the fields in the slotline. Knorr defined

n as the ratio:
Vo . \ (4-2)

where Vo is the voltage across the slot and V(h) is the voltage on
the microstrip side of the circuit. Based on the siot field, Knorr

derived an equation for n as:

Du .. 2rDu : /
n=c052n7\0 - cotqp'sin » (4-3)
. 2xrDu " ‘a4
qgo' = n + tan v (4-4)

ueer - G‘-}z . (4-5)
N |  (4-8)

%:xjeeff | - (4-7)

40
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Figure 4-5b Equivalent Circuit

Figure 4-5  Slotline to Microstrip Transition
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s

In these expressions ' is the guilded wavelength. D is the substrate

thickness. A relatively low impedance finline (130 ohms) was
choéen for* the transition. This 'impedance was chosen to be low
enoq_gh to match the microétrip assuming a small turn. ratio,
hbwever not too low so the finline gap became too narrow to realize.
Als_o if the gap becomes too narrow losses inr the finline increase
significantly. In order to have a 130 ohm finline within a WR-42
wavegﬁide housing at 20 GHz the sql_c’;t width was found to be .15 mm.
This configuration yields an ceff of 1.16.:This data was generated
using a transverse resonance program which is described in the last
chapter. This program became necessary when it came to analyzing a
finline with extremely narrow slots. As will be shown in the last
chapter the characteristics of a finline with narrow slots can be
very dependent on the metallization thickness.

From looking at the model, if we assume no end effect of
either the microstrip line or slotline we have: 3

Zom = n2 Zos (4-8) -

These assumptions are valid in this case because in the circuit
configuration used ‘.an open ended microstrip stub is not utilized in
the transition and an almost perfect finline short is formed using a
sl‘iding short which fills the waveguide. If we subétitute geff = 1,16
and D = .254 mm into equations 4-3 through 4-6, we get n = .96.
Substituting this into 4-8 for n and 130 ohms for Zes (=Zof) we get

Zom = 121 ohms.
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The microstrip open circuit stub is rpaliied Iby,placing a 20
GHz band stop filter a half wavelength from the transition junction.
This filter is realized using two pairs of 100 ohm qmlJarter
wavelength long open circuit stubs which are separated by a half
wavelength 50 chm line. A 50 ohm hres‘istor and 36 pf capacitor
terminate the filter section at the poiﬁt bias is applied. Figure 4-6
shows a Touchstone analysis of the bandstop filter. The graph shows
that the filter has low losses _below the cutoff frequency of the
finline. This is necessary so ‘that at low frequencies the FET sess
the 50 ohm terminating resistor which represents a stable load at
these frequencies. Placed.in front of the bandétopl‘ filter, within the
half wavelength line was a 78 ohm quarter wave transformer to
transfer the 121 ohm microstrip line impedance to the 50 ohms of
the bias circuit.

The finiine noncontacting short circuit was realized with a
brass block which could siide in the waveguide channe!. This block
had a slot cut in- it which was slightly larger than the substrate
thickness. This allowed the block to slide over the fin and provided a
very good sliding short circuit. The optimum position for this short
circuit is a quarter wavelength (2.8 mm) from the trénsition
junction. The complete transition was analyze"d using- Touchstone.
The results of the analysis are shown in Table 4-1 and Figure 4-7

From these results a relatively broadband trarisi'tion can be
anticipated. The results show less than 2 dB insertion loss over
more than half the waveguide band. The return loss is better than 25
dB at 20 GHz. To test the transition separately from the amplifier a

back to back transition was fabricated and tested in the amplifier
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housing. The two transitioné weare séparated by about half an inqh of
50 ohm line. Figure 4-8 shows the results.r The meésurements were
done on a Hewlett Packard 8510 network analyzer at Bolriet
Technologies. These two transitions together showed an insertion
loss of 1.5 dB at the design frequency of 20 GHz. The return loss was
25 dB. The transitions show less than 2 dB loss from 18 to 23 GHz.
which is quite_low considering the loss includes Iosses‘ due to two
tapers, two finlines ahd a short length of microstrip. Also shown in
this is the predicted response. The two results are in close
agr@j:;nt. The analysis showed .1 dB insertion iloss at the design
frequency whereas the measurements demonstrate .75 dB loss per
transition. This difference is probably due to the fact that the
Touchstone model doesn't include losses for the microstrip line or
the finline. Since this transition shows very little loss it is possible

to design a one stage amplifier which provides reasonable gain.
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4.4 MATCHING NETWORK REALIZATIO‘N

The single stub matching network which was discussed .in the
previous chapter was realized .using microstrip. To find the
microstrip equivalent circuit of the transmission line elements
discusséd previougly a computer program Linecalc [10] was used. The
microstrip input matching network required an 81 mil long 50 ohm
stub which was 2.6 mils from the input bonding wires.'The output
network required a 159 mil long stub located 204 mils from the
output bond wires. A Touchstone file was written to analyze the
amplifier separately from the fransition and bias circuitry. The
results of this analysis are shown in Figure 4-9. These results show

that the center frequency of the amplifier is shift.ed, down by about

500 MHz. This shift could be due to errors in reading the smith

charts or the end effect of the stub. The input matching network
d.escribed above is impossible to realize in practice due to the short
distance required between the FET and the stub (2.6 mils). Since the
.width of the stub is 30 mils, the ce‘nter of the stub must be located
at a distance of at least 15 mils, therefore, the stub was moved to a
distance of 15 mils from the FET. The analysis of the circuit was
again performed to see the degradation due to moﬁing the stub. These
results are shown in Figure 4-10. There is a large degradation in
performance due to shifting the stub. The gain is now only 3 dB at 20

GHz compared to the 6 dB previously attained.

49



’

s DBIS1LE
TOTAL

+ DB1SZ22E
TOTAL.

2 .0000

ve

X
fg.

S |

-‘-.“-l

-15 .00 ' ﬁ\

L

/

2000 _ U

v

24 .00

158 .00 21 .80 GHZ
, DBl1S21C
TOTAL
19 .00
/
S .600 /;/ <
2 .0000 ‘ \ ,
18 .06 21 .80 GHZ 24 .00

~

FREQ~GHZ DRECSI1I

TOTAL
LE . e Toru?7
18. 5000 L. 705
19, QUoG Loonl
19, 8000 IR INATS
20, 000G [P A
0 S000 4, 7L
RS P aTNINTY A
21,500 Lt
220000 1.812
22,5000 (.91
23,0000 -1.BY0
JT.S000 -t 890
24, 0000 ~17.42u

DE[S11] DBLSZIZ)

TAOTAL TOTAL
- 7,582 S S07
-&6,.221 ~4,531%
-6.514 ~6.7127
5. 116 =12.094

L&D 20,330
7,248 —16.666
CGL0gL 17,817

To99) ~-18. 282
-L.HG 10,974
-4 ,.974 ~-4.048
-4 197 -2.3%70
~1.477 -2. U9
-, hidd -1.451

- Figevye 4-9  Amplifier Module Analysis using Touchstono

50



w DPBISZ1LC
AMP1JIR

51

16 .00

e

5.000

\ .

\

2, 0000

-  18.00

OBJIS11LC +

" aMP1JR

21 .00 GHZ

24 .00

DB1S22C
AMP1JR

: oL S
@ .0000 4

Jer

/]

(_“\\

—-12 .90

M
HH"‘*\.:

~Z24 .90

18 .80

DBLS11)

FREL-GHD  LDBISZ12
. AMPLIR AME LLIR
TUE, Ui Lomty SN, ALY
Lo houo [N S R L R A
LY. G [T SR AN
IRt T T Q.4 Ty .41y
SRR INTRIW S PO/ AW
IR AR [ i e [.uls
A R ETRT IY PR S R I H
| -] AL tieed DUP Iy
PSR IR TH] VNI [ i}
AN P ATRTY 1o, 7060 L A
Vo0 14, Gty -1, q
I SEMNTNIN 10,0070 R Y
Pt I TR TR PR (O )

Figure 4-10  Amplifier Module Analysis with

21 .00 GHZ

24 .80

DBlS2I
At 1Jk
-—/J_‘\"\ N
Joatl
L 't

SJoolut

120540/

DUSYST Y
Lio /4%
Ui,
AT L I
KPR (X

~7.97:

ol HUG -

w1l

Input Stub Shifted by 15 mils



ki

The circuit was optimize'd over ?he range 19.5-20.5 GHz to
yield optimum gain. The parameters which could vary were the input
and outpCJt stub Iength and distance to the FET. A minimum distance
of 15 mils from the FET was enforced. Touchstone was used to
perform the optimization. The new stub lengths and positions were
as follows: input matching stub was 64 mils long and 15 mils from
the bond wires, output stub was 197 mils from the bond wires and
164 mils long. Also on the matching circuit is a quarter wave
transformer which matches the 50 ohm amplifier to the 121 ohm

microstrip used in the transition The results of the new design are

shown in Figure 4-11. Eooking at the return loss curves we can see

that the output'is verx well matched however the input return loss
is only 10 dB due to the position of the stub. The gain curve shows 6

dB gain at 20 GHz. This optimized design was chosen as the one

which would be fabricated.
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4.5 PREDICTED RFORMANCE OF THE COMPLETE CIRCUIT

(
e
Once all the sectrons of the complete circuit were analyzed
separately, a complete circuit analysis was done using Touchstone.
This circuit file is shown in Tablq 4-2. The results arelshown in
Figure 4-12. The complete amplifier analysis shows a gain 61‘ 6 dB at
20 GHz, an input return loss of 10 dB and output return loss of 30 dB.
A noise analysis was done on the amplifier up to 18 GHz since noise
data was not available above that frequericy. The total amplifier
noise figure was calculated to be 2.4 dB at 18 GHz. The noise \figure

should be only slightly higher at 20 GHz. Since the measurement

equipment required to measure the noise figure of the amplifier was -

not available a comparison with actual measyred noise figure dould

not be made.
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(437, ]

FREQ GHZ

RES OHM .

IND NH

CAP PF ’ ®
LNG MIL

TINE PS

COND /0H

AN DEG

CKT

MSUB ER=2.2 H=10 Tw.&7 RHO=1 RGH=O
MLIN 15 1 W=14.7 L=109

MLIN | 2 W=30,4 L=100

MCROS2 2 3' 4 3 Wia30.6 W2=6.9 W3I=30.4 W4=B.9
MLEF 3 W=8.9 Lel1}

MLEF 5 WmB.9 L=111

MLIN 4 & Wa30.b Lw214

MCROB2 & 7 B 9 W1=30.6 W2=8.9 W3=30.46 W4a=8.9
MLEF 7 W=8,9 Lw~i11

MLEF 9 W=B.9 L=ilt

MLIN 8 10 W=30.6 L=1i00

RES 10 11 Rw30

CAP 11 0 C=54

DEF2P 15 10 BSFIL

TLINSG 21'22 23 24 I=131 E=90 F=20
SHOR 23 - -~

UNIT 23 24

XFER 22 25 24 24 N=1,04

SHOR 26

TLSC 2224 I=131 E=90 F=20

HLIN 25 27 W=S,6 L=112

BSFIL 27 30 .

MLIN 25 28 We=3S.4 =100

MLIN 28 29 Ws14,7 L=109

DEF2P 21 29 TRAN

MLIN 41 42 Wm30.4 Lm250

MLEF 42 Wa30.4 L=s4

MLIN 42 43 We30.4 L=15

IND 43 44 |«,2

S2PA 44 45 0 B247300

IND 45 44 L=.2

MLIN 456 47 W=30.& L=i97

MLEF 47 W=30.4 L=144

MLIN 47 4B Ww30.4 La2%50

DEF2P 41 48 AMP

TRAN 50 51

AMP 31 352

TRAN 33 52

DEF2P 50 53 TATAL
TERM

TOTAL .447 O .447 O
GuT

TOTAL DBCE213 GRY
TOTAL DBLS113 GR2
TOTAL DBCE22]1 GR2
FREQ '

SWEEP 18 24 .5
GRID

RANGE 18 24 1

GR1 0 10 1

GR2 0 -30 5
oPT

RANGE 19.%5 20.5

TOTAL DBCE21)=6.6

Table 4-2  Touchstone Amplifier Circuit File
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CHAPTER V
RESULTS

" The amplifier circuit described in the previous chapter was

fabricated and integrated into a brass housidﬁg, the :Saﬁmgs of

which are shown in the appendix. The waveguide i Sutand output
were WR-42. (K band), which has a specified ffequency range of 18 -
26.5 GHz. The housiﬁg had pockets milled out of‘the top half to aliow
easy tuning of the matching network. As stated pre\)iously, the
circuit was fabricated on .010" Rf Duroid 5880 material. In the
center of the ctrcuit a small slot .020" x .200" was cut out of the
duroid. This was accurately done on an Aristomat machine at Shaw
Photogrammetrics  in Nepean. Beneath this slot a kovar tab was
silver epoxied to the ground plane. The FET was epoxied to this so
that the source could be bonded directly to the kovar tab. This
configuration provided a good ground connection. The bonding of the
FET chip onto the circuit was done in the Space Electronics labs at
the Communication Research Center. All microwave tests were done
on the HP 8510-net\-avork analyzer at Bolriet Technologies Inc. in
Carleton Place. Figure 5-1 shows the measured resulis of the

amplifier before any additional tuning is done.
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The FET drain voltage was 3V and drain to source current 20

mA. The results show 3.6 dB gain at 20 GHz, 12 dB input return loss .

and 15 dB output return loss. This measurement includes the loss
due to the two transitions, so the actual amplifier gain is closer to
5 dB. The amplifier provides gain up to approximately 23.4 GHz
where the gain'_ curves fall below the 0. dB line. Also shown in this
figure is the bredicted gain. ' The predicted gain tends to fall off
‘much more rapidly than the measured gain This signifies that the
optimum match for maximum gain has not been realized. For

- example, to design a broadband amplifier, one must tradeoff gain for

bandwidth. An attempt was made at tuning the amplifier for

optimum match using small pieces of copper foil. It was found that

three small pieces were sufficient. A small piece was used to

lengthen both the input and output stub. It may be necessary to

lengthen the stubs to correct for errors in the open ended microstrip

" model used in Touchstone. ltoh [1] investigated the effect of

dispersion on Al (increase in length due to capacitive effect). He
found that Alis much smaller at small wavelengths. than that
computed by quasistatic methods. Since Touchstone uses a
quasistatic model for the end effect it is possible that in the
optimization process the program kept the stubs shorter than
necessary to counter the apparent increase in_eléctrical length. In
the book on C.A.D. of microwave circuits by Gupta, Garg and Chadha
[2], the authors say that quasistatic models are only go;ad up to about
10 GHz. The third tuning stub used was approximately 80 mils long

and 80 mils from the FET. A comparison was made of the input
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s

reflection of this new circuit compared to the initially designed
circuit. The initial circuit had an Syq of .49 <-156. The tuned circuit
had an S11 of .60 < - 170. These points are shown on rhe Smith chart
in Figure 5-2. As one can see from this figure the points are quite
close to. each other. This slight difference in reflection coefficients
could be due to errors in the initial S-parameters taken for the FET
since they can vary from T(;t to lot.. Also the FET used in this
amplifier was run at a slightly different bias point than that FET
used to measure the S-parameters.

Figure 5-3 shows the measured and predicted gain of the tuned
amplifier. The ampln‘ler shows a gain of 6.7 dB at 20 GHz This
measurement also includes losses due to the transition so that the
actual amplifier circuit gain is approximately 1.5 dB:} higher. The
amplifier has greater than 6 dB gain over a 1.2 GHz bandwidth. The
return loss is shown in Figure 5-4. The output return loss is -30 dB
arrd the input return loss is -13 dB at 20 GHz. The output was
expected to have a better return loss than the input since as was
discussed in the previous chapter the input could not be optimally
matched due to the optimum location of‘the open circuited stub.
Figure 5-5 shows the isolation between the output and 'input of the
amplifier. T.he isoldtion is 17 dB at 20 GHz. Figure 5-6 ehows the
amplrfler gain as a function of bias condmons (drain voltage and
drain-source current). The bias point 3V 10 ma gives the lowest gain
in this figure, however those bias conditions would yield a better
noise figure than the higher gain bras of 4V 20 ma since this
amplifier was del'srgned to have maximum gain 4V 20 ma was chosen

as the bias point.
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‘There are a number of typical amplifier specifications whichj
were not measured such as noise figure, harmonic content of the
output and gain compression. This was due to the unavailability of

test equipment.
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CHAPTER VI

FINLINE ANALYSIS USING TRANSVERSE RESONANCE
METHOD

s

6 INTRODUCTION

Although " a spectréﬂ dbrﬁain program for analyzing unilateral finline
was available for the design of this amplifier, it was found that the
brogram suffered from convergence problems as the slot width
became narrow. The mode matching'technique as describsd by
Vahldieck and Hoefer [1], when used to analyze finline, aiso shows
convergence problems for narrow gaps. Since the-design df this
amplifier requiréd very narrow gaps in order to achieve the low
impedances necessary to realize the finline to microstrip transition,
another method of ari“alysis which does not suffer from conv.e‘rgence
problems was required. It was found that the transvérée resonance
solution provides rapid and reliable data for finlines with narrow
gap widths. The effect of metallization thickness was‘included in
the solution since this paraméter has an increésing effebt as the gap
between the fins becomes increasingly narrow.

The transverse resonance analysis which was performed in
this study is similar to that used by Qohn for the study of slotline
characteristics [2]. Hoefer also used the transverse resonance
technique to study finline characteristics [3], however his"derived

expressions required a correction factor and did not include the

effect of finite metallization thickness.
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6.2 FORMULATION OF EQUATIONS

Figure 6-1 shows the finline resonator analyzed in this study. At the

lowest resonance of the dominant finline mode, the length of that

cavity is Ag/2. Figure, 6-2 shows a cross section of the resonator and
is équivalent tranéver_se network.. Yo , Y1 , Yo and Y3 ‘are the TEy o
mbde to x characteristic admittances of a rectangular waveguide
with an 'a'ldi?ﬁension of Ag/2. Thg TE1,0-- mode characteristic

admittance of a rectangular waveguide can be expressed as:

Y ay
TE=iobnk

(6-1)

C

where 'a’ and 'b' are the guide dimensions 'and the other parameters
are defined as follows:

For the air filled regions:

Ya = kav : : ' (6-2)
a = - | '
a = l ~ . (6'3)
. H
Ng =% = (6-4)
Eo ‘
‘: L3
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For the dielectric filled regions :

Yo = Kqu (6-7)
2 \!
kg = (6-8)
A
. |
nd == (6-9)
£r
v=ler- eerr | (6-10)

Since the 'a' dimensions of the cavity isAy/2 and Ay = ?\./\/ Eeff = l/_p ,a' can

be replaced by A/2p in the above equation for YTg so that:

Y(,z_"l VA . (B-11)
J4bpm .
.iz._u.}_. | ’ (6"12) o
4bpn) ' '
v . (6-13)

7 jddn

In Figure .6-2, By is the stray susceptance at the metallization

- dielectric interface. Bj is the stray susceptance at the

metallization. - air_interface. Expressions for these values were

derived from Cohn's [2] paper and are as follows for egff >1:
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- 02F.12 Rl --‘2 N -
By= €rtanhrp - p bFnl cothqn w2 (51“ “7‘8) (6-14)
(1 + (_2)2 )Fa1 n(nmd)? ; )
nl . .
2 .. = ‘

| v2 (1 - Fl—) (sin2'mc8)l
By =~ _ n (6-15)
2pM n(nnd)? j
L2 .. -
where :
S L (ee)
AT ' ' '
2nx .- u o) . -
1= - (= 6-17
Yn o (nl)- ( )
pn:‘,j“rfl: (6-18)
2nn by o)
= 1 —_— 6'1 9
Yn. b N (nl . : ( )
I < ¥a1s + tanh-1 4Rl - (6-20)
E'fn !
Gn="TnlS + coth-1-- (8-21)
, Yol ,

N | (6-22)

&=

o|e

(6-23)



In .the above equations v is replaced by jv for egff<1 Cohn [2]
limits the validity of the above eduations to d/b <014, d £sand s <
e,

The tranSverlse resonance condition can now be derived from
Figure 6-2 5y setting the sum of admittances 'see,n at the interface
between the metallization and the dielectric equal-to zero.

Yo' is the admittance seen looking to the left -at the plane of
the air - dielectric- interface. This is a short circuit.trahsformed a
distance lo = h-s within- a medium with a propagation consiént

Bo = -j2vi/A. Therefore Yo' becomes:

jov(h - s)x
A

Yo' = -jYgcotan (6-24)

In order to transform this admittance fhro-ugh the dielectric
region we can set:
-j2v(h - s)m

-jYpcotan ———— = -jY1cotanpily = (6-25)

and solve for B1lg’.

, o [-iY -i2v{h - s, .
ﬁjlo =tan-1{—1ﬁtanh J (7\. ‘)n} (6-26)

j'l‘l !
Y4' is’ the admittance seen looking to the left at the

metallization’ - dielectric interface.
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Y1 = -jYicotan(B1l1 + B1lo) | (6-27)

After some. substitutions the above equation becomes:

25Un
A

‘ . -jul g
Yy = cotan

o t. 1[ , hZan('hr s)]}
2bpn .+' an- anh = -

(6-28)

Transforming t_hé short circuit from the right and adding the
susceptance Bj yields at the plane of the metallization - dielectric

interface, when looking towards the right:

VA 2vr(a-h-t) }
+cotanh-1 4bp cotanh B - ﬂﬂa)

v = A ot h{2
2=4de] cotlan

(6-29)

" When geff < 1 the above equations become:

v, . -Jud , {2su;c \ '1[Et' 2vr(h - s)]}
= ppy 0N, tan |y tan -
(6-30)
'\/, -jv t {2vtn t _1[ adp(vh_ 2vr(a-h-t) ]}
‘ 2=4dpn cotan| ™y + cotan rbpco an T -nBaJ :
| - (6-31)

Setting the sum of admittances at the plane of the metallization -

dielectric interface equal to zero yields:



&

B!

Y1+ Y2 + By =0 N (6-32)

6.3 CALCULATION OF EFFECTIVE .D‘IELECTRIIC CONSTANT

" These equations were programmed on a computer and solved ‘to yield

ceff using a root finding routine. The effect of various finline

dimensions on egqff iS shown in Figures 643‘, 6-4, and 6-5. Figure 6-3

~shows the effect of metallization thickness and gap width on eeqff at *

the center of the waveguide band. From the gzraph we can see that for

a 0.0 micron metallization thickness, eeff increases as the gap

between the fins decreases. This occurs because as the _distance

between the fins decreases, a greater part of the electric field

becomes concentrated in the dielectric,” thus raising the effective

dielectric constant. However, when the effect .of metallization is
included, there is a point when egff begins to decrease again. This is
a pheno?‘nenbn which has not yet been é[early explained. indeed, as
the gap bec_orhes very narrow, the fins begin to behave as a parallel

plate -waveguide due to the finite metallization. This, in turn,

.assures that a large part of the electromagnetic energy travels

within themai'rfwspacé between thg -fins, thus reducing eeff. The
phenomenon becomes more pr\onouﬁ_ced as fhe gép width decreases
and the metallization thickness." increases. This graph also
illustrates that metallization thickness has less effect on the

calculations of eeff as the gap width increases.
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Figure 6-4 shows the effect of freque.nc':y- and metallizaﬁon
thickness on egii. As the ‘frequency is increased the field becomes
- more concentrated in the dieléctric and, as a result, Epoff iNCreases.
| Figures 6-5 shows tHe effect of metallization thickness and e
on geff. FO'r‘the cas-é s"hown,' ceff decreases with i_ncreasing
.metallizaton thickness since -the., elecfric. field becomes mc;re
conc‘:en't.rated in the air gap between the fins.. There are however
other'cases as described by Vahldieck and.Hoefer (1] in‘wh_ich Eaff
will ihcrease with incréasing metallization thickness. This occurs
pfedominantl_y at low frequencies when less fieid is concentrated in
the dielectric than in the air and the finline behaves as a ridged

waveguide, so that the propagation constant increases as the fin

becomes wider. -

e
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WA (42) wavegulde, s=.381 mm, (=22GHz, Er=2.2
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6.4 CALCULATION OF CHARACTERISTIC IMP_EDANCE

Using results from the above transverse resonance program one can

calculate 'Zg based on Meier's [4] approximate expression. T.he

characteristic impedance of a finline can be calculated as:

Zooc;
20 = : (6-33)
\!Eeff :

In the above expression, Zg. is the characteristic impedance at

infinite fréquency of a ridge loaded guide with the same dimensions
as the finline. The following expression, which is based on the power
voltage definition of impedance was taken from Hoefer's Finline

Design Manual [5]:

L0 =
- 120dbr2
bAcr
d 5%
2d o ST ~-dnr sm 1  2s=m [Bcoslc,r —l[(a-s)rﬂ , 2n(a—s)}
her oS [xcr) 2her 45" e

nCSC%+2lcr+ZS|n lcr‘l . (a'S)‘ﬂCJ
sin?
Acr

(6-34)

In the above expression Agr is the . cutoff wavelength of a ridged

waveguide with the same dimensions as the fins. The expression for

hﬂicr is taken'from a paper by Hoefer and Burton [6] which describes

\/\\
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closed form expressions for ridged waveguides. The expression for -

Acr is as follows:

o 2\b) 4b dr - 21\ _tb
Aer = 2(a - t)‘\/ 1 + (1+a-t a-tn Incsc + [2.45+ 2 H(a-0

. (6-35)

Using the abo&e equations, the effect of various finline
parameters on the characteristic impedance was examined. Some
results are presented in Figures 6-6, 6-7 and 6-8. Figure 6-6 shows
-the effect of the gap width and metallization thickness on Zg. This
graph showé how{;he impedance decreases with decreasing gap
width. As well, one can see the increasing effect of metallization
‘ ‘thickness as the gap becomes narrow. Figure 6-7 show; that there is
a ‘decrease in characteristic impedancme‘ as the nie}t‘allization is
increased. This occurs because Zg., decreases more rapidly \tha‘n m
with increasing metallization. Figure 6-8 shows _thaf ~the
characteriétic impedance is relatively constant with frequency ovér'
a waveguide band. Zg becomes more dependent on frequency however

at frequencies close to cutoff since eqff approaches zero.
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6.5 CALCULATION OF CUTOFF FREQUENCY .

A
a

Using the same transverse resonance ‘pro‘gram, one can also
determine the cutoff frequency of the finline. At cutoff eqft equals
zefo. Therefore, by setting eeff = 0.0 and éolvi‘ng for frequency, one
""“".\can "d’e’t?armine"th.e-‘-cutoff frequency of the finline. In practice,
however, one cannof sef geff = 0.0 since in the abové trar',lsver'se
resonance equations, eeff iS in the denominator. One can however set .
eeff very small and"find the .cutoff‘fre‘quency withoUt sacrificing
accuracy. This method was ,implemented‘and the results. aré shown i-n, ¥
Figures 6-9 and 6-10. These figures indicate that both an increase in
rne'fallization thickness and a decreases in gap width lower the
dominant..mode cutoff frequency of a finline. This is due .to the
increase in capacitive{p.ading which ocqurs in both_i cases. Aiso,

since capacitive loadifg of the waveguide increases with "er'"the--

domin_anf mode cutoff frequency is reduced accordingly.
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6.6 CONCLUSIONS
o S | 1 |

This chapter has presented some results obtained Mt_h a transverse
resonance 'program which was developed to investigaté-\_the effect of
metalliza]ion thickne?s—\or\ unﬁilateralufinlin'e"s with narrow . gaps. The
program is very versatile in that it can handle a wide',‘.range of
housing aspect ratios, dielectric consfants, substrate thiék’nesses.
metallization thicknesses, gap widths, and either centered oi'"non-
centered circuits. The study has shown that one must pay particplar‘
attention to the metallization t‘hickne'ss when designihg 'a finl‘i'ne
circﬁ‘it with '_narrow gaps. While.at low frequencies, the effectivé\
dielegtric constant of a finlihe always increases with metallization
thiCknéss, it can fall below the dispersion curve of zero thickness
lines at higher frequencies due to a concentration of energy in the
air gap in the ‘case of very small gaps and/or .large metallization

thicknesses.
' \
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CHAPTER VII
CONCLUSIONS

This thesis has described the design of a 20 GHz GaAs FET

amplifier which has been realized using ac¢ombination of finline and

microstrip. Specifically the amplifier exhibited un'conditional‘_

stability with a gain of 6.7 db at 20 GHz ~As shown in Chapter 5
‘the.re was a high degree of agreement between the predicted and
measur‘ed results. This demonstrates 'the validity of the design
process which was used in this thesis. In designing the amplifier an
op‘:imum transition from finline to"micros'trip was developéd. Thié
transition provides relatively low losses and a low V.S.W.R. over 60
% of a complete waveguide band. Also. in {his thesis a tfansverse
resonance program was described which callc‘ulates the finline
effective dielectrié ‘constant, characteristic.impedance and cutoff
frequency. The resulfs of this program have shown the importance of
. including the effect of finite metallization thickness " in the
calculations when fins with narrow gaps are used. This thesis has
also described a technology improvement which is in the form of
plated through holes. The plated through holes are used in place of
the standard serrations which are used to contain microwave energy
within the waveguide housing. This amplifier has an advantage over
many' other ﬁdesigns in that it can be integrated into either-a
waveguide or finline environment. Also the amplifi‘er IS inexpensive

to realize since it utilizes photolithographic techniques.
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THIS FROGRAM COMPUTES EFFECTIVE DIELECTRIC CONSTANT AHD IHPEDANCE' L
OF A FINLINE WITH NARRDY GAF.

1 OLLOWIHG 1S-THE MAINLENE SEGHMENY OF THE PROGRAN,

VARTARLES HRE DEFINED AS FOLLOWS: -

a 1s the widlh of the waveduide in mm. -

b 15 . Lhe width of the waveduide in mm. :

d 15¥4he azr width between the fins.

15 the evwmﬂ__rme_o_ Lhickness,

is Liw rislence Trom sidewall to dielectric metal HzamﬂwmnmAapm_mnwﬂpn side)
s 1y subslrate *zunv:mmu .

Er is subslrete relative dielectRic constant

# 1t aflawhida .

roas d/h

IO IO 0N )OO0
e

IMFLICIT REAL (A-H:0-7} oo
COMHDN asbircdrtshissrErsfrearsrreFIFLAGHK g
. EXTERHAL FCT . .

‘C Ehter finline paramelers on the terninal

1 URITE(Se Sy

3 FORMAT (/1 ENTER WIDTH a AND HEIGHT b OF WAVEGUIDE IN mm %)
ACCERT %, arb
YRITE(S,10)

10 - FORMAT (/+' ENTER GAF-WIDTH HETWEEN FINS d IN am ‘93%)

! ACCEFT Ked .
' "WRITE (5415} : -

15 FORMAT (/+’ EMTER METALLIZATION THICKHESS t IN MICRONS 14%)

ACCEFT &rt,

WRITE. {Gr20)

FORMAT(/:° ENTER chqumm FROK SIDEWALL

170 METAL/SURSTRATE T IN am "y33

ACCEFT #sh .

WRITE(S:+25 .

FORHAT (/+’ ENTER SUBSTRATE THICKNESS s IN mm "1$%)

ATCEFT frs o

WRITE(S: 26 !

26 FORMAT (/s ENTER HUMEER OF TERHKS "¢%)

. ACCEFT &N -
, CURITE(S 30D

k{4 FOKMAT (/y° ENTES Er AND FREQUENCY frea IN GHZ ‘+%)
ACCEFT xsErsfrea
:-m\Ao.OMNW\ﬁq1m9*H 0E09))
t=t/1000., .
FI=AC05(-1,0)

: r=d/b-

T C Initialize FLAG to 1.0 ie wmmcam EEFF GT. 1.0

Cee FLAG=1.,0

St - .1=1.00001 - . .

ot - ART1=Er-,01

NI C Asdume rool lies between XLI and XRI-

rJ
o

't

T
L




a.2

2ll rodt finding routine.
2 CALL RTHI (EEFE4YsFCT+XLTX51,.005,1000/)1ER)
write(Sys}ER
IF (IER.EQ.2) THEH :
C If no root found IER=Z assume EEFF LT. 1.0 set FLAG=
- FLAG=T g )
XLI=,1 .
IR1=.99999 .
€ Call root finding routine adain if root nhot wet found
GaTo 42
FELSE
CANTINUE
Edl IF
(N cﬁwwmAcm_cm of EEFF Lo terminal,
WRITE(S)3ISIEEFF
35 FORMAT(/»© EFFECTIVE DIELECTRIC CONSTANT IS‘:1Fé6.3)

C Calculate Z0
Lol TOTNFI(ZGRNF)
i 20=20I0F7SORT(FECF ) ) :
n Caleculate Cut-off freauency, Determine uprer and .
C lower: bainds.
CFLAB=3.0
CXLL1=a/300 -
¥RI=a/(bXSORT(Er))-,01
C anH root, findind routine to solve for x
© CALL RTHICxsYsFCTsXLT+XRIy 0051000+ 1ER)

freac={y *uoo )/ a8 .

[yp)

.

C zquwm value of fTreac to, terminal,

"WRITE(S:75) freac

75 ._.mcmzpqa, THE CUTOFF ﬂmmm:mzna IS "+»FS.19'GHL")
C Bedin prodram 3d4ain,

G070 1

END



. £

C FUNCTION SUEFROGRAM FCT(ROOT) .
C THIS FUNCTION 1S THE TRANSVERSE mmmesznm CORDITION FUNCTION
* L oAND IS GIVEN FOF BOTH CASES. ie WHEN EEFF IS LESS THAN AHD ;

C LREATER THAN L. OJTHIS FURCTION IS CALLED BY THE ROOT FINDIHG
C FOJTINE 10 vETERHINE EEFT nMD THE CUT-OFF. FREQUENLTY,

: . FUNCTTON FCY(RDIT

. IHPLICIT REAL (A-HaL-Z3 .

COMMON ashrdstsinerErsfreary 1 FIyFLAG:K \
b OATANH 2) = (ALOGE (1, 04g) /(1. ost Y/2,90 .

. COTANEZ 3=1.0/TAN{7 > .
. COTANH(Z) =1, 0/ TAMILZ) ..
C THE FOLLOWING FUHCTIONS nRkE DEFINED EY COHN. »zc ARE '
t USETE 10 FIND SUSCEFTANCE DUE TO FINS, . :
“~ GAHNL(ri)=2,0xFIkn& (SORT (1.0~ (h¥uk:/ (nka) Y442 .ovv\c
::zzﬁzynw.onr—*:uAm:mqay.o+ﬁww<»:\ﬁ:*mvy*wm 0))/b
GARHO(N)} =2, 0XF I Xk (SQRT(L., O CLkvri/ (n¥ai 12,0} 3 /b
FHE(r)= a*mpzzH,:v\Am.oangzh .
rr(n) =GAHNL (n) xs+ATANH(GAMNT (n) A(ErXGAMN(NY)) :
rn0{nT=GANN] (ni ks +ATANK(GAMNL (n) Z{E r¥GAMNG{n)Y ))
an{n)=GAKNL (n) Xs+ATANH(GAMN] () /GAMN (R ) ) gl
wnQ (n}=0aMH1 (nd s ATANH{GANNL () /GAHNO () ) .
FN(N)=bAGAHNIn) /{2, 04F T X}
FHO(ni= LFGANHD () 7 (2 +O¥FI%n)
C IF THE FLAG IS 3.0 THE CUT-OFF FREQUENEY IS HEING- )
C GALCULATED S0 SET EEFF SMALL -
F(FLAGLERL 3. 0) qzmz
#=RONT
EEFF= _m 09
ELSE
EEFF=ROOT
END IF )
, v=50RT (ARS(EEFF-1.0)) . e
My nzrqamw EEFF)
32=3/(1 .*ynm:mqﬁmmmmvv )
L HquHp_HNm »ﬁr:mc:m ) .o .
TR SUN=0,0 ; '
s £q SUH1=0,Y -
Lol SUn2=G,0 .- i
S ncxu-o o .

[}

(RN ’ . DCIL O 0 . -

teo LF {FLAG.EOQ.1.,0) moqo 15 -

SRS C IF FLAG IS 1.0 EEFF IS GREATER THAN 1~ ' -

[0 10 L=1+h

n=Ix1,d :
SUMG=((SIN(PI¥n¥d/b) )xk2,0) /{n¥{ (FIknkd/b)lkx2,0)) . :
SUHO=({ErxTANH(PrQ () ) -EEFF® ((FH1{n )42, 0)¥COTANH{GRO( )} § )

I Z001, 04 (/{2 %a2%m) JRA2,0)8F N (0 ) ) -ud %2, 0 ASUKS )
SUHA=8UH4 +5UHS )
EIM10=5UF045UMI0 !
SUMIG=-(vks2, 004 (1.0~1/(FNO(R)) )15UHT

4
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e
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a0
S
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LAy D)

SUMIO=SUH20+SUKI0 . )

16 - FONTINUE
Ci0=COTANL2, RF TRy LE::/3) .
nuwnAm.,a\hmuncvv.Aﬁmm*<\hm.*uvv*moapzamfuwHacnnmurrwv»x\mv
1 uﬂcnnm.nmczb+mczuouxﬁu.*mQMqﬁmmmﬂvvw .
£30=(C10§C20-1,)/(C10+C20) .

| ¢ FCTO TS TRANSVERSE RESOHAICE CONDITION WHEN EERE LT, .0

1
)
T

- ﬂﬂﬂOWlamth\Aw.o~7wwhnoﬂbzam.O*ﬁH7m*:nx\m+bqrzﬁAc\<u*4»zh.
1 M.d*TH*<*unajlmv\mwuv+Aﬁ:**m.ov«mc:a+wcx_ov\
"1 ﬁm.cwmnrqﬁHMﬂﬂvylhmm*<\nu.oﬁauvbﬂwc
FCT=FLTH
RETURH -
IF EEFF BT, 1.0 THEN USE THE FOLLOYING EQUATIONS
0 26 I=1K )
_J..I.H*H-ﬁ. . N
mczmnﬁammzawmﬂriu\dyV**M.ov\ﬁjwahwm*nka\wu**m.ovv .
mc:nnﬂmﬂ*qbzInﬁla:VVlmMﬂﬂ*Anﬂzwﬁ:Vv**m.ou*ﬁoqbz:ﬁmnn:vvv
1 \ﬁﬁH.o+AU\hm.*wm*:uw**m.ovwﬂ:mnzvvlC%ﬁw.oV*mcxm
SUMA=SUHA F5UHD
SUR1=5UnEEUNL . y
mcxmuﬂ<*4m.ov*nm.OIH\ﬁﬂzA:vuQ*mCIm
 SUHZ=SUH2ESUMI .
© CONTINUE - . - |
C1=COTANH(2,XFPT¥v¥tx./a) .
nwunm.%amomm*cuu*ﬁﬂmM*c\hm.*UvV*OOADZIAU.*mw*cﬁﬁwljlwu*x\mv
1 lﬁlcﬁuw.*mC2»+wc3mu\am.*momqﬁmmﬂﬂvvu i
C3=(C1¥C241,}/{C1+C2) :
C FCT IS TRANSVERSE RESONANCE CONDITION WHEN EEFF IS GT. 1.0 ..
ﬂnqulﬁmm*C\am.o*auv*nOAD:nm.o*wH*m*C*x\m+Ddrzﬁh:\<v*qbzzh
1 M.Q*THﬁcwxuAjlmu\muuv+hacwhw.ow*mcza+mczmv\.
1 (2,01SORT(EEFF))—-(a2kv/(2,0kd))iC3 .
RETURN - :
) END . o

—
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THE FOLLOWING SUEROUTINE CALCULATES HORMALISED CUTOFF WAVELENGTH -

M A RIDGED WAVEGUTOE, THIS SUBROUTINE 15 CALLED LAMCR, THE EQUATION

LS EQUATION 1,52 IN THE FIN- LINE MANUAL. L. VARTABLES ARE TRANSFERRED

YTA THE COMMON STAYEMENT .ALAMCR 15 THE RETURHED UhLUE, :
- o

.

DR el w Fa Y aw Fa Bl el

.

. SUBRQUTINE LAMCR{ALANCK) ”
IRFLICIT REAL (A~H,0-7)

. LUt asbrdstshisssErefrear:nrraFIsFLAG
ALARCR=a/ (2% (a-t) ) /SORT(1+(a/F TR (140, 2XSQRT(
T/ {a=-t 1 i/ (a-L) VEALODGCI /SINIPTkd/ (24D 1)

' LH02, 4540, 2%/ a) rtkh/vda(a-1) 1)

3 RETURN ‘
EHT !

THE FOLLOWING SUBROUTINE ZOINFI CALCULATES 70 INFINETY USING A VOLTAGE
FOJER DEFINITION.THE EQUATION IS EQUATION 1,60 TN THE FINCINE RAnUAL,

[ Erdwriorior Parier N o]

SUBROUTINE ZOINFI(ZOINF)

IKFLICIT REAL (A-Hs0-2)

COHADN arDrdsbohrssErsTrearssrsFIFLAGIK

CALL LANMCR(ALAHCR) . .

ZOINF={120%(FIH¢2,0) kdxbkALANCR/ (b¥a) i/ ({ 2kd%ALAMCE
- “1/3Y6((COS(FI%LXALARCR/a) ) %47 . 0) %AL0GL 1 /SIH(E T &d/ (Jkb)) )
; TP TALFALAMCR/ (24 3) H(STH( 2¥F 1AL XALAACK /) ) /A4 ((d/b) %
TO(COS(PTRtYALAMCR/3) ) X2, G/ CESIN(FIHALAMCRX(1-1/a) ))X¥2,0))
IX(FIRALAHCRY (1-1/3) /2= (SIH( 24P TXALAKCRYX( 1-t/a) } ) /747)
Wmmcmz. )

1
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J Appendix B

Ampiifier Test Jig Drawings
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