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1.0 INTRODUCTION AND SUMMARY 

Millimeter waves have long been considered for adverse weather and 

secure communication applications especially at 94 GHz and 60 GHz 

respectively.  The high frequencies also allow the use of small anten- 

nas, and provide wide bandwidth possible for high data rate communica- 

tions. Recently, solid state devices such as oscillators, modulators, 

and mixers have been developed for millimeter wave applications, and, 

therefore, provide the potential of all solid-state compact systems. 

The purpose of this program are not only to advance the state-of-the-art 

of the solid state devices, especially, the IMPATT diode high power 

transmitter oscillators, and low noise local oscillators at these fre- 

quencies, but also to demonstrate the potential of these solid state 

devices for practical system applications. 

The objectives of this research and development progrcai are to develop 

high power IMPATT diode transmitter oscillators of 200 mW output power at 

94 GHz frequencies and of 300 mW output power at 60 GHz frequencies; 

to develop low noise voltage-tuned IMPATT diode local oscillators 

at these frequencies; and to demonstrate the system performance capa- 

bilities of these solid state devices for transmitting and receiving 

FM FSK data at 100 megabits per second data rate with the bit-error- 

rate (BER) of less than 10  at a signal-to-noise ratio of 15 dB or 

less. The development of these solid state devices can be applied to 

the future Army high data rate llne-of-sight communications over a range 

of 2 Km at 60 GHz and of 5 Km at 94 GHz under heavy rainfall (20 mm/hr) 

conditions. 

At these frequencies, the highest power possible, among all the solid 
+     + 

state devices, is from silicon IMPATT diodes of p -p-n-n doping pro- 

file. The best results reported were all aimed at output power and 

efficiency, however, without taking into consideration the reasonable 

niiriUMihwmiiiiiiifiii i I. f  -     -~- — 
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tuning bandwidtb for practical FM communications, and the reasonable 

diode junction temperatures (near 250 C) for long term reliable 

applications. 

GaAs Gunn oscillators were in general used as low noise local oscillators. 

Their noise is in general one order of magnitude lower than that of 

IMPATT devices.  However, GaAs technology is not as well developed as 

Si technology, so that device reliability data were not available at 

these high frequencies for GaAs devices. This program demonstrated 

that low noise silicon IMPATT local oscillators using varactor diodes 

for frequency tuning (VTOs) can also be developed for FM data reception 

to achieve the program goals, at low diode junction temperatures to 

ensure long term (> 10 hours) operation. 

We have developed two 60 GHz and two 94 GHz FM IMPATT diode transmitter 

units (FM IDTUs) and two 60 GHz and two 94 GHz low noise local oscilla- 

tor units (LN LOUs) during the course of this program to meet most of 

the program goals. Furthermore, for system performance evaluation 

using these oscillators, a FM receiver complete with balanced mixer, 

AFC, search/lock, AGC, and frequency discriminator/comparator circuits 

was also developed for 100 megabits/sec data reception and BER evalua- 

tion. Table 1.1 summerlzes the expected program goals and the results 

we have achieved in this program. 

FM noise of the two 60 GHz FM IDTUs and all the LN LOUs were not meas- 

ured because of the limitations on delivery schedules and on the avail- 

ability of calibrated setups for FM noise measurement.  Similarly, the 

loaded Q of the oscillators, which relates directly to the oscillators 

FM noise and bias current tuning range has not been measured, although 

based on our experience, the Q-factors were In the order of 10 to 20 

estimated. We also missed the data on the temperature stability of the 

two 94 GHz LN LOUs. 

liiiiiiiiMir- - • ■' ""^^■'■^- 
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% ■ The two FM IDTUs at 60 GHz and two FM IDTUs at 94 GHz have been deliv- 

ered to ECOM for evaluation.  The units were mounted on heatsinks with 

current regulator/modulator circuits and ferrite isolators mounted as 

integral parts of the transmitter oscillators. The two LN LOUs at 

60 GHz and two LN LOUs at 94 GHz have also been delivered to ECOM.  The 

units were also mounted on heatsinks with current regular circuit, 

varactor bias leads, and ferrite isolators as integral parts of the 

local oscillators. 

Four search/lock boxes have been constructed and delivered to ECOM for 

use with the four LN LOUs. 

Figure 1-1 shows the picture of the FM IDTUs and LN LOUs and the S/L 

boxes with part of the power supplies delivered to ECOM. 

For BER evaluation, a HP3760A data generator with option 012 and a 

HP3761A error detector with option 002, and a HP 5055 printer as shown 

in Figure 1-2 have also been delivered to ECOM. 

In this report, we will first discuss silicon double-drift IMPATT diode 

FM transmitter oscillators development in Section 2.0.  Then the low 

noise local oscillators development will be discussed in Section 3.0. 

System performance evaluation of those oscillators will be covered in 

Section 4.0 The discussions on the results achieved and future develop- 

ment work suggested will be concluded in Section 5.0. 

■,,■■.::... .,■..-■ 
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Figure 1-1 Photograph of the hardwares delivered to ECOM. 

5 



E1174 

Figure 1-2 HP data generator, error detector and 
printer purchased for this program 
and delivered to ECOM. 
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2.0 FM IMPATT DIODE TRANSMITTER OSCILLATOR DEVELOPMENT 

2.1  IMPATT DIODE DESIGN 

DIODE PROFILE 

The silicon double-drift IMPATT diode of p+ pnn+ doping profile is essen- 

tially two complementary single-drift IMPATT diodes (p+nn+, and p+pn+) in 

series.'- From the physics point of view, the negative resistance of a 

double-drift diode on a per unit area basis is therefore twice of that of 

a single-drift diode. Since the effective area of a double-drift diode is 

about half that of a single-drift diode, we expect four times more output 

power from a double-drift diode than from a single-drift of the same 

physical area. The efficiency of the double-drift diode is also better 

than the single-drift diode. This is because only one avalanche 

region is required for both drift regions. Since the avalanche region and 

drift region voltage are essentially equal, the total dc voltage of a double- 

drift diode is about 50% higher than a single-drift diode.  Since the 

output power is about four times that of the single-drift diode, we 

expect an improvement in efficiency by about two to three times with 

the double-drift diode. 

Theoretical design of silicon double-drift diodes doping profiles for 

optimum power and efficiency has been reported using large signal com- 

puter simulation.  The results are reproduced in Figure 2.1-la.  The 

difference in both doping concentration, Na and Nd, and in region 

thickness, Xp and Xn, shown in Figure 2.1-la is due to the difference 

in low-field mobilities, ionlzation rates, and saturation velocities 

between electrons and holes. For realistic double-drift diode design, 

however, one should take into consideration that for millimeter wave 

diodes at 60 and 94 GHz, the carrier diffusion lengths are significant 

compared with the thin n and p layer thickness which are in the order of 

ä 
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Figure 2.1-la  Design data for millimeter-wave double-drift 

IMPATT diode (T - 500oK). 
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0.3 x 10  cm to 0.5 x 10  cm. Not only is It difficult to control 

the layer thicknesses to the designed values, but also to realize flat 

doping profiles in both regions.  Furthermore, there is always the out- 

diffusion from the n substrate material to further complicate the 

doping profile and lower the diode power and efficiency.  For compari- 

son, single-drift IMPATT diode design curve is shown in Figure 2.1-lb. 

We have fabricated diodes of different doping profiles at 60 and 94 GHz. 

Multiple-epitaxial vapor layer growth technique was used to grow the 

n and p layers instead of the ion-implantation technique. We have found 

that the multiple-epitaxial growth technique is suitable for large 

quantity production. For the 60 GHz diodes, because of larger layer 

thicknesses than those of the 94 GHz diodes, attempts were made to 

follow the optimum computer design.  For the 94 GHz diodes, it is more 

difficult to control the doping concentration and thickness so that 

equal n and p layer concentrations were targeted. Figure 2.1-2.1 and 

2.1-2b are the doping profiles and calculated electric field for the 

60 GHz single-drift and double-drift diodes respectively. The 94 GHz 

single-drift and double-drift diodes doping profiles and electric 

fields are shown respectively in Figure 2.1-3a and 2.1-3b.  Small signal 

calculations of the diode admittances at 500 K diode junction tempera- 

ture for the 60 GHz single-drift and double-drift diodes are shown in 

Figure 2.1-4a and 2.1-4b respectively.  The design shows the operating 

frequencies and current densities that are expected for operation at 

these frequencies.  Similarly, for the 94 GHz single-drift and double- 

drift diodes, the diode admittance curves are plotted in Figure 2.1-5a 

and 2.1-5b respectively. 

Power output capabilities of the double-drift diodes compared with the 

single-drift diodes, however, cannot be determined by the admittance 

curves alone.  From the circuit point of view they are also related to 

the r.f. voltage across the diode terminals and to the area of the diodes. 



" ^   .  ..yipiiippp 

<n 

1 10" 

10 16 
10 

T 1 1 1 1    I    I   I 

p+n   n+ 

Q4211 

T r— 

CONCENTRATION 
(N-LAYER) 

THICKNESS (n-LAYER) 

J I I I I   I   I   I J 1 1—10.1 
100 

FREQUENCY, GHz 

1.0x10 4 

i 
i 
z S 

Figure 2.1-lb  Design data for millimeter-wave single- 
drift diode (T » 500oK). 

10 

— - - - ilWiii'ijIi-lliirite'rAaBMarf. ., ^^^^ . ^^^ 



— —-—. .^—^^^—^———— — ■ "   '.      .    IN      .ll'"IUI   Mill.111.  IIJBI|.I|III|I«^MH 

04212 

ixio20 rx fx 
8xl05r    1x10 

6 - 

> 
h 

Q 
-I 
UJ 

iZ 
u s I 
IU 

UJ 

4- 

+17 

7 

o 
s 
AC 
H z 
iu o z 
8 

0L      1x10 16 

TH 
i+  l 

<• 

CONCENTRATION 

r\.....Z....._J 

n+ 

FIELD 

0.00 0.02 0.04 0.06 

DISTANCE, cm 

0.08     O.IOxlO-3 

Figure 2.1-2a      60 GHz silicon single-drift IMPATT diode 
doping profile and field distribution 
(diode Junction Temperatlon " 500oK) . 

11 

■^"^—-—- ■ - - ■ ■ ^...-^..^ ^.■.-^- "^^'-^ ?a"- 



mmmmw'ß 

G4213 

IxlO20 

(xlO' 
600.00 

500.00 

)   (xlO17) 
10 
9 

8 

7 

6 

7 

> 

400.00 - i 

9 
UJ 

c 
m 
- 300.00 

Ui 

UJ 200.00 

100.00 

\ 

T  T 
I 
i 

L    I 
-   L- 

2    4 

U  H z 
u 
ü 

§  2.5 

1.5   - 

1.0 
0.00 

i 
i 
i 

i 
i 
i 
i 

CONCENTRATION 

0.04 0.06 

DISTANCE, CM 

0.08 0.10 0.12x103 

Figure 2.1-2b 60 GHz silicon double-drift IMPATT diode doping 
profile and field distribution. (Junction Tem- 
peratlon - 500oK) 

12 

u tim^.^J.t^J.i.^:. 
 •    - ■■     -■      —    ■ ■■  



———        '^mmm WPPBwpr     ^IIPM»! 

: 

'■ ' 

1 
1 

CM 

-11- 

A' 

\ 

/   \ 
/ 

* ILLXJ I III I I  I    I l_L_J \ III I I   I   I LJ_J_ 
«g «»«CO     CM ^ (OU)«0)      (M 

9 
6 

d 

K     uio 'NOI1VU1N33N03 

8 
« d 
o 

-L J. J_ 
•% 
r« 
s 

CM 

UI3/A   Qlild 9IU19313 

13 

■-■-.■   ■ ■■ -    ■   ■ ■_' ttiiiiiilBitfiitf'iiiJiiiii "it 

o 
o- 

c 
•H 
P. 
o 

(U 
T3 
O 

(0 

0) 

c o 
•rt 

U 

<u 
O 

H •H 
H P 
< ^x 

1 c 
H o 

•H 
W iJ 

«4-1 3 
•H .o 
U •H 
•d M 
l ■W ■ 

<u CO /—S. 

H •H hi 
60-d o 
a o 

•H TJ o 
(0 lO 

N •H II 

g «4-1 
c 

T3 o -* c •H 
o\ cd •W 

n) 
CO 

•-I 

CM 

2 
3 
00 

.BMlÄS M^>A^^^^"ttitteliftl^fai^^^^   



^«.^...m:. SSB 

o o o o q q in q 
fN (O IA ^ n oi CM 

IA 

X 
q 
o 

o 
q 
o 

00 s 
•H 
0. o 

CM X) rx 
o -s o 

•H •o 
H 

s | 
d § c 

H O 
•rl 

U   U 

.1 
<u   3 
•H 43 
U  -H 

IA . »O h 
d u <U CO 

rH -rl 
43 «O 

< 3 i O -O 

s?^ 
d U 

•H TJ 
-H C 
•H (d 
01 

4) 
9 
d 

N tH 

O 
«a- M 
a> a 

g s 
o 1-1 

pg 

s at 
H d 3 
00 

^8 
5'- 

J. 
8 8 8 3 

uio/A 'Qiaid 3IU13313 

14 



UMP 

ixio1) 
640 

550 - 

480 - 

84215 

N 

| 400 

Ul 
U 
Z 
< 
t 320 

240 - 

160 - 

80 

CURRENT 
DENSITY, A/cm2 

/    A 

l,0x104 

1 ^s 
0.9x104 

l.lxlO4 
^ r   y S 

FREQUENCY, GHz         i^ 
^ ~ 

C^ 
1    y^^y / 

/   JT         s .V f 

/ s      J^r"—' / i&A^^f        y f 

1           ^T^^    1 

V-BAND 
p+-n-n+ 

eor^         Y          Y 

\          \      5^ k 

N.            5^^ 
\ 

55*X.            \ 
\ V. 

1                 1                 1 
^ 7^; 

1 
-1600  -1500  -1400   -1300   -1200   -1100 

CONDUCTANCE, MHO/cm2 

-1000   -800 

Figure 2.1-4a 60 GHz silicon single-drift IMPATT 
diode admittance curve (T. = 500oK). 

15 

riiiriM>ili'-"'-i-^J^"-'JJ"-J"j:-'-"^---'-  i .itu^mitmimm 



— '"""""""TT"T'"'"'"" .'    "' '"" 'T? 

U101) 
480.00 - 

04216 
': 

-1600.00   -1500.00    -1400.00   -1300.00   -1200.00    -1100.00     -1000.00 

CONDUCTANCE, MHO/cm2 

Figure 2.1-4b  60 GHz silicon double-drift IMPATT 
diode admittance curve (Tj ■ 500oK). 

16 

^mimmmmätmtmtm 



  -ÜWippBW mm*m^mg&imm$mvMmß 

(xlO1) 
240.00 

220.00 - 

Q4217 

N 200.00 

O 

I 
u 180.00 

1160-00 

140.00 - 

1            I           I 1                  1 

CURRENT DENSITY. A/cm2 
- 

J - .93x104 

J « .95x104 

/_-—Jl05 
Tl06           1 

IOOV      w\ 

\               A95 

OBV          N^ 
— 

>^            X90 

90\~        X. 

1                   1                  1 1           1 120.00 
-2240.00 -2200.00 -2100.00 -2120.00 -2080.00 -2040.00 -2000.00 

CONDUCTANCE, MHO/cm2 

Figure 2.1-5a  94 GHz single drift IMPATT diode admittance 
curve (Tj = 500oK). 

17 

kMU 
I 
y djfi '■■,- ■■ .■■■ 

miMäiä^^u**^^:^^^>^^^^  ..:.._ ;  



-mpiipwfiiiapjuwB^ '■ ■•mim-mmmm'umm.mm^mmm'mm 

G34S1 

(xlO1) 

140 

130 - 

s 
Ü 

120 - 

UJ u 
I  1,0 
UJ 

CO 

100 - 

90 - 

80 

fj-.OSxIO4 ^«.OBxIO4 

1      /          / 

I105.5/ 
IT          1 

\   T105 

• 

\    X95 

i                 V?3^^ 
^SkjK) 

^ 

I          I I 

s 

I I 

* 

•1840 •1800 1760 -1720 1680 

CONDUCTANCE, MHO/CM2 

•1640 •1600 

Figure 2.1-5b  9A GHz silicon double-drift IMPATT diode 
( admittance curve. (T^ - 500oK) 

-"• "•"■""'-'iriir-iriltiiiüli 



SRI 

For the double-drift diodes, the breakdown voltage Is about 1.4 times higher 

than that of the single-drift diodes of same effective doping concentration. 

Therefore, the r.f. voltage for the double-drift diodes is expected to be 

higher than that of the single-drift diodes by a factor of 1.4.  This 

alone allows us to expect the double-drift diodes to have at least 
2 

(1.4)  times more output power capability than the single-drift diodes 

assuming same negative conductance values (in mhos). However, the 

single-drift diodes normally have more susceptance per unit area than 

the double-drift diodes.  To match the same external circuit impedance, 

the diode area of the double-drift diodes must be increased to reach 

the same susceptance levels as the single-drift diodes.  This also 

increases the negative conductance of the double-drift diodes.  Depend- 

ing on the diode design, we normally expect to have a power increase 

with the double-drift diodes in the order of 2 to 4 times over the 

single-drift diodes. 

The output power and frequency of IMPATT oscillators are limited 
3 

electronically and/or thermally.  For high frequency diodes, the maxi- 

mum power capability, Pm, of the IMPATT diodes is limited by the break- 

down voltage and maximum current, which in turn is limited by the 

avalanche breakdown process. A relationship between Pm and the 

frequency f. 

P a ^T- 
m   ,2 

is predicted and is normally observed for frequencies higher than 

100 GHz. At lower frequencies, the diode breakdown voltages are 

normally large, so that maximum power is limited by the thermal 
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resistance between the diode junction and the diode heatslnk. 

relationship 

The 

m -m a  AT 
s 

= Constant 

Is normally observed. Here AT Is the junction temperature rise above 

the ambient, a Is the silicon thermal conductivity, and e  is the 
s s 

silicon dielectric constant.  For double-drift diodes, diode breakdown 

voltage is about 1.4 times higher than that of the single-drift diodes. 

We therefore expect that the thermal limitation will be the dominant 

effect, and this is generally observed in our laboratory. 

To achieve the maximum power possible at 60 and 94 GHz, it Is obvious 

that low thermal resistance must be required. We have initiated the work 

using type Ila diamond as heatslnk to lower the thermal resistance for 

the 94 GHz diodes to achieve sufficient transmitter output power at low 

diode junction temperatures required for this program.  For the 60 GHz 

diodes, since sufficient output power at low diode junction temperatures 

can be achieved using copper heatsinks, no attempts were made to use 

diamond heatsinks for this program. 

DIAMOND HEATSINKS 

The thermal resistance between the diode junction and the heatslnk 

consists of a diode diffusion resistance in the silicon in series with 
4 

a spreading resistance at the diode and heatslnk interface region, 

diffusion resistance is normally about ten times smaller than the 

The 

spreading resistance using copper as heatsinks. However, since type Ila 

diamond has a thermal conductivity of 12.0 W/cm- K compared with that of 
o 4 

copper, 3.94 W/cm- K, the theoretical calculation shows that one can 
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expect to achieve a 50% reduction of the overall thermal resistance by 

using diamond heatsinks. 

Figure 2.1-6 shows the procedure for mounting double-drift IMPATT diodes 

on diamond heatsinks. Thermal resistance of double-drift diodes on 

diamond has been measured using combined d.c. and pulsed methods. ' ' 

Figure 2.1-7a is the measured thermal resistance as a function of the 

diode capacitance for double-drift IMPATT diodes on type Ila diamond 

heatsinks for diodes with breakdown voltages of 18.5 volts and 

23.5 volts.  Thermal resistances of double-drift diodes on copper 

heatsinks with 23.5 volts breakdown voltage are also shown in Fig- 

ure 2.1-7a for comparison.  In general, we achieved a 1/3 reduction in 

thermal resistance with the use of diamond heatsinks.  Measured 

thermal resistances of single-drift silicon IMPATT diodes on copper 

heatsinks are also recorded and shown in Figure 2.1-7b as a comparison 

with the double-drift IMPATT diodes results. 

2.2 60 GHz FM OSCILLATORS 

2.2.1 60 GHz IMPATT Oscillator Circuit 

IMPATT diode oscillations occur when the external circuit impedance 

matches with the diode RF impedance.  Normally, a simple reduced height 

waveguide circuit is sufficient to achieve device-circuit impedance 

matching when a p -n-n single-drift IMPATT diode is used. Wideband 

bias current tuned oscillations covering almost full waveguide fre- 

quency band or high power narrow tuned oscillators can be achieved 

using single-drift IMPATT diodes with relatively little effort.  How- 

ever, with double-drift IMPATT diodes, since the device admittance 

curves are compressed toward the negative conductance axis of the device 

admittance plot, the present simple reduced height waveguide circuit 

was not able to achieve good device-circuit impedance matching for 
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Figure 2.1-6 Procedure for mounting IMPATT diodes on 
diamond heatsinks. 
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high power, high efficiency oscillation with good RF tuning 

characteristics.  Therefore, various cavity circuits have been 

investigated.  Some degree of success has been achieved, in terms of 

oscillator output power and efficiency, with the coaxial coupled reduced 

height waveguide circuit shown in Figure 2.2-1. A packaged double- 

drift IMPATT diode is mounted at the end of a coaxial section which is 

cross-coupled to the reduced height waveguide section. The bias to the 

diode is by a metal pin through an anodized aluminum dc bypass as shown 

in the figure.  A contacting sliding short is provided behind the bias 

pin which also serves as a coupling post between the coaxial section 

(where the diode is mounted) and the reduced height waveguide section. 

The sliding short is generally placed approximately one half of a guided 

wavelength behind the coupling post to achieve a low impedance across 

the post. However, the impedance level can be tuned mechanically by 

moving the sliding short. The length L of the coaxial section where 

the diode is mounted can be varied in steps using spacers from zero 

length (simple reduced height waveguide circuit) to as much as a quarter 

wavelength to provide Impedance transformation from the low diode 

Impedance to the high waveguide Impedance. The coaxial section formed 

by the anodized aluminum dc bypass (RF choke) and the bias pin can also 

be used for Impedance matching by moving the position of the RF choke 

along the bias pin to vary the distance as indicated in the figure. 

Figure 2.2-2 shows the tuning characteristics of a double-drift IMPATT 

oscillator as a function of the length of the coaxial section in which 

the diode Is mounted. Best power is achieved when the diode is 

mounted about 0.040 inch recessed from the reduced height waveguide 

section and with a = 0. This indicates that certain impedance trans- 

formations can be provided with a short section of coaxial length in the 

RF choke section as discussed earlier and shown in Figure 2.2-3.  The 

diode is mounted in a coaxial recess L of about 0.040 inch in length. 

The data is obtained with the diode biased at junction temperature 
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of 250 C which is determined from the total dc power input to the diode 

multiplied by the measured thermal impedance (0C/watts) between the 

junction of the diode and the diode heat sink at ambient temperature. 

Best output power and dc to RF conversion efficiency was achieved when 

the RF choke (the anodized aluminum dc bypass) was actually inserted 

into the reduced height waveguide section. Output power of 310 mW at 

5.5% efficiency was obtained at approximately 66 GHz.  Both power and 

frequency were reduced as the choke was recessed into its coaxial sec- 

tion. This circuit is reasonably effective in achieving device-circuit 

impedance matching over a given mechanical tuning range.  However, 

frequency tuning range with bias current at fixed mechanical tuning 

is in general narrow.  We have found it is difficult to achieve bias 

current tuning range at both 60 GHz and 94 GHz frequencies. Neverthe- 

less, we have achieved bias current tuning range over 100 MHz at both 

60 GHz and 94 GHz frequencies by selecting the diodes to match the 

circuit impedance. Figure 2.2-4 is the result of the best efficiency 

and output power we have achieved with this circuit. At a low diode 

junction temperature of 250oC, 8.6% efficiency and 480 mW output power 

at 58.15 GHz have been obtained, with diodes on copper heatsinks. 

This result compares closely with the best reported result of about 

600 mW output power and about 11% efficiency at 250oC diode junction 

temperature at 50 GHz for a silicon p+p nn+ IMPATT diode on metal 

heatsink. 

Recently, output power of 1 watt and 11% efficiency with a p+pnn+ 

silicon IMPATT diode on diamond heatsink operated at 250oC junction 
o 

temperature and 50 GHz was reported.'  Our diode performance can 

therefore be further improved by using diamond heatsinks so that the 

output power will not be thermally limited. Recently, the performance 

of our 60 GHz diodes on diamond heatsinks have been reported.   For 

example, 605 mW output power at 2310C diode junction temperature has 
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been achieved at 67.5 GHz, however, with an efficiency of A.7% limited 

mainly by the circuit. 

Most of the high power and efficiency results reported in the 

literature were obtained by optimally tuning the oscillator at single 

or narrow frequency lange.  For FM transmitter oscillator applications, 

reasonable frequency tuning range (+ 100 MHz üiinimum for this program) 

with bias current is essential, even at the expense of obtaining lower 

output power and efficiency.  Our emphasis was therefore centered on 

obtaining sufficient bias tuning range and, at the same time, obtaining 

maximum output power at reasonable diode junction temperature for long 

term reliable operations. 

Bias current tuning characteristics of an identical cavity circuit using 

diodes from the same wafer lots with similar diode package configurations 

and diode parameters such as breakdown voltage and zero bias capacitance 

are in general similar.  Figure 2.2-5 and 2.2-6 are the bias current 

tuning characteristics of two double-drift IMPATT diodes from the same 

diode lot, (Lot No. MDV 87) and same diode package configuration 

(quartz ring package with half-strap (HS) gold ribbon connecting the 

diode to the quartz ring), but with zero bias capacitance of 1.2 pf and 

1.5 pf respectively. The diode with the 1.2 pf capacitance matched with 

the circuit better and resulted in 6% efficient and lower junction 

temperatures. A frequency tuning range of + 100 MHz was achieved. 

2.2.2 60 GHz FM IMPATT Diode Transmitter Units (FM IDTUs) 

For developing reliable FM IDTUs, all the oscillators developed were 

subjected to a "burn-in" period, in which, the ui.its were continuously 

operated at their normal operating junction temperatures for at least 

48 hours. Diodes of poor metallization or soldered poorly onto the 
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251 254 259 264 269 274 279 

JUNCTION TEMPERATURE, 0C 

Bias current tuning characteristics of a 60 GHz 
oscillator using a double-drift IMPATT diode 
from the same diode lot as shown in Figure 2.2-5 
but with a larger diode capacitance of 1.5 pf. 
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heatsinks were likely to burnout or their r.f. characteristics (i.e., 

output power and frequency) would shift. Two FM IDTUs were finally 

completed and delivered to ECOM for evaluation. This section reports 

our test results of the units (Unit A: TO-V-A, and Unit B: TO-V-B, 

where TO stands for transmitter oscillator, and ", for V-band units). 

Output Power - Frequency Tuning Characteristics 

Bias tuning characteristics of TO-V-A is shown in Figure 2.2-7.  This 

oscillator achieved 520 mW output power at 5.7% efficiency.  It has a 

frequency tuning range of over 500 MHz with minimum output power of 

320 mW.  The diodes were very stable during the burn-in period and led us 

to suspect that the estimated diode junction temperatures based on the 

extrapolated experimental thermal resistance data, were perhaps higher 

than the actual junction temperatures for this diode.  The output power 

of this oscillator varied over ± IdB.  The oscillator frequency decreased 

as the bias current Increased which is common depending on the external 

circuit characteristics. 

Tuning characteristics of the second unit, TO-V-B is shown in 

Figure 2.2-8. This unit is continuously bias current tunable from 

60.2 GHz to 61.4 GHz, a tuning range of 1.2 GHz. However, the unit has 

a maximum efficiency of 5% at 340 mW, lower than those of unit A. The 

unit can be operated at the normal junction temperature of 260oC and 

330 mW to meet the requirement of this program. External circuit 

looping caused a frequency jump at a bias current of 270 mA as shown in 

the figure. This is expected because of the complexity of the coaxial- 

cross coupled waveguide circuit. VSWR at either the tuning short 

terminal or the cross-guide section will cause phase shift loops that 

form external circuit looping on the circuit admittance plot. When 

more than two points are intercepted between the diode (device) 
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Figure 2.2-7  Bias current tuning characteristics 

of TO-V-A. 
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admittance and the external circuit admittance (because of the external 

circuit looping) the oscillation can jump from one frequency (at one 

admittance Intercept) to another frequency (at another admittance 

Intercept). 

Noise Characteristics 

IMPATT diode oscillators are In general considered noisy because of 

their Intrinsic noise characteristics associated with the random ava- 

lanche process.  The noise can be reduced by either injection locking 

the oscillator with a quiet source or using a high Q cavity circuit to 

either trigger or limit a more uniform avalanche process In the device. 

For free running IMPATT oscillators, not only the external circuit 

impedance determines the noise behavior, the bias circuit used for the 

oscillator at certain conditions will have negative resistance at very 

low frequencies and can cause bias circuit oscillations which form noise 
3 9 12 13 

like sidebands in the oscillators. ' '  '   Normally, for double-drift 

diodes with larger negative Impedance, power capability, and efficiency, 

we expect lower noise than the single-drift diodes based on theoretical 

considerations. However, high efficiency diodes also are more prone to 

bias circuit oscillations. The maximum bias oscillation frequency f 
BM 

can be expressed as 

BM 
-i-   UtT 
' o,   y Rs 

where f is the carrier frequency, QT is the circuit loaded quality 
Li 

factor.    R    is the diode space charge resistance, and 

R_ 
m 

4 dE      j 

/dPo 

Ginr) 
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where d is the active layer width, E is the critical field.  G is the 

optimum negative conductance, and dP /dl is the slope of the output 

power versus dc bias current. 

m 
E da 

c n 
ot ^L n E E -' c 

E  da 
C p 

P  E 

where a ,  and a    are ionization coefficients for electrons and holes, 
n* p 

respectively.    For 50 GHz diodes, calculation shows that 

fBM~3-6GHz 

Q 
is possible.  These high frequency bias oscillations cannot be 

suppressed by using a bias current regulator circuit. They can be 

suppressed by either loading the bias with lossy matarials at these 

frequencies, or properly terminating the low frequency oscillations 

with a filter design at the R.F. choke section of the diode bias. 

We have measured the double sideband (DSB) AM noise of the units TO-V-A 

and TO-V-B as shown respectively in Figure 2.2-9 and Figure 2.2-10. 

The unit TO-V-A shows lower noise at 60 MHz from carrier than at 1.5 GHz 

from carrier. This indicates noise generation due to bias circuit 

oscillations near 1.5 GHz which cannot be properly terminated with the 

present anodized aluminum R.F. choke design. This will be more obvious 

as we later present more of our noise data on transmitter oscillators 

and local oscillators with the same choke design. However, the overall 

AM noise of TO-V-A is less than -128 dBc/100 Hz with the best result 

at -132.4 dBc/100 Hz which is reasonably low noise for IMPATT 

oscillators. 

The unit TO-V-B shows more noise than TO-V-A. Here the near carrier 

(60 MHz away) and far carrier (1.5 GHz away) noise are about the 

same order of magnitude simply because the noise of the oscillator io 
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Figure 2.2-9  AM noise characteristics of TO-V-A. 
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in general high. The fluctuation of noise at different carrier frequen- 

cies is related to the external circuit and device-circuit interaction, 

which also causes minor output power fluctuations. No attempts were 

made in this program to specially suppress bias oscillations. 

Frequency Shift - Ambient Temperature Effect 

IMPATT oscillator characteristics change as ambient temperature varies. 

This is because the avalanche coefficients of IMPATT diodes are a 

strong function of temperature so that the diode r.f. impedance also 

varies strongly with the temperature. This can be compensated however 

by using an external heater to control the IMPATT oscillator heatsink 

temperature to a fixed elevated value against ambient temperature 

variations. If the transmitter oscillator frequency shift is small, 

the receiver circuit with AFC search/lock can also compensate for the 

transmitter drift. Nevertheless, it is important to know the frequency 

shift characteristics of the transmitter oscillators. Figure 2.2-11 is 

the frequency shift effect of TO-V-A. The IMPATT oscillator was placed 

in a temperature controlled chamber while the frequency of the oscilla- 
.o 

tor was monitored. The average frequency drift is about 4 MHz/ C at 

250C. Figure 2.2-12 is the frequency shift characteristics to TO-V-B. 

It has a frequency drift of 20 MHz0C at 250C. The higher the circuit 

Q-factor the better the temperature stability, but smaller bias current 

frequency tuning range results. 

A picture of one of the 60 GHz FM IDTUs is shown in Figure 2.2-13. 

The oscillator cavity is mounted on a copper heatsink block with 

aluminum heatsink fins. A ferrite isolator is connected to the 

oscillator output to prevent frequency pulling due to external load 
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mismatch. The Isolators used were tuned to have a low Insertion less of 

between 0.7 and l.OdB. A regulator/modulator circuit box Is mounted 

directly above the IMPATT diode bias and securely anchored to the 

heatslnks. The bias current of the IMPATT Is well regulated with the 

use of an IC regulator. Current modulation is achieved by sharing 

the total bias current between the IMPATT diode and a modulation 

transistor.  The IMPATT oscillator can be modulated up to 150 MHz with 

this simple circuit. (See Figure 4.1.2). 

• 

2.3 94 GHz FM TRANSMITTER OSCILLATORS 

2.3.1 94 GHz IMPATT Oscillator Circuit 

The 94 GHz double-drift IMPATT oscillators using the circuit shown 

previously in Figure 2.2-1 have been extensively evaluated.  Our 

first approach was to use p -p-n-n doping profile silicon diodes mounted 

on copper heatslnks for device evaluation. We have found in general 

that the devices were capable of generating high output power at 

reasonable efficiency but with substantially higher diode junction 

temperature than the normal reliable operating junction temperature of 

250oC. Figure 2.3-1 is the performance characteristic of one of these 

oscillators. The oscillator power and efficiency was peaked with the 

mechanical tuning short at each different fixed bias current. Bias 

current frequency tuning range at each optimal output power level was 

limited to less than 50 MHz. Maximum output power of 390 mW at 5.9% 

efficiency was obtained at a high junction temperature of 370 C 

near diode bum-out. The results suggest that either the device design 

was not optimized or the circuit impedance level was not compatible with 

that of the device impedance.  One major circuit problem is perhaps the 

use of quartz ring packages for the high frequency diodes.  The package 

parasltics become dominant parts of the overall circuit. 
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We have found, for example, that by using the qaartz ring package with 

a single gold strap, close to 10 GHz of frequency downshift was generally 

observed from that of using the package of full strap configuration as 

shown in Figure 2.3-2. Furthermore, the orientation of the straps with 

respect to the waveguide propagation direction also affects the output 

power and frequency, and should be further studied. 

In order to meet our program goals of achieving transmitter output 

power of larger than 200 mW at 94 GHz and bias current tuning range in 

excess of + 100 MHz, for effective 100 Megabits per second data trans- 

mission, we have chosen to use devices mounted on type-IIa diamond 

heatsinks so that the diode thermal impedance can be lowered and better 

impedance match between the device and the circuit can be realized at 

higher bias current levels with lower junction temperatures. 

The use of diamond heatsinks to minimize the thermal limitation of 

output power by lowering the thermal resistance between the diode 

Junction and heatsink has been discussed in Section 2.1.  For typical 

94 GHz silicon double-drift IMPATT diodes, a thermal resistance of 

10 
28.5 C/W using diamond heatsinks compared with 43.0 C/W using copper 

heatsinks represents a 1/3 reduction in thermal impedance. 

The use of a quartz ring diode package at 94 GHz, normally degrades 

the output power and efficiency of an oscillator because of the package 

parasitics which are difficult to tune out. Our results of 390 mW at 

5.9% efficiency using a packaged diode on a copper heatsink are com- 

patible with the best results reported in the literature using metal 
18 8 

heatsinks for double-drift diodes at these frequencies,  ' without 

using packaged diodes. However, by mounting diodes on diamond heat- 

sinks, the best results achieved are 550 mW and 8.1% efficiency at 292 C 

junction temperature and 620 mW at 7.7% efficiency at 370 C near diode 

K     *  10 burn-out. 
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In the next section, experimental results of 94 GHz FM transmitter 

oscillators using packaged silicon double-drift IMPATT diodes on dia- 

mond heatsinks will be discussed. The emphasis will not only be on 

obtaining maximum output power, but also on achieving the desired bias 

current frequency tuning range as transmitter oscillators. 

2.3.2 9A GHz IMPATT Diode Transmitter Units (FM IDTUs) 

FM IDTUs at 94 GHz have been developed using silicon double-drift 

IMPATT diodes mounted on diamond heatsinks. The oscillator circuit, 

which matches reasonably well with the devices, turned out to be very 

similar to the simple reduced height waveguide circuit with the 

dimensions a and L in Figure 2.2-1 almost reduced to zero. Bias cur- 

rent tuned output power and frequency characteristics of the first FM 

IDTU unit, TO-W-A, are shown in Figure 2.3-3. This unit shows a 1 GHz 

bias current tuning range with output power ranges from 240 mW to 

275 mW. Although the maximum bias current was close to 420 mA, the 

junction temperature was less than 232 C above ambient because of the 

use of diamond heatsink for the double drift diode (thermal impedance 

of the device was measured to be 290C/W). The second FM IDTU, TO-W-B, 

also has a wide bias current tuning range of 1 GHz as shown in Fig- 

ure 2.3-4. However, output power of TO-W-B is lower than that of 

TO-W-A. Because of the low diode junction temperatures of TO-W-B, less 

than 212 C above ambient, it was possible to generate higher output 

power at larger bias current levels. However, it tended to operate at 

higher frequencies at high current levels. The average dc-to-rf con- 

version efficiency of both 94 GHz FM IDTUs was about 5%. 

We have also investigated the AM noise characteristics of TO-W-A and 

TO-W-B as shown in Figure 2.3-5 and Figure 2.3-6 respectively. The 

AM noise was measured continuously from 1 KHz away from carrier to 

100 KHz away from carrier, and between 1 and 2 GHz away from carrier. 
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Both units showed a gradual decrease In noise toward 100 KHz away from 

the carrier similar to a 1/f dependance (f Is frequency away from 

carrier). 

However, as we have stated earlier In Section 2.2.2 on 60 GHz FM IDTUs, 

the same noise characteristics have also been observed here, i.e., the 

noise at 1 to 2 GHz away from carrier is larger than the near carrier 

noise. Because of identical R.F. choke designs for both 60 GHz and 

94 GHz oscillators, the excess noise at 1 to 2 GHz is caused by the 

bias circuit oscillation discussed earlier in Section 2.2. 

The AM noise for the unit TO-W-B was measured to be as low as 

-140 dBc/100 Hz at 100 KHz away from carrier. However, down in such a 

low noise region, experimental uncertainty also becomes significant. 

Nevertheless, it is certain that double sideband (DSB) AM noise of 

-138 dbc/100 Hz was obtained. 

AM noise at different carrier frequencies of the unit TO-W-A, and 

TO-W-B is shown in figure 2.3-7 and Figure 2.3-8 respectively.  It is 

clear from these figures that AM noise was in general higher at 1 GHz 

away from carrier than at 100 KHz near carrier. 

The 94 GHz double-drift IMPATT oscillator noise results, although still 

not as good as those obtained with Gunn oscillators, have shown a large 

improvement over single-drift IMPATT oscillators.  '  ' 

FM noise characteristics of the two 94 GHz units, TO-W-A, and TO-W-B 

are shown in Figure 2.3-9 and 2.3-10 respectively. The FM noise 

measured continuously from 1 KHz to 10 MHz away from carrier were about 

1 to 2 orders of magnitude higher than normal narrow-tuned IMPATT 

'   This indicates that the circuit Q-factors of the oscillators 

oscillators were small These affect FM noise more than AM Noise.  The 
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FM noise may be reduced, however, by reducing the bias current fre- 

quency tuning range by tuning to higher Q-factors. 

Frequency variations due to ambient temperature change of TO-W-A, and 

TO-W-B were also measured and shown In Figure 2.3.11 and Figure 2.3.12 

respectively. The results are very similar, aboutj 17 MHz/0Cl.     4 

A photograph of the 94 GHz transmitter oscillator unit T-O-W-p Is shown 

In Figure 2.3-13. A ferrlte Y-function circulator terminated at one 

port was used as Isolator with an Insertion loss of about 0.7 dB.  The 

picture shows the regulator/modulator circuit box mounted with the 

IMPATT oscillator onto a finned heatslnk. 
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Figure 2.3-13 Photograph of the unit TO-W-B. 
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3.0 LOW NOISE IMPATT DIODE LOCAL OSCILLATORS DEVELOPMENT 

3.1  VARACTOR TUNED OSCILLATORS (VTOs) 

Circuit Description 

The VTO circuits have been qualitatively analyzed by several authors 

without taking into consideration the position of the mechanical tuning 
ig on 21 

short and by assuming high Q-factors for the varactor diodes.  '' 

A simplified equivalent circuit model with the tuning short is shown 

in Figure 3.1-1.  The oscillation frequency can be determined by noting 

where 

YD + YL " 0 

Y^r Ks + ^aS-^ 
-si 

D   D  J D 

u) = angular frequency 

From the imaginary part of the above equations, one can see that 
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IMPATT 
DIODE 

Q3496 

jX= i{lANßi)Z0 

FOR TUNING SHORT 
OF LENGTH 1 

Z0 = WAVEGUIDE 
IMPEDANCE 

VARACTOR 
DIODE 

IMPATT DIODE: 

VARACTOR DIODE: 

LOAD: 

GD NEGATIVE CONDUCTANCE 
CD CAPACITANCE 
Lv POST INDUCTANCE 

Cv CAPACITANCE, VOLTAGE TUNABLE 
RS SERIES RESISTANCE 

RL LOAD RESISTANCE 
OTHER DIODE PACKAGE PARASITICS NEGLECTED 

Figure 3.1-1      Simplified equivalent circuit of VTO. 
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where 

K = (o)^ - 1) 

'V  ü)CVRS 
varactor diode 

Q-factor 

At 60 GHz, for a typical GaAs varactor diode of zero bias voltage 

capacitance of 0.14 pf and R = 1 ohm, Q = 18.93 so that the quality 

factor of varactor diodes at millimeter-wave frequencies is not high 

compared with lower microwave frequency diodes. 

The solution to K, which, in turn, determines the oscillation frequency 

frequency io, can be written as 

K 1+ 1 - 

1/2 

For oscillation to occur, the condition 

W > 

cv  X S 

is required. This condition clearly sets a tuning range for the tuning 

short for proper oscillations, i.e., 

RsQv  > x ,  Vv 
^v 

V 

5>3 
cv  2 

, . 
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For a typical VTO, constructed at 60 GHz, C ^1.6 pf, C %  0.14 pf, 

R_ ^ 1 ohm and Qv ^ 18.93, the value for X is restricted to 

9.64 i X > 0.906 ohms 

This indicates that the tuning short needs to be placed very close to 

the varactor diode and can have but a very narrow tuning range. This 

was indeed qualitatively observed for our 60 GHz VTOs. 

The frequency tuning bandwidth BW can be obtained from 

oi = 
1 + K 
Lvcv 

1/2 

so that 

BW - Vv 
1 + K 

3/2 

VB 

1 + K 1/2 

cv cv 0 

where VB ■ varactor breakdown voltage and the subscript "0" for zero 

bias voltage. 

The power dissipated in the circuit, P , other than in the load, R_, 

and the power dissipated in R. , P , can be written as 

R-      'R-V 

R„ »    . . ,„„ v2 
1 + (KQV)' 

1/2 
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Hence the varactor circuit will degrade the oscillator power P by 

the relationship 

PL = 

'•'i 
For IL ~ l/^n ~ 5 ohms, X «9 and K K 0.062, we expect an output power 

degradation in the order of 6 dB, which is close to what we have 

observed. 

The VTO waveguide cavity circuit is shown in Figure 3.1-2.  The mounting 

of the IMPATT and varactor diodes on the opposite faces of the waveguide 

broadwalls has the advantage that the two diodes can be placed close to 

each other, within one half of wavelength, for the desired coupling. 

Furthermore, this also allows the replacement of the diodes separately. 

GaAs Varactor Diode 

The ? -n-n mesa structure GaAs varactor diodes were used for this 

program at 60 GHz. The diodes were placed in a quartz ring package 

with full strap gold ribbon connecting the diode to the top of the 

quartz ring. The configuration and dimensions of the varactor diodes 

are similar to the IMPATT packages shown earlier in Figure 3.1-2. A 

typical diode capacitance as a function of reverse bias voltage of a 

GaAs varactor diode is shown in Figure 2.3-3. This diode has a 

R,, = 2 ohms, and breakdown voltage of 10.5 volts. The cut-off frequency 

of the diode is estimated as 500 GHz. The diode has a capacitance 

ratio between zero bias and bias near breakdown of 2.67 with zero bias 

capacitance at 0.16 pf. The quartz ring package has a measured capa- 

citance 0.03 pf. Therefore, the capacitance ratio, without package 

should be somewhere near 4.0. 
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Dimensions, Inches   { 
A         B         C 

V-BAND .074 .025 .060 
W-BAND .050 .010 .060       { 

G2644 

RF CHOKE 

IMPATT 
DIODE 

VARACTOR 
' DIODE 

SLIDING SHORT 

ttttttttt 

RF CHOKE 

Figure 3.1^2      VTG reduced height waveguide circuit. 
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G3497 

0.18 1 

0.17 — 

0.16 _ 
GaAs VARACTOR DIODE 

0.15 |- RS= 2 OHMS 
VB= 10.5 VOLTS 

0.14 l fcut-off Ä 500 GHz 

'S. 1 
ö   0.13 _\ 

t   0.12 

S o.ii 
ü 

:\ 

<   0.10 

^   0.09 : \ 

0.08 ~ 

0.07 — 

0.06 

0.05 1 

— 

1                           1                           1 

BIAS VOLTAGE, VOLTS 

10 

Figure 3.1-3  C-V characteristics of a GaAs mesa varactor diode. 

69 

1, .■■■;.! ■•- . ■■    : 

■»■MaitiiimBaati—Mii— ■•■-   ,.^_ 



"" 

In the next section, the experimental results of the VTOs will be 

discussed. 

3.2  60 GHz LOW NOISE LOCAL OSCILLATOR UNITS (LNLOUs) 

The 60 GHz LNLOUs, using a varactor diode for tuning the frequency of 

the local oscillators, were developed to match the 60 GHz FM IDTUs for 

transmitter and receiver application. This section presents our data 

on the tuning characteristics, AM noise characteristics, and tempera- 

ture effect on the frequency shift of two LNLOUs, LO-V-A and LO-V-B. 

Figure 3.2-1 and Figure 3.2-2 are the tuning characteristics of the var- 

actor tuned local oscillator LO-V-A, and LO-V-B respectively.  For the 

unit LO-V-A, the varactor diode used was a single-drift IMPATT diode of 

p -n-n doping profile in a quartz ring package.  It was etched to a total 

capacitance (package plus diode at zero voltage) of 0.65 pf.  The total cap- 

acitance ratio between zero bias and reverse bias near breakdown is about 

2.5:1.  The IMPATT diode used as oscillator was also a single-drift IMPATT 

diode. It has a thermal impedance of 270C/W and operated at 2A60C junction 

temperature. The unit has a voltage tuning range of 3.2 GHz with output power 

mostly between 30 mW and AOmW.  The highest output power of A6 mW occurred 

at zero bias of the varactor. 

For the unit LO-V-B, a GaAs p -n Junction mesa diode was used as varactor 

diode as discussed earlier in Section 3.1. 

The diode has a breakdown voltage of 10 volts with a total, package plus 

diode at zero bias, capacitance of 0.23 pf. The capacitance ratio of the 

varactor between zero bias and bias near breakdown is about 2:1. 

For the oscillator, a single-drift IMPATT diode of p -n-n doping 

profile was used.  The diode was operated at a junction temperature of 
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170oC with a tuning range of about 1 GHz and with output power variations 

less than 1 dB. Maximum output power was +18 dBm as shown in 

Figure 2.3-2. 

The unit LO-V-B which uses a GaAs varactor as tuner shows a frequency 

increase with the bias voltage. This is predicted since for K K 0, the 

oscillator frequency 

Ü) »v. 

With Cv decreasing with bias voltage, the oscillator frequency will 

increase as shown. However, for the unit LO-V-A, the opposite happened 

with the frequency decreasing with an increase of bias voltage. This 

perhaps was determined by the external circuit of the oscillator. The 

tuning bandwidth was less than theoretically predicted because of the 

various diode package and tnountlng parasitics. The output power of the 

units was more than sufficient for local oscillator applications. 

Double sideband AM noise of LO-V-A and LO-V-B are '.shown in Figure 3.2-3 

and 3.2-4 respectively. The unit LO-V-B which operated at lower 

junction temperature had better noise performance compared with the 

unit LO-V-A. The noise at 1.5 GHz away from carrier is again worse 

than near carrier (60 MHz from carrier) noise because of the RF choke 

design, discussed earlier, that was not able to suppress bias circuit 

Induced oscillations which generate noise sidebands. 

Noise performance of VTOs are in general improved over bias current 

modulated IMPATT oscillators because good bias current regulation can 

be provided for the VTOs to minimize near carrier noise. 
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Since the receiver designed for system evaluation of this program 

operated at an i.f. centered at 1.5 GHz, the VTOs AM noises at 1.5 GHz 

from carrier is of major concern. The results shown in both 

Figure 3.3-2 and 3.3-3 indicate that the VTOs can be used with balanced 

mixers with 27 dB LO noise suppression without generating excess 

receiver noise figures. 

Frequency Shift Characteristics Due to Ambient Temperature Change 

The LO-V-A and LO-V-B shifted their operation frequency when the ambient 

temperature of the oscillators shifted. For VTOs, however, the tempera- 

ture shift can be caused by both IMPATT diodes and varactor diodes. We 

have measured this effect for the units LO-V-A, and LO-V-B as shown in 

Figure 3.2-5 and 3.2-6 respectively. The best results are around 

10 MHz/ C which is not as good as the cavity stabilized oscillators as 

expected because of the low Q-factor circuit we used. 

3.3 94 GHz LOW NOISE LOCAL OSCILLATOR UNITS (LNLOUs) 

Tuning Characteristics 

The 94 GHz LNLOUs were also constructed using VTOs. The varactor 

diodes used were silicon IMPATT diodes etched to small junction areas. 

Figure 3.3-1 is the voltage tuning characteristics of the unit LO-W-A. 

The varactor diode is a silicon single-drift IMPATT diode of 0.79 pf 

in capacitance and 11.0 volts breakdown voltage. The oscillator diode 

is also a single-drift IMPATT diode of 14.4 volts breakdown voltage 

and 1.6 pf capacitance. It operated at a junction temperature of 

2250C. 
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Temperature effect on the oscillator 
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Figure 3.2-6  Temperature effect on the oscillator 
frequency shift, LO-V-B. 
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The oscillator frequency increases from 91.44 GHz to 92.13 GHz over a 

700 MHz range.    Output power of the unit varies from 36 mW to about 

24 mW in the  tuning range.     The drop in output power with bias voltage 

Indicates losses in the varactor diode at these frequencies.    The second 

VTO unit,  LO-W-B, also used a silicon single-drift IMPATT diode as a 

varactor.     The varactor diode has 13.92 volts breakdown voltage, 

and 0.69 pf capacitance.    The oscillator diode has  12.5 volts breakdown 

voltage and  1.5 pf capacitance.    The voltage tuning range shown In Fig- 

ure 3.3-2 is over 1 GHz from 93.0 to 94.15  GHz.    The output power of 

LO-W-B is higher than that of LO-W-A.    Maximum output power of 52 mW 

was achieved. 

The output power of LO-W-A and LO-W-B reported in Figure 3.3-1 and 3.3-2 

respectively included an integral Isolator for each unit with loss of 

about 1 dB.     Therefore the output power shown there should b^. added 

about 20% more as the actual output power of the VTOs. 

Noise Characteristics 

Double sideband AM noise characteristics of the unit LO-W-A, and LO-W-B 

have also been measured and shown in Figure 3.3-3 and 3.3-4 respectively. 

The noise for both oscillators was of the same order of magnitude, 

varied between -126 dBc/100 Hz and -133 dBc/100 Hz.    The noise at near 

carrier and at 1.5 GHz from carrier were also about the same in 

magnitude.     The noise characteristics were quite typical of  IMPATT 

oscillators properly behaved. 

Figure 3.3-5 is a picture of the unit LO-W-A.    A ferrlte Isolator 

(Faraday Rotation type) was attached to the VTO cavity to prevent 

frequency pulling by the external load mismatch.    The isolators cover the 

full waveguide band frequencies and with isolations about 30 dB typical. 
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Figure  3.3-3      DSB AM noise of  the 94 GHz VTO,  LO-W-A. 
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Figure 3.3-4  DSB AM noise of the 94 GHz VTO, LO-W-B. 
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Figure 3.3-5 Photograph of a VTO unit (LN LOU). 
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The IMPATT diode was current regulated through a regulator circuit box 

while the varactor diode was biased through the bottom heat sink of 

the oscillator as shown in the figure. Again, the unit has a heat sink 

allowing it to be operated without cooling fans. The regulator circuit 

is identical to the regulator/modulator circuit presented later in Fig- 

ure 4.1-2, except with the elimination of the modulator portion of the 

regulator/modulator circuit. 
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4.0 SYSTEM PERFORMANCE EVALUATION 

The goals of this program were to develop 60 GHz and 94 GHz solid state 

transmitter oscillators and local oscillators for secure and adverse 

weather FM communication respectively at high data rate of 100 Megabits 

per second and blt-erroi-rate (BER) of 10  and less. In order to con- 

duct system performance evaluation, a HP 3760A data generator, a HP 

3761A error detector, and a HP 5055 printer were purchased as part of 

the test setup which Includes a FM receiver developed for this pro- 

gram. The receiver Includes AFC, search/lock, and AGC functions and 

a frequency discriminator centered at 1.5 GHz (l.f. frequency of the 

receiver). 

This section first describes the system function block diagram and the 

various receiver circuitries developed for this program In Section 4.1. 

Section 4.2 describes various test results Including video data output, 

output data frequency spectrum and bit-error-rate of the two 60 GHz 

transmltter-LO pairs TO-V-A/LO-VA and T0-V-B/L0-V~B and the two 94 GHz 

transmitter-LO pairs, TO-W-A/LO-W-A and T0-W-B/LO-W-B. 

4.1 SYSTEM FUNCTION BLOCK DIAGRAM AND CIRCUITS 

Function Block Diagram 

The system function block diagram for the performance evaluation 

of the solid state sources Is shown In Figure 4.1-1. On the trans- 

mitter side, a HP3760A data generator drove an IMPATT transmitter 

oscillator under test through a regulator/modulator circuit. The output 

power of the transmitter oscillator can be either fed directly into 

the FM receiver, or directed into a thermistor connected to a power 

meter to measure the signal strength. On the receiver side, the input 

signal was detected with a balanced mixer- l.f. amplifier with a noise 
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figure of 9.5 dB at 60 GHz frequencies and 10 dB at 94 GHz frequencies. 

The output power of the local oscillator (VTO) under test was attenuated 

before input to the balanced mixer. The balanced mixer has a L0 noise 

suppression factor of about 30 dB so that by adjusting the LO power 

into the mixer properly, no excess noise was generated in the receiver 

due to the LO noise. A bandpass filter (BPF) of 500 MHz bandwidth 

(1.25 - 1.75 GHz) was used following the mixer i.f. amplifier. Before 

the FM signal was detected by a frequency discriminator, a PIN diode 

attenuator and an amplifier were used to form the AGO loop so that 

input levels into the frequency discriminator were maintained at a 

fixed value. This is necessary since the voltage versus frequency 

linear slope of the frequency discriminator normally varies with input 

levels because of the discriminator detector diodes saturation charac- 

teristics. An AGC loop is favored over a hard limiter mainly because 

existing limiters hard limit at high power levels which are not com- 

patible with our discriminator. Following the frequency discriminator, 

a comparator circuit is used so that a constant output data pulse 

amplitude can be maintained at and beyond the signal threshold. The 

output of the comparator was then amplified with a wideband video 

amplifier to drive the HP3761A error detector, or to display the video 

data pulses on a scope. The data spectrum output can also be 

displayed on a spectrum analyser by sampling at the BPF output. The 

AFC, search/lock function was provided by sampling the incoming signal 

at the AGC output and at the frequency discriminator output for AFC 

error. When in the search mode, the AGC output was below the limiting 

value. A ramp voltage was activated to drive the VTO for searching for 

the incoming signal. Detection of the signal after the AGC disengages 

the search, and locks the VTO onto the signal with the AFC error cor- 

rection using the frequency discriminator output. 

»^ JJ-"•—»-■-■< 

The i.f. bandwidth of 500 MHz (1.25 GHz - 1.75 GHz) was sufficient for 

100 megabits per second data reception. According to the rule of thumb 
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relationship for a FM system,  the l.f.  bandwidth,  B,  required can be 

estimated from 

B = 2 (3+1) fm 

4 Where fm is the modulation frequency, 3=Af/fm is the index of modulation 

and Af is Lne frequency deviation from carrier. For a 100 Megabit 

return-to-zero (RZ) data rate or a 200 Megabits non-return-to-zero (NRZ) 

data rate, fm = 100 MHz. For a fixed Af ■ 100 MHz, we need B = 400 MHz. 

Add 100 MHz as guard band, and a bandwidth of 500 MHz is then sufficient 

for system evaluation. The balanced mixer- l.f. amplifier has a noise 

figure of 10 dB, using the VTO as LO. Therefore, the system noise floor 

is estimated to be -77 dBm per 500 MHz. We should expect to detect a 

signal of between -67 dBm and -62 dBm taking into consideration the FM 

detection threshold of between 10 and 15 dB, which should achieve a bit- 

error-rate (BER) of 10  or better. Since the transmitter oscillator 

output power of +26 dBm at 60 GHz and 23.5 dBm at 94 GHz out of the 

isolator has been developed for this program, using 50 dB gain antennas 

for both transmitter and receiver, we expect that the transmitter- 

receiver pair can be operated over a maximum range of about 2 Km at 

60 GHz and 5 Km at 94 GHz at rainfall rates up to 20 mm/hr. In Sec- 

tion 4.2, the test results for the developed oscillator pairs, i.e., 

T0-V-A/L0-V-A, TO-V-B/LO-V-B, TO-W-A/LO-W-A, and TO-W-B/LO-W-B, will 

be discussed to show that BER of less than 10  was achieved. 

Circuit Description 

The regulator/modulator circuit specially developed for the IMPATT 

transmitter oscillators is shown in Figure 4.1-2. The IMPATT bias 

current was regulated at a fixed value by regulating the base current 

of the transistor MPS-UOS. Bias current modulation was achieved by 

shunting the current into the IMPATT diode with a large current, high 
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speed transistor, 2N4428. Modulation as high as 200 MHz at current 

levels above 400 mA is achieved with this circuit. The IMPATT LG bias 

current regulation circuit was constructed by removing the modulator 

circuit from the regulator/modulator circuit as shown in Figure 4.1-2. 

The frequency discriminator circuit is shown in Figure 4.1-3. The 

discriminator was constructed by placing a delay line on one of the 

two lines connecting the 2, 3-dB 90 hybrid couplers. Assuming an 

input RF voltage waveform of (cos wt), where w is the angular frequency 

and t is the time, the detector voltage output is proportional to sin 

Co- T" ) where f0 is the discriminator center frequency and Af is the 
2 to 

frequency deviation from f0. And the delay line length AL = v/(4f0) 

where v is the propagation velocity in the line. Two matched tunnel 

diodes with video bandwidth of up to 150 MHz were used as detectors 

and the measured discriminator transfer characteristics are also shown 

in Figure 4.1-3, at two different signal input levels. Since the slope 

of the frequency-voltage transfer functions are different at different 

input levels, the input to the discriminator must be limited. 

The AFC, search/lock circuitry is shown in Figure 4.1-4.  It basically 

consists of a ramp voltage generator with adjustable search fre- 

quency and amplitude to drive the varactor tuned local oscillator. 

The detected signal (at the set threshold and above) after the AGC will 

disconnect the ramp generator switch (2N4857) to cease searching of 

the LO. The mean time, the AFC error detected at the discriminator 

output will adjust the LO bias to a proper value so that dc value of 

the discriminator will remain at zero output corresponsing to center 

frequency 1.5 GHz of the discriminator. A ramp disable switch and an 

AFC disable switch are also provided to allow manual adjustment of 

the LO bias. 

Figure 4.1-5 shows a photograph of the circuit box which contains the 

AGC, AFC, Search/lock and video circuitries with disabling switches 
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Figure 4.1-2      IMPATT transmitter oscillator 
regulator/modulator circuit. 
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Figure 4.1-5 Photograph of the circuit box containing ARC, 
AFC, search/lock and video circuits. 
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to allow manual tuning of the AGC and LO frequency.  An audio output 

was also provided for aligning the transmitter and receiver. 
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4.2 SYSTEM PERFORMANCE CH\RACTERISTICS 

The typical detected video pulses for all the transmitter oscillators/ 

LO pairs are shown in Figure 4.2-1 at the comparator circuit output. 

The data were obtained at the signal-to-noise ratio (S/N) of 16 dB 

and 100 megabits per second data rate of non-return-to-zero (NRZ). 

The detected pulses have an amplitude of 0.5 volts and were further 

amplified with a wideband pulse amplifier to drive the HP3761A error 

detector. 

Spectral output of tne signal was monitored with a spectrum analyzer at 

the i.f. amplifier output. Figure 4.2-2 shows the spectral picture of 

the pair TO-V-A and LO-V-A at 100 megabits/sec. data rate NRZ and word 

normal pattern 1010. The conditions are Af = 100 MHz and fm = 50 MHz 

corresponding to an index of modulation 3=Af/fm = 2.0. The same spec- 

tral picture is shown in Figure 4.2-3 for the pair TO-W-A and LO-W-A, 

at 100 megabits/sec. data rate with word normal pattern 1010 NRZ, and 

at S/N = 16 dB. The spectral picture is very clear. Figure 4.2-4 is 

the spectral picture of the same oscillator pair but at 200 megabits/ 

sec. data rate, corresponding to 3=1.  The spectrum is again very 

clean. 

Figure 4.2-5 is the spectral picture of the pair TO-W-A/LO-W-A at 100 

megabits per second data rate of Pseudo Random Binary Sequence (PRBS 

normal) of 10 -1 word length generated by the HP3760A data generator. 

The most important parameter for system evaluation of the transmitter/ 

local oscillator pairs is the determination of the bit-error-rate 

(BER) of the FM data as a function of the detected signal-to-noise 

ratio (Y=S/N). The desired BER for this program is required to be less 

than 10  for the y  near the FM threshold of the receiver. Theoreti- 

cally, for binary frequency-shift-keying (FSK), using rectangular 

frequency modulation and constant amplitude, the BER calculated for a 
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TRANSMITTED 

RECEIVED 
(DELAYED) 

Figure 4.2-1 Video data pulses output at 100 megabits/sec 
data rate. None-return-to-zero mode at 
S/N = 16 dB. Received data are arbitrarily 
delayed. 



Figure A.2-2 Spectral output of detected signal at 
100 megabits/sec data rate NRZ. Word 
pattern 1010 Af = ±100 MHz. 
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100 MHz 

Figure 4.2-3 Spectral picture of the pair TO-W-A/LO-W-A, at 
100 megabits/sec data rate with word normal 
pattern 1010 NRZ, and at S/N = 16 dB. 
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Figure 4.2-4 Spectral picture of the pair TO-W-A and 
LO-W-A at 200 megabits/sec data rate, 
101010 word pattern NRZ, word normal 
1010-1, and S/N = 16 dB. 
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Figure A.2-5 Spectral picture of the pair TO-W-A/LO-W-A at 
100 megabits/sec data rate. Psuedo random 
binary sequence (PRBS normal) pattern of 1010-1 
word length was generated and detected. 
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noncoherent FSK system Is an exponential function, (assuming no cross- 

talks between the two detected frequency shifts, called Mark and Space) 

BER - 1/2 exp (-Y/2) 

based on pre-detection bandwidth wide enough to pass both Mark and 

Space waveforms. 

The use of the comparator circuit after the frequency discriminator, 

however, resembles that of "sharp FM threshold" detection that no errors 

occur when the detected signal is larger than a certain pre-determined 

level and that errors occur with probability 1/2 when the signal 

is below the predetermined level.   The calculation shows 

BER " 1/2 exp (-y) 

Experimentally, intersymbol-interference effects, and the shape of the 

filters affect the detected BER. Normally, the relationship 

BER = 1/2 exp (-ky) 

followed where the factor k, lies between 0.6 and 0.8 
22 

BER measurements were made using the experimental setup shown previously 

at Figure 4.1-1. Pseudo random bit data of 100 megabits per second 

non-return-to-zero were generated with the modulation from the HP3760A 

data generator. The BERs were detected with the HP3761A error detector 

with digital display and with the use of the HP5055 Printer especially at 

low BER values for error detection over a long period of time to observe 

errors due to spontaneous noise generation in the environment surround- 

ing the test setup. Since the BER measurements were conducted in a 
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laboratory environment without special precaution of noise shielding 

against low frequency noise leaking into the i.f. or measurement circuit- 
—8 

ries, the BER values obtained at low values, especially below 10  were 

subject to errors showing deviations from the exponential laws as will 

be shown later in this section. 

The measured BERs as a function of the system-to-noise ratio, Y = S/N 

are shown in Figure 4.2-6, A.2-7, 4.2-8, and 4.2-9, respectively, for 

the pair TO-V-A/LO-V-A, TO-V-B/LO-V-B, TO-W-A/LO-W-A, and TO-W-B/LO-W-B. 

The pair TO-V-A/LO-V-A shows BER^l/2 [exp(-0.795Y) ] between the non- 

coherent FSK and the FSK with sharp FM threshold. The deviations from 

the exponential law at low BER values were caused by system noise 

generated in the laboratory environment. BER of 10"' was achieved at 

Y - S/N = 13.4 dB for the pair TO-V-A/LO-V-A, meeting the goal of this 

program. 

The pair TO-V-B/LO-V-B shows BER results close to noncoherent FSK, 

which may be accidental. However, BER of less than 10  was achieved 

at S/N ■ 15 dB, also meeting our program goal. 

The pair TO-W-A/LO-W-A shows BER = 1/2 exp [-0.771 Y! as normally 

expected. Again BER = 10  was achieved at S/N = 13 dB. The deviation 

from the exponential law at low BER values were again obvious. 

The pair TO-W-B/LO-W-B, however, shows a BER worse than the noncoherent 

FSK values with BER of 10" at S/N = 16.3 dB. There was the possibility 

that noise generated in the laboratory may be excessive during the 

measurement of this pair. However, the BER degradation will not 

seriously affect the system performance at the desired S/N ratio with 

the S/N degradation in the order of 1 to 2 dB. 

104 

■ ■■-•- - ■- 

. .. .mV..—^j^... 
.  • ■■•.  - ^. .. ., ... 



1111 'MIL —" , . 

* 

10-2 = 

10-3 

lO"4 

lO5 

UJ 

10 6 

10-7 

10-8 E" 

10 9 

G3506 

NON-COHERENT 
FSK 
1/2e-1/2y 

0.795 y 

• PAIR 
TO-VA/LO-V-A 

18      17      16       15      14      13       12       11      10       9        8        7        6 

7 = S/N, dB 

Figure 4.2-6      BIT-ERROR-RATE of  the pair TO-V-A/L0-V-A. 
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5.0 CONCLUSIONS 

This program clearly demonstrated that the silicon IMPATT diode oscilla- 

tors can be successfully used as high power transmitter oscillators 

and low noise local oscillators for FM data communication of over 100 

megabits per second data rate with BER of less than 10-' at S/N of 15 dB 

or less. According to Table 1.1 presented earlier in Section 1,0, most 

of the program goals have been achieved or close to the expected 

results in terms of output power, modulation, and noise. 

Specifically, significant technical achievements developed in this 

program are listed as follows: 

1. Diamond heatslnks for the 94 GHz FM IDIUs 

2. Varactor-tuned-oscillators as the 60 GHz and 95 GHz LNLOUs 

3. High data rate FM modulation up to 200 megabits/sec. data rate 

However, the results also showed that we should expect better perfor- 

mance or improvement with future development effort on: 

1. Improving diamond heatsink processing technique for large 

scale production. 

2. Diamond heatslnks for 60 GHz FM IDIUs to improve the diode 

junction temperature, output power, and reliability. 

3. Improving IMPATT circuit and device profile designs for large 

current density with low junction temperatures due to diamond 

heatslnks to allow the increase of oscillator efficiency, and 

output power. 

4. Improving the IMPATT oscillator bias design to suppress excess 

noise away from carrier frequencies due to bias induced low 

frequency oscillations., 
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5. Further evaluation on the FM noise and loaded Q- factors of 

the oscillators 

6. Reliability determination of small silicon double-drift IMPATT 

diodes on diamond heatsinks (60 and 94GHz diodes especially) 

7. Further development of VTOs as local oscillators with wide 

tuning range. 

8. The reproducibility of the oscillators to allow field-replace- 

ment of the devices in the military or combat environment. 

The last (No. 8) of the future development goals is the most important 

one if millimeter-wave solid state devices are ever to be expected for 

large scale and wide spread usage. For this, not only further study 

and understanding of the device physics and device circuit interaction 

are necessary, it is also necessary to achieve standard diode processing 

techniques, diode packaging configuration, and diode and oscillator 

testing procedures. 
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