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ABSTRACT 

This report discusses the results of the investigation for 
the first six months of the contract. A new concept in compen¬ 
sation circuitry has been borrowed from analog coraputor non¬ 
linear function generator theory and is being utilized in an 
effort to make the compensation process automatic. 

Automatic compensation equipment has been investigated 
and a complete automatic compensator is currently being con¬ 
structed. 

Thermal transient characteristics have been analyzed, 
and some empirical data taken. 

Several oscillator circuits have been analyzed. 

Crystal specifications for 2 x 10“7 and 5 x 10"8 type 
resonators have been developed. 

The following sections present the development of the 
above tasks. 
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GENERAL 

The purpose of this project is to advance frequency tempera¬ 
ture compensation techniques for miniature quartz crystal osc¬ 
illators having frequency temperature stabilities of +2 x 1(T7 
(Group I) and +5 x 10 ® (Group II) over the specified operating 
ambient temperature ranges. The objective of the project is to 
simplify frequency temperature compensation networks and the 
associated compensation procedures In order to realize a sign¬ 
ificant unit cost reduction. 

An investigation of the cost distribution encountered in 
the generation of TCXO^ Indicate the largest contributor to 
manufacturing expense is compensation time. Consequently, this 
would be the most fruitful place to investigate, for the reduc¬ 
tion of cost. An ideal solution to this problem would be the 
ability to utilize automatic compensation equipment. This 
would permit groups of TCXO's to be compensated automatically. 

As this vehicle is considered for high performance TCXCTs 
it becomes immediately apparent that the method of forming 
networks must be modified. Perhaps, the method that has the 
greatest flexibility will be the type commonly called "piece- 
wise linear compensation". This approach means that the entire 
temperature range is designed into segments and networks are 
generated to approach the curve in a linear or expediential 
manner in a given segment. As the temperature goes to a new 
segment, a new network would be in effect. From this It can 
be seen that an automatic device would only be required to adjust 
the network in the specific temperature Increment and perhaps 
this function could be performed automatically. 

The generation of this orthogonal incremental network and 
the equipment to adjust it automatically are the primary ob¬ 
jectives of this research contract. If such a device could 
be generated, It Is easy to see the effect it would have on 
the cost of the TCXO's. 
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CRYSTAL SPECIFICATIONS 

The TCXO crystal investigation has resulted in prelim¬ 
inary specifications for six crystals. There are two crystals 
each for Group I-A, I-B and II, The two different types for 
each group are a Coldweld and a glass enclosure. 

In writing the specifications for these crystals, two 
equally important requirements were adhered to as closely as 
possible. The first requirement was that the crystal speci¬ 
fications would result in a unit with tight enough parameter 
tolerances, such that It would lend itself to automated com¬ 
pensation. The second requirement was that the crystal speci¬ 
fications would result in a unit with loose enough parameter 
tolerances such that the unit would be a relatively low priced 
crystal. 

With this objective to work to, the following prelimin¬ 
ary specifications were written. Crystals have been constructed 
to these specifications. The outcome of the remaining work to 
be done on this contract will determine whether these speci¬ 
fications need to be changed, 

ïhe specifications for these crystals are shown In 
Appendix A. 
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THERJÄL ANALYSIS 

toUrÎL1”™. * ““ 0111 «■i’ »““» ‘h. Cr.quency 
specified over temperature, the dealgn engineer 

™.t»™ „'.T'í Wltï “* "f « »“»t th. ..blent t.np- 
ture can change. To denon.tr.te this ohar.ot.rlatlc ? 

an anaylsis of a simple TCXO can be used. 

/YtETÑl CrtSE 

ec Eóñ/ro 

FIGURE I 

TCXO's-1 ÎÏ! !lgUre Sh0Wn 8bove- we have the simplest of 
Sper^tu™ efE on6 and the Assumed 
cant ° a11 other components are insignifi- 
Tlre sïivinî to / n°Valid’ 11 must remembered, 
Assume thaï íbf demonstrate a general characteristic.) 

With these assump'tio^.^lq^LrciSiÎ Sn^e^"1'8 
reduce to the simple one shoj in the figure beS“ 

T* 

¿2th T Tth 

3*" 

FIGURE 2 









SEGMENTED COMPENSATION NETWORKS 

Considerable effort has been expended on the segmented 
temperature compensation network investigation. More effort 
is necessary and is being applied to this portion of the the 

contract in order to perfect this technique to the degree 
necessary for an automated application. 

An example of the progress being made on this portion 
of the contract can be seen in Figures 

Figure 4 shows a segmented network which has been 

designed for a 5 MC TCXO. The dotted line shows the final 

composite voltage versus temperature characteristics of the 

segmented network. The solid lines represent a + 1 PPM error 

band. Calculations have shown that this network^houId com¬ 
pensate the unit to + 3.5 x 10-7. Figure ^ shows which 

segment of the network is in effect for a given temperature 

range. To Improve the stability over temperature, additional 

segments will be needed. At this point in the project, it 
appears that 7 or 8 segments will be necessary to meet the 
final stability objectives of the Group I-A and I-B oscill¬ 
ators. When the network of Figure 4 Is operated on by 

the automatic compensator resistor values Rl, R2, R3, and 
R4 would be selected automatically. 

The total range voltage versus temperature character¬ 
istics of each segment are shown in Figures 5, 6, 7 and 8. 
By super-imposing these four curves, it demonstrates more 
clearly where each segment is in effect. 

Since active elements have been added In this type of 
network, It Is necessary to look at the possible error con¬ 

tributions from transistors. The transistors are all utilized 
In an emitter-follower type of circuit. The equations that 

will determine the error contributions of the semi-conductor 

devices In this type of circuit are shown in Figures 9 and 10. 

These are only preliminary calculations and additional work 
will be done to determine the significance, if any, of the 
actual error contributions. 

-7- 
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AUTOMATIC TEST EQUIPMENT 

At the initiation of the project, three ayatems of automatic 
compensated equipment were considered. System One utilized a 
digital approach, System Two used an analog approach and System 
Three used both analog and digital devices with a computer for 
control and a core memory for storage. Each of these systems 
will be discussed in the following sections. 

SYSTEM ONE. Digital Approach 

Figure 11 Is a block diagram of one of the digital systems 
considei &d. While the system utilized an analog system for gen¬ 
erating temperature control, the main portions of the loop ore 
composed of pulse activated deivcea. While this system has the 
advantage of being able to dial in reference frequency, which 
would mean It could be operated easily with unskilled labor, 
the memory section of the unit Is cumbersome and expensive. The 
varying resistance function would almost have to be generated 
by a latter network when one considers that each segment^ res¬ 
istance should remain in the circuit while the other segments 
are being determined that as many as 7 to 10 latter networks 
could be required by a single oscillator. 

In addition, the shift register would lose 11*3 memory 
if power was lost. Consequently, an entire run^ Information 
could be lost if a power failure occured near the end of the 
run. Hence, it was decided that the digital approach to the 
equipment left something to be desired. 

SYSTEM THREE. Computer Controlled System 

System Three utilizing a similar digital computer has many 
advantages. Not only would the equipment compensate the TCXO's, 
it could run a variety of the tests on the oscillators at the 
same time. Several approaches to this equipment were investi¬ 
gated with the aid of the computer manufacturer. In each case, 
the equipment cost to generate such a system exceeded $60,000.00 
and it was determined that at least at this time, a more econ¬ 
omical approach would have to be found. It is believed that 
ultimately a system of this type can be used, not only to compen* 
sate the oscillators, but perform all required acceptance tests 
and provide both the manufacturer and the customer with a set 
of certified test data for each unit. 

-14- 
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SYSTEM TWO, Anulog Coi»sp»niiitton 

Figure 12 lfl a block diagrani of thft tnilog eonptCliJItM 
equipment. While this porticular ayatM luivij «owtllttt£ 10 
be desired from the aapecta of Instrumentâtit cun 1)0 
utilized to demonstrate the practicability of the otatMStlt 
compensation method and be generated for a roltclvoly Inti- 
pensive expenditure. 

Figure 13 is a picture of the automatic •qutpmnt con¬ 
structed to date. This analog system has the advantage» of 
retaining memory during power fnilureo, flinct sow of th» 
resistors in the compensation network are motor drIvan poten¬ 
tiometers . 

Figure 14 is a picture of the basic servo iiid Figurei 
15 and 16 are a plot of resistance voraus tir.« ms ihm lOTf. 
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DIGITAL AUTOMATIC COMPENSATOR FIGURE II 
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INTEGRATED TCXO CIRCUITRY 

Currently, CTS Research Division is assembling the hybrid 
circuitry shown in Figure 17. 

The resistors are thick film types deposited on an alumino 
substrat. In the layout for the substrat, areas have been left 
to add chip capacitors and varactors after this circuitry has 
been proven. 

It is anticipated that all components, except certain net¬ 
work elements, trimmers and crystal can be placed on the substrat. 

Figure 18 is a drawing of the circuit housing. 
(See Figures 18A and 18B) 
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INTEGRATED CIRCUIT SCHEMATIC 





GTS Knights Drawing No. 010-0403-0 

Integrated Circuit Drawing 
Bottom View 

.0621.015 DIA. TYP 

FIGURE I6B 



ANALYSIS OF OSCILLATOR CIRCUITRY 

The following sections (See Appendix A) derive the load 

irapedance that the crystal sees from various types of osci¬ 

llators. While a complete oscillator analysis has not been 

completed, additional work is bring performed to include active 

element apparent reactances. It is felt that by Including all 

terms in the deviation, a more complete understanding of per¬ 
formance can be acquired. 

;■ 
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MULTIPLE MODULATOR STUDY 

Some effort has been expended in the utilization of mul¬ 
tiple modulators to make the compensation task easier. 

Figure 19 indicates a single stage modulator which is 
currently used in most TCXOs. 

This type is quite adequate for TCXOs with stabilities 
of + 1 PPM, and while they can be used to generate 5.10~7 units, 
the network required is difficult. 

Many units utilizing the dual modulator shown in Figure 20 
have been built and 5.10“7 units are readily obtainable. 

It is easily seen that utilizing multiple modulators has several 
advantages. 

Assume, due to self rectification effects, coupled with 
supply voltage limitations, that the dynamic range allotted 

to a modulator is 2 to 6 volts. If a + 25 PPM oscillator Is 
being compensated to + 5,10~7, this means an Improvement factor 
of 50, and the voltage error allowed Is 4/50 or 80 rav. If a 

two modulator system is used, with the first modulator Improving 
the stability by a factor of 10, the first network error could 

be 0.4 volt, and the second modulator could have an error of 

0.8 volt, hence the network error band Is considerably Improved, 
This system can be used by putting a fixed coarse network in 

the oscillators and correcting for errors in modulator one 

with modulator two. Figure 21 is just an extension of the 
above discussion and is utilized to generate 1.10-7 units. 

Some mention sould be made of what actually happens when 
multiple modulators are used. If a unit is built using three 

modulators with each network generated with the objective of 

being as close to zero error as possible, it will be discovered 

that the fine modulator will produce a voltage function that 

is very difficult to generate. This is easily seen, as one 

considers, that the error generated by the coarse network must 
be corrected by the inter-coarse network. In general, a second 

order first network curves error will generate a fourth order 

second network curve and the fine curve In turn, will become 

an eight order curve. These high order curves are difficult 
to fit, and in some cases negates the use of the additional 
modulator. 

To minimize this effect some concern must be given this 

aspect, when the coarse and inter-coarse networks are generated 
and perhaps, an intentional error introduced at these networks 
will make the entire compensation task easier. 

-26- 
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CONCLUSION 

The project haa not progressed as fast as scheduled during 

its first six months, however, several significant milestones 

have been passed. The selection of the type of automatic 

compensation equipment to use took considerably more time than 

was originally anticipated. 

While the flexibility and multiple function characteristics 
of a computer system seem so desirable, it is believed that by 

first designing and using the analog system, that a better 

computerized system can be built at a later time. It was with 

reluctance however, that the computerized system was rejected 
at this time. 

A piece-wise or segmented network has been utilized on 
TCXOs and the analog servo loop has been used to select a net¬ 

work resistance, hence it can be said that the milestone of 

feasibility has been passed. It merely remains to enlarge 

these functions and place switching control circuitry In the 
system to have a complete functioning compensation. 

Considerable information concerning thermal transient 

behavior for TCXOs haa been acquired, and an attempt haa been 

made to theorectically predict this type of performance. 

Some insight Into the utilization of multiple modulators 

has been obtained, with specific emphasis on their utilization 

with automatic compensation equipment. 

While at present, the project is behind schedule, with 

the allotment of more time from currently assigned personnel 

and the addition of more personnel, the project will be on 
schedule at the next six months review period. 
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TCXO CRYSTAL SPECIFICATIONS 

Group I-A (HC-27/Ü) 

1. Operating Characteristics 

Frequency: 5 M3 
Cut and Mode: AT Fundamental 
Holder: HC-27/U 
Load Capacity: 32 pf 
Drive Level: 200 microampa 
Calibration Tolerance and Temperature: 

+ 3 PPM at 30°C 
Operating Tolerance and Range: -40 to +80°C 
LTP-UTP: 20 PPM + 5 PPM 
Unwanted Modes: -15 db 
Drive Stability: 1 x 10~9/db 
Stability, Long Term: 1 x 10-8/week at 60°C 

2. Parameters 

C0: 1.8 pf max. 
Co/Cm: 300 + 10% 
Resistance: 300 ohms max, 
Q: 2 x 105 min. 

3. Environmental 

Shock: 50G, 11 ms, 3 planes 
Vibration: 20G, 50 to 2000 cps, 3 planes 

4. Processing Specifications 

Diameter: ,530” 
Quartz: Natural 
Contour: 2 Diop Plano-convex 
Angle: AT 35° 11,5» to 35° 13' 
Electrical Diameter: 150 
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CTS Knighta Drawing No. 281-1702-0 
Group I-A Crystal Holder 
Type HC-27/U 
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TCXO CRYSTAL SPECIFICATIONS 

Group I-A (HC-6/U Type Coldweld) 

1* Operating Charaoteristlcs 

Frequency: 5 MG 

Cut and Mode: AT Fundamental 
Holder: HC-6/Ü Coldweld 
Load Capacity: 32 pf 

Drive Level : 200 micro atnpa 

Calibration Tolerance and Temperature: 
+ 3 PPM at 30°C 

Operating Tolerance and Range: -40 to +80^ 
! LTP-UTP: 20 PPM + 5 PPM 

Unwanted Modes: -15 db 

Drive Stability: 1 x 10~9/db 
Stability, Long Term: 1 x 10-8/we®k at 60°C 

2. Parameters 

¡ C0: 1.8 pf max. 

G0/Cm: 300 + 10% 

Resistance: *"30 ohma max. 
Q: 2 X 105 min. 

3. Environmental 

Shock: 50G, 11 ms, 3 planes 

Vibration: 20G, 50 to 2000 cps, 3 planes 

4. Processing Specifications 

Diameter: .530” 
Quartz: Natural 

. Contour: 2 Diop Plano-Convex 
Angle: AT 35° 11.5* to 35° 13* 

Electrical Diameter: 150 

I1 
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CTS Knights Drawing No. 342-1701-0 
Group I-A Crystal Holder 
Type HC-6/Ü Coldweld 

FIGURE 23 B 
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TCXO CRYSTAL SPECIFICATIONS 

Group I-B (HC-26/U) 

1. Operating Characteristics 

Frequency: 5 MC 

Cut and Mode: AT Fundamental 
Holder: HC-26/U 

Load Capacity: 32 pf 

Drive Level: 200 micro amps 

Calibration Tolerance and Temperature: 

+ 3 PPM at 30°C 

Operating Tolerance and Range: -40 to +80°C 
LTP-UTP: 20 PPM + 5 PPM 

Unwanted Modes : - 15 db 

Drive Stability: 1 x 10“Vdb 

Stability, Long Term: 1 x 10“*8/week at 60°C 

2. Parameters 

Cq: 2.0pf max 

C0/Ctn: 300 + 10% 
Resistance: 40 ohms max. 
Q: 1.6 x 105 

3. Environmental 

Shock: 50G, 11 ms, 3planes 

Vibration: 20G, 50 to 2000 cps, 3 planes 

4. Processing Specifications 

Diameter: .325" 
Quartz: Natural 

Contour: 10 diop Plano-convex 
Angle: AT 35° 11» to 35° 131 

Electrical Diameter: 130 
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CTS Knights Drawing No. 282-0305-0 
Group I-B Crystal Holder 
Type HC-26/TJ 
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FIGURE 24A 
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CTS Knights Drawing No. 281-0306-0 

Group X-B Crystal Holder 
Type HC-26/U 

FIGURE Z4ti 
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TCXO CRYSTAL SPECIFICATIONS 

Group I-B (HC-18/Ü Type Coldweld) 

1. Operating Characteristics 

Frequency : 5 MG 

Cut and Mode: AT Fundamental 
Holder: HC-18/U Coldweld 
Load Capacity: 32 pf 

Drive Level: 200 micro amps 

Calibration Tolerance and Temperature: 
+ 3 PPM at 30°C 

Ä?8ï;1™""pm8“"*" -40to*mo° 
Unwanted Modes: *15 jb 
Drive Stability: 1 x 10“9/db 
Stability, Long Term: 1 x 10“8/week at 60OC 

2. Parameters 

Co? 2.0 pf max. 
Go/Ctn: 300 + 10% 

Resistance: “40 ohms max. 
1.6 X 10s min, 

3. Environmental 

Shock: S0G, Il ma, 3 planes 

Vibration: 20G, 50 to 2000 cpa, 3 plane. 

Prooesslng Specifications 

Diameter: .325" 
Quartz: Natural 
Contour: 10 diop Plano-convex 
Angle: AT 35° 11* to 35° 13* 
Electrical Diameter: 130 





CTS Knight* Drawing No. 292-0301-0 
Group I-B Cry a tal Roldar 
Typé HC-lÔ/ü Ûôldwald l^rp* 
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TCXO CRYSTAL SPECIFICATIONS 

Group II - (HC-26/U) 

1. Operating Characteristics 

Frequency: 5 MG 

Cut and Mode: AT Fundamental 
Holder: HC-26/U 

Load Capacity: 32 pf 

Drive Level: 200 micro amps 

Calibration Tolerance and Temperature: 

+ 3 PPM at 30°C 
Operating Tolerance and Range: -40 to +80°C 
LTP-UTP: 15 PPM + 5 PPM 

Unwanted Modes: -15 db 

Drive Stability: 1 x 10-9/db 
Stability, Long Term: 1 x 10~8/weçjk at 60°C 

2. Parameters 

C0: 2.0 pf max. 

C0/Cm: 300 + 10% 

Resistance: ""-40 ohms max. 
Q: 1.6 X 105 min. 

3. Environmental 

Shock: 50G, 11 ms, 3 planes 

Vibration: 20G, 50 to 2000 cps, 3 planes 

4. Processing Specifications 

Diameter: .325" 

Quartz: Natural 

Contour: 10 diop Plano-convex 
Angle: AT 35° 111 to 35° 13' 

Electrical Diameter: 130 
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TCXO CRYSTAL SPECIFICATIONS 

Group II - (HC-18/0 Type Coldweld) 

1. Operating Characteristics 

Frequency: 5 MG 
Gut and Mode: AT Fundamental 
Holder: HC-18/U Coldweld 
Load Capacity: 32 pf 
Drive Level: 200 micro amps 
Calibration Tolerance and Temperature: 

+ 3 PPM at 30°C 
Operating Tolerance and Range: -40°Cto +80°C 
LTP-UTP: 15 PPM + 5 PPM 
Unwanted Modes: -15 db 
Drive Stability: 1 x 10~9/db 
Stability, Long Term: 1 x 10-8/week at 60°C 

2. Parameters 

Co: 2.0 pf max. 
Go/Cm: 300 + 10% 
Resistance: "40 ol 
Q: 1.6 x 105 

40 ohms max. 

3. Environmental 

Shock: 50G, 11 ms, 3 planes 
Vibration: 20G, 50 to 2000 cps, 3 planea 

4. Processing Specifications 

Diameter: 
Quartz: Natural 
Contour: 10 Diop Plano-convex 
Angle: AT 35° 11* to 35° 13* 
Electrical Diameter: 130 

-43- 

. ,, .,... 



Ungrounded Emitter Pierce Oscllletor Aralfala. 

FI6URC 26 

Circuit Diagran 

Assume 1. Xcb< <^R3 Xcb~;0 

2' X=2 \ ^ R< 

3. X =1 ■\< P1 r<2 

B1 +"2 

rin *- 
FMME27 
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Ungrounded Emitter Pierce OeciUetor Anelyele, continued 

1. e . 0 uh 0 •* e r 
b b re c f 

-jx 1 
h 

+ it « 0 

ie 

2. e f er 4 hreec “ eb ef-e 

R hi 1/h oe 
" hfe1b P ü 

3. ^ e - e 

+ “ - i hfe1 
-jx2 1/h b ^ it “ U 

oe 

eo - £b ■ et 
-e. = e. - e b 

eb - e 

1. ec - et t ec^1-^re^ “ et ~ ef 

-jx li 
+ i U 

ie 

2. e 

R 

ef ’ \ - e0 a-hre' £f - £C ,, 
-- '■'feH 

e 
h 

Ü 

ie 1/h 
oe 

3. ec . “ ef 
--I_: + hfeib + h^O 
-jx l/hoe 

since i 
b 

e, - h e -e » b re c ef 

ie 

ec - et 

i 
b 

ec(l~hre) “ ®t “ ef 

h 
ie 

2. g e + 
f + r 

e - e (1-h ) 
t c re 

e „ - e 
f c 

R e h 
ie 

1/h oe h 

hfe(eC(1-hr„,-\ 

ie 

3. en e -e 
+ c c i 

-JX2 Ï7h- KÜ 
ec\J--nre^“et“efj+ (1-h i 

-45- 

f i* M-■ 'i-«» I .ii.i »«»wi«... ...ii*«« .. , *.. 

1 
* i , ,.« .... i . • « « ' i 

r 

* 

¡ 

i 
i 

». 



Ungrounded «mitter Pierce Oscilletor Anely.i, 
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Colpitt’s Oscillator Analysis 

Equivalent Circuit 
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Colpltt's Oscillstor Anslysis, continusd 
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Colpltt*g OflcillAtor Ana 1 ira ^ ^ ^ 1_a . O 

h Transformation's Common Collector 
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Grounded Emitter Pierce Oecillator Analysis 

A 
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in 

Circuit Diagram 

Assume: 1. c, effective by pass 

2. X 
c2 < < R 
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R1 + R2 

Equivalent Circuit 
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Grounded Emitter Pierce Oacilletor Anelyaia, continued 
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Grounded Emitter Pierce Oscilletor Anelyaii, cont 
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Greundad E.itt.r Pi.rc« O,cill.tor An.ly.1., 
continued 
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Grounded Enlttir Pierce Oeclllator Anelysi«, continued 
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