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1.1 Purpoae 

The purpose of thia project is to evolve a practical approach, both 

analytically and empirically, to the temperature compenaation of quartz cry1tal 

oacillator1. The study will be CCllcentrated on developin1 _unit1 that IN 1maller, 

more reliable and havin1 frequency temperature stabilities that have been 

p~vioualy achieved only at the coat of relatively hi1h power conaumption. The 

atudy will be concentrated 011 a nominal frequency of five me1acyclea, but will 

be generally applicable to AT cut quartz cry1tal1 of from 1 to 20 me1acycll1. 

1 



2ol Abstract 

Thia report discusses the results of inveati1ation into the characteristic• 

of temperature compensated crystal oscillators. A new compensation circuit u1in1 

a diode switch is discussed and results are given on a number of experimantlo 

Crystal and compensation networks are discussed to show the rea1on1 for 1ome 

types of non-linearities that occur in the ~f/f versus temperature char1cteri1tic1 

of TCX0'10 Voltage regulation and voltage regulator requirements are 1hown and 

results of one voltaae regulator circuit are given. The effect of adju1tin1 

frequency is 1hown and poasible methods of obtainin1 negligible effect on the 

compensation characteristics are examined. The initial design of a miniature 

TCXO is presented. 

2 
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3.1 Conferences 

During this report period Sipial Corps repre1entatives viaited at PicnNr­

Central. The personnel involved were: 

Sipal Corps 

Dr. Guttwein 

Mr. Owen Layden 

Mr. Stanley Schodowaki 

Pioneer-Central 

Dr. Darrell E, Hewell 

Mr. Richard H, Ban1ert 

The proaress on C00tract No. DA 36-039 AMC-02282(E) was reviewed, The 

require•nt1 of the Type I, II and III oscillator• were dilcu11ed. The 1•n•ral 

plan of the work to be done wu outlined. Coapcnent tolerancH and th• require­

ants on TCXO compcnent1 was discussed. 

3 



4ol TCXO Design 

One of the most important factors in a TCXO is the drive l•vel of the crystal 

and the A-C voltaae across the varicapo As the drive level of a crystal changes 

the frequency will chanaec Sensitivity to slight chan1e• in drive level cannot 

be tolerated in a TCXO, therefore the drive level should be kept u low as 

poasibleo When the A-C aignai across a varicap exceeds the DC reverse bia1 

voltage, self rectification will occuro This limits the lowest voltage at which 

the varicap can be biasedo Figure 4ol shows a 6f/f versus V curve where self 

rectification occurso This particular curve is rather drastic, but illustrates 

the effect of self rectificationo Also, as the S of the transistor changes with 

temperature, the A-C volta1e across the varicap will change causin1 the voltqe 

at which self rectification occurs to vary with temperaturec 

Figure 4o2 shows the standard oscillator confiauration that is usedo To 

keep the drive level and A-C swing on the varicap low while still maintaining a 

reasonable output voltage requires that the biasing on each transistor be 

adjusted for some optimum operation o Doing this may result in a distorted sine 

_wave output o Figure 4u3 is the first modification in the basic circuit that was 

used to lower the drive level in the oscillatoro The un-bypassed emitter 

resistance provides negative feedback which decreases the amplitude of oscillation 

and helps stabilize the output voltage o This results in a decreased signal at 

the collector as Re is increasedo The output waveform distortion will also 

decrease as Re is increasedo Fiaure 4o4 shows the effect of changing the amount 

of un-bypassed emitter _resistance o 

Figure 4o5 shows the other circuit that was partially investigatedo This 

configuration effectively decouples the resonant circuit from the active networke 

Two things are accomplished by doing this o One is that the circulating current 

in the resonant tank circuit is decreased and the other is that changes in the 

4 
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active circuit par-t•r• have l••• effect en the resonant circuit, S~• of tbe 

re1ult1 of the initial inve1ti1ation are 1iven in the followin1 Fil'&N 4,6, 

Fiaure 4.6 1bow1 the effect of increa1in1 Rx on the 6f/f verau1 volt.,. _curve. 

Further inve1ti1ation i1 bein1 carried on to determine the other advanta1•• 

and di1advantap1 re1ultin1 from this circuit confiauration. 

10 volts 

47 K 

10 K 

10 K 

5 MC XTAL 

160 pf Cb ' 160 f C 2o7 K > .02 ~f 
C 

01cillator Schematic 
Figure 4.5 
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4o2 Type III TCXO 

On• of th• phaaes of the work this quarter was to inve1ti1ate th• requiNd 

circuit deaip and pbyaical conatructicn of a TCXO to be wfchin the di•n1ion 

of 006" x Oo7" x 1,5". The breadboard 01cillator tha~ wa1 conatructed ia 

1hown in Fipre 4. 7 and 4,8 and has the smallest volume of any built to date 

Th• lar1••t problem in dHipin1 a TCXO to conform to very small _di•nlional 

Nquire•nt1 is the fact that the performance of many component• i1 de1raded 

as the size ia reducedo The block diagram in FiSUN 4,9 and schematic in 

Fiaure 4ol0 illuatrates the minimum number of 1tqea that can be tolerated for 

a 1eneral design oscillator where the load i1 not specified to a very close 

tolerance. · 

VOLTAGE 

REGULATOR 
TCXO 

Block Diaaram 
Fi&UN 4o9 

12 

ISOLATION 

STAGE 
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Table I lists the specification of the TCXOo 

1) Frequency Temperature Stability: t 5 x 10-8 over the ambient 

temperature range of -s0 c 

2) Frequency Tolerance : t l x 10·7 

to (65°C + '!j.) where Pr 

is total oscillator power 

dissipation 

3) Frequency Adjustment Range: ± l x 10-6 

4) Temperature Transient: A positive or neaative thermal step 

function within ambient temperature 

limitso 

5) Humidity : Maximum relative humidity of 100\ 

6) Power Input: SO milliwatts 

7) Maximum Available Supply Voltage Regulation: 10\ 

The voltage regulator is required because of the dependence of the TCXO 

characteristics upon the stability of the B+ voltaaeo The requirements of the 

regulator are that regulation of better than OoOl\ is desired. The volume and 

power requirements are such that a complex voltage regulation circuit cannot be 

used to obt~in this stabilityo 

The TCXO section is basically as shown in previous reportso A discussion 

of the TCXO circuit was given previouslyo 

The isolation stage is as shown in Figure 4ol0o It is simply a grounded 

coll~ccor stage to preven~ impedance changes 1n the load from affecting the 

frequency and compensation of the TCXOo 

The greatest difficulty encountered in the initial desian of this oscillator 

was not in the circuitry but in the physical layout and construction of the 

oscillatoro The capacitors present the greatest problemo The stability and 

14 
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temperature compensation require•nta that the TCXO place• on the rf capacitor• 

virtually eliminates ceramic capacitors which are available in extNMly •mall 

•i••• Th• beat capacitors for the ;ize are silver mica capacitor, auch u the 

Al'co DM-10 aeriea. Ceramic capacitors in the 0.01 µf to 0,03 µf ran1• are 

auitable for bypass capacitora and are available with di•naions of approximately_ 

a 1/10 watt carbon resistor. One-eipt watt metal film resistor• are uud in th• 

TCXO with 1/10 watt carbon c011poaition resistors used in the isolation ata1•• 

The transistors used are in a T0-46 packqe. 

The present unit that ia bein1 deaiped ia to be "potted," Thia will 

enable "1in1le-dipped" capacitora, the lin1le chip tranliator,, and coated 

inatead of molded bypaaa capacitors to be used which will allow the aiz. to be 

reduced further. The present unit did not u1e printed circuit boards, but the 

one bein1 deaiped now will be built on printed circuit board• which will make 

aaaembly web easier. The compensation network will be mounted to pin, located on 

the top board of the circuit and will be with the rest of the circuit. The 

cry1tal pins will be at the 1ame end of the package u the thermistor network 

and they will be thermally tied to the compen1ation network to reduce the 

effect of temperature transients. 

Other type• of construction have been con1ideNd, and may be tried in. an 

effort to further reJuce the size to add a 1t,qe of amplification. The 1ize 

aomewhat restricts the type of construction that can be u1ed, 

15 



5 ol Diode Switch 

An improvement in the versatility of the volta1e divider control networks 

has been devised and investigated durin1·thi1 quarter. Figure Sol is a schematic 

of the circuit referred to as a "diode" awitcho 

f 
E ~ 

Da 

' 
+ 

Vo V1 

+ t 

Diaaram of Diode Switch 

z1, z2 and E are the basic components of the voltage divider network discussed 

in pre~ious reports o Za and Zb and the diode, Da, are the basic parts of the 

diode switcho The problem that resulted in this circuit being devised is that 

of providing the required compensation voltage characteristics around the upper 

turning point .temperature of the crystal~ For low angle crystals, it was found 

from previous work that it was very difficult to generate the required change 

in slope of the ~f/f versus V curve at the upper turning pointo Thia was due 

mostly to the fact that thermistors at the hi1her temperatures are changing 

less and the resistance of the entire circuit ia becoming smallo When the 

16 
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thermistor resistance gets less as, temperature increases, chan1in1 the 

total resistance becomes correspondinaly more difficult to chanae in a 

specific manner. 

To overcome this problem, a method was needed where the z11z2 ratio 

(f) could be forced to change as Nquired at the hi1h temperatuN end. As 

can be seen from Fiaure s.2 1 , chan1es slope at the upper tumin1 point. To 

chanp the slope of, in this manner, z1 has to very abruptly approach a zero 

TEMPERATURE 

Typical~ Versus Temperature Curve 

Figure 5.2 

slope and at the same time z2 has to start decreasin1 very rapidly. This 

requirement is impossible to meet, because the thermistor's characteristics po not 

Rt • 61 
E l R2 Rtb > > Rt a t Ra 

¾b• 
Bb Rt; I ,a 

Rl 6 a 

Thermistor Resistor Network 

Figure 5.3 

17 



change at the rate required" A curve similar to the one shown in Fipre 5" 2 

can be 1enerated by using a circuit like that shown in Fipre 5a3 1 but the chan1• 

in slope occurs over a wider temperature ranp than is requiredo Con1equently, a 

new scheme for pnerating the required~ was necessaryo 

The best results were obtained u1ing the diode switcho Fipre Sa4 1how1 the 

basic circuit for controllin1 the rate of chan1e of~ at the upper turnin1 pointo 

E 

~ Schematic of Diode Switch 
Figure 5 o4 

The following equations derive the expression that governs the effect of 

the diode switch o Fiaure Sol is used for the symbols in the equationso Zr is the 

resistance of the diode o 

Equation 1 
z1zb + zazb + zazT + ~zT 

V0 = E z2 ( ----------------------.-.-- ] 
zlzb (Z2 t ZT t Za) + zaz2 (Zb t ZT t Zl) t ZT (Z1Za t ~Z2> -

where Zl za z2 
- > V : E 

z2 Zb 
0 z1 t Z2 

To put Equation 1 in a different form assume the following, 

Equation 2 

Equation 3 

18 
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Equation 4 
z1 + ·Za + z., (1 + fla) -------------------] 

Let E - 1: '1 V": C 
0 

Equation 5 

z1 + z~ .. + ZT ( 1 t 'a) 

The equations governing the diode switch are complex rnd are further com­

plicated by the fact that the diode resistance is a non-lineu,. function of bias 

voltage and cur~nto Usually an empirical approach to the determination of the 

required netw~rk for Za and Zb is faster and simpler. The followin1 procedure 

outlines the ·manner in which the required network values can be determined 

empirically, This procedure is for compensation at or above the upper turning 

point temperatUNs, but it can be applied at the low temperature end if the 

change in volta1e slope, etc, are taken into account, 

1. It is assumed that the components z1 and z2 have been obtained previously 

and compensation is achieved up to the upper turning point. The upper turning 

point will be assumed to be at 60°C. 

2. Let Za and Zb be decade boxes. Let Za equal to a fixed value and plot 

Af/f versus Zb for a ranae of resistance around the point where the diode 

conducts. Do this for a number of values of Za at 60°C, 70°C, etc, As the 

value of Za becomes smaller, the larger the effect will be on the frequencyo 

Values of Za from Z8 = z1 to Za = 10 z1 at 60°C are typical. 

3, After the Af/f versus Zb as a function of Z
4 

have been obtained at 

each temperature, plot them on a araph of Af/f versus Zb• From this araph 

make a table where Zb is the resistance versus temperature characteristics that 

make llf /f = 0 at each temperature for each value of Zao 

19 



4o The Zb temperature as a function of Za characteristics that are obtained 

in Step 3 are some of the possible R versus temperature characteristics that 

will result in a zero change in frequency versus temperature for the hi1h 

temperatures o The only step remaining is to determine an appropriate thermistor 

resistor network for Zb o 

The circuit in Figure 5o4 can be altered slightly to obtain more versatility 

and to reduce the diode forward resistance characteristics on the Zb versus 

temperature requirements o This is shown in Figure SoSo 
E 

-. Diode Switch Circuit 

Figure 5o5 

In the preceding mathematical analysis, Rn is included in Zr, where ZT 

is composed of<Rn + J\i) o l\i does not alter the empirical determination of the 

required Rb versus temperature characteristics u ~ only serves to adjust the 

effect of the diode switch on the voltage V0 o The larger~ is, the less the 

change in V
0 

versus resistance Rtb will be o 

turning point has been used very successfullyo The stability achieved using 

this method for low angle crystals is b,tter than that achieved using only the 

voltage divider, Z1 and Z2 networks o 

20 



The circuit shown in Fiaure 5.6 was used to obtain data on the particular 

network shown, Fisure 5.7 is a plot of the ratios Z1/Z2 • 11 and Za/Zb • 'a 

versus temperatUN. fx ia also plotted where 'xis the ratio of 

11 = parallel 

indicatin1 what would result if the diode were shorted, FiguN s.a is a plot 

of the voltaaes versus temperature obtained, V01 is the volta1e, V0, that 

would result if the Uode was open circuited, V0 is the volta1e generated 
a 

at point a if the diode was open circuited, V0 is the voltaae 1enerated with 
t 

the diode. in the circuit. Fi1ure 5, 9 shows the resultin1 effect of chan1in1 

Ra on the V0 versus temperature curves and Figure s.10 shows the effect of 

chan1ing ¾, 
b 

The diode switch can also be used for compensation at the low temperature 

end, The low anale crystal does not only present problems at the upper 

turning point, but also is difficult to compenaau at temperatures below the 

lower turning point temperatures. The diode switch is not quite as effective 

at the lower turning point as it is at the upper turning pointo The reason for 

this is indicated in Figure 5.11. Curve l is the required V
0 

versus temperature 

curve. 
B+ 

150 l<F 

330 K 

39 l< 

(i_)s KF 

Diode Switch Circuit 

Figure 5.6 
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Curve 2 is a possible V versus temperature curve that can be obtained from the 

network shown in Figure 5o4, The chanae in slope that is required is easily obtained 

at the upper tuming point as can be seeno A different situation exists when the 

rate of change of the voltage versus temperature at the low temperature end is 

not great enou1h and a switch is used to inct'ease ito ~ in z2 controls the 
a 

rate of change for the low temperature endo The reason why the B of Rta cannot 

be increased to obtain then.quired increase in slope is that for some instances the 

large S thermistor needed to obtain the required rate of change for t~e -3o0 c 

to _4·0°c range is not needed and cannot be tolerated around the lower turning 

point o Alsoa physical limitations on the size of thermistors with high S values 

and R0
9s in the range of 1 K to 10 K, (which is usually what Rt

1 
is), are a 

problemo Curve 3 is the characteristic of v1 in the circuit in Figure 5ol2 

with the diode disconnected o Curve 2 is the voltage V0 characteristic with 

the diode removed, Curve 1 results when the diode is connectedo 

To obtain the required characteristic a high S for Rt is needed, 
X 

which has the same problem as stated previously o Also, the transition of the 

diode from reverse bias to forward bias is relatively slowj because the two 

curves 1 and 31 have approximately the same slope u Therefore, a sharp change 

in slope will not occur when the diode conducts o The use of the diode switch 

for the low temperature end is restricted and is not always adequate to enable 

the correct slope to be obtainedo 

Use of the diode switch will enable lower angle crystals to be compen­

sated much more readily o This can result in the use of the optimum crystal, 

with respect to total frequency deviation with temperature, for compensated 

oscillatorso The main obstacle previously to the low angle crystal was the 

change in slope at the upper turning point o It must be determined by further 

tests whether the diode switch will become too complex for practical use or 

whether the determination of the components can be reduced to a straightforward 

approach o 27 



6.1 Frequency Adjustment 

One of th• require•nts placed on any oscillator that ha• a very precisely 

controlled frequency, is that ita frequency be manually adjustable, Thia 

requirement is needed to take care of long term frequency drift due to the 

component and crystal aging and also due to permanent frequency chan1es due 

to environmental factors. The normal method of obtaining a frequency adjustment 

ia to place· a ·variable capacitor in a portion of the oscillator where a 

sufficient frequency chan1e is obtainable. In a TCXQ, the same approach to & 

frequency adjustment can be taken, but a number of problema pNaent themaelves. 

First, any change in capacitance in the TCXO .that causes .a change in frequency 

is changing the load capacitance of the crystal. Fiaure 6,1 is a plot of 

frequency, Af/f,versus load capacitance for a crystal withr • c
0
;c1 ratio of 350, 

In a TCXO the load capacitance of the cryatal is made to vary aa a function 

of temperature in such a manner that temperature compensation is afforded, In a 

typical oscillator the capacitance chan1• versus temperature that i■ required 

may be as ahown in Fisure 6,2. 

Equation 6,1 is the equation for th• chan1• in frequency due to a chanae in 

load capacitance, Equation 6,211 th• derivative of ~f/f with re1pett to ex• 

Eg,uation l 

Equation 2 dP -
Fiaure 6,3 is a plot of dp/d ex veraua ex• As can i• seen, the rate of chan1• of 

causes the difficulty when a TCXO i• to be tuned. First, assume that the tunin1 

capacitor Cfc. is across the crystal, Thia means ex will chan1e exactly the same 

magnitude as C1c . 

28 
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The chanp in Cx with temperature will not vary-4ue- to the tunin1 capacitor, 

only the masnitude will vary. But u the mqnitude of ex varies, the rate of 

chan1e of Af/f versus Cx also varies. TheNfore, if Cx is chan1•d by 1 pf, the slope 

of frequency, Af/f versus temperatUN will not be 1ero, but wi,11 be chan1•d by 

the amount indicated by Equation 2. It 1a obviou1 that a tunin1 capacitor canaot 

be placed aCl'OH the Cl')'ltal 1n a TCXO. wi thou\ 

for a 1iven chanp in Cx• 

·1ctin1 the chanp in fNquency :· 

One other place where th• tunina capacitor can be placed is aero•• the 

TCXO and varicap. Chan1in1 the capa_citance of the tunin1 capacitor does not 

reaul t in a one to one chanp in load capacitance, rather the load capacitance ii 

chan1•d •• 1bown by Equatian 3. 

Equation 3 
C = 

X 

(Cc + Ck) (Cy) 

(Cc+ Cic) + Cv 

The variable capacitance, Ct, appears•• part of the circuit capacitance, C
0

, 

The •a• effect occur• when ct 11 varied in this po1ition u it.did w~n it waa 

acroaa the cry1tal, that is that the operatin1 point en the cry1tal Af/f ver1u1 

ex curve has to be chan1ed to result in a chan1e in frequency, Thia re.ult• in .a 

chanp in 1lope of the pullability curve of the, 01cillator. One other effect 

occurs, and that ii that the effect of Cv on ex ii also chanpd. 

If Ck is cncwaed iu &w~h a aann~r tpat frequency decrea•••• then ita effect 

mu1t be to increase Cx. Ck IIUlt therefore increaae • Al CJc incNHH, tbe TCXO . 

cryatal i• operatin1 on a lower elope point of its 6f/f versus Cx char-acteri1tic1. 

But at the same ti•, aa ~ increaaH I tJl• effect of Cv on ex increaaea, 

• • .... , .... '" '"' ·-- "'.,~ ...... d Af/f aeQoma• .i.ar1•1·1 u "'x'" "'v ueC;.;,iia•• F••~•,·• ... __ .,..... .. 
d ex 

d Cx/d Cv inc~••••• ~•ultin1 in a partial canc1llation of th• effect of 

chan1in1 ~. 
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The cbanp in Cx with temperature will not vary due to the tun1D1 capacitOl' 1 

only the aapitude will vary. But u the uanitud• of ~x vari••• th• rate of 

chan1e of 6f/f versus Cx also variH. Therefore, if Cx is chanpd by l pf 1 the alope 

of frequency, llf/f versus teaaperature will not be aero, but will be chupd by 

th• amount indicated by Equation 2. It ia obvious that a tunin1 capacitor cannot 

be plac,d acrosa the crystal in a TCXO, without affectin1 the cbanp .. i~ fNquency :· 

for a 1iven chan1• in C.• 

One other place where th• tunin1 capacitor can be placed ia aero•• the 

TCXO and varicap. Chan1in1 the capacitance of the tunin1 capacitor doe1 oot 

reault in a one to one chap iD load capacitance-, rather th• load capacitace 11 

cban1•d a• ahown by Equation 3. 

Eg.uation 3 
C = 

X 

(Cc ♦ Ck) (Cy) 

(Cc ♦ Cit)+ Cy 

The variable capacitance, Ct, appear• •• part of t• circuit capacit_ance 1 c
0

• 

Th• •a• effect occv1 when ct ia varied in thi1 position u it .did when it waa 

acro11 thi cry1tal, that ii that the operatin1 point on the cry1tal 6f/f ver1u1 

ex curv.- ha• to be cbanpd to re1ult in . a chan1• in freq:uency. Thia re1ult1 in .a 

chanp in slope of the pullability curve of the oacillator. One other effect 

occurs, and that is that the effect of Cv on ex ii alao chanpd. 

If Ck is chan1ed in such a manner tpat frequency decreasea, then it1 effect 

tm.11t be to increase ex• ck auat therefore increa1e. Aa CJc increaaH, t~ TCXO _ 

cry1tal ia operatin1 on a lower •lope point of i t• ~f / f ~ersus Cx characteri1tica. 

But at the 1ame time, as ck increa•••• tn• effect of cv on ex increaaea. Aa Ck 
6f/f 

becomes l ar1er, d Cxici Cy becomH sreater. So u d • e ~.'-.,,.••••• 
d X 

d Cx/d Cv increa1e1, reaultina in a partial cancellation of the effect of 

chan1in1 ~• 
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Equation 4 

d Cx 
ere; = 

An analyai1 of the circuit 1hown in Figure 6 04 ha• been done to determine if 

no effect on the elope of the ~f/f versus v0lta1• curves due to chan1in1 the 

absolute frequency can be obtained by selectin1 the appropriate component 

values n Equation 5 is the derivative of Cx with respect to Vo 

Equation 5 
cc CV K/Vl/2 

d ex d ( ) d ( 
Cc+ K/vt,, C 2 K v-1/2 

-a-v= Cc+ Cy 
= Cc C 

= d V d V 2 (Cc yl/2 + K)2 

K 
Cv = -

vl/2 

Equation 6 is the chanae in frequency due to a chanp in varicap voltqe 1 

obtained from Equations 2 and 5, 

EquatiOJl 6 
d P 
7v 

( -

where N = K v-1/2 = c 

= ( d Cx ) ~ ..!.L ) 
d V d Cx 

C
0 

X 106 
------- , ) = 

2r (C
0 

+ Cx) 2 

V 
CcCy 

By inspectin1 Equation 1, where Cx = Cc+ Cv it is obvious that a change 

in absolute frequency can be obtained by changina either Cc or C0 or botho 

However, Equation 6 indicates that a chan1e in only cne of thH• valuH will 

effect the slope of the Ai/i veraua voltage curveao 

Equation 7 
Lot ..!..e. 

d V • E 
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Thus by solving Equation 7 fo~ either Cc or C0 , the value of the 

dependent variable required to maintain a conatant alope, s, Ha reault of 

chan1in1 the · independent variable can be determined, 

Equation· 8 

Equation 9 

Equation 10 

C = 
C 

C 2 
C 

• . 'A •• where A= ~ x 10-6 
1 

Because C0 and Cc can only be positive the two equation• must be, 

Equation 11 

C = 0 

Equation 12 

C = C 

fAcc + N> - 1 
0 

Thus for a given range of N, say 40 pf to 60 pf, the relationship for 

Cc and C
0 

is determinedo 

Fo_r any given circuit desi111, the parameters C0 , Cc, and N or the ranae of N 

can be optimizedo The actual optimum point may not be realistic, but if the 

circuit is initially desianed towards the optimum values the effect of tuning 

can be reducedo 

The circuit shown in Fiaure 605 was used to d~termine the effect of 

chanaing the collector to emitter capacitance, Ceo The ~f/f versus V cur~• was 
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plotted with Cc• 160 pf, Then Cc was increued 10 that a 26 ppm ahift wa1 obtained, 

Fipre 6. 6 show• the two 6f /f versua V curves obtained.. Th• difference in the 

total frequency chanp from 1 to 7 volt• was 18/5 ppm, whilet -a:, total_ chanae of 

approximately 80 ppm wa1 obtained, . repreHntin1 a ,.-~·s\ -chqe~ for· a 26 ppm chan1e 
··-

in abaolute frequency and a 6 volt chan1e in voltaae, A fiaur• of merit can. be 

defined as the avera1e percenta1e change in frequency for a 1iven voltaa• and 

abaolute frequency chana• and i1 given by Equation 13, 

Equaticn 13 
Apl • a V p 

0 3 where a • 

VOmax P3max 

AP1 11 the ch1D1e in frequency cau1ed by a ch1D1e in elope due to chan1in1 

the abaolute frequency an amount p3, A• a becomH 1maller the effect of 

chan1in1 the ab1olute frequency beco•• le11, For Fiaure 6,61 

a • 
(6 volt1)(26 ppm) 

So fora V0 • 2 volt1, P3 • 10 ppm 

Apl • (2,5 X 10-2)(2)(10) • 50 x 10•2 • 0,5 ppm 

If a chanp in volta1e of two volt• 11 de1ired and it i1 de1ired to have a 

10 ppm ah1olute frequency adju1t•nt ran1e, then the difference between the 

two Af/f ver1u1 V curve, will be 0,5 ppm, 
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7.l Crystal Characteri1tics 

Crystal frequency versus temperature characteristics are beina inveati-

1ated more thorou1hly. In recent units bein1 deaianed for stabilities with 

temperat~re in the 0,5 ppm to 0,1 ppm re1ion, diacrepanciea have occurred that 

were not anticipated. T,emperature . compensation at the upper tumin1 point ii 

where the major difficulties have arisen. Fiaure 7,l illustrates the result 

that may be obtained at the upper tumin1 point. 

TEMPERATURE - 0 c 50° 60° 

TCXO Af/f Versus Temperature Curve 

Fi1ure 7.1 

70° 

Figure 7.2 illustrates the assumed characteristics at the upper turnin1 point 

temperature. 
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Curve "a" is the crystal Af/f versus temperature curve, "b" ii the compen­

sation circuit characteristics, and curve "c" is the re~ultant TCXO Af/f 

versus temperature curve. The characteristics of actual TCXO' s do not fully 

agree with the assumption. After examinina the curves in Fi1ure 7.l and 

Figure 7. 2, two explanations were formed that will explai~ the deviation in 

the actual TCXO characteri1tics and the calculated characteristic,. One, the 

compensation network can have a non-linearity or, two, the cry1tal curve can 

have a non-linearity. Fipre 7.3 illustrates what must happen t~ the compen­

sation characteristic if the curve shown in FipN 7.1 is to be obtained. 
-

The Af/f curve produced by the compensation must be chanaina at a slower rate 

than the crystal curve. Thia is a possibility and ha1 been observed in 1ome 

of the experimental TCXO compensation networks. The diode switch will help to 

eliminate this effect of the compensation network. 

The other case, where the cryatal has a non-linearity can cause the 1ame 

effect. Figure 7.4 shows a crystal curve that was measured around the upper 

turning point. As can be seen the curve becomes very flat for a amall temperature 

range. With this type of non-linearity, a compensation curve that was obtained 

by measurements at every ten degrees would possibly not detect the non-

linearity. This would result in an error in the resultant ~f/f versus , 

temperature curve of the TCXO. More investigation into the crystal characteristics 

around the upper turning point is being done to ~ee if the curve for the crystal 

shown in Fiaure 7.4 occurs in other crystals. 
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Sol Voltage Regulation 

Because the TCXO i1, in a sense, a voltage contro· led dev5cc : the 

variations . in the supply voltage cauae changes in the frequency. Many 

practical applications for a TCXO Nquire that it be operated from a voltage 

s pply that has as much as• 15\ changeo This necessitates th~t a voltage 

regulator be included in the TCXO package, to reduce the variation of the 

supply voltage for the TCXO o 

If an overall sensitivity to supply voltage variation is of the order of 

tl ppm/volt, then a 10 millivolt· change will cause a deviation of OoOl ppm o 

This voltage stability is required where compensation to parts in 10- 7 is requiredo 

With a supply voltage of 10 volts, a 10 millivolt change requires Ool\ 

regulation; with a 20 volt supply voltage, OoOS\ regulation is required o 

To obtain this regulation with very low power consumption has been a 

problem Maintaining Col\ regulation with temperature and voltage variation 

requires that a temperature compensated zener diode be used which typically 

will require 75 milliwatts or more ,, This is not realistic in view of the 

objectives of this study which is 50 milliwatts for the entire TCXOa 

Therefore, low power consumption voltage regulation circuits have been 

investigated o The best one to date is that shown in Figure 8ol u Diode D1, 

resistor R1 and transistor Q1 are used to obtain a constant current bias for the 

zener diode, Dz o This constant current bias holds the zener voltage relatively 

constant and is not affected to any great extent by input voltage variationso 

Transistor Q2 and zener Dz complete the voltage regulator circuito Transistor 

Q2 is used to allow a small base current to control the larger emitter load 

current o 
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Gl30 

2N72l 

DZ lN959 

Volta1e Reaulator 

Fiaure 8,1 

Thia reaulator draws about 8 milliwatts. Tha followin1 curve, illu1trate 

some of the characteristics of this reaulator. The critical component• are the 

diode n1 and the resistor R1, The characteri1tic1 of the diode must be· such that it 

matches the characteri1tics of the emitter base junction of Q1, Re1i1tor R1 

controls the cur~ent through Q1 and Dz, It must be selected because of the 

B tolerance from transistor to transistor. 

The followina graphs show the characteristics of a number of voltage 

regulator circuits that were tested. 

Figure 8.1 is the schematic of the reaulator used for the results shown 

in Figures 8.2 and 8.3. Fiaure 8.2 and 8.3 shows the reaulation of !the output 

voltage versus resistance R1 as a function of input voltaae for two different 

regulators. 
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Figure Bo4 and 805 •hows the power consumed by the Np&lator v1r1u1 R1• 

The circuits shown were b1in1 optimized for the power con•u•d rather than the 

voltage regulationo B1 using zeners with better char1cteri1tic1 at low curNnta, 

better regulation can be obtained. 
l 
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9.1 Conclu1ion1 

The ability to 1enerate the required ·~cl tap ver1u1 ter,peratUN cut'Ye for 

compen1atiun will be incre-d by the u11 of the diode ,witch, The diode avitcb 

provide• the ri1ht chal'acteri1tic1 for the pneration of an s-,haped volta1• 

ver1u1 temperature curve, but for close tolerance compen1ation the exact 

network ccnfipration will have to be detennined very carefully. 

The problem of frequency adjut•nt appear• to be difficult, but not 

imp011ible to overc0111. Exainaticm of various ach••• to UH for frequency 

adjut•nt should result in a •thod that baa little affect on compen1aticn. 

The presence of ncm-linearitiea in the cry1tal characteri1tic1 uy or 

uy not be a problem. If further atudiH indicate that non-linearitie1 are 

frequent, then a •thod of euily detectina th11e mu1t be deviHd and ued in 

the selection of cry1tal1 for compenaatioo purpoaea. 

The d11ip of a TCXO to fit in a .0.6" x o.7" x 1.5" confisuration _appear, 

to be fea1ible. The moat difficult pl'Obl111 ii obtainin1 ext~mely aull 
• . . 

compcnent1 with the required 1tabilitie1. 

so 
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10.l Progam for Next gu,nel' 

The. diode switch inveati1ation will continue. Refinements will b~ made in 

the circuitry and method of computation as they are required. 

Crystal ~haracteristics will be studied more thorou1hly. 

The design of the Type I and Type III TCXO's wil~ be ~~mp~eted, 

Different methods of frequency adjustment will be studied to determine a 

method that will result in the minimum effect 011 compenaation, 

Th~ compensation procedure outli~ed previously will be revise4 in an 

effort to standardize the TCXO components. 
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11.1 Penonnel Alaociated with the Project 

Th• followin1 En1ineerin1 peraonnel have en1qed in varioua activitiaa 

tn ccnjunctioa with the proj•~t durin1 the report period. 

PROJECT DIRECTOR 

Dr. D~ll E. Newell, Ph,D. 

EDUCATION a 

EXPERIENCE : 

BSEE • Iowa State Univerai ty • 1952 
MSEE, State Uni'lel'lity of Iowa, 1956 
Ph, D, in EE 1 State University of Iowa, 1958 

From June 1961 to present - Dr. Newell is the Senior En1ineer 
in charge of research, deaisn and development of products within 
the Electronics En1ineerin1 Section. Representative projects 
include• develop•nt of new techniques in cryo1enic liquid level 
•aaurement and flow meuure•nt for mi1ail• and apace applications, 
preliminary development of complete propellant manaa••nt ayatem· for 
Saturn II vehicle• develop•nt of new technique• for temperature 
compensation of crystal oacillators, development of a new 
crystal type cryoaen{c thermometer and other internal apcnaored 

·development projects directed toward• advance applications in 
apace and miaaile technoloay. • • • 

From June 1959 to May 1961 - Associate Professor in the 
Reaearch Section of the Electrical En1ineerin1 Department at the 
State Univera~ty of Iowa. Soae of the project• under hi• 
juriadictioo included: 

1. Study of temperature compensation circuitry for 
quartz crystal oscillators. 

2. Investigation of the short-term inatability of 
regenerated dividers. • 

3, Investigation of mechanical .refri1erator suitable 
for cooling quartz crystals. 

4. Investigation of parametric amplification, 01cillation 1 
multiplication and conversion, 

5. Nuclear Gyroscope Projects, 

From 1952 to 1959 - Dro Newell was employed by Collins Radio 
Company, Cedar Rapids~ Iowa. During this period when academic 
endeavors were pressing he was employed as a consultant and the 
remaining time as a Research Engineer in char1e of such projects 
as propagation, excitation and function generator control probl••• 

1949 to 1952 - Transmission Engineer for WOI-AM-FM-TV 
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PROFFESSIOHAL AFFILIATIONS: 

1, Member and Officer of Institute of Radio Enaineera 
2. Reailtered ProfHaional Enaineer of Iowa 
3, Member of Iowa Academy of Science 
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PATENTS: 
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2. Automatic Frequency Control 
3. Frequency Stabilizing Networks 
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1. "Research Modulation" published by Collins R&dio Company. 
2. "An Investigation of Noise and Function Generators" published by 

Collins Radio Company. 

PROJECT ENGINEER 

Richard H. Bangert 
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BSEE, State University of Iowa, 1961 
Graduate work towards MSEE, State University of Iowa 

Auaust 1961 to present - Mr. Banaert ia the Project Engineer. 
in charge of the Frequency Synthesis and Control Group. Projects 
under his direct supervision include: 
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4. Frequency Standards 
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February 1960 to Auaust 1961 - Mr. Bangert worked a1 a graduate 
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University of Iowa. - Projects included; temperature compensation 
of quartz crystal oscillators, circuitry deaian for temperature 
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program for IBM 7070 to find a means of aynthe1izing temperature 
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