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TUNING DIODE DESIGN
TECHNIQUES

Tuning diodes are voltage variable capacitors employing the
junction capacitance of a reverse biased PN junction. This note
presents a simplified theory of tuning diodes and discus
a number of considerations to be employed in designs u
tuning diodes.

- INTRODUCTION

Voltage variable capacitors or tuning diodes are
best described as diode capacitors employing the junc-
tion capacitance of areverse biased PN'junction. The

Junction

4+

. +
+
capacitance of these devices varies inversely with the i '
applied reverse bias voltage. : P ¥ y / / / / N I ——t—0
Tuning diodes have several advantages over : | Condueter D;'::: n / Conductor
“mechanical variable capacitor. They are much smj + / / -
_ in size and lend themselves to circuit board . " + /e /r/ /. / A ~
" They are available in most of the same ca v © Reverse  Biased ,
values as fixed capacitors. Tuning diot Junction
designer the desirable feature of elects
The capacitance of all tuning nherently O
varies with temperature and m re conipensa-
tion. A simple scheme is av. or compensation 1B
of the temperature drift, re stabilities as good S

as, or better than, that of air capacitors. Digital tech- - ~ Capacitor

FIGURE 1 — Tuning Diode Capacitor Analogy

lance versus voltage characteristics - o _fi R . Q)
ts reverse biased condition. In accor- . d
conductor theory, a depletion region is wh = dielectric constant of sﬂ;lcon equal to
unid the PN junction. The depIetion layeris wasre € 118%ep q

is dependent upon doping parameters and the ¢0 =8.85x10"12F/m

applied voltage. Figure 1A shows a PN junction with , A = Device cross sectional area

reverse bias applied; while Figure 1B shows the ana- . ‘ d = Width of the depletion layer.

logy, a parallel plate capacitor. The equatlon for the - . '

capacitance of a parallel plate capacitor given below _The depletlon layer width d may be determmed from
predicts the capamtance of a tunmg diode. . . v sem1conductor Junctlon theory
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e So we have capacxtance per umt area: .

eral formula

. ' contact potential. At room temperatu

0 - predicts the voltage-¢
" modern tuning di
- vationsl,2,3,4 5e

e 'fv'viieié E = Electric field

CdE

o Norwood and Shatz1 use these 1deas to develop a gen-

;,' Bemtl 1/m+2
(m+2) (V+¢) |

m= Impunty exponent -
c= Capamtanee per umt area

. v?.yLumPlng‘allthe constant terms together 1ncludmg the e
. area of the diode, into one constant, CD, we arrive at: -

- Cp-

CJ_(V+¢)7 S

. where v =Capacitance Exponent a functlon of i impur-

ity exponent-
¢ The )unctxon contact potent1a1
(z 0. 7 Volts)-

The capacltance constant CD, can be sh
* function of the capacitance at zero vo

, CD =Cole)?

" Cp = Value of capaci it zero‘fvolta'ge '

. The simple formula giv

.case capamtance
then becomes:

' Ce= Case capacltance typlcally 0 1t0.0.25 pE

_ TUNING RATIOS

o The tunmg or capacxtance ratlo, TR denotes the,.'_ B
. ratioof capacrtanceobtamedthhtwovaluesofapphed{ ST
b blas voltage. Thisratiois ngenbythe followmgexpres- L

- _ sion for the diode Junctlon.. L
‘ 5. CIVa) [VI +¢]
G Ve |

. .THe more accepted method of determlmng tuning . -
,dmde capacitance is to use the deﬁmng formula for s

e thermore, care must be taken when oper.

o usually small, Eq 9 may be

®

© |

e

. 6, very accurately'
tance relatlonshlp of !
here are many detailed deri- .
txon capacltance 80 further- L

®

CJ= J unctron capamtance glven by Eqnatxon 6. v

- where CJ (V1) - Junction capac1tance atVy

CJ (Vz) Junction capacitance at Vo
. whete V1 >Vg. :

In specifying TR, some tunmg dlode data sheets use
four volts for Va. However in order to achieve larger

 tuning ratios, the devices may be operated at slightly
... lower bias levels with some degradation in the Q
: specxﬁed at four volts. (See the discussion of Q3

voltage in'the clrcult Q section, later in thi

the diode into forward conductxon
large ac signals. These large sugn

p i
phﬁed tothe followmg :

for most desxgn work

| L'&)y (10)

.Vmin :

> Anethée: arameter of nnportance is v, the capacx-
t ice eXponent. ‘Physically, y depends on the doping
oimetry employed in the diode. Tuning diodes with
walues from 1/3to 2 can be manufactured by various
cessing ‘techniques. The types of junctions, their .
dopmg profiles, and resulting values of v are shown
in Figure 2. These graphs show the variation of the

_number of acceptors (NA) and the number of donors’

(ND) with distance from the junction..

- Abrupt junctions are theeasiestto manufactureand =~

the maj jority of tuning diodes on the market are of this
type. This type of junction gives a y of approximately
1/2and atuning ratio on the order 3 with the specified -

- voltage range. Therefore the corresponding frequency

range whichmay betunedis about1.7to 1. 0 Atypical’
example is the MV2101

C (Vz) = C(3oy) =2.5pF '
- C(VP=CaV)=6.8pF
TR=27
~=0. 47

The subscnpts on the capac1tance refer tothe bias
voltage apphed :

In many apphcatlons, such as tunmg the telewsmn .

channels, orthe AM broadcast band, a wider frequency
range is required. In this event, the designer must use-

.a hyper-abrupt junction tuning diode. The hyper-abrupt _
- diode has'a y of 1 or 2; and tunes over much larger fre-

quency ranges. Table I shows typical types of tuning ., v
diodes available, their tunmg ratlos frequency ratxos .

o and junction types.

The hyper-abrupt dewees are constructed w1th spe-

" cial epitaxial growth, dlIfllSlOll, and ion implant tech-

niques, which create a doping profile similar to that

" shown in Flgures 2C and 2D. The Q of the BB105 and -~ -
‘ MV109 senes hyper-abrupt dlodes isas high as abrupt“ R



Junctlon devices. Thexr capacitancer range isfroma few ;

plcofarads to 10 or 20 pF, and their major application
is'in television tuners. The MV1401 séries are high
capacitance devices for applications below 10 MHz.
They are suitable for tuning elementsin AM broadcast

band receivers and similar lowfrequency applications.-

TABLE 1 SAMPLE TUNING DIODE TYPES

Device. | Capacitances | Tuning . Frequency Junction

Saries Avaitable Ratio Cy Ratio Type
iN5139 47-6.8 pF 27-34 0.47 1.6-1.8° | Abrupt
MV2101 100-6.8pF * | 1.6-3.3 0.47 1.6-1.8 * “Abrupt
BB105 | 10pF 4060 | 10 | 20-24 | Hyper-Abrupt
MV1401 550-120 pF 10-14 20 3.2-3.7 Hyper-Abrupt |~ZZ
MV109 30 pF ) 5.0-6.5 1.0 2.2-25 Hyper-Abrupt

A. Linear Na V/P/// Jgnction

Graded ////// /

Distance from junction

B. Abrupt

C. Hyper-
Abrupt

D. Hyper-
Abrupt

of tuned circuits using these capacitors is generally
dependent only on the coil. When using a tuning diode,
however, one must be conscious of the tuning diode @
_as well. The Q of the tuning diode is ndt‘ constant, being
dependent on bias voltage and frequency. The Q of
' tining diode capacitors falls off at high frequencies,

“because of the series bulk resistance of the silicon used -

in the diode. The Q also falls off at low frequencies
hecause of the hack resmtance of the reverse-biased
diode.

" The eqmvalent circuit of a tunmg dlode i8 often des—
cribed as shown: 7 .

Rp
: . Rg - Lg s’
o— —l - AN VY g Yo
,“ci . .
Cc
e

LAY

Rp = Parallel resistance or bac
N the diode

IGURE 4 — Simplified Equivalent Circuit of Tuning Diodes

Thetuning dibde Q may becalculated with Equatibn 11.

2 £C Ryp2 ‘
Q= _ (11)

Thisrather complicated equation is plotted in Figure 5
for R§=1.0 chm, Rp =30 x 109 ohms, at V = 4 volts and
C =6.8 pF, typical for a 1N5139 diode at room temper-

ature.
‘~9°°-°°° Note: Approximations hold for
i frequency > 10° Hz
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. perature also lowers the Q of tuning diodes. As'the. -
junction temperature i increases, the’ leakage current - |

At freouenciee above several MHz, the Q decreases
; dJrectly with i mcreasmg frequency by the: sxmpler for- '
. “mula glven below :

Q Qs 2’—;5&" (ngh frequency Q) (12)

o The emphasm today ison decreaamg Rs 80 better high

: vfrequency @ can be obtained. At low frequencies @

. “increases with frequency since only the component -
: resultmg from Rp, the back resrstance of the dlode, S

: is of consequence. i _
e~ Qp = 21r fCRp (Low frequency Q- '(13)

, Q is also dependent on voltage and temperature v
" Higher reverse bias. voltage yields a lower value of"

. capacrtance, and also since Rg decreases with increas-

ing bias voltage, the Q increases with i mcreasmg volt-

_ages. Similarly, low reverse bias voltages accompany -

i larger capacitances, and lower. Q’s. Increasmg tem-,

' increases, lowering Ry, There is also a slight decrease
in Rg with increasing temperature but the effects of
. the decreasing Rp are greater and this causes the Q
© . todecrease. The effects of temperature and voltag’e on
. the Q of a 1N5139 at 50 MHz are plotted in Flgure 6
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FIGURES —Q verse Bias and Temperature

ning dlodes is their temperature coefficient. A
g al example of the capacitance versus temperature ,
 driftis 'shown in Figure 7.- i
i The temperature coefﬁclent Tc, 13 a functlon of o
- -applied bias. Figure 8 shows T for a typical tuning

g _diode. Note that for low bias levels; on the order of a £
. volt or two, the TC is as high as +600 parts per million

“per: degree’ centxgrade (ppm/°C). This represents a

e frequency change of ~300 ppm/°C which at 100 MHz
means a frequency shift of 30 kHz per degree. It is
" obvious that a. temperature compensatlon scheme is .
.. . desirable for any frequency control not usmgfeedb ek
- -techmques -
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FIGURE 8 — Capacitance Drift in ppm/°C versus Voltage
R MV2101 Diode

In Figure 9, the actual capacitance drift of a MV 2101
per degree centigrade is plotted. The graph illustrates

‘that a simple negative temperature coefficient compen-

sating capacitor will not compensate for the tumng"
diode TG because the change in capacltance is not

constant w1th voltage
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for the MV2101 Tunmg Diode



{in ppm/°C for:

THEORY OF TEMPERATURE CHANGE

Before proceeding further with schemes to correct
the temperature drift, it is informative to investigate
the physical mechanisms responsible for the changing
capacitance. Equations 6 and 8 may be combined to
give the basic expression for capacitance below:

.Cg

m +Cg 14

- We can pinpoint the terms in Eq 14 that may account

for capacitance changes. The contact potential, ¢, is

astrong function of temperature, varying on the order

of 2.0 mV/°C. Cq is a function of geometric dimen-
sions which can change with temperature and e which
changes with temperature. Case capacitancealso
changes with temperature. For this analysis we will
assume the only terms not temperature dependent are
the supply voltage V, and the capacitance exponent,
which is a function only of the slope of the doping pro-
file.

The contact potential, ¢, is readily calculated from
semiconductor theory, and the equations predict a large
change with temperature. This change in ¢ will produce
amuch larger change in capacitance for lower voltages
than for higher voltages, and therefore accounts for

the majority of capacitance change in tuning diode -

temperature drift. See Table II.

TABLE II
Calculated capacitance change versus applied voltage

9 . amwec
dar
- Cd
C = Wrey e
Applied Bias Voltage ) Driftin
{Volts)

/°C temperature drift still remains. There-
'not the only mechanism responsible for tem-

iange with temperature in physical dimensions in
any material which has an affect on the order of 1
ppm/°C for a tuning diode. However, this change is
too small to be of any significance. Another possibility

is a change in dielectric constant. Silicon, depleted of -

its charge carriers, forms a dielectric layer with a rela-
tive dielectric constant of 11.8. The dielectric constant
of silicon has a temperature coefficient of +35 ppm/°C.1
These effects change the value of Cq with temperature.
The case capacitance also varies slightly with temper-
ature. See Table I1IT.

e drift and others must be sought. There is a

TABLE 1l Effect Of Case Capacitance Changes On

 ¥N5139 And 1N5148 Diodes

1N6139 1N5148
. . Changes Changes
Bias attributable to attributable to
Voitags | Capact case " ' Gapeck case
(Volts} {pF) {ppm/°C) . (P (ppm/°C}
20 - 89 34 61 " 05
40 64 a7. - 47 06
100 a8 63 4 32 10
300 © 30 .. 100 - i9 1.6
600 |- 22 140 13
In summary, the largest changes are y the

change in contact potential. This effi
able atlow voltage, high capacita
in silicon dielectric is the next m
providing a change that is
voltages. Case capacita
able in the low capacita
may be neglected fo
citance devices.

2ls. The change

ortant factor
or all devices and
anges are most notice-
igh voltage range, and
rices except those low capa-

TEMPERATURE €OMPENSATION v ,
\B@d of temperature compensating tun-
stves the use of a forward biased diode.

op of a forward biased d.wde decreases

tage to the tuning diode. In the network shown in
e 10, an increase in temperature will result in a
ease of the diode voltage VDIODE toperhaps 0.5 V.

Vp1oDE = 0.6 V (Room Temperature)

FIGURE 10 — Simple Temperature Compensating Network

If Vjn is maintained constant, the available output
voltage Vyut will rise by 0.1 V. This increase in output
voltage will lower the capacitance of the tuning diode
and partially offset the initial capacitance increase
caused by the temperature change. Obviously, for the
above circuit to be effective, the compensating diode
must be thermally coupled to the varactor to be cor-.
rected.

Frequently, the varactor is part of a feedback loop
which controls the frequency of oscillation by digital
techniques. In this case, the temperature effects are

~generally accounted for in the digital feedback loops, .

so that diode compensation is not required.

THE POWER SUPPLY
"We previously assumed that the supply voltage did

‘not change with temperature. This is rarely the case,

and special consideration must be given to this part
of the design. All our efforts to temperature compen-

. sate the tuning dicde may be in vain if the power sup-
- ply has a large T( or is otherwise unstable. Figure 11

shows the common method of supplying voltage toa
tuning diode.



i , -output and ground termmals and requlre n

e ;blatlons)

< 7| Regulatar.

Vin O——-

f Regulator

" FIGURE 11 — Common Means of Supplying Bias -
E Voltage toaTumng Dlodo FTE

The regulator is the most cntrcal part of the c1rcu1t

', in Figure 11..1t must be extermely stable i in order to
7 ‘achieve good varactor tuning stability. ‘The. full drift-
Vi ;of the power supply asexpressed in ppm/°C willappear
- at Vg regardless of the setting of the potentiometer. -
. For example, if VRegxs 40volts with adrift of 100 ppm/

°C (4 mV/°C), V4 may be 10 V, but will still have a.

drift of 100 ppm/°C (1 mV/°C). A 50 ppm/°C stability

. figure in V4 translates into a 25 ppm/°C stability of = .
. capacitance, when the capamtance exponent is.0.5. =
: - ‘Forhyper-abruptjunctions werealizecapacitance -
" gtabilities of 50 and 100 ppm/°C for exponents of 1

‘ -fand2respect1vely : .
. :There‘are many dlfferlng power supply regulators

avallable to the designer. Zener diodes are relatively

' 'inexpensive, but have a poor temperature coefficient. -
2 'Temperature compensated zZeners are-very expensive

-~ "andhave alimited voltagerange. The LM117, a monoli-

- ithic integrated circuit voltage regulator, has excellent
" temperature characteristics, 37 volt output capablhty

i f;and wide temperature range. ‘ ‘
- TheMC7800 fixed output voltage regulator
vextremely simple to use in that they have only*

The MVS460 isa two leaded

V. Summary of Power Regulators

VARIABLE RESISTOR -

~The variable resistor is considerably less critical.
Since it is being used as a voltage divider, all that is
required is that the resistive material be uniform so

" any change in resistance is uniform throughout the

potentiométer. Wire wound, and special high quality

- cermet film variable resistors are suitable for these
" applications. Generally speaking, a linear potentio-

" or there w1ll be appreclable voltage dro

‘change. If 50°C is t
-resistancemay be

meter-should have a T of +150 ppm/°C or better..

Spec1al taper potentlometers should have aTC
ppm/°C or better. ‘
. The variable resistance cannot be ma

a silicon diode generally double
becomes an important problem
50°C. If the temperature isex

atures above
run as high as

to allof Motorola’

, voltage control may be accomplished using the
lator without relying on an external divider poten-
meter, as shown in Figure 12. The LM117’s low out-
put impedance of 0.05 ohms will easily and reliably

handle the change in current demanded by the tuning

diode as it heats up.

* HYPER-ABRUPT TEMPERATURE DRIFT

The hyper-abrupt tuning diode is more sensitive

, than other types to temperature variations resulting

in a greater need for témperature compenasation. Also
their drift with temperature is not as uniform as abrupt
junction tuning diodes. Their drift factors expressed

in ppm/°C run as high as 800 to 1200 for the units with

avyof2. Unitshavinga v of 1 typically show 300 to 400
ppm/ °C capacitancechanges. These higher drift rates

are caused by the hyper-abrupt tuning diode’s greater

Notes:
1) See Flgure 12 for soma typ|cal circuit connections
2) To.compute frequancy change (ppm/°C}, divide capacitance
(ppm/"c) change by 2.

"Voltage Voltage Caplcmnco
FEERT : ppm/°C | ppm/°C’ ppm/°C . ;
'Tsmpontufm Max- . | Typical . Typical Relative -
nge Range .. Te Tc "¥=05 Cost” 2L
-85 | 978 ) 878 478 ] low .
" ¥200°C - . o, S e
.66 .| 850 850 - | 428 ‘Low
e #2000C o RO B
IN3157 84 -50: 10 “1Q+ ERE - TR " High
|- Temperature - | : +126%C- |l -
;| Compensated g
| Zener. ; SEe P }
AM117: I 7 B - I cEEiees 26 Low -
7| Regulator . +#128°C . |00 58 N [ ’
;|-mc7800 28 : oo [ 40-80-"| . 20-30 ‘Low
| Fixed ’ ! +125°C. - : : T
Valtage -
| :Regulators . R . . .
S| MvsaBo- -} 3TV L0 b =100 <285 120 Low-
‘| T0-82 ) SR I 1 ]+ 450 L e i

commended power source at these tempera- .



sensitivity to changes in voltage, and the fact that the
majority of capacitance change is caused by the change

in contact potential, ¢. This greater sensitivity to volt- -

age changes means that power supply and other insta-
bilities will also have a larger effect than with regular
abrupt junction tuning diodes.

Vin I Vout =
e T LM117 @
Rq
1Adj 240
, Adjust L
= Cin - Co
0.1 uF | 1.0uF
Ra

|||———_

ated with this term is negligible in

*=Cjp isrequired if regulator is located an appreciable digtan
from power supply filter

** = Cq is not needed for stability, however it d

transient response.

R
vout=1.25vu+iz—)+1
Ry M

Since Iagj is controlled to less than 100 wAj the error associ-

FIGURE 12 — High Stability Regulator -50 to +126°

SUMMARY

Voltage variable capa

18 have replaced air vari-

~ able capacitors in most applications. These devices
offer many advantages over previous variable capa-

citors, such as

bility to employ remote tuning: By
g the proper design conditions,

can replace air capacitors in virtually
power applications. The designer must

tﬁf} usethese devices effectively. Temperature drift
eases to be an issue when proper compensation
ischemes, or digital feedback loops are used.
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