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Ahhc++hraetor properties enrf a partkafar hyperabrupt dopiog pre-
flfe era Identifkd wbfch can provfde Me-band tunfng Wsrfty for art

knfrortant ckws of microwave oscfhtors. The radts are moat appropriate

for aaries.tunsd oeallhWa9 reeffsed with stmple configurations of BJT% or
FETE h cltfp, Mqmtted, or monofitfdc form wftb low perasdtlce. The

derivation for the dophtg profile Is preeented imd includes the effects of
l~e SIWWS fn modffytng the effecttve varaetor capecftanea. IrI wfdltlo%
keakdown COUdftfOktS and the kwd sad VIWhthtl h SErk?e r’wdstJ?MW We

filChKkf, ~n b reaufts are Uf)pfkf to~ aud FET OSdtitOt Ch’CUitS

with maietrred lerge.slgaaf propsrtk% the profiles obtained predict excel-
hmt fhreerfty for theF’ET overa 7-12.(WZ frequeucy rsnge and fair
Ikeerfty for the BYT cfrctdt from 2 to 4 cM. TW profiles sre reaeimbk

and siioufd be reaflstib!e with ixfsting varector ftdwhxtlon technology.

1, INTRODUCTION

v 0LTAW3 controlled oscillators (VCO’S) are iru-

portant ccnnpcments in a variety of microwave sys-

tems, h many applications, particularly ECM, system

performance is greatly facilitated when these oscillators

are mpable of wide tuning bandwidths with linear volt~

age”to-freqwmcy tuning as well as high-speed frequency

switching, The use of varactor ttming allows high speed

while affording small size arid up to octave bandwidths

[1]-[5]. Furthermore, the development of %ypembrupt”
tuning vat-actors has provided irnprcwements in tuning

litwarity avtw half-octave bandwidths [6], III addition to

the use of tu~irlg varactors with wide capacitive varia-

tions, methods of improving tuning range utilizing circuit

reactance compensation has been successful in cases

where device and vara,ctor packaging parasitic are visible

[7]-[9].

With the development and continued imprcwe-

rmmt in microwave FET’s and WT’s, in a,dditicm to the

Qhmn-d%wt device, wide-band varacator tuned oscillators

(VTO’S) can be. realized in chip form as integrated and

possibly monolithic ciwits in simple configurations, Par-

ticularly, the three-terminal devices can be used in a

manner which provides separate ports for tuning and

output power sudt that the tuting-port inqxxkmx is low
and aotive over a wide bandwidth to allow wide. tuning
ranges, In these ~ircuits, the nature of the impedance
under small and large signals at the tuning port behaves in
a way which suggests simple, minimum stored energy
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tuning circuitry with chip varactors and identifies ap=

propriate varactor capacitance characteristics for linear

tuning over wide (octave) bandwidths, The cxmunon na-

ture of these equivalent active circuits (including Gum

devices) allows a particular form of wuvwtor doping pro-

file to be useful with these devices in accomplishing linear-

ity,

The purpose of this paper is to derive, utilizifig the

observed nature of simple F13T and 13JT oscillator cir-

cuits, chip tuning varactor characteristic for achieving

tuning linearity over wide bandwidths in the frequency

range. of 2 to approximately 20 GHz, IrI developing these

chtiraoteristics, the nonlinear effects of large signals in the

wwttctor and active deviw are taken into account by use

of the describing function wmcwpt [10], The theory applies

in the case when the RF current in the tunirtg varactor is

essentially single frequency, or often equivalently, if the

oscillator is essentially series tuned. In Section 11, the

basic theory is developed and the varactor properties and

doping profile are derived. The theory is applied to FET

arid 13JT oscillator circuits with measured tuning-port

large-signal impedance characteristic in Section 111, and

appropriate doping profiles are identified, Excellent Iin=

earity for a ‘7- 12-Gl-lz FH’T oscillator is predicted, while

that for a 2-4-CIIJIz BJT oscillator is less impressive.

H. VARACTOR I%omt’ms FORTUNING LINBAKITY

WITH A CLASSOF MICROWAVE OSCILLATORS

A. Circuit Model

The performance and limitations of varactor-nuwd

VCCYS can often be obtained by studying the interaction

between the tuning element (varactor) and its equivalent

one-port nonlinear active terminating network as shown

in Fig, 1, This viewpoint can lead to specification of the

nature of the active terminating network to achieve widest

turting, can identity properties of the varactor for voltage-

to-freqwmcy tuning linearity, and can specify the dynami-

cal behavior of the fiatural frequency aad amplitude of

oscillation [11]<

Ufider oscillation conditions, the ifiteracticm of the

device and varactor nmdinearities can result in non-

sinusoidal voltages and currents in the circuit, cornplicat.

irig the problem of varactor specification, To account for

large-signal effects in a varactor and develop appropriate

doping profiles for linear tuning VTO’s, the nature of the

large signal must be khown or assumed, Any assumption
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Fig, 1, Circuit model for studying varactor and active circuit interac.
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regardifig the form of the large signal must obviously have

a high degree of self-consistency when the actual tuning

varactor is placed in the circuit, From a practical

standpoint, most wide-band VTO’s, particularly from 2 to

20 GHz, tend to be series tuned because of the nature of

the active device series equivalent circuit and the difficulty

of providing the normally small parallel-tuning induc-

tances otherwise required. Since series-tuned circuits tend

to suppress harmonics above the fundamental, it will be

assumed that the IW’ current through the varactor is

essentially sinusoidal, i.e.,

i(f) == -11 sinwt. (1)

The analysis given here applies to any oscillator in which

(1) is valid, so that “series tuned” and “single-frequency

current” are used synonymously,

B, Varactor Model and Descr@ion

For the series-tuned case, the varactor can be char-

acterized by a voltage-charge relation such as

dq
~=.M+M!l)Z

where

dq

‘“T

(2)

(3)

and where u is the total voltage across the varactm,
comprised of a depletion layer voltage j(q) depcmdont cm
removed charge q and a resistive drop across a charge-
variable series resistance R,(q), Since i(f) is sinusoidal,

q(t) can be written as

d~)= Qo+ Qlcosat (4)

where

Il=wQ1. (5)

Note that if harmonic currents are negligible, then har-

monic charge amplitudes are further reduced by the

harmonic number, and (4) is really the important assump-

tion in the analysis.

Substituting (4) into (2) now gives

~(t) = 5 %(QO, Ql) Cosktit – 11 ~ R$k(Qo,Q]) sinkut
k-O k-1

(6)

where

(n))

Hence, the ck voltage V. across the varactor is given by

~Om ~o(Qo~ QJ (%)

and the fundamental voltage amplitude Vi cart be written
in complex form as

VI= ~l(Qo, QI) +MQA(Qo, QJ (~b)

From (tlb), the fundamental impedance 21 of the varactor
is

q_.zL.” S,(QO, QJ
I= R$l(QO,QJ+

jaQ1 jld
(9)

where

~= ~l(Qo?QI)

“=Qi Qi
(lo)

is the fundamental tuning ekstance. Since V. is the same
as the tuning voltage and is an independent variable, (8a)
can be used to eliminate QO in (Sb) and result in an
expression for S1 in terms of VOand Ql,

C, Varactor-C’ircuit Interaction

In the series-tuned oscillator with the llF current as

given in (1), the equivalent one-port active device at the

varactor terminals can be characterized by the sir@e-

frequency describing function ZJa, 11), where

Zd(u,ll) I= l?~(u,~l) +jX~(u,Il). (11)

For oscillation at u using a varactor,

& -I-&(u,I1)=O (12a)

and

so
~ = Xd(td,11)— (12b)

where ~ is the varactor effective series resistance and SO
is the required tuning varactor elastance. The RF-current
amplitude is determined from (12a), and (12b) then speci.
fies So for oscillation at w with amplitude Il. If it is
desired to tune the oscillator from al to ti2, then (12)
determines the required behavior of S@[u,II(w)], al< w <
C.42,and this information can be used to obtain an ap-
propriate varactor with S1= SO and &= R$l at tuning
voltages linearly related to w Initially ~ and hence R~l
will be assumed approximately constant, Appropriate

modifications can be made if this is not the case,

The actual behavior of SO over the tuning band can be

varied somewhat by deliberate modification of the char-

acter of & by circuit changes. Based on the behavior of

Xd, there will be some minimum variation required of SU

to accomplish the desired tuning ranges, This limitation

can be deduced from (12b) by examining the differential

of S,,/u’, i.e.,
“,

-l(s)=:(:) (13)
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shows that the rate of change of the quantity SU/u2 is

independent of any linear series inductance in & Since

most active devices tend to be capacitive in nature thereby

requiring the addition of series-tuning inductance for

oscillation with a varactor, these capacitive effects de-

termine the minimum value of the left-hand side of (13).

Since the right-hand side of (13) is almost always posi-

tive,l then

(14)

and to tune from w, where So= S’ti. to U2 where SO= S~=

would require

(15)

It is possible for (d/ da)(Xd/ti) to be negative by the use

of reactance compensation [7]–[9]. Such compensation

can be achieved over moderate bandwidths (less than an

octave) with the consequence of additional frequency

variation in Rd(ti, 11), and increased reactance slopes out
of band and additional stored energy. It is not considered
here, since it would destroy the typical, simple nature of

Xd(U) such that some degree of generality regarding

tuning varactors would not be possible. For a given Xd(U),

the varactor requirements can be obtained by integration
of (13) from 0, to COz,to give, after rearrangement:

(,+ 2P-(–)
0),

c .
max

[

(16)
xd((.J2)

1

Xd((.d,) “
u: —’—

W2 u,

This result indicates that values of ~ near (~J@2 are

possible if C~u is small, and the tuning varactor imped-

ance level is high. In this case the finite device capacitive

effects apparent in the denominator of (16) are made

negligible by the addition of a large series-tuning induc-

tance. Of course, such a solution has a large amount of

associated stored energy which can substantially increase

oscillator recovery times from a nonequilibrium situation

[1 1]. On the other hand, a large j3, while reducing stored

energy, makes the varactor rather ineffective as a tuning

element. For octave-band tuning, a reasonable comprom-

ise occurs for values of ~ around 10. The tradeoffs be-

tween C~aX and B in (16) can be quickly established for a
given device, without regard to the nature of Xd(co), to

arrive at the most desirable or achievable varactor char-

acteristic.

D. Varactor Requirements for Lineari@

To achieve linear voltage to frequency tuning, then

cd(vt)=avt+fl (17)

where V~is the tuning voltage and a and !2 are constants,

Hence the problem is to find a nonlinear function f(q)

llf xd were tot~ly bear and the reactance Of a lossless ~cfit

element, then by Foster’s Reactance Theorem, d/d~Xd/@) >0 always.

such that

v,+ y= VO=FO(QO, Q1) (18a)

and

S1(QO, Q,)= %[4 Vt)1
where

(18b)

(18c)

for each U( V,), al< w < Wz, where y is a constant. In the

general case, there is no guarantee that such a function

exists for a given Q,(u) and specified tuning voltage

range. It is appropriate to treat the situation as an ap-

proximate problem by specifying a smoothly continuous

nonlinear function and determining how closely it comes

to the desired large-signal behavior and linearity. The

approach taken here is to specify an appropriate form of

the nonlinearity to within constants which can be adjusted

to achieve best linearity. A function capable of giving

good results for series-tuned microwave VTOS is the one

which has an incremental capacitance C(o) given by

dq 1
c(o)=~= a+~+cvz’ b2-4ac>o (19)

where a, b, and c are adjustable positive constants and

0>0 is the voltage across the varactor. This form arises

from the nature of Xd(O, ZRF) in series-tuned oscillators.

Under small-signal conditions, Xd(u, lW-+O) typically be-

haves as

1
X~(@,IW~O)a.oL, – —

Ucd
(20)

where Lt is the required tuning inductance and Cd char-

acterizes the usual capacitive behavior of the device. This

behavior will be apparent in the experimental section. If

the oscillator worked at small-signal levels, then from (20)
and (12),

so=U2Lt–~/cd (21)

and the tuning linearity requirement (17) shows that SO

will be quadratic in V, and C(V = V,) will be as in (19).

Under large-signal conditions, the device usually retains

its capacitive nature such that a, b, and c in (19) can be
adjusted to obtain excellent tuning linearity.

To optimize linearity for a given active device, the
function f(q) and the components FOand Fl in (8) must be
found for the C(0) in (19). Integration of (19) gives

4=~C(o)do= ~1n2co+b–d
d 2cv+b+d

where

(22)

and the constant of integration has been set to zero with

no 10ss of generality. Solving (22) for o(q) gives

b d l+e@——o(q)= –~+~l_edq. (24)

Now for q= QO+ Q1 cosut, FO and F1 can be found as (see
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[

b’
+ ~ 1+2 ~ e@OZO(ndQJ~o(Qo, QI) = – ~ ~C

~=1 1
(25a)

and

[
~ “@oIl(rzdQl)FI(Qo, QJ= ~ 4n~1 e 1 (25b)

where lo(x) and ll(x) are modified Bessel functions of

orders O and 1, respectively, and argument x.

When it is assumed that So(a) and the corresponding

Q1(u), al< 0< L02,are specified, linearity is optimized by
first setting F1 equal to SOQ1 in (25), i.e.,

[
SV(ti)Q1(u) = ~ 4 ~’1 etiQOll[ndQ,(@)] 1 (26)

which for a given d and c determines values for

exp [dQO(u)]. These values are then substituted into (25a)

which determines Fo(ti) to within a constant b/2c. Then

Fe(a) + b/2c is fit to a best straight line in u in the
minimax sense, thereby giving a measure of tuning linear-
ity since F. is the same as the tuning voltage. The values
of d and c are adjusted to minimize the maximum devia-
tion from a best straight line for various tuning voltage
ranges. Having an optimum solution, the value of b is

obtained by requiring that the minimum value of u in (24)

under operating conditions be equal to zero. This will

prevent forward bias in actual operation.

E. Varactor Doping Profile

The doping profile of a one-dimensional one-sided

varactor can be found in the usual way from C(o) in (19)

as

N(w)=:++; (27)

where N(W) is the doping level at a distance W from the

junction and where ~ and e are the dielectric constant and

electronic charge, respectively. Since

c(o) = Q
w(o)

where A is the device area, O(W) can

and dv/ dW calculated to give

(28)

be found from (19)

h’(w)=~
“w {d+” “

(29)

If

4C
No=— (30a)

eeA2d3

‘= CA&
o 4C

(30b)

and

w’= w/ ‘0 (30C)

then

113

N( W’)=
No

(30d)
‘/(1 + ‘/)1/2”

The profile must extend from Wmin= CA/ C(0) = da to

~W determined by the maximum voltage ever presentw
across the varactor at large-signal operating conditions.

Given optimum values of a, b, and c for a particular

situation, the area can be chosen to give an appropriate

doping level or depletion-layer width. In determining a

value for A, diode breakdown and the level of series

resistance must be considered. In particular, the diode

must not breakdown for W< Wma and the change in

varactor series resistance caused by depletion-layer varia-

tion should be small compared to R,, if the assumption of

constant R,l is to be valid. There may be, of course, some

situations where a variable R, ~ would be advantageous in

improving tuning linearity. However, to utilize this varia-

tion, all other sources of series resistance must be very

well controlled.

The maximum electric field EmW when W= Wmw is
given by

(31)

where

AE=:JW-WM.
and W&m = w~=/ ‘0, J%n = W&n/ WV Since the elec-
tric field falls rapidly above WA. and at breakdown most

of the ionization will be near Emu, the breakdown condi-

tions can be found with sufficient accuracy by considering

an equivalent uniform profile of doping NB, where

If it is assumed that

(32)

No
N(0)x = NB (33)

W&i~(l + W~~)*/2

then the relation between Em= and NO at breakdown can

be found as in [12], Only those solutions for NO and/or A

are possible if the resulting Em= lies below the breakdown

field at the effective doping NB. Within this confinement,

the component of series resistance AR, associated with the

bulk material from W, to Wmm should be made ap-

propriately small, where W, is the effective depletion-layer

width at the minimum static-tuning voltage. For this pro-

file, AR, is given by

dz

[

AR, = L — ~ (1 + W&)’’’2(3 ‘rn,x– 2)
e~ 4cN0

1- ;(1 + W;)312(3 W;-2) (34)

where M is the carrier mobility and W;= We/WV
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111, APPIJCATKINI TO FET AND BJT OSCILLATORS

A, CAwiiiator Circuits

The theory is now used to determine appropriate varac-

t.or profiles for two VTO circuits, a BJT oscillator in the

2-4-C3Ffz range mtd afl FT3T oscillator from 7 to 12 CX2z,

The circuit diagrams for these FET oscillators are shown

in Fig. 2, with the iW?T (Fig, 2(a)) operating in the

mmncm drain configuration tuned at the gate, and the

BJT (Fig, 2(b)) operating common collector with the

tuning in the base circuit. Both oscillators are effectively

series tuned with the varactor l?, setting the saturation

level arid output power at the load port, For both of these

circuits, the nonlinear behavior of the active device at the

tuning port must be known for an appropriate tuning

varactor to be defined, For both circuits, large-signal

measurements were made at several frequencies and the

resulting information was used in the analysis, Loading

conditions cm the output port were adjusted to provide at

the tuning port an appropriate amount of negative resis-

tance for varactor tuning over the frequency range of

interest, Also, the relation between the output power and

the ll~arrent level at the. tuning port was measured for

use in predicting output level across the bard

B, FET CWillator

The large-signal impedance of the F13T circwit at

several frequencies is shown in Fig. 3, As cari be seen, the

reactive portirm is capacitive and can be accurately repre-

sented by a series LC circuit, with C the nonlinear gate

capacitance and L representing series lead inductance. As

the capacitance increases with RF’ level, the negative

resistance saturates, one reasem being the decrease in the

parameter gm/ (l&, where g~ is the F%’T tramccmductmme.
To obtain a varactor profile for the I?ET oscillator, a

constant load resistrmm of 2 0 was assumed, thereby

determining the operating RF cutwmt levels (12a) at each

frequency as shown in Fig. 3(a). This resistance would be

obtained as the vanwtor series resistance. Based on these

current levels, the operating device reactance at the vari-

ous frequencies are now determined to within a constant

series-tuning inductance Lt for use in (12b), The value of

L, is determined by a specification of the maximum

tuning capacitance ratio @ in (16). In the following analy-

sis, the results were obtained for /3= 10, or Lf ==1.56 nH,

The optirnizatiom were carried out only at the six

frequencies where measured data was available.

optimal solutions were generated by assuming a value

of d in (26) and iterating the value of c until the maximum

deviation 8 given by

i$=(max8,)/AV (35)

with

dk = ~ –(klti, -t kz) ,FO(%) + 2C k=l,2, *.,, N

(36)

is a minimum, where lcl and kz are always chosen for a

Lf s
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Fig, 2, ~pid broad-band (a) ITT; (b) BJT %Ki”O circuits,
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Fig, 3. Measured large-signal impedance of an F4EC 695 common-

drain oscillator circuit showing the effectivs operating conditmns, (a)
Rd(u, ll). (b) Xd(w, ll).
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minimax solution, JVis the number of frequencies, and A V
is the. net change in tuning voltage, i.e., A V= FO(aN)-
Fo(@ The parameter 8 as a function of A V for the HIT
oscillator is shown in Fig, 4, which displays a minimum
value nestr A V- 13 V, Also indicated are the correspond-
ing variations in W~J W~i~, iVo,~n, and d~u, where
iVO,~n is the minimum doping level when AR, B 20 and
d~a. is the maximum device diameter at iVo,~fi (24a). It is

evident that the best solutions from device diameter and

W~J ‘rein oonsjderatj~ns are at hj@ values of A V, Mth
only a small penalty in & Most VTC9 designers, however,
prefer tuning ranges of approximately 10 V since these
changes can be readily achieved with high-speed digital
circuitry or FET switches, For a ~ of 7, the values of ~
increase approximately MI percent.

Fig, 6. SmalI Gignal CV chraotexistics and effective Iarge+ignal capa-
citance for the FET tuning varactor.

I

,+

I
001 0. I Lo 10

OISTANCE FROM JUNCTION, /Am

Fig, 7. Doping profile for the F13Ttuning wuwtor having the C7k”
charaoterkticof Fig,6,NO=10~6cm- 3.

TIM tuning linearity, output powe~ and deviation from
a best straight line for a tuning range of 10 V are shown in
Fig, 5, The peak deviation observed is approtiately 20
MHz over the 7- 12-GHz frequency range, With the indi-
cated offset of approximately 0,8 V, the operating voltage

at large signals will always exceed zero. Shown in Fig, 6

are the small-signal capa~itance-voltage characteristic as

well as the effective large-si~al capacitance, indicating
the amount of expansion under operating conditions. An
appropriate doping profile to achieve the required tuning
varactor characteristic is shown in Fig. 7, where No=
10’6 cm-3, TV.= 0,952 ~m, ‘Wti= 0.045 pm, W-=1.9

%e output power is determined from the measured relation of W
current in the tuning loop to output power at the various frequencies.
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Fig. 9. Tuning linearity and varactor requirements for the BJT oscilla-
tor circuit.

pm, and the device diameter is 1.47 nil. The variation in

the large-signal lt~l based on the doping profile was 0.23$2

which is deemed acceptable. This variation could be re-

duced for a larger NO at the expense of device area. For

this case iVB = 20.6, NO= 2.06x 1017 cm-3, and the break-

down voltage is approximately 55 V. This is above the

varactor voltage at W~=, as required. It is evident that

good tuning linearity should be achievable with the FET

oscillator and the given tuning varactor,

C. BJT Oscillator

The measured impedance characteristics at the tuning

port of the BJT oscillator are shown in Fig. 8 including a

2.9-Q load line for establishing steady-state operating cur-

rents. It is apparent that the operating current levels are

approximately an order of magnitude higher over the

2–4-GHz range than those of the FET in the 7–12-GHz

range. This is because the BJT is a higher power device by

roughly a factor of ten. Based on the operating current

levels (charges) and reactance, the required tuning elas-

tances were calculated assuming for this case that ~= 12,

or L~ = 3.78 nH. The maximum error & W_/ Wti,

NO,ti, and d= for this case are shown in Fig. 9. Com-

pared to the FET, the maximum error and NO,fi are

0510152025 3035

TUNING VOLTAGE, V

(a)

.
$ 60, I

I!ke4g
20 24 26 32 36 40

FREQuENCY, GHz

Fig. 10. (a) Tuning curve. (b) Deviation from a BSL for the BJT
oscillator circuit for A V= 30 V.

several times larger, caused primarily by the large RF

charge levels involved in this circuit. Also, the value of

W~~/ Wti iS Substantially larger> increasing the diffi-
culty in fabricating an appropriate doping profile. If the

value of /3 is increased to 16 or 20, 8 will go down only

slightly while lV~=/ W* further increases. From a

tuning standpoint, the difficulties arise because the RF

voltage levels across the tuning element are substantial,

the fundamental component & QI being 8.5 V at 2 GHz

and approximately 30 V at 4 GHz. This means that for

reasonable values of A V, ahnost the entire varactor non-

linearity is utilized at each tuning voltage, and there is not

enough behavior in the given nonlinearity to obtain good

tuning linearity. Nonlinearities with more degrees-of-free-

dom may improve the overall tuning linearity on a point-

by-point basis at the expense of smoothness in the C(v)

curve and doping profile. Clearly, n points could be

matched exactly with an nth-order polynomial for j(q),

but the resulting C(o) curve would contain many wiggles

as would the tuning curve. This is not to say that there is

not a better solution for the BJT oscillator, but to find it

requires an improved searching algorithm.

The tuning curve and deviation from a best straight line

for the BJT oscillator with A V= 30 V are shown in Fig.

10. For this case, the peak deviation is approximately

40 MHz over the 2-4-GHz frequency range. Note that the

required offset voltage to avoid forward bias is 5.5 V,

while the maximum instantaneous voltage across the

varactor will be 80 V. The small-signal and effective

large-signal capacitance as a function of tuning voltage

are indicated in Fig. 11, where substantial expansion from

small to large signals is noted at the lower values of bias.

Finally, the required doping profile is indicated in Fig. 12,

where No= 5.8 x 1016 cm-3, WO = 0.39 pm, Wfi =

0.01 pm, W~= =6.4 pm, and the device diameter is 3.9
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Fig. 1L Small-signal CV characteristics and effective large-sigual
capacitance for the BJT tuning varactor.
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Fig. 12. Doping profile for the BJT tuning varactor having the CV
characteristic of Fig. 11, NO= 5.8 X 10*6cm-3.

roils. The variation in R,l as calculated over the tuning

range was 0.2 $2. Again, because of the signal levels

involved, the profile must be well controlled over a sub-

stantial distance, three orders of magnitude in W.

For a given tuning voltage range, the linearity of the

BJ’T oscillator can be improved by perturbing o(q) in (24)

with appropriate additional charge functions. In addition,

even further improvements are possible by using two
varactors in RF series and dc parallel, so that the RF

voltage swing across each varactor is one-half as large.

The results of perturbing (24) with a function f,(q) given

by

fI(d = a1e2* + a2e3@ (37)

where al and az are adjustable constants, are shown in

40
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Fig. 13. (a) Tuning curves. (b) Deviation from tinearity for the BJT
oscillator when j(q) is perturbed by j,(q). Resutts for both a single
diode and two diodes in series are shown.
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Fig. 14. Small-signat CV and large-signal effwtive capacitances for
improved linearity tuning varactors. Results for both one and two
diodes are shown for AV=E 30 V,

Fig. 13 for both the one- and two-diode case. For the

single diode, the deviation is reduced to 20 MHz (factor of

2) from that of Fig. 10, at the expense of more variation.

When using two diodes in series, each having twice the

area of the single diode while j3 remains at 12, &e linear-

ity is substantially improved to a deviation of 5 MHz. For

comparison with Fig. 10 the tuning voltage range was held

constant at 30 V and the single device diameter was kept

at 3.9 roils. The resulting CV curves for both cases are

shown in Fig. 14, and the corresponding doping profiles

are indicated in Fig, 15, In the two-diode case, the profile
is quite reasonable, with a W-/ Wti of 87, while in the

single-diode case, W~=/ W* = 4700 and the profile has a
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Fig,’ 15, Doping profiles corresponding to the CV curves of Fig, 14,
The area of each diode in the two.diode case is twice that of the
single-diode case,

more complicated behavior, It is clear that two diodes of
twice the area in RF series and dc parallel greatly improve
linearity at the expense of some additional tuning circuit
complexity,

It should be noted at this point that with existing
byperabrupt tuning varactors and values of A V between
10 and 20 V, B.JT owilhttors similar to the one in Fig. 3(b)
can tune from 2 to 4 GEIz with a maximum deviation of
approximately 20 MHz. This occurs be~ause the device
operates forward biased over about one-half an RF cycle
and the effective tuning impedance can be adjusted for
tuning linearity by controlling the amount of rectification
with appropriate resistance at dc, Hence the “art” of
a~hieving tuning linearity is somewhat better than the
science of predicting doping profiles. Allowing for for-
ward bias was not part of the analysis given here because
it cafi lead to incxeased oscillator post-tuning drift from
trapping aiid thermal (varying power dissipation) effects
while substantially complicating the problem, However,
the effect of forward bias should be investigated further,
eripecially if the payoff in tuning linearity is appreciable,

Attempts are prewmtly underway to fabricate the pro-
files given here arid other relevant profiles,

IV, SLTMMARY .4ND CONCX,USIONS

A varactor profile has been identified which is capable
of providing wide-band tufiing linearity with an important
class of microwave oscillators. These oscillators use FIW’S
and WT’S and have simple, broadband equivalent circuit
representations and are effectively series tuned with chip
varactors at a port separate from that of the output+ From
the comparison between an FET and BJT oscillator, it is
apparent that linearity improves for realistic tuning volt-

age ranges when the RF vohage levels across the varactor
are not excessive. This indicates that low-to-moderate
power devices, with the resulting sacrifice in output power
capability, are likely candidates for best linearity when the
varactor is strictly confined to reverse bias operation, The
profile obtained for the FET oscillator is reasonable and
should be achievable with existing GaAs varactor fabrica-
tion technology,

APPENDIX

13~RIVAT10N o~ FOURIER C!013FFICX13NTSFOR THE

GIVEN VARACTCIR NONLINEARITY

The varactor nonlinearity in (24) can be written as

2co(q)+b l-1-e@ 2 ~=— =— .
d I-edq j–edq

(Al)

where since o is finite, e‘g <1, or q <0, Note that q <O is
not a problem, since a constant can always be added in
(22) to make the actual charge removed from the varactor
positive, Because of this, then

and for q= QO+ Qlcosw

(A2)

1_ = $ ~ndQ~eHdQ,co5~
I-edq .=O

[
== ~ e“dQ” ZO(ndQ1)+2 ~ lM(ndQl)costntot’

n=o m-l 1

(A3)

where the relation e~ ‘SO = &l) + 2X ~= ~l&i) cm mO has
been used, with the lM(A) modified Bessel functions of

order m and argument A. Hence, from (A3) the dc and
fundamental forms can readily be obtained, i,e.,

2cFO+ b

d
=2 ~ etiQOIO(ttdQi) -1 = 1+2 ~ e“d~’lO(ndQl)

n=o n=l

(A4)

and

and written as in (25).
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Coupled TEM Microstrip Impedance
Transformer for S-Band TRAPATT Amplifiers

SIDHA12THA K.,SIN-IA AND KEIWWITH P, WELLER, MErvrmm,mm
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L INTRODUCTION

T HE PERIWRMANCE of microwave solid-state de-
vices and circuitry for use as transmitter power

amplifiers has been under investigation for a number of
years. The TRAPATT diode is one device which has
shown promise for meeting the power requirements in this
application, optimum performance of this device requires
a circuit that makes it possible to achieve proper imped-
ance loading at both the fundamental and harmonic
frequencies and yet be compact and stable with tempera-
ture changes. Although TRAPAT”T’s have been developed
which can meet the power output requirements for some
systems, difficulties have been encountered in meeting the
bandwidth specifications [6].
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In this paper, we shall describe a coupled TEM circuit
in microstrip that appropriately takes into account the
positioning of the device anywhere cm the line and accom-
modatesany arbitrary terminations at the ends of the cou-
pled line. This circuit model gives insight into the problem
of bandwidth limitation in a TRAPATT amplifier, and
has helped in developing an approach for improvement of
bandwidth, The circuit developed has been used with
TRAPATT diodes bofided orI diamond heat sinks to
obtain jitter-free pulsed-power outputs up to 50 W with
22-percent efficiency, 6-dB gain, and a 6-percent l-dB
bandwidth from a single device operated with a 50-ps
wide pulse and up to l-percent duty factor, The circuit
developed has no lumped tuning capacitors mtlike the
earlier works [’7], [8], and can be used to obtain good
performance from a variety of devices with no circuit
tuning,

11, CI~tXXT CHARACTERIZATION

A, Physical Descr@tion

In its simplest form, the circuit consists of two coupled
lines in a microstrip configuration operating in a quasi-
TEM mode, The basic structure of the circuit is shown in
Fig, 1. The line is approximately a quarter wavelength
long at center frequency. The TRA13ATI” diode is
mounted approximately one-third of the linelength from
one end. In an actual amplifier circuit, the bias line filter
is connected between the end of the line and the location
of the diode, and a suitable resonant tuning stub to
improve the bandwidth of the amplifier is printed at the
other end of the line, Also the output line in an actual
amplifier circuit may have a third-harmonic tuning stub,
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