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Varactor Properties for Wide-Band
Linear-Tuning Microwave VCO’s

DEAN F. PETERSON, MEMBER, IEER

Abstract—VYaractor properties and a particular hyperabrupt doping pro-
file are Identified which can provide wide-band tuning Hnearity for an
Important class of microwave oscillators. The results are most approprinte
for series-tuned oscillators realized with simple configurations of BJT’s or
FET's in chip, integrated, or monolithic form with low parasitics. The
derivation for the doplng profile is presented and Includes the effects of
large signuls in modifying the effective varactor capacitance. In addition,
breakdown conditlons and the level and variation In series resistance are
included. When the results are applied to BJT and FET osclilator clrcuits
with mensured large.signal propertles, the profiles obtained predict excel-
lent lnearity for the FET over a8 7-12.GHz frequency range and fair
Hiearity for the BJT circuit from 2 to 4 GHz. The profiles are reasonable
and should be realizable with existing varactor fabrication technology.

I. INTRODUCTION

OLTAGE controlled oscillators (VCO’s) are im-

portant components in a variety of microwave sys-
tems. In many applications, particularly ECM, system
performance is greatly facilitated when these oscillators
are capable of wide tuning bandwidths with linear volt-
age-to-frequency tuning as well as high-speed frequency
switching. The use of varactor tuning allows high speed
while affording small size and up to octave bandwidths
[1}-{5]. Furthermore, the development of “hyperabrupt”
tuning varactors has provided improvements in tuning
linearity over half-octave bandwidths [6]. In addition to
the use of tuning varactors with wide capacitive varia-
tions, methods of improving tuning range utilizing circuit
feactance compensation has been successful in cases
where device and varactor packaging parasitics are visible
[71-I91.

With the development and continued improve-
ment in microwave FET’s and BJT"s, in addition to the
Gunn-effect device, wide-band varacator runed oscillators
(VTO) can be realized in chip form as integrated and
possibly monolithic circuits in simple configurations. Pag-
ticularly, the three-terminal devices can be used in a
manner which provides separate ports for tuning and
output power such that the tuning-port impedance is low
and active over a wide bandwidth to allow wide tuning
ranges. In these circuits, 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 common na-
ture of these equivalent active circuits (including Gunn
devices) allows a particular form of varactor doping pro-
file to be useful with these devices in accomplishing linear-
ity.

The purpose of this paper is to derive, utilizing the
observed nature of simple FET and BJT oscillator cir-
cuits, chip tuning varactor characteristics for achieving
tuning linearity over wide bandwidths in the frequency
range of 2 to approximately 20 GHz, In developing these
characteristics, the nonlinear effects of large signals in the
varactor and active device are taken into account by use
of the describing function coneept [10]. The theory applies
in the case when the RF current in the tuning varactor is
essentially single frequency, or often equivalently, if the
oscillator is essentially series tuned. In Section II, the
basic theory is developed and the varactor properties and
doping profile are derived. The theory is applied to FET
and BJT oscillator circuits with measured tuning-port
large-signal impedance characteristics in Section I, and
appropriate doping profiles are identified. Excellent lin-
earity for a 7-12-GHz FET oscillator is predicted, while
that for a 2-4-GHz BJT oscillator is less impressive.

II. VARACTOR PROPERTIES FOR TUNING LINEARITY
WITH A CLASS OF MICROWAVE OSCILLATORS

A. Circuit Model

The performance and limitations of varactor-tuned
VCO’s 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 {o achieve widest
tuning, can identify properties of the varactor for voltage-
to-frequency tuning linearity, and can specify the dynhami-
cal behavior of the natural frequency and amplitude of
oscillation [11].

Under oscillation conditiotis, the interaction of the
device and varactor nonlinearities can result in non-
sinusoidal voltages and currents in the circuit, complicat-
ing 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 sighal must be known or assumed. Any assumption
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Fig. 1. Circuit model for studying varactor and active circuit interac-

tions,

regarding 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 RF current through the varactor is
essentially sinusoidal, i.e.,

()= — I sinowt. (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 Description

For the series-tuned case, the varactor can be char.
acterized by a voltage-charge relation such as

o=f(g)+ R (9) L 2)
where
= ®

and where v is the total voltage across the varactor,
comprised of a depletion layer voltage f(¢) dependent on
removed charge ¢ and a resistive drop across a charge-
variable series resistance R,(g). Since i(¢) is sinusoidal,
q(#) can be written as

()= Qo+ Q; coswt 4

where
I =w@,. (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

o(t) = ’Eo F(Qp Q,) coskwt — I kgl R,(Qq Q) sinkwt
(6)

where

F(Q0 Qs =‘;T‘j;2"f(Qo+ Qicosf)coskfdd  (7a)

11

and
Ry (00 Q)= -:;-‘/;MR,(QO+ Q, cos8)sindsinkf db.

(7b)
Hence, the dc voltage V), across the varactor is given by
Vo= Fo( Q0 Q1) (82)

and the fundamental voltage amplitude V| can be written
in complex form as

Vi= Fi(Q0 Q1) +jw@ Ry ( Qo 1) (8b)

From (8b), the fundamental impedance Z, of the varactor
is

S81(Q0 Q1)

Vv
21".‘]7;‘@“‘1‘"" 1(Q0 @)+ e ®
where
5,2 012 i@ 0) 1)

Q 2

is the fundamental tuning elastance. Since Vj is the same
as the tuning voltage and is an independent variable, (8a)
can be used to eliminate Q, in (8b) and result in an
expression for S, in terms of ¥, and Q.

C. Varactor-Circuit Interaction

In the series-tuned oscillator with the RF current as
given in (1), the equivalent one-port active device at the
varactor terminals can be characterized by the single-
frequency describing function Z,(w,/,), where

Z(w, 1)) = Ry(w, 1) +jX (w0, 1)) (11
For oscillation at « using a varactor,
R, + R (w,1,)=0 (12a)
and
So
— = X (w,1) (12b)

where R, is the varactor effective series resistance and S,
is the required tuning varactor elastance. The RF-current
amplitude is determined from (12a), and (12b) then speci-
fies S, for oscillation at w with amplitude I,. If it is
desired to tune the oscillator from w; to w, then (12)
determines the required behavior of S,[w,/;(w)], w; Sw<
w,, and this information can be used to obtain an ap-
propriate varactor with §,=S, and R,=R,, at tuning
voltages linearly related to w. Initially R, and hence R,
will be assumed approximately constant. Appropriate
modifications can be made if this is not the case.

The actual behavior of S, over the tuning band can be
varied somewhat by deliberate modification of the char-
acter of X, by circuit changes. Based on the behavior of
X, there will be some minimum variation required of S,
to accomplish the desired tuning ranges. This limitation
can be deduced from (12b) by examining the differential

of 8, /a? ie.,
d(S,\_ d(X,
dw(?)‘dw( >) (13)
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shows that the rate of change of the quantity S,/w? is
independent of any linear series inductance in X,. 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,! then
d (S,
L2
dw ( w? ) 0

and to tune from w, where S, =S, to w, where S, =S,
would require

(14)

(15)

Smin Cmin W
It is possible for (d/dw)(X,;/w) 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 Ry (w,I;), 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
X, (w) such that some degree of generality regarding
tuning varactors would not be possible. For a given X,(w),
the varactor requirements can be obtained by integration

of (13) from w, to w,, to give, after rearrangement:

()
Crax= wz[ Xale) Xl } . (16)

2
Wy W)

This result indicates that values of B near (w,/w;)* are
possible if C,,, 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
[11]. On the other hand, a large B8, 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 B around 10. The tradeoffs be-
tween C,,, and B in (16) can be quickly established for a
given device, without regard to the nature of X (w), to
arrive at the most desirable or achievable varactor char-
acteristic.

D. Varactor Requirements for Linearity
To achieve linear voltage to frequency tuning, then
W(V)=aV,+9 (17)
where V, is the tuning voltage and a and { are constants.

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

If X, were totally linear and the reactance of a lossless circuit
element, then by Foster’s Reactance Theorem, d/dw(X,;/w) >0 always.

such that
Vi+y=Vo=Fy(Q0 Q1) (18a)
and
SI(QO’Q1)=SU[“)(I/I):I (18b)
where
It w(V,
S

for each w(V)), w, <w<w,, where y is a constant. In the
general case, there is no guarantee that such a function
exists for a given Q,(w) 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 VTO’s is the one
which has an incremental capacitance C(v) given by
_4q _ 1
() v g+bo+co?’ (19)
where a, b, and ¢ are adjustable positive constants and
>0 is the voltage across the varactor. This form arises
from the nature of X,(w,Igp) in series-tuned oscillators.
Under small-signal conditions, X (w,zz—0) typically be-
haves as

b’ —4ac>0

X (0, Igp—0) oL, — —— (20)

«C,
where L, is the required tuning inductance and C, 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),

S,=w’L,~1/C, (21)

and the tuning linearity requirement (17) shows that S,
will be quadratic in ¥, and C(v=¥)) will be as in (19).
Under large-signal conditions, the device usually retains
its capacitive nature such that a, b, and ¢ 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 F; and F; in (8) must be
found for the C(r) in (19). Integration of (19) gives

1. 2co+b—d

¢= [ Coydo= G T mrg @)
where
d=Vb>—4ac (23)

and the constant of integration has been set to zero with
no loss of generality. Solving (22) for v(g) gives

b d 1+ed_"

‘D(q)=—-2—c+§?1~edq. (24)

Now for ¢ = Qg+ @, coswt, Fy and F, can be found as (see
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Appendix)

b  d

Fy(Q0 Q) =~ 2 + é’;[“’z §1 e"dQ°Io("dQ1)]

(25a)
and

F(0s0)= 5|4 3 emenuag)| @)

where I(x) and I,(x) are modified Bessel functions of
orders 0 and 1, respectively, and argument x.

When it is assumed that S (w) and the corresponding
01(w), w, € w< w,, are specified, linearity is optimized by
first setting F, equal to S,Q, in (25), i.e.,

5.@00)= 5|4 3 e et [nag @] | @6)

which for a given d and ¢ determines values for
exp[dQ,(w)]. These values are then substituted into (252)
which determines Fy(w) to within a constant b/2¢. Then
Fy(w)+b/2¢ is fit to a best straight line in « 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 ¢ 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 v 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(v) in (19)
as

e 1l dv
NW)=< % aw

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
€A
—_ 28

where A is the device area, v( W) can be found from (19)
and dv/dW calculated to give

@7

Clv)=

1 1
NW)= . (29)
eAW Va2 +4cW/eA
If
4c
= 30a
0 eeA?d? (30a)
2
and
=W/ W, (30c)
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then
Ny

w1+ w')'/?
The profile must extend from W, =ed/C(0)=cda to
W pax determined by the maximum voltage ever present
across the varactor at large-signal operating conditions.
Given optimum values of a, b, and ¢ for a particular
situation, the area can be chosen to give an appropriate
doping level or depletion-layer width. In determining a
value for 4, diode breakdown and the level of series
resistance must be considered. In particular, the diode
must not breakdown for W< W_,  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, 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 E_,,

N(W") = (30d)

when W=W,_ . is

given by
£ opps ] \/1T1/7~ -1 V1+w., +1
- A N W +1 Vs Wi —1
€2y
where
AE=Z f ™" N(x)dx
and Wl .= Wi/ Wo Whin= Wain/ Wo. Since the elec-

tric f1e1d falls rap1d1y above W, and at breakdown most
of the ionization will be near Emax, the breakdown condi-
tions can be found with sufficient accuracy by considering

an equivalent uniform profile of doping N, where
€ dE

5= o~ VO (32
If it is assumed that
N,
N(0)~ nre s )1/2 =N, (33)

then the relation between E_,, and N, at breakdown can
be found as in [12]. Only those solutions for N, and/or 4
are possible if the resulting E_,, lies below the breakdown
field at the effective doping N. Within this confinement,
the component of series resistance AR, associated with the
bulk material from W, to W, 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

AR = e d?

£ < a/2
= e | 150 W) 8 Wa=2)

2 nN3/2 7
S LA ADIED

where p is the carrier mobility and W) =W,/ W,
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111. AvrpricaTioN TO FET AxD BJT OsCILLATORS

A. Oscillator Circuits

The theory is now used to determine appropriate varac-
tor profiles for two VTO circuits, a BJT oscillator in the
2-4-GHz range and an FET oscillator from 7 to 12 GHz.
The circuit diagrams for these FET oscillators are shown
in Fig. 2, with the FET (Fig. 2(a)) operating in the
common 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 R, setting the saturation
level and 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
measuremnents were made at several frequencies and the
resulting information was used in the analysis. Loading
conditions on 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 RF-current level at the tuning port was measured for
use in predicting output level across the band.

B. FET Oscillator

The large-signal impedance of the FET circuit at
several frequencies is shown in Fig. 3. As can be seen, the
reactive portion 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
resistatice saturates, one reason being the decrease in the
parameter g,/ C,, where g, is the FET transconductance.

To obtain a varactor profile for the FET oscillator, a
constant load resistance of 2 £ was assumed, thereby
determining the operating RF cutrent levels (12a) at each
frequency as shown in Fig. 3(a). This resistance would be
obtained as the varactor series resistance. Based on these
current levels, the operating device reactances at the vari-
ous frequencies are now determined to within a constant
series-tuning inductance L, for use in (12b). The value of
L, is determined by a specification of the maximum
tuning capacitance ratio 8 in (16). In the following analy-
sis, the results were obtained for 8==10, or L,=1.56 nH.
The optimizations 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 ¢ until the maximum
deviation & given by

8=(max§,)/AV (35)
with
Ska FO(wk)+ElZE“(klwk+k2)9 k=1’2:“'sN

(36)

is a minimum, where k, and k, are always chosen for a
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Fig. 2, Typical broad-band (&) FET: (b) BJT VTO circuits.
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Fig. 3. Measured large-signal impedance of an NEC 695 common-
drain oscillator circuit showing the effective operating conditions. ()
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Fig. 4. Tuning linearity and varactor requirements for the FET oscilla-
tor circuit.
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Fig. 5. (a) Tuning curve and output power. (b) Deviation from a BSL
for the FET oscillator with AV= 10V,

minimax solution, N is the number of frequencies, and AV
is the net change in tuning voltage, i.e., AV= Fy(wy)—
Fy(wy). The parameter § as a function of AV for the FET
oscillator is shown in Fig. 4, which displays a minimum
value near AVaz13 V, Also indicated are the correspond-
ing variations in W,/ Wein Nomn and dp,, where
No,min 18 the minimum doping level when AR =2 Q and
dyax 18 the maximum device diameter at Ny .., (24a). It is
evident that the best solutions from device diameter and
W nax/ Wein considerations are at high values of AV, with
only a small penalty in 8, Most VTO 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 8 of 7, the values of §
increase approximately 30 percent.
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v e ¢ LARGE SIGNAL EFFECTIVE CAPACITANCE
1.8 ——— SMALL SIGNAL CAPACITANCE
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Fig, 6. Small signal CV characteristics and effective large-signal capa-
citance for the FET tuning varactor.
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Fig. 7. Doping profile for the FET tuning varactor having the CV
characteristic of Fig, 6, Ny=10' ¢m=3,

The tuning linearity, output power? and deviation from
a best straight line for a tuning range of 10 V are shown in
Fig. 5. The peak deviation observed is approximately 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 capacitance-voltage characteristic as
well as the effective large-signal 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 Ny=
10 cm™3, W,=0.952 pm, Wp, =0.045 pm, W, =19

¥The output power is determined from the measured relation of RF
current in the tuning loop to output power at the various frequencies.
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Fig. 8. Measured large-signal impedance of an NEC 220 BJT from 2 to
4 GHz. A constant R load line of 2.9 Q was assumed.
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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 mil. The variation in
the large-signal R, based on the doping profile was 0.23
which is deemed acceptable. This variation could be re-
duced for a larger N, at the expense of device area. For
this case Ny =20.6, Ny=2.06X 10'7 ¢cm™2, 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 reactances, the required tuning elas-
tances were calculated assuming for this case that 8=12,
or L,=3.78 nH. The maximum error 8, W_,./ W
N, min» and d,,, for this case are shown in Fig. 9. Com-
pared to the FET, the maximum error and N, are
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Fig. 10, (a) Tuning curve. (b) Deviation from a BSL for the BJT
oscillator circuit for AV=30V.

several times larger, caused primarily by the large RF
charge levels involved in this circuit. Also, the value of
Wpax/ W is substantially larger, increasing the diffi-
culty in fabricating an appropriate doping profile. If the
value of B is increased to 16 or 20, § will go down only
slightly while W, /W, further increases. From a
tuning standpoint, the difficulties arise because the RF
voltage levels across the tuning element are substantial,
the fundamental component S, Q, being 8.5 V at 2 GHz
and approximately 30 V at 4 GHz. This means that for
reasonable values of AV, almost 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 f(g),
but the resulting C(v) 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 AV =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 Ny=58x10"° cm™, W,=039 um, W_, =

min

001 pm, W, =64 pm, and the device diameter is 3.9
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mils. The variation in R,; as calculated over the tuning
range was 0.2 . 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
BJT oscillator can be improved by perturbing v(g) 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,(g) given
by

fi(9)=a,8% +a,e’% (37

where a, and a, are adjustable constants, are shown in
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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 8 remains at 12, the 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 mils. 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,/ W, of 87, while in the
single-diode case, W,/ W.in =4700 and the profile has a
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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
hyperabrupt tuning varactors and values of AV between
10 and 20 V, BJT oscillators similar to the one in Fig. 3(b)
can tune from 2 to 4 GHz with a maximum deviation of
approximately 20 MHz. This occurs because the device
operates forward biased over about one-half an RF cycle
and the effective tuning impedance canh be adjusted for
tuning linearity by controlling the amount of rectification
with appropriate resistance at de. Hence the “art” of
achieving tuning linearity is somewhat better than the
science of predicting doping profiles. Allowing for for-
ward bias was ot part of the analysis given here because
it can lead to increased oscillator post-tuning drift from
trapping and thermal (varying power dissipation) effects
while substantially complicating the problem. However,
the effect of forward bias should be investigated further,
especially if the payoff in tuning linearity is appreciable.

Attempts are presently underway to fabricate the pro-
files given here and other relevant profiles.

IV, SUMMARY AND CONCLUSIONS

A varactor profile has been identified which is capable
of providing wide-band tuning linearity with an important
class of microwave oscillators. These oscillators use FET’s
and BJT’s and have simple, broad-band 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 voltage 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
DERIVATION OF FOURIER COEFFICIENTS FOR THE
GI1VEN VARACTOR NONLINEARITY
The varactor nonlinearity in (24) can be written as
2e0(q)+b  1+e® 2
d 1—e¥ 1-e¢%
where since v is finite, % <1, or ¢ <0. Note that ¢ <0 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

~1 (A1)

1 o0
L = E o™ (A2)
- e nes(y
and for ¢ = Qy+ Q, cosw?
[+.]
1 : = S, emoe"dQigos g
—e ne=0
=] ]
= Zoe”"gﬂ I(ndQ,)+2 Ellm(ndQ1)cc>smwt
n= "o
(A3)

where the relation e %50 =I(4)+23%_,1 (A)cosmf has
been used, with the I,(4) modified Bessel functions of
order m and argument A. Hence, from (A3) the dc and
fundamental forms can readily be obtained, i.e.,

2cF,+b 2 <
_‘_‘_;__ =23 Qo (ndQ)—1=1+3 S ™I (ndQ,)
n=0 n=1
(Ad)
and
20F+b &
¢ dz._.* =4 3 e™f (ndQ,) (AS5)
ne=1

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

SIDHARTHA k. SINHA AND KENNETH P. WELLER, MEMBER, IEEE

Abstractw=A coupled TEM microstrip line circult suitable for use In
S-band TRAPATT amplifiers has been Investigated. An analytical model
of the coupled-line structure has been developed which properly accounts
for diode positioning on the line, This model has been used to calculate the
fundamental and harmonic impedances at the device terminals for various
stub terminations and device locations, Measurements made with a
Hewlett-Packard network analyzer are in good agreement with the calcu-
lated results.

‘The use of this circuit for the development of a fixed-tuned MIC circuit
for the TRAPATT amiplifier on Durold Substrate is discussed. The
complete circult incorporates a bias line filter with this coupled microstrip
line and appropriate harmonic tuning stubs at two of its ports. It is capable
of providing at least G-percent 1.dB bandwidth with high efficlency and
high peak power output over pulsewidths up to 50 ps and up to 1-percent
duty cycle

I. INTRODUCTION

HE PERFORMANCE 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 TRAPATT’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 on the line and accom-
odates any 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 bonded on 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 1-dB
bandwidth from a single device operated with a 50-us
wide pulse and up to 1l-percent duty factor. The circuit
developed has no lumped tuning capacitors unlike the
earlier works [7], [8], and can be used to obtain good
performance from a variety of devices with no circuit
tuning,

II. Circulr CHARACTERIZATION

A. Physical Description

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 TRAPATT 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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