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When a varactor frequency upconverter is used as the output device in a
communications transmiller, it is often desirable to operate at maximum
power output. For such operation, the design procedure includes a large-
signal analysis under overdriven conditions, requiring the use of a compuler
for solution.

Equations for the instantaneous varactor charge, current, and voltage
are derived assuming that only three currents are present: those correspond-
ing to the signal, pump, and output frequencies. Numerical solutions cor-
responding to mazimum power output are oblained for both graded-junction
and abrupt-junction varactors. Values of power output, conversion efficiency,
imput impedances, load impedance, and bias voltage are presenled for
ranges of drive level (1 lo 2) and varactor quality (0.001 < wy/w, < 0.1)
sufficient to include most practical designs.

I. INTRODUCTION

Varactor upconverters are finding increased application in solid-state
microwave transmitters. In this application a frequency modulated IF
signal is mixed with an unmodulated microwave signal to obtain a
frequency modulated output signal.? Because of the varactor’s low loss
and high power handling capacity, this output signal can be used as the
transmitter output signal without further amplification. Microwave
conversion efficiencies in a varactor upconverter are typically greater
than 50 percent.?

A varactor upconverter can be either an upper-sideband or a lower-
sideband upconverter. However, since the lower-sideband upconverter
can present stability problems,* the upper-sideband upconverter is gen-
erally preferred for the above application.
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This paper presents a general analysis of lossy varactor upper-
sideband upconverters, using both graded- and abrupt-junction varac-
tors. Results will be presented for operation at maximum power output
for a prescribed drive level. The two input signals and the output signal
are all three “large” signals in this mode of operation. Penfield and
Rafuse have presented a theory for nonoverdriven abrupt-junction
varactors;® however, their analysis gives a conservative value of out-
put power, as explained by Nelson.* Nelson presents an improved
upper bound on the varactor charge coefficients, which results in 25 to
54 percent greater output power than that given by Penfield and
Rafuse. This paper will use Nelson’s method of computing this upper
bound, with a slight modification to allow for arbitrary output phase
angles. Grayzel has presented a similar analysis for “punch through”
varactors.® His analysis differs from ours in that he assumes a par-
ticular phase condition for the output current [equivalent to taking
a = 0 in our (5)]. Our results show that as much as 16 percent greater
power output is obtained when « is optimized.

II. ANALYSIS

2.1 Model and Assumptions

The varactor model chosen for the analysis is the usual one consist-
ing of a constant resistance R, in series with a variable capacitance, as
shown in Fig. 1. A polarity is assumed such that when the varactor is
reverse biased, the voltage and charge stored are positive.

For voltages between the barrier potential and the breakdown volt-
age, the voltage and stored charge on the variable capacitance are

related by
v, — & _ (ﬁ — Qs )1/(1—1)
Ve — @ Qn - Gqa (l)
for
d=<v, =V
qs é q é Q.B y
Rg
——A——f—

Fig. 1— Varactor model consisting of a constant resistance in series with a
time-varying capacitance,
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where
v; = voltage across the capacitance
® = barrier potential (negative)

Vs = breakdown voltage (positive)

¢ = charge on the capacitance
@z = charge at breakdown voltage (positive)
gs = charge at the barrier potential (negative).

When the varactor is overdriven the voltage is assumed to clamp to the
barrier potential

v, =& for q= qs. 2

In this region the charge-storage effect is assumed to act like an infinite
capacitance, so that any amount of charge can be stored without any
additional voltage drop. This model is a good approximation for micro-
wave varactors, where the minority carrier lifetime is considerably
longer than an RF period. Experimental evidence has shown that this
is still a reasonable approximation at frequencies as low as 40 MHz, a
typical IF frequency.

Tt is necessary to have a parameter which measures the extent to
which the varactor is overdriven. The drive is defined by®
Qs = Gmin 3)

a_ch,

drive =

where it is assumed that the varactor is always driven up to break-
down. Thus, drive = 1 corresponds to the “fully driven” case of
Penfield and Rafuse.* Most practical high-power varactor devices
operate overdriven, so that drive > 1.
Another useful parameter is the varactor cutoff frequency, given by?®
we Somax Ve — @

e T R T BRA =@ =2 @

where Sp.x is the elastance of the diode junction at the breakdown
voltage. The last equivalence is obtained from (1) and the relationship
S = dv/dq.

It will be assumed that only three currents are present in the varac-
tor, those corresponding to the signal, pump, and output frequencies.
When the pump and output frequencies are appreciably different, cur-
rents at other than the three frequencies mentioned are impeded by
the selectivity characteristics of the circuits. However, if the pump
and output frequencies are close together, then it is difficult to inhibit
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currents at other sidebands. The effect of these sidebands on the regults
presented here has not been evaluated.

Circuit losses are not included explicitly. They may be accounted
for by increasing the value of R, or by calculating separate input and
output circuit efficiencies, or by a combination of these two approaches.

2.2 Equations
The charge stored on the variable capacitance may be written as

q= @, + 2Q, sin w,? + 2Q, sin w,! + 20); sin (ﬁ’at + a), (5)
where o; and ws correspond to the two input frequencies, w3 = w1 + o2
corresponds to the output frequency, and w, is taken to be greater than
wy . Since the two input signals at o; and w. are independent, their
phases may be taken arbitrarily as shown. The output phase angle e,
on the other hand, must be chosen to correspond to maximum power
output at a prescribed value of drive.

The instantaneous current is obtained from (5) as

'i = 20.)1Q| cOos w.t + 2&}2Q2 cos f.l)gt + 20!3@3 CcO8 (w;,i + Of). (ﬁ)
The total voltage v on the varactor is given by

v=uv; + R,. (7)
The following quantities may be obtained from (5), (6), and (7).
The numerical integrations are performed using (1) and (2) for values
of v;.
Input resistance at w; :

R, =R, + wlélT j;r v; cos w,f dt. (8)
Input resistance at o :
1 P
R, =R, + 0-'2Q2T»/; v; €oS wyf di. )
Load resistance at wy :
1 T
Ry = —R, — mj; v; cos (wst + ) di. (10)
Input elastance at w; :
Y
S, = QIT-I(; v; 8in w, f df. (11)



OVERDRIVEN VARACTOR UPCONVERTER 1227

Input elastance at w, :

) S
8, = @'j; v; sin w,f di. (12)

Output elastance at wy :

8, = @1:2—1 f v, sin (il + a) dL. (13)

In general, the integration interval T must be large enough to obtain
the desired degree of accuracy. To facilitate computation, ws and wg
are selected to the nth and (n + 1)th integral multiples of w;. The
integration interval is then equal to 7 = 2x/w; . Results for nonin-
tegrally related frequencies can be obtained from these results by in-
terpolation.

The resistances calculated above allow one to compute the powers at
the three frequencies, using values of current from (6).

Input power at w; :

P, = 20iQIR, . (14)
Input power at o :

P, = 2uiQ3R. . (15)
Output power at w; :

Py = 2w;Q3R; . (16)

In most applications ws and w; correspond to microwave frequencies,
and o; corresponds to a lower frequency. Thus, we define the micro-
wave conversion efficiency by

Py _ w; Qs Ry
e P, - ‘l’g Qg R, (17)
Another useful expression for this quantity is derived in the Appendix
as

_ R —R, R,
K Wa R, R, + R,

The upconversion gain is defined by

P : Q3
G,=Do_ @ @By (19)

(18)
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Another useful expression for this quantity is derived in the Appendix
as

“iS_Rl — R, R, . (20)
Wy Rl Rs + R.
Equation (18) and (20) are easily seen to correspond to the results
given by the Manley-Rowe" relations as E, — 0.

One other important parameter is the bias voltage, computed
numerically from the expression

G:a =

T
Ve = %fo v, dl. 1)

2.3 Selection of the Charge Coefficients and Output Phase Angle

The output power P; as given by (16) depends on Q3 and R;. Ry
in turn is a function of Qo , @, Q2, Qs , and other parameters. These
charge coefficients are selected to give maximum output power at a
prescribed value of drive. Obviously, if the drive level were not re-
stricted, the output power could inerease without limit, since over-
drive of any magnitude is allowed by the theoretical model chosen
for the varactor.

The instantaneous charge is given by (5). At the onset, five inde-
pendent variables are unspecified, Qo , @1 , @2, @3, and a. Two of these
variables may be eliminated by using relationships bounding the maxi-
mum and minimum instantaneous charge. The maximum charge is
given by

Qumax = QB (22)
and the minimum charge is obtained from the prescribed drive level
using (3). @5 and g4 are, of course, known values for a given varactor.

After applying these limits to eliminate two of the variables, the re-
maining three variables are varied to find numerically the values cor-
responding to maximum output power. In our numerical process Qo
and @, are eliminated, and @2, @z, and « remain as the independent
variables. Note that once these quantities are selected, all other up-
converter operating parameters can be computed using the equations
in Section 2.2 together with a knowledge of the varactor characteristics.

The values of Guax and @mm discussed above must be selected with
some care. One method of selection would be to take maximum and
minimum values directly from (5). However, this method is inclined
to give different results when the frequencies are harmonically related
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than when they are not. To show this, let us compare two instantane-
ous charge waveforms of the type of (5), both having the same charge
coefficients, but the first waveform having harmonically related fre-
quencies and the second not. The first waveform will repeat its pattern
with a period 2x/w; , whereas the second waveform will never repeat.
Evidently the second waveform will generally have a larger peak-to-
peak amplitude, since it is more “random,” i.e., it has a larger assort-
ment of peaks and valleys. This is especially true when ws is not much
larger than o, .

The values of quay and g, are computed using Nelson’s approximate
method.* For wa/w; greater than 2 or 3, one may visualize the ws and w;
terms of the charge waveform as being a high-frequency signal, am-
plitude modulated at w; . Thus, one may write (5) as

g = Qo + 2Q, sin w,? + R sin (w,t + 6), (23)

where

R = 2‘\@3 + Qi + 2Q.Qs cos (it + )

- i {4+ a)
N YNEY
Q2 + @, cos (wf + a)
Let witmax and wifmin be the instants corresponding to the maximum
and the minimum values of the functions

Q. sin wt = V@i + Q3 + 2Q.Q; cos (w, + a).
Then, the maximum and minimum values of instantaneous stored
charge are given approximately by

Qoox = Qo + 20, Sin @ lue + 2VQ: + QF + 2Q.Q5 €08 (1 fmex + @)

(24)
and
Qmin = QO + 2Q1 Sin wltmin - 2\/Q§ + Qi + 2Q2Q3 Ccos (mltin + C!)-
(25)

Equations (3), (22), (24), and (25) allow one to compute ¢ and @,
given the values of @, @z, and « for a given varactor and drive level.

2.4 Calculation Procedure

The parameters corresponding to maximum output power were ob-
tained from a digital computer using a computer program based upon
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the simplified flow chart of Fig. 2. Trial values of o were selected at 1
degree intervals, and trial values of @, and @5 were selected at intervals
of 0.0005 (Qs — ¢s). These values were found to give results accurate
to within plotting accuracy.

III. RESULTS

As indicated in Fig. 2, the results are a function of four variables, y,
drive, we/ws ,and wg/w, . y determines the varactor type, graded junc-
tion (y = 1) or abrupt junction (y = }).

The parameter drive is defined by (3). There is no theoretical upper
limit for this quantity for the varactor model chosen; we shall arbi-
trarily take 2 as the upper limit for our calculation. In a practical
varactor the drive level will be limited by forward bias current due
to the finite minority carrier lifetime; however, values of 2 are usually
attainable.

The parameter ws/w, expresses the effect of the loss R, for a practical

varactor.

READ IN VALUES OF vy

w, W
DRIVE, w—g, m—z

!

| CHOOSE A TRIAL VALUE OF a |

|

I———47 CHOOSE TRIAL VALUES OF Q2 AND Q3 |

SELECT NEW TRIAL SELECT NEW TRIAL
VALUE OF & VALUES OF Qp AND Q3

[ caLcuLatE Qo AND Q, |

!

[ CALCULATE OUTPUT POWER

1S
OUTPUT POWER
A MAXIMUM FOR
GIVEN a ?

YES

COMPUTE OPERATING
PARAMETERS

!

[ PRINT RESULTS |

1S
OUTPUT POWER
A MAXIMUM ?

Fig. 2 — Simplified flowchart of the computer program.
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The frequency ratio ws/w; determines the ratios of the three fre-
quencies, since w3 = w; + w2 . Fortunately, it has been determined that
the results can be normalized in such a way as to make them inde-
pendent of this frequency ratio in most practical cases. These nor-
malized quantities are as follows:

normalized resistances

lel R2&’2 Ra"-'a .
Smu ’ Sm;x ’ Sma: ’

normalized elastances

Sl Sz Sa .
Smax ’ -Snmx ’ Sm-x ’

normalized powers

PlSmlx P2Smax P3 max .
(Ve — &%, ’ (Ve — ®)'w,’ (Vg — ®)’wy ’

normalized microwave conversion efficiency and unconversion gain

ws Wy
Maz ~ G]a 3 and
Wy [OF)

normalized bias voltage

Vo — @

Vy— &
Results were computed for several frequency ratios. These ratios are
designated by the harmonics present in the charge waveform, (5).
Thus, for example, 1-7-8 denotes the case wa/w; = 7 and wz/w; = 8.
Results were computed and compared for the cases 1-2-3, 1-3-4, 1-4-5,
1-5-6, 1-7-8, and 1-86-87. Fig. 3 shows the dependence of normalized
efficiency yeaws/wy on the frequency ratio, for abrupt- and graded-junc-
tion varactors at the two extreme drive levels for wz/w, = 0.001. Fig. 4
shows the dependence of the normalized gain Gy3wi/w; . Similar curves
are obtained for the other operating parameters for ws/w, = 0.001.
For ws/wy = 5 the percent variation in normalized resistance is less
than 2 percent, and the percent variation in normalized elastance and
bias voltage are less than 1 percent. As the loss factor wg/w, is in-
creased, several of the normalized quantities show invariance as a
function of the frequency ratio wa/w; similar to that described above
for wy/m, = 0.001. However, at high values of w3/, six of these quanti-
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Fig. 3— Variation of normalized microwave conversion efficiency as a function
of the three upconverter frequencies. Percent deviations are caleulated with re-
speet to the 1-86-87 case. wa/w. = 0.001.

ties are no longer invariant with the ratio ws/w;. The six quantities
which vary with ws/w; are listed below (with maximum variation in
percent of the 1-7-8 frequency ratio value as computed for ws/w
=01):

(1) Riw;/Smax (26 percent)

(73) Rywy/Smax (10 percent)

(#45) P1Smax/ (Vs — ®)°w, (26 percent)
() PySmax/ (Ve — ®)*ws (10 percent)
(¥)  Maswa/ws (9 percent)

(v3) Giaw:/ws (35 percent).

Fortunately, simple correction functions can be applied to obtain the
variation with the ratio ws/w; . Hence, all the results to be presented
were computed using the 1-7-8 frequency ratios, and they may be
considered to be applicable for wy/w; = 5, except for the six quantities
mentioned under high-loss operation, for which simple corrections are
provided.

The computed values of o for maximum power output are presented
in Fig. 5. The computed values of normalized charge amplitudes for
maximum power output are presented in Fig. 6 for the two extreme
drive levels. As in the nonoverdriven case,* Q; and Q. are computed
to be equal for maximum power output. Using these values and similar
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Fig. 4 — Variation of normalized upconversion gain as a function of the three
upconverter frequencies. Percent deviations are calculated with respect to the
1-86-87 case. ws/w, = 0.001.

results for other drive levels, the operating characteristics of the
upconverter are computed and presented below.

Figs. 7 and 8 show values of maximum output power for abrupt-
and graded-junction varactors, respectively. It would appear that the
abrupt-junction varactor has a considerable advantage in power out-
put. However, if one considers the power-impedance product P3Rs
(using data from Figs. 17 and 18), the difference is smaller; in fact,
for high drive levels the graded-junction varactor has a larger P3Rj
product.

30

[14]
w
& 10
£
o ¥ =0.500 |
£ 0.333
] ¥= o
1.8 2.0

DRIVE

Fig. 5 — Computed values of the output current phase angle « for maximum
power output.
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0.00! 0,002 0.004 0,01 0.02 004 0.06 0.0

w3 fwe
Fig. 6 — Normalized charge amplitude coefficients for maximum power output.

The results for maximum power output at unity drive agree with
the results of Nelson,* despite the fact that Nelson assumed « = 0
for all cases. The effect of a nonzero value of « is most pronounced for
highly driven abrupt-junction varactors. For example, Fig. 7 gives a
value of PySnax/(Ve—®)%ws equal to 0.0327 for wg/w, = 0.001 and
drive = 2.0, which is 16 percent larger than the value obtained assum-
ing « equal to zero.

The upconversion gain at maximum power output is presented in
Fig. 9, and the microwave conversion efficiency is plotted in Fig. 10.
The correction factors for high loss and wg 7 8w, are described in the

0.03
w3 /we = 0.001

DRIVE

Fig. 7 — Maximum power output for abrupt-junction varactors.
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Fig. 8 — Maximum power output for graded junction varactors.

figure captions. For the graded-junction varactor, these curves show
a definite advantage in operating at high drive levels. The curves are
flatter for the abrupt-junction varactor and show maxima at inter-
mediate drive levels.

Values of input elastance S, and S, are presented in Fig. 11. These

1.257

w3 /we = 0.001

1.00

075 0.03
3ls
o —”"—‘T 0-08
O o0 ————=="70.10
— Y= o0.500
——— ¥ =0333
0.25 -
0
1.0 1.2 1.4 1.6 1.8 2.0

DRIVE

Fig. 9— Upconversion gain for varactor upconverters operating at maximum
power output. These results become inaccurate for high loss (high wsi/w.) and
wa 7 8w Accurate values of gain may be obtained from the values plotted by
dividing by the correction factor

Wy — 8&?1 Smat
ch lel !
where Riwi/Smax is read directly from Fig. 13 or 14.

1 —
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125 ‘

Wy /We = 0.001

DRIVE

Fig. 10 — Microwave conversion efficiency for varactor upconverters operating
at maximum power output. These results become inaccurate for high loss (high
ws/wo) and ws 5% 8w:. Accurate values of efficiency may be obtained from the

values plotted by dividing by the correction factor

W3 — 8"-'! Smn:
1 + 803,_- Rzﬂ.’z !

where Raws/Smax 18 read directly from Fig. 15 or 16.

results are essentially independent of the loss parameter w;/w, . Values
of the output elastance S, are presented in Fig. 12. Since S; was defined
as the quadrature component of varactor voltage at ws, Kirchhoff’s
voltage law applied to the output loop requires that the load inductance
present an equal but opposite reactance, i.e., Ly = Ss/w; .

0.70
™~<
~
0.60 -
~
o % 080 -
0| = S, Y=0.333
v -~
"-.,,_‘i
o 040 Ch =
o e
-~
i \‘L\ e
n| = 030 = -
@ ¥=0.50
0.20
0.10 \Y
1.0 1.2 1.4 1.6 1.8 2.0
DRIVE

Fig. 11 — Input elastance at radian frequencies w and wa.
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W, W3 /e = 0.10 —— y=10.500
Ry, 0408 ——— y=0.333
0.60 2 0.03 .

DRIVE

Fig. 12— Output elastance at ws. The load inductance is equal to Sa/ws®.

The input resistances R; and R, are presented in Figs. 13 to 16.
The correction factors for high loss and ws = 8w; are described in the
figure captions. The load resistance R3 is plotted in Figs. 17 and 18.
The abrupt-junction case has resistance maxima in the drive range of
14 to 1.6. This correlates with the range for maximum gain and
efficiency as given by Figs. 9 and 10, as we would expect from (17)
and (19). Similarly, the graded-junction case has maximum values of
resistance, gain, and efficiency at a drive of approximately 1.8.

0.20
¥=0.500
0.5
3 ;f w3 /we = 0.001
«|n
0.10,
0.05
1.0 1.2 1.4 1.6 1.8 2.0
DRIVE

Fig. 13 — Input resistance at w, for an abrupt-junction varactor. These results
become inaccurate for high loss (high ws/w,) and ws £ 8w, . Accurate values of
Rien/8Bmex may be obtained by subtracting the quantity

wy — 8w
8w,

from the values plotted above.
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Fig. 14 — Input resistance at o, for a graded-junction varactor. These results
become inaccurate for high loss (high ws/w,) and ws 5% 8wi. Accurate values of
R1w1/Smax may be obtained by subtracting the quantity

ws — 8w,
8w,

from the values plotted.

If one considers the effect of the upconverter parameters upon the
instantaneous bandwidth, he finds that large bandwidth requires
large values of Rwi/S;. Generally, the low-frequency o, circuit is most
crucial in this respeet. Computing ratios of Rye:/S; from Figs. 11, 13,
and 14 one finds that the abrupt-junction varactor has a higher ratio

0.25

Y=0.500

1.0 1.2 1.4 1.6 1.8 2.0
DRIVE

Fig. 15— Input resistance at ws for an abrupt-junction varactor. These results
become inaccurate for high loss (high wi/w.) and ws 7= 8w . Accurate values of
R owe/Smax may be obtained by adding the quantity

Wy — Swl

8w,
to the values plotted above.
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Fig. 16 — Input resistance at w. for a graded-junction varactor. These results
become inaccurate for high loss (high ws/w.) and ws; £ 8w;. Accurate values of
Rws/8max may be obtained by adding the quantity

Wy — 80'.)]

8w,

to the values plotted above.

at any prescribed drive level, albeit the difference becomes small (12
percent) at high drive levels. At drive = 1, the ratio Ryw /S, for the
abrupt-junction varactor is nearly twice that of the graded-junction
varactor.

Fig. 19 gives the de bias voltage required for maximum output
power.

0.25
Y = 0.500
0.20 w3 /we =0.10
0.06
k3
HEXR 0.03
c|n 0.01
0.001
0.10?—
0.05 |
1.0 1.2 1.4 1.6 1.8 2.0
DRIVE

Fig. 17 — Load resistance for an abrupt-junction varactor,
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0.25

0.20

1.0 .2 1.4 1.6 1.8 2.0
DRIVE

Fig. 18 — Load resistance for a graded-junction varactor.

IV. CONCLUSIONS

This analysis provides all the information required to design an
upper-sideband upconverter for maximum power output, for abrupt-
junction and graded-junction varactors. The results are sufficiently
accurate for ws/en = 5. The necessary load resistance and inductance
are obtained from Figs. 12, 17, and 18. The input impedances at v,
and wg are also presented, and the designer will ordinarily use this
information to provide conjugate matching with the sources at these
frequencies. Experimentally, the proper impedance matching condi-
tions are facilitated by means of Swan’s small-signal matching tech-
nique.?

It has been assumed throughout that currents are present in the
varactor only at the three frequencies corresponding to the signal,
pump, and upper-sideband.

At low drive levels, the abrupt-junction varactor provides both a

— Y=0.500
——— y=0.333

Fig. 19— DC bias voltage required for maximum power output.



OVERDRIVEN VARACTOR UPCONVERTER 1241

higher power-impedance product and also a greater bandwidth than
that of the graded-junction varactor. However, at high drive levels
the difference between the two varactor types is very small,

These results apply only to operation at maximum power output.
In some applications, the designer is willing to sacrifice some power
output in order to obtain a higher microwave conversion efficiency.’
Such operation would require different operating parameters from
those presented here.

APPENDIX

Efficiency and Gain Relations

The tuned upconverter may be represented by the equivalent circuit
shown in Fig. 20. In this equivalent circuit the losses are separated
from the frequency conversion device, and the power ratios for each
are computed separately.

The power ratios for the lossless nonlinear capacitance are obtained
from the Manley-Rowe relations:?
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where P;,,, is the power into the lossless nonlinear capacitance at fre-
quency mw, + nw, . Restricting the exchange of power to the threeradian
frequencies of interest w, , w,, and w; = @, + ., (26) gives

P | P
S0 (28)
w (OF]

Rg

Ry—> Wy Rs
LOSSLESS
Rs NONLINEAR ws Ra
REACTANCE

. Fig. 20 — Basic equivalent circuit of the upconverter. Energy enters the non-
linear reactance at radian frequencies w, and w; and leaves at ws .
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and (27) gives
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In both cases P} is negative. If we redefine P} as the output power, the

last two equations become
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In the input circuit at e , a fraction (R2—R,)/Rs of the input power
reaches the lossless nonlinear reactance. A fraction Rs/(Rz+R,) of the
converted power reaches the load. Thus, the microwave conversion
efficiency is given by
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Similarly, the upconversion gain is given by
G13 = %Rl - R’ R3 N (33)
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