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Summary—A microwave modulator was devised which requires

a minimum of modulation power and which has very high modulation

efficiency. The modulator functions as a switch, which opens and

closes a transmission line proportional to a time function which

represents information in digital form. The modulator is a varactor

diode operating in the reverse bias region. To obtain the required

modulation characteristics, the diode was switched between two

resonant modes. It was operated alternatively in series and in

shunt resonance by varying the diode% capacitance. To obtain the

resonant modes, tuning elements were added in series and in shunt

with the varactor diode.

At the design frequency of 2.2 Gc the semiconductor modulator

has an insertion loss of less than 1 db in the transmission mode and

more than 24 db in the rejection mode. In the transmission mode QL

is close to one; in the rejection mode QL ranges from 30 to 50.

The consumption of modulation power is extremely low. For a

modulation voltage of square waveform with the fundamental fre-

quency of 1 Mc, the dk.sipated modulation power is below 10–8 watts.

The modulation efficiency is nearly one, since the response time of

the varactor diode which is operated in the space charge region is

below 10-1’ sec.

INTRODUCTION

A

SEMICONDUCTOR modulator has been de-

vised for a modulated micro wave space antenna

array. In the space antenna, which is based on

the Van Atta principle, the modulators are placed in

the transmission lines that connect conjugate array

elements. The modulator functions as a switch; it opens

and closes the RF transmission line proportional to a

time function that represents information in digital

form. In a high gain array, a large number of modula-

tors are operated in shunt. It is (essential, therefore,

that the modulators be small and light and that they

require a minimum amount of modulation power. In

addition, high reproducibility of their characteristics is

necessary.

The modulator is a varactor diode placed in shunt in

an RF transmission line. To meet the minimum modula-

tion power requirement, the diode is operated in the

reverse bias region. Therefore, it differs from semicon-

ductor modulators that have been earlier reported,l–~

since these are driven from the ne,gative bias into the

positive bias region.

To function as a modulator the RF admittance of
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the varactor diode must be varied from a very low to a

very high value. In the reverse bias region, the range

of admittance variation is limited. In order to yield the

required modulation characteristic, the diode has tcl be

switched between two resonant modes. To do so, tuning

elements are added in series and in shunt with the

diodes. The RF admittance of the modulator circuit,

which is in shunt with the transmission line, willl be

operated alternatively in series and shunt resonance by

varying the diode’s capacitance. This resonant mode

of operation yields the required modulation charac-

teristic but necessarily narrows the modulator band-

width. It has, however, the added advantage that

variation of the characteristics between individual

diodes can be compensated for by adjusting the tuning

elements.

A description of the modulator, and anl analysis and

experimental results on its RF performance, wil I be

given, followed by an analysis of its modulation power

requirement.

MODULATOR ANALYSIS

T]le performance of the modulator circuit can be

described best from its equivalent circuit shown in Fig.

1. The circuit elements of the @-n junction, when oper-

ated in the reverse bias region, are the capacitance CD

of the space-charge transition region, which is shunted

by the resistance of the transition region R,, Both are

in series with a small resistance R.. The transition re-

gion widens as the reverse bias is increased; conse-
quently, its capacitance decreases. The shunt resistance

R, is extremely large for silicon diodes and will be
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Fig. l—Modulator equit.alent circuit.
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neglected in the analysis. In addition to the circuit

elements of the semiconductor, the equivalent circuit

contains the cartridge capacitance C., which is small

compared to the transition capacitance and the whisker

inductance, LD. A series inductance L. and a shunt

inductance Lp are added in the modulator circuit.

With no bias applied to the diode, the branch A-

D is in series resonance at the design frequency. Its

impedance is given by

R~_~ for the varactor diode will always be somewhat

smaller than R,.

When reverse bias is applied to the diode, the diode

capacitance is reduced to approximately half its value,

and the series resonant circuit will become detuned.

The imaginary component of the branch A–B, which

is given by

X.<–B = coL,

(“LD-::)-wcc(wLD-k)2-”ccRs2,
4

[’-ucc(uLD-&)l’a+(ccRs”‘
(2)

becomes capacitive. The imaginary component of

branch A–B forms a shunt resonant circuit with the

inductance L,. This circuit, which resonates at the

design frequency represents a high impedance. The

series resonance of branch A–B is independent of the

shunt inductance, L,. Consequently, the tuning of the

series and the shunt resonant circuit can be accom-

plished in two successive steps.

In the antenna, the modulator is operated as a bi-

lateral device; its modulation characteristics can be de-

fined best by its scattering matrix. Because the diode is

a Iossy circuit element, the scattering matrix is not

unitary; it is given by

2
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YO= characteristic admittance of main transmission line.

For zero bias at the design frequency,

X~–B = O

G>>l

B<<l.

The voltage reflection coefficient Sll becomes close to

– 1, and the voltage transmission coefficient Slz is

close to zero. The incoming waves

modulator. At negative bias,

B=O

RA_B << XA–B

G<< 1.

The voltage reflection coefficient

are reflected at the

S,I becomes very

small, and the voltage transmission coefficient S12 ap-

proaches 1. The modulator represents a small admit-

tance to the main transmission line; the incoming waves

will be transmitted through the transmission line.

The bandwidth of the modulator in shunt with the

transmission line, which is inversely proportional to the

Qloa,e, of the circuit, is given by

Aj 1 G+2

f, = Q. = ‘Bc
(5)

where Be represents the capacitive susceptance of the

modulator circuit in (4).

In the modulated antenna, the phase, as well as the

amplitude, of the transmission coefficient of the modu-

lator is of importance, especially in the transmission

mode. In the bilateral system, the resultant wave at

each terminal pair of the modulator is the vector sum

of the wave, which is passing by the modulator, and of

the fraction of the wave incident from the opposite

side, which is reflected at the modulator. The phase

error is given by

Im (S,J + Re (SJ sin A&l-Irn (S,J cos M
tan Ae = — . (6)

Re (SIJ + Re (SJ cos A@ – Im (SJ sin M

It is determined by the imaginary component of the

voltage transmission coefficient and depends on the

phase of the voltage reflection coefficient and on the

relative phase, Ad, which the waves traveling in op-

posite directions have at the modulator. In the modu-

lator circuit, the possible phase error for the transmis-

sion mode is greatly reduced by having the Qlo&, of the

shunt resonant circuit comparatively low (as outlined

later), because in a low Q circuit, a change in operating

frequency will result in only a small increase of S,l and

Im (SJ.

The experimental model of the modulator circuit is

shown in Fig. 2; it demonstrates the simplicity and com-

pactness of the design. A pigtail-type varactor diode

is connected between the center conductor and the

side wall of a 50-fl strip transmission line. The

pigtail wire represents the series inductance of the
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Fig. 2—Experimental model of modulator.

modulator circuit; its length is tuned for series reso-

nanceat zero bias. Theshunt inductance, which is tuned

for shunt resonance at the negative bias voltage, func-

tions at the same time as dc and ac return.

The input and output of the modulator circuit are

coaxial connectors. The transition from coaxial to strip

transmission line is a step in the inner conductor of the

transmission line corresponding with the change of

geometry of the outer conductor. The varactor diode is:

Lficrowave Associates, MA 4.321A or MA 4321 AA.

Low temperature solder (Iridium Corp. No. 1) was

used to connect the diode between the center conductor

of the transmission line and the bypass capacitor to

avoid overheating of the diode.

The experimental model weighs 2.2 ounces and oc-

cupies 1.2 cubic inches. The size and weight can be

considerably reduced in a unit for an aerospace mis-

sion because the varactor weight is only 0.0053 ounce.

In Fig. 3, the measured insertion loss characteristics

of the modulator circuit, which was described before

with the diode MA 4321A (CD = 0.88 pf) are given by
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In Fig. 4 the measured insertior loss characteristics

for the diode MA 432 lA.4 (CD = ().55 pf) are shown.

Both modulator circuits were tuned to the same fre-

quency. There was comparatively good correlation be-

tween measured characteristics and values calculated

from (l)–(4).

The bandwidth of the modulator circuit can be de-

rived from (1), (2), (4), and (5). With no bias applied

to the modulator X.4–B = O; in addition, the denomina-

tor of (1) and (2) becomes close to one. Eq. (5) can be

approximated by

Af R.(1 + 2 V(J2J
—=—
fo (XA-B)C

FREQUENCY(Gc)

Fig. 3—Insertion loss characteristics of experimental modulator
(0.88-pf varactor). MA 4322A Vamctor: CD = 0.88 pf (zero kiss);
C~=O.37 pf ( –6 volts bias); ~.”= 79 Gc ( –6 volts bias).
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Fig. 4—Insertion loss characteristics of experimental modu later
(0.55-pf varactor). MA 432 lAA Varactor: CD = 0.55 pf (zero bias);
CD =0.23 pf ( –6 volts biaS);fc.=43 GC (–6 volts bias).

where (.YAl_~), are the capactive reactance (negative

terms) in (2).
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The bandwidth is determined primarily by the ratio

of the series resistance of the diode to its capacitative

reactance. The bandwidth is small, since the series

resistance and the capacitance of the diode are very

small. For the 0.88-pf varactor of Fig. 3, Aj/~0 = 0.035,

(Q. = 28) and for the 0.55-pf varactor of Fig. 4,

Af/fo = 0.019, (QL = 52). The measured bandwidths in

Figs. 3 and 4 agree reasonably well with the computed

values.

At negative bias RA–~<<XA–~ and (5) can be simpli-

fied to

Af RA-B + 2 Y&x&J 2
—=

fo (xA-B)c “

For the varactor diodes of Figs. 3 and 4,

2 YO (X&B)2
R 1

(xA-B)C

and Af/Af and QL are close to 1; the insertion loss char-

acteristics at shunt resonance ( — 6 volts) is rather fre-

quency insensitive, as can be seen from Figs. 3 and 4.

The phase error Ae in the transmission mode of the

modulator circuit was computed for the varactor of

Fig. 3 from (6). For a change in the junction capaci-

tance CD of 10 per cent, the maximum phase error will

not exceed 10°.

MODULATION EFFICIENCY AND MODULATION

POWER CONSUMPTION

The modulation voltage, which is applied to the ac

terminals of the varactor diode, switches the operating

point on the diode capacitance-voltage characteristic

alternatively from zero to a negative bias voltage. In

effect, then, the function of the driver circuit is to

charge and discharge the space-charge capacitance of

the diode. The efficiency of the driver circuit will be

determined by the efficiency of the energy transfer

from the modulation voltage generator to the capaci-

tance of the diode. The energy transfer efficiency is

given by’

energy delivered to the varactor capacitance
qz —.

energy supplied by the source

The equivalent circuit of the diode at modulation fre-

quency (approximately 1 Mc) can be simplified. The

inductive reactance can be neglected; in the ac equiv-

alent circuit, the diode’s resistance, R,, will be in

series with the capacitance of the space-charge region

which is shunted by the cartridge capacitance. For the

purposes of this analysis, the varactor capacitance will

be assumed to be voltage independent and the shunt

resistance, Rz, is neglected.

In charging and discharging the capacitance, power

is dissipated in the series resistance of the varactor

4 P. M. Mostov, J. L. Neuringer and D. S. Rigney, “Optimum
capacitor charging efficiency for space systems, ” PROC. IRE, vol.
49, pp. 941–948; May, 1961.

diode. The waveform for digital off-on modulation is

nonperiodic; the highest power loss for digital modula-

tion occurs when the off-on switching is a periodic

function. Therefore, the power loss in the varactor

diode will be derived assuming a periodic waveform

which approximates a square wave.

In the frequency domain, the modulation voltage

can be represented by the frequency of the on-off

switching and its odd harmonics. The energy per unit

time delivered to the capacitance and the power dis-

sipated in the series resistance are the sums of energy

per unit time and power loss for the frequency com-

ponents contained in the square-wave modulation

voltage.

In the modulator circuit, the series resistance is

much smaller than the capacitive reactance; it can,

therefore, be assumed that the current, ;C, is deter-

mined primarily by the capacitance of the diode. Be-

cause the amplitude of the voltage components in the

square-wave spectrum decreases with harmonic num-

ber while the capacitive susceptance increases, the

charging current will be the same for all frequency com-

ponents in the square-wave spectrum.

The transfer efficiency, q, can be defined simply by

the sum of reactance and resistances.

1
~=

‘3
(7)

A

1+

In comparing (7) with the transfer efficiency given by

Mostov,5 it can be seen that the term

is equivalent to the rise and decay time, T, of the

periodic modulation voltage, where this voltage con-

tains n frequency components, the highest of which is

(2fi – I)f.,,.
The efficiency of the energy transfer will be very close

to 1 when the response time of the varactor diode is

small in comparison to the rise and decay time of the

modulation voltage. Because the response time of the

varactor diode is extremely small, this condition will

exist for all practical modulation voltages.

The response time of the varactor diode, when being

operated in the space-charge region, is determined

by the time constant of the RC circuit.

T = &(~D + C.). (8)

6 Mostov, et al,, oP. cit., p. 944, Eq. (9),
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The time constant of the varactclr diode is approxi-

mately ~ = 3 X 10–12 sec.

Assuming that the fundamental frequency of the

modulation voltage is 106 see–l, then the rise and decay

time of a conventional square-wave generator will not

be below 0.5X 10-7 sec. This means the spectrum of

the modulation voltage will contain approximately 10

frequency components. The efficiency of energy trans-

fer for these values becomes

1
q=

1+1.2 X1 O=”

Obviously, the energy transfer efficiency will, in all

practical cases, be very close to 1.

In the modulated antenna, the transfer efficiency will

remain the same, independent of the number of varactor

diodes operated in shunt because i n the equivalent cir-

cuit of N diodes operated in shunt the series resistance

is R./N, while the capacitance is N(CD + CC), and the

over-all time constant remains ~ = ~.( CD + C,).

The rise and decay time of the modulation voltage

will not be determined by efficiency considerations.

However, the rise and decay time does become a limit-

ing factor in keeping the power dissipation in the series

resistance to a minimum. The power dissipation is

given by

(9)
,,=1

The power loss increases proportionately to the number

of frequency components contained in the spectrum

of the modulation voltage. Assuming that the operating

points on the diode characteristic are zero and — 6

volts and R,= 3 Q, then the power dissipated in the

modulation circuit by switching the diode at a rate

106 see–l becomes

P = 9L.10–9 watts. (lo)

(For n= 10, P= 10-8 watts.)

When N diodes are operated in shunt, then the

power loss increases in proportion to the number of

diodes.

P = N.}z 10–9 watts. (11)

In the derivation of the power loss, it was assumed

that the space-charge capacitance of the diode remains

constant. However, because the capacitance decreases

for increasing negative bias, the dissipated power will

be smaller than that given in (10) and (1 1).

In the computation of modulation efficiency and the

power dissipation, the shunt resistance Rp in Fig. 1

was neglected. This can be done when Rn > 10g Q since

then the power dissipated in the series resistance, which

is given in (10) for a switching rate of 106 see–l and

n = 10, is larger than the power dissipated in the shunt

resistance Rp. Most of the measured values of R, for

the varactor diodes MA 4321A and MA 4321AA were

higher than 109 Q. For Rp = 109f2 or less, i;he effect of Rp

has to be considered in the analysis, since for Rp = 1090

the dissipated power in Rp becomes equal to the power

dissipated in the series resistance for a switching rate

of 106 see–l and n = 10.

When the shunt resistance becomes effective, the

response time of the varactor diode increases and (8)

then becomes

( 1

T= “ + R,[LLI(CD + cc)]’)
(CD+ c.).

It is interesting to notice that the term which was added

to (8) is inversely proportional to the square of the modu-

lation frequency. This means that the modulation ef-

ficiency in (7) will harclly be affected by the shunt re-

sistance. For low modulation frequencies, r will increase

but the product OJJI~ will be very small; for higher

modulation frequencies the response time r decreases

and the product OJW will remain very smalll.

The power loss of the modulator circuit could not be

measured directly, since in the experimental moclel of

the modulator the capacitance of the bypass capacitor

was many times the diode capacitance. The only param-

eter which was actually measured was the current

as a function of time which is required to drive twelve

of the experimental modulators including their b} ’pass

capacitances when operated in shunt in a rnodullated

array. From the measured current, the power loss in

the modulator ensemble can be derived. The power

loss in the modulator circuits themselves will then be

deduced from the power loss in the modulator ensemble.

Since the instantaneous current as a function of time

was measured, the power loss in the modulator ensemble

must be derived using the transient analysis rather than

the periodic analysis which was given above.

The characteristics of the modulator ensemble and

its driver voltage are summarized in the following. The

source resistance of the driver circuit is 65 Q, the effec-

tive series resistance of the twelve modulators when

operated in shunt is 0.25 Q, the effective capacitance of

modulators and bypass capacitances is 500 pf. The

driver voltage is a square wave which changes the

bias to the diode from zero to – 6 volts, the rise time

from zero to – 6 volts is 0.1 psec, the width of the

voltage pulse is 1 psec, and the decay time is O. 1 psec.

The current of the modulator ensemble which was

measured increases its value continuous y during the

rise time of the voltage pulse and reaches its peak value

of 30 ma when the negative voltage reaches its peak

value of — 6 volts.

The power loss in the modulator ensemble k the

energy dissipated in the effective series resistance of the

12 shunted diodes per period; it is given by

()$ ‘R(TC – T)
w

=2 “ ——.
F T

(12)
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where

A = the peak amplitude of the driving voltage (6

volts)

C= the effective capacitance of the 12 shunted diodes

and their bypass capacitances (500 pf)

Ta = the rise and decay time of the driving voltage

(O. 1 ,asec)

R = the effective resistance of the 12 shunted diodes

(0.25 Q)

R@= source resistance (65 L2)

T=(R+RG)ez O.3 T.

T= period of the square wave (2X 10-’ see).

Since the peak current for t= T. is given by

AC
zm.x = — >

T.

(12) becomes

(13)

The power loss of the modulator ensemble computed

from (13) is 1.5X 10–5 watts. The power loss in the

modulator circuits themselves can now be derived

from (12) when C is made the effective capacitance of

the 12 shunted diodes alone. When C is assumed to be

12 pf, the power loss in the 12 modulator circuits alone,

derived from (12), becomes 10–8 watts. (In a later

model of the semiconductor modulator, a complete re-

design of the bypass capacitance will bring the ca-

pacitance of the modulator ensemble close to the

capacitance assumed for the modulator circuits alone. )

The power loss of 12 modulators operated in shunt

when calculated from (11), is 2.4 X 10–8 watts, assum-

ing that the fundamental frequency in the modulating

square wave is 0.5 X 10° see–l and the highest harmonic

is 0.8X 107 see–l (n = 8). [The fundamental frequency

is half the value which was assumed to derive (10) and

(11).] There is very good correlation between the

power loss which was derived from the measured cur-

rent and the power loss which was calculated from (1 1).

In conclusion, by utilizing the resonant operation of

a reversed biased varactor diode in a shunt configura-

tion, the experimental modulator achieves the per-

formance objectives of good modulation performance

with extremely low modulation power consumption. At

the design frequency, the semiconductor modulator has

an insertion loss of less than 1 db in the transmission

mode and more than 24 db in the rejection mode. The

insertion loss in the transmission mode is comparatively

insensitive to changes in the operating frequency; the

bandwidth in the rejection mode ranges from 2 to 4

per cent.

The consumption of modulation power is extremely

low; the modulation power for 100 diodes when operated

in shunt will not exceed 1 pw. The modulator has the

desired simplicity, compactness, and light weight.
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Correction

W. H. Eggimann, author of “Higher-Order Evaluation

}

4a~

of Electromagnetic Diffraction by Circular Disks, ” + 9(ka) ‘Hz – j= p0(ka)3R= (34)

which appeared on pages 408–418 of the September,

1961, issue, of these TRANSACTIONS, has brought the fol- p ~ U
,..3 I&n+ ~ 13Et.n -~ ~)

lowing misprints to the attention of the Editor. The 3 { 30 ( k’

following expressions should read

– j9G (ka)3Et~~ + j

a2=:{30H2+a’(-13 z+1’%-8%) 8

& (ka)3V x HZ
}

(38)

1
1(%~, P; P, 4)

– 9(ka)’Hz + j ~ po(ka)31Z= (33)

= z A.(?z, m, P) ? { (a’ - p’)’”} cos (L%@). (56)

{ ( d’Hz C32HU
b~ = $ –30HZ + a’ 13—

&Hz

)

v 2.

– 11 —+8——
adz aydz ~y2 Eq. (38) here is equivalent to (38) in the paper.


