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ABSTRACT

A frequency quadruple for 140 GHz and frequency doublers

for 183 GHz and 230 GHz have been analyzed both theoretically

and experimentally. A theoretical comparison of generation
of 345 GHz signal using a doubler, tripler, quadruple or two
caecaded doublsrs, and generation of 460 GHz signal using a

doubler, quadruple or two cascaded doublers has also been

carried out.

INTRODUCTION

The development of high efficiency frequency multipliers is
especially important for the spaceborne mm-wave and submm-
wave heterodyne receivers used for radio astronomy and remote
sensing of the atmosphere. Recently we have designed, con-
structed and tested a frequency doubler and a frequency tripler
for 80—120 GHz range with very high efficiencies (highest effi-
ciency 45 Yo and 28 Yo, respectively) [1,2]. The optimization was
based on extensive computer analyses and scaled model measure-
ments.

In this paper we report our continuing effort on developing
high efficiency multirdiers. now for 100-500 GHz range. At the. . .7

submm-waves higher order multipliers become very attractive in

local oscillator signal generation due to their higher reliability in

comparison to cascaded doublers. On the other hand, higher

order varactor multipliers require reactive idler terminations

which complicate the mount design and manufacturing.

To study the performance of multipliers of various orders

and multiplier chains, extensive computer simulations [3] were

made to analyze a doubler, a tripler, a quadruple and two

cascaded doublere for 345 GHz, and a doubler, a quadruple and

two cascaded doublers for 460 GHz. In order to get experimental

background for those theoretical studies a quadruple for 140-150

GHz and a doubler for 183 GHz were analyzed both theoretically
and experimentally.

QUADRUPLE FOR 140-150 GHz

Extensive computer simulations were made to thoroughly

analyze a frequency quadruple for 140 GHz. Emphasis was

placed on the study of optimum idlers at the 2nd and 3rd

harmonice. While the highest efficiency obtained prior to thie

experimentally from quadruples at mm-waves was only a few

percent [4], our analyeee [5] show that theoretically over 50 %

efficiency is obtainable whsn a commercially available varactor is

used.
A quadruple is most efficient when it has an idler circuit

both at the 2nd and 3rd harmonic frequencies. The simulations
show that with matched termination at the input and output
frequencies and with optimum reactive terminations at both the

idler frequencies it ie possible to obtain in a lossless multiplier

mount quadrupling efficiencies as high as 50–55 % in a reactive

multiplication region by using commercially available Schottky-

varactors (e.g. Farran Technology VDO1O, having Co = 19

fF, R. = 10 fl and 7 = 0.45) at 140 GHz output frequency
range. With high input power levels the varactor is driven into

conduction and the multiplication becomes partly reeietive. Due
to this the efficiency decreases and is typically 15–30 %.

The results obtained from theoretical emulations were ueed
in the deeign of an experimental quadruple with fixed idler
terminations for 140–150 GHz output frequency range. This
quadruple has been tested with different output configurations
[5]. The highest efficiency obtained was 11.3 % at 148 GHz with
an input power level of 10 m W. With input power of 40 m W an
output power of 1.5–2.7 mW was available over a range of 5–15
GHz depending on the output configuration.

This quadruple mount was tested also as a frequency
quintuple [6] for 165–170 GHz by terminating the 4th harmonic
with a high inductance. Thus, the conversion to the 4th
harmonic was eliminated and a (1–2–3–5)-quintupler operation
was obtained. The highest efficiency measured waf; 4.2 % at 168
GHz with an input power level of 10 mW. With input power of
40 mW an output power of 0.7–1.3 mW was available over the
range from 165 to 170 GHz.

DOUBLERS FOR 183 AND 230 GHJ

An effective doubler requires optimum matched termination

at the 1st and 2nd harmonics and an open circuit for the higher

harmonics. Theoretical calculations have been carried out for

doublers from 92 to 184 GHz and from 115 to 230 GHz. The

analyees show that in a loeslese waveguide mount the efficiency

can in both cases rise over 50 Yo in the region of purely reactive

multiplication which in this case means that the diode absorbed

power is Pobe -10 mW and the reverse bias voltage is over 6 V.

If the multiplication is partly resistive the theoretical efficiency is
typically 20–30 ~o with Pab. > 30 mW and reverse bias voltage

bslow 4 V. The diode parameters used in theee analyses were:
CO = 12.5 fF, R, = 12 $2, ~ = 1.15 and 7 =: 0.45 in the

case of the doubler for 184 GHz, and Co = 10 fF, R, = 140,
q = 1.15 and v = 0.45 in the case of the doubler for 230 GHz.

Both parameter sets are typical for varactors commonly used in

these output frequency ranges, for example VDO11 and VD012
of Farran Technology.

Using these results and observations from the theoretical

and experimental study of a frequency doubler for 100 GHz
[I] crossed waveguide doublers for 183 GHz and 230 GHz were
designed and constructed. Preliminary tests of a doubler for

183 GHz have been carried out. In thie doubler a VDOll-
varactor (C. w 12.5 fF and R. FS 12 Q) was used. According
to the measurements the highest efficiency obtained was 22 %
and typically 10,..20 z in an output frequency range of 160–190

GHz with input power levels below 20 mW (Gunn). With high
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Fimre 1. Intrinsic efficiency and output power of a frequency
tripler for 345 GHz.

input power levels 30-100 mW (klystron) the output power of
the experimental doubler was 5-10 mW in the range of 170-185
GHz.

MULTIPLIERS OF VARIOUS ORDERS FOR 345 GHz

As the basic choice for this multiplier a tripler was studied.

A frequency tripler requires matched terminations at the input

and output frequencies, optimum idler termination at the 2nd

harmonic and an open circuit for the 4th and higher order

harmonic frequencies. Computer simulations were carried out

for a submm-wave tripler from 115 GHz to 345 GHz using the

parameters of a varactor having Co = 10 fF.

The intrinsic efficiency and output power of this tripler is

shown in Figure 1. The operation of the tripler is restricted by

the diode breakdown voltage (–VBR -14-16 V for VD012) and

maximum rectified current for safe operation. This current is

typically 10 mA for mm-wave Schottky varactors available today.

Reactive multiplication turns partly to resistive when rec-

tified current starts to flow. This is clearly seen in Figure 1:

the region of purely reactive multiplication is slightly below the

dashed line marked by 0.1 mA. The highest efficiency is obtained
in this reactive region. However, this cannot rise over 30 % if

safe operation is required. To obtain the efficiencies ehown in

Figure 1 a lossless mount with optimum embedding impedances
illustrated in Figure 2 are required.

For comparison a doubler, a quadruple and two cascaded
doublers giving the same output frequency of 345 GHz were

studied. The highest efficiencies available form each multipliers
with various input power levels are collected in Table I. In each

case it is assumed that the reverse voltage swing across the diode
junction do not exceed 16 V during a fundamental oscillator cycle.

All 345 GHz signals are generated with a varactor having Co = 10

fF whereas the 172.5 GHz signal (abbreviated 172 GHz in the

following text) required in the doubler chain is generated by a

varactor having Co = 12.5 fF. Figure 3 illustrates the theoretical

output power available from these multipliers as a function of the

inp;t p~wer level.
The results show that the doubler from 172 GHz to 345 GHz

gives the best efficiency and widest operational range (assuming
that there are no restrictions due to the fundamental source at

172 GHz). This is natural because narrow band idler circuits
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~ Optimum embedding impedances at the fundamental,
idler and output frequencies of the tripler for 345 GHz. These
impedances and a lossless waveguide mount are essential for the
high efficienciw shown in Figure 1. At higher harmonics an
optimum termination is an open circuit.
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FiEure4. Acomparison of thehighest theoretical output power
avm”lablefrom adoubier, aquadrupier andtwo cascaded doublers
at 460 GHz.

are not needed in the doubler. In practice this doubler is not

a good choice becauee there are no fundamental low noise solid

state sources available at 172 GHz, This dieadvantage can be

overcome by using two cascaded doublers. In this case the 172

GHz signal is first created by a doubler from 86 GHz. The main
disadvantage of this solution is the low output power at 345 GHz

especially because in practice an isolator with several dBs of lees

is needed between the doublers. In Table I and in Figure 3,
however, it is assumed that the power available from the firet
doubler can be connected without external losses to the second
doubler.

The remaining solution is a quadruple from 86 GHz.

It gives theoretically better efficiency than the two caecaded

doublers, if the quadruple has idlere both at the 2nd and 3rd

harmonics. If only the 2nd harmonic idler ie used the theoretical

efficiency of the quadruple is lower than that of the two caecaded

doublers, but then again the quadruple may be more attractive
because of no need of an isolator at 172 GHz. On the other

hand the quadruple can provide only very limited operational
frequency range.

To obtain the high efficiencies shown in Table I the mount
should be loesless and-the multiplier muet be provided with the

embedding impedances given in Table II.

GENERATION OF A 460 GHz-SIGNAL

Another comparison was made at 460 GHz output frequency

range for a doubler, quadruple and two cascaded doublers. The

higheet efficiency available from these configurations is ehown in

Table III and the output power in Figure 4. In each case the

parameters of the varactor having Co = 10 fF is assumed.

Again the single doubler now from 230 GHz to 460 GHz
givee the best efficiency and the higheet output power if the

input power level is higher than 15 mW. With input power below

15 mW the doubler and the quadruple from 115 GHz to 460

GHz have almost an equal performance. If an all-solid-state
signal is required the input power must be generated by another

doubler from 115 GHz to 230 GHz. However, this doubler chain

has a considerably lower efficiency than the quadruple. The

reason to thie ie in the optimum embedding impedances for these

multipliers shown in Table IV. The doubler for 460 GHz has a very

low input impedance (Z~n = Z~O) at the fundamental frequency

which is due to the “high” capacitance. Therefore, the diode

series resistance is dominating and considerable losses are caused

due to it at the fundamental frequency.

DISCUSSION

At 140 GHz range the higheet efficiency obtained experi-
mentally from the quadruple was 6-7 dB below theoretical pre-
dictions. The main reason which in every case decreasee the ef-
ficiency is resistive lessee of the multiplier mount which in the
quadruple affect also at the idler frequencies. These lessee are
around 2–2.5 dB at 140 GHz. Another important reason is nonop-
timal terminations at varioue harmonice. With fixed idler termin-
ations and two tuning elements (one for the input and another
for the output frequency) it is impossible to perfectly terminate
all harmonics simultaneously. Therefore, the efficiency obtained
experimentally is lower.

At 460 GHz range the losses of the mount are considerably
higher than at 140 GHz. Aseuming additional Iossee of 2-
3 dB an output efficiency of 2–3 % may be available from a
quadruple with a similar simple structure as that used at 140
GHz. With a skillful manufacturing of the multiplier mount as
preeented in [7] it is possible to realize additional tuning elements.
Varactor match at the fundamental frequency is ueually difficult
due to a small resistive and high reactive part of the varactor
input impedance (see Tables II and Iv). Therefore, an additional
tuning element at the fundamental frequency may improve the
operational bandwidth and the efficiency by providing a better
match to the varactor over a large range of input power and
diode bias levels. Naturally additional tuning elelmente at the
idler frequencies are also ueeful.

At 345 GHz range similar assumptions predict efficiencies
around 3–5 Yofor a quadruple. At 345 GHz, however, it may be
more reasonable to realize a frequency tripler because the etate-
of-the-art InP-Gunn-oscillators can provide an input power of
50 mW for the tripler at 115 GHz. The tripler requires only
one idler and therefore the degradation of the efficiency caused
by the loesee of the mount and nonideal terminations are lower
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TABLE I Comparison of the beet theoretical efficiency of a
doubler, tripler, quadruple and two cascaded doublers for 34.5
GHz.

P 12x172 13x115 14x86 12x2x86
5 :W 21 % I 22 % 122% 7%

10 mW 28 % 30 % 29 % 12 %

20 mW 34 % 26 % 16% 11 %

40 mW 29 % 18 % 10 % 9%

TABLE H Optimum embedding impedances required for the

efficiencies shown in Table I.

DOUBLER 2 X 86 GHz

Pi., VB Zeo(fP) Z..(2 f,)
5 mW, –3.0 V 33+1245 fI 54+ J123n

10 mW, –5.2 V 39+j300n 68+ f148 fl

120mW; -4.7V I f32+~290n 155+~157n I

I 40 mW, –4.3 V I 106+ J260~ I 64+ J142 fI

DOUBLER 2 X 172 GHz

Pdn, k’B .%o(fv) Z..(2 fp)
5mW, –1.4V I 23+3122n 31+ j60 n

10 mW, –2.8 V 26+j149n 37+373 n

20 mW, –6.4 V 29+ $205 n 46+jloon

40 mW, –4.9 V 45+2178 n 43+ 197 n

TRIPLER 3 X 115 GHz

Pjn, v~ -%.(fp) lzeo(2fp) ] zeo(3fp)
5 mW. –2.2 V I 46+?221tl I ?l13il 133+~69fl

10 mWj –3.0 V 54+~267fl ~ 140 n 39+;81 n

20 mW, –3.9 V 63+ J271n 3157 n 49+ 393 n

40 mWj –3.5 V 131+ J250n J 129 Cl 59+383 n

QUADRUPLE 4 X 86 GHz

pi., VB Zeo(fp) z.o(2fp) Z..(3 f.) Z..(4 fp)

5 mW, –3.6 V 58-!- ]332 n J 161 n J 108 fl 37-1- J81n

10 mW. –3.6 V 62+ T345 tl 12350 1134 n 50+~82 fl

I 20mW; -2.9V I 11O+;315Q I;220Q l;lA5n 15A+i81nI

in comparison to the quadruple. The efficiency obtained from

an experimental tripler at 100 GHz [2] was 2-3 dB below the

theoretical predictions. Assuming a similar crossed waveguide

structure also for 345 GHz with additional losses of 2–3 dB it
may be possible to obtain tripling efficiencies of 5–12 %.

A doubler chain allows also a solid-state eignal conversion to

345 GHz and 460 GHz, Theoretically the efficiency available from

cascaded doublers is around 10 YO at 345 GHz and 5 % at 460 GHz.

Losses in both doubler stages reduce this efficiency remarkably.

In the case of the experimental doubler for 183 GHz the efficiency
was 3–4 dB below theoretical. Assuming similar losses also for

the second stage the efficiency of cascaded doublers even without
the isolator sinks below that available from a quadruple for 345

GHz.

CONCLUSIONS

If tube oscillators are available at 170-230 GHz range the

best choice in producing signals to either 345 GHz or 460 GHz

is a doubler due to its relative simplicity which allows a wider

operational range in comparison to higher order multiplier.
However, if an all-solid-etate source is required, a higher order
multiplier may often be a more reasonable choice.

TABLE III Comparison of the best theoretical efficiency of a
doubler, quadruple and two cascaded doubkrs for 460 GHs.

TABLE IV Optimum embedding impedances reqn”red for the
efficiencies shown in !hble HI.

DOUBLER 2 X 115 GHs

Pinj VB zeo(fP) zeo(2fp)
5 mW, –2.4 V I 32+~221 12 I 50+?110 fI

10 mW: –4.6 V 38+j267fl 62+;133n

20 mW, –4.9 V 56+ ?275 fI 54+3150n

40 mW, –4.5 V 97+ J251 tl 62+j137n

DOUBLER 2 X 230 GHz

pi., VB Zeo(fp) zeo(2fp)
5 mW, –0.8 V 20+j81n 124+j38n

10 mW, –1.8 V 21+ 397 n 27+ J47 !2

20 mW, –3.2 V 24+ J115n 31+ 156 n

40 mW, –6.2 V 27+ J145 fl 39+ 370 n

QUADRUPLE 4 X 115 GHz

pi., VB Z..( fp) Izeo(2 fp) lzeo(3fp) I z=.(4fp)
5 mW, -2.4 V 43+?2170 I ?105f? f69n 128+j52n

10 mWj –3.6 V 50+~252n i 140 n j84 fl 33+~59n

20 mW, –3.1 V 64+ J242 n ~ 166 n ~ 104 n 41+j58fl

40 mW, –2.9 V 112 + ~210 n J 1500 1103 n 44+355n

The dieadvantage of the higher order multipliers is the re-

active idler terminations. However, experiments with a relatively

simple croeeed wave guide multiplier structure have shown that

it is possible to obtain fairly high efficiencies over an operational
bandwidth of 15 % in the case of a tripler and of 10 % in the

case of a quadruple. With additional tuning elements it may be

possible to further improve the multiplier performance.
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