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Uniplanar Monolithic Frequency Doublers

TETSUO HIROTA, MEMBER, IEEE, AND HIROYO OGAWA, MEMBER, IEEE

Abstract — GaAs monolithic frequency doublers in the 13 GHz band and

26 GHz band have been designed and fabricated. These doublers employ a

newly developed uniplanar monolithic microwave IC (MMI~ structure.

They are composed of coplanar waveguides, slotlines, and air bridges only

on the upper side of the GaAs substrate. These uniplanar MMIC fre-

quency doublers offer the advantages of smaller circuit size and simpler

fabrication processes than microstrip-based MMIC’S. The fabricated dou-

blers have achieved a conversion gain of 2.9 dB at 12.4 GHz and a

minimum conversion loss of 0.7 dB at 24.4 GHz. Furthermore, a 6.5 GHz

to 26 GHz frequency quadruple has been made using a cascade connec-

tion of the doubler chips. It demonstrated stable operation without any

adjustment and achieved a conversion loss of 10 dB.

I. INTRODUCTION

A S A FREQUENCY multiplying device, a GaAs

MESFET has the advantages of input–output isola-

tion and possible conversion gain and is suitable for mono-

lithic integration. Doubling characteristics of FET’s have

been studied theoretically [1], [2] and experimentally [3],

[4], and several FET doublers using hybrid [2], [5], [6] or

monolithic [7] integration techniques have been reported.

Monolithic microwave integrated circuit (MMIC) tech-

nology is attractive because it can reduce the size and cost

of microwave circuits. The circuit size of the reported

doublers, however, is rather large since a frequency dou-

bler requires a quarter-wavelength fundamental frequency

trap or large hybrid circuits for a balanced operation. It

causes the fabrication cost to increase and makes larger

scale monolithic integration difficult. Therefore, size re-

duction of the passive portion in the MMIC has been

required.

In this paper, a balanced monolithic frequency doubler

circuit using a “ uniplanar” MMIC structure [8] is pro-

posed. A uniplanar MMIC employs coplanar waveguides,

a slotline, and air bridges on the upper side of the semi-

conductor substrate. It has the advantages of (1) easy

antiphase signal division using slotlines, (2) good ground-

ing without via holes, and (3) on-wafer circuit testing.

These advantages have been demonstrated in various junc-

tions, transitions, and hybrid circuits [8]. This paper shows

applications of this structure to active FET circuits. The

antiphase excitation of FET’s required for balanced opera-

tion is also carried out using a simple uniplanar circuit

configuration. The uniplanar balanced frequency doublers

proposed here have the features of (1) wide-band funda-
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mental frequency suppression owing to the balanced con-

figuration and (2) small circuit size due to the elimination

of the quarter-wavelength fundamental frequency trap or

hybrid circuits required in conventional balanced doublers.

The uniplanar frequency doublers were designed and

fabricated to have output frequencies of 13 GHz and 26

GHz and they exhibited good performance. A maximum

conversion gain of 2.9 dB has been obtained at an output

frequency of 12.4 GHz with an input power of 5 dBm, and

a minimum conversion loss of 0.7 dB was obtained at an

output frequency of 24.4 GHz and an input power of 5

dBm. The 13 GHz and 26 GHi: doublers were directly

connected and showed stable quadrupling characteristics.

II. UNIPLANAR BALAIgCED CIRCUIT

A quarter-wavelength open-circuited stub is often used

in single-ended frequency doublers in order to suppress the

fundamental frequency component [7]. It is too large,

however, to be included on a small MMIC, because a

quarter wavelength at, for example, 6 GHz is longer tlhan

4 mm on a CiaAs substrate. In a balanced frequency

doubler, this kind of a stub circuit is not required. How-

ever, a large balun circuit or hybrid circuit is needed if the

doubler is designed using microst rip lines [6]. Since circuit

size is a great factor affecting IC cost, it represents a major

obstacle to the development of a low-cost MMIC fre-

quency doubler,

The uniplanar configuration shown in Fig. 1 presents a

way to overcome this problem. The input signal fed from

the coplanar waveguide in Fig. 1 passes through a coplanar

waveguide/slotline transition. It propagates on the slotlline

and excites two FET’s in antiph ase through a matching

circuit. Second-harmonic signals generated by the FET

nonlinearity near pinch-off are combined in phase at a

junction in the output circuit ancl obtained from a copla-

nar waveguide. On the other handl, fundamental frequency

components appearing in antiphase at the drain are can-

celed and reflected at the juncticn. This circuit needs no

“quarter-wavelength” element. Therefore, it can be made

smaller if a compact coplanar waveguide/slotline transi-

tion [8] is employed.

III. CIRCUIT l)ESIGN

A. Consideration of Operating Point and Load Conditions

FET doublers can be classified into two groups. One

operates at a gate–source voltage near pinch-off, the other

at nearly zero voltage. There is no large difference in
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Fig. 1. Circuit configuration of a uniplanar balanced frequency
doubler.
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Fig. 2. Simplified doubler model. (a) Transconductance model. (b)
Equivalent circuit for fundamental frequency component. (c) Equiva-
lent circuit for second harmonic frequency component.

conversion gain or loss between these two groups because

the largest contribution to second-harmonic generation is

from the drain current clipping effect [1]. “Pinch-off”

doublers, however, have lower power consumption and are

free of large gate current. The type which operates near

pinch-off is selected for these reasons.

Another basic and important design item concerns load

conditions. Since the fundamental frequency component

appearing at the drain is reflected at the junction in the

doubler’s output circuit as shown in Fig. 2, the electrical

length between the FET drain and the junction largely

affects conversion efficiency [2]. In order to determine this

“-’Ot------
0 30 60 90 120 150 180

ELECTRICAL LENGTH 9 (deg)

Fig. 3. Relative conversion gain as a function of electrical
between FET drains and the Junction.

length O

length, a simplified estimation was performed using the

linear circuit model shown in Fig. 2.
The second-harmonic output power POU,(2j_) is propor-

tional to the square of the drain current second-harmonic

component \Id (2~ ) 1. If a simple transconductance model

as shown in Fig. 2(a) is assumed, IId (2~ ) I is proportional

to the drain current fundamental component 11~(~) 1.

Therefore, the relative conversion gain G, can be written as

lL/(f)12 gm’”wg(f)l’ _ %’ la’
‘c= Pin(f) = 4P,n(f) 4 R,n

(1)

where Pi~( j ) is the input power, Vg( ~ ) is the fundamental

frequency component of the gate voltage, Zi. is the input

impedance, and R in is the real part of Zl~. From this

formula, the effect of the length 19in Fig. 2 can be roughly

estimated by calculating the input impedance of the circuit

in Fig. 2(b). Resultant relative conversion gain curves

against electrical length O of the line are shown in Fig. 3

for a FET with 100 pm gate width. The calculated gain

values are normalized by the value at 6 = O. The input

impedance of the FET is shown in Fig. 4. The real part of

the input impedance R,n decreases as the electrical length

0 increases from zero. This means that a larger electrical
length 8 offers higher conversion efficiency. However, this

also leads to difficulty in broad-band matching.

The bandwidth of the input matching network is also

estimated. If the simple matching network illustrated in

Fig. 5(a) is assumed, the inductance L and capacitance C

for the complete match at center frequency tio must be

L = – X,n/coo + [R,n(l– R1n)]l’2/uo (2)

C = [(1 – R,n)/R,.] 1’2/’00 (3)

where L, C, R,n, and X,n are normalized by the standard

impedance. The bandwidth of 10 dB return loss or more of
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Fig. 4. Input impedance as a function of electrical length 0 between
FET drains and the junction.
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Fig, 5. Effect of electrical length d on input matching network band-
width. (a) Assumed input matching network. (b) Input matching net-
work bandwidth as a function of electrical length 8 between FET
drains and the junction.
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Fig. 6. Transmission and reflection characteristics of copla nar
waveguide/slotline transition.

this matching network is plotted in Fig. 5(b). It can be

seen that a long 19 results in a narrow bandwidth.

Therefore, the distance betwecrt FET drains and the

junction is chosen to be rather short for wide-band opera-

tion and small circuit size. This is favored over the highest

conversion gain.

B. Matching Network

The time-domain circuit simulator SPICE was used in

the process of designing the matching network in order to
investigate the large-signal input impedance of the FET

with the load condition discussed above, operating near

pinch-off. The gate-to-source voltage waveform and cur-

rent waveform were first obtained through transient analy-

sis. Next, fundamental frequency components were ex-

tracted by Fourier analysis and tlhe input impedance was

calculated. The FET model used lhere k a modified JFET

model which has an additional “channel thickness moduda-

tion” parameter y [9].

Matching networks can be constructed using spiral in-

ductors of small size and metal--insulator~metal (MIM)

capacitors. Two terminals of the slotline end are connected

to the FET gates by these spiral inductors. Air bridges are

used at the coplanar waveguide di scontinuities in order to

equalize the potentials of the two ground planes. The bias

voltage for the FET gate is supplied simply through decou-

pling resistors.

C. Coplanar Waveguide/Slotline I“ransition

The transmission and reflection characteristics of the
coplanar waveguide/slotline transition obtained through

test circuit measurements are shown in Fig. 6. The slotline

length in the test circuit is 500 pm, The return loss is larger

than 25 dB at frequencies below 15 GHz. This perfor-

mance is good enough for doubler applications.
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Fig. 7. 13 GHz to 26 GHz frequency doubler chip.
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Conversion loss of the 13 GHz to 26 GHz frecnrency doubler.

IV. PERFORMANCE OF MONOLITHIC

FREQUENCY DOUBLERS

A. 13 GHz to 26 GHz Frequency Doubler

The 26 GHz uniplanar frequency doubler was fabricated

on a 600-pm-thick GaAs substrate using the process called

advanced SAINT [10]. The doubler chip is shown in Fig. 7.
The input matching network at 13 GHz consists of spiral

inductors and MIM capacitors. In the 26 GHz output

circuit, high-impedance (75 Q) coplanar waveguides are

employed in order to reduce the line length. The distance

between FET drains and the junction in the output circuit

is about 120 pm. This corresponds to an electrical length 8

of 4.50. The gate widths of the two FET’s are 100 pm.

The measured frequency response is shown in Fig. 8

with calculated values at input powers of 5 dBm and 10

dBm. Conversion loss was lower than 4 dB in the wide

frequency range of 23.7 GHz to 26.5 GHz with an input

power of 10 dBm. The minimum conversion loss for the 5

I I I I I I I I I I I

STFIRT 18. OB 6t!Z STOP 26.50 Gtiz
RB 308 kllz UB 3Bi3 kliz ST 1.100 SPC

Fig. 9. Output spectrum of the 13 GHz to 26 GHz frequency doubler
(V: “1OdB/div, H: 1.65 GHz/div, 10 GHz-26.5 GHz).
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Fig. 10. Dependence of conversion loss on input power level at the
center frequency.

dBm power input was 0.7 dB. In calculation, a time-domain

circuit simulation using SPICE was performed, and the

second-harmonic component was extracted from the out-

put voltage waveforms. The fundamental frequency com-

ponent measured at the output was 30 dB lower than the
desired second-harmonic component. This wide-band sup-

pression is one of the advantages of the uniplanar b,al-

anced configuration. Fig. 9 shows an output spectrum. The

converted signal and the suppressed fundamental signal

can be seen.

Conversion loss as a function. of input power at the

center frequency is shown in Fig. 10. It can be seen that

the optimum gate bias voltage shifts to a lower level as

input power increases. Conversion loss at a band edge is

shown in Fig. 11. Conversion efficiency reaches a maxi-

mum at a higher input power level in Fig. 11 than in Fig.

10. Since the input matching at a band edge is not as good
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Fig. 12. 6.5 GHz to 13 GHz frequency doubler chip.

as that at the center frequency, increasing the input power

provides the optimum input level at the FE~s, as cah be

seen in Fig. 11. At a higher input power level, the power

fed to the FET’s is optimum at the band edge, and it is too

high at the center frequency. This is because higher input

power results in flat frequency response and broader band-

width, as shown in Fig. 8. The circuit size is only 1.3x 0.9

mm2, owing to the novel uniplanar configuration and the

lumped-constant matching network. This circuit size is

much smaller than that of the microstrip-based doubler,

3X2 mm2 [7].

B. 6.5 GHz to 13 GHz Frequency Doubler

A 13 GHz doubler chip, shown in Fig. 12, was fabri-

cated using the same process as for the 25 GHz doubler.

The distance between FET drains and the junction in the

output circuit was selected to be zero for the reason

discussed in subsection III-A. The FET’s have gate widths

of 200 pm. The measured frequency response is shown in

Fig. 13. When the input power was 10 dBm, the conversion

gain was observed at the output frequencies from 11.5

GHz to 13.2 GHz. The maximum conversion gain ob-
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Fig. 13. Conversion gain of the 6.5 GHz to 13 GHz frequency doubler.
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Fig, 14. Dependence of conversion gdn on input power level.

tained was 2.9 dB at 12.4 GHz with a 5 dBm input. The

dependence of the conversion gain on the input power

level is showri im Fig. 14, Power consumption was 75 rnW

at the center frequency with a 10 dBm signal power input.

The circuit size is 1.0x 1.5 mm2.

C. 6.5 GHz to 26 GHz Cascade Operation

A frequency quadruple module was asseinbled using a

direct connection of the 13 GHz and 26 GHz doulbler

chips. The chips were tested on a~wafer in advance. Since

the first stage doubler liad O dE conversion loss perfor-

mance, no interstate amplifier was necessary. Additional

transmission lines of 10 mm in total and coaxial test

connectors were used with the directly connected doulbler

chips. The asserpbled frequency quadruple module showed

stable quadruple performance. ‘The conversion loss was

about 10 dB at, the center frequency with a 10 dBm power

input as shown in Fig. 15; which includes connection loss

and the loss of the additional lines in the test fixture. The

total power consumption was 130 mW.
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Fig. 15. Frequency quadruple performance of cascaded frequency
doublers.

V. CONCLUSION

A uniplanar MMIC structure was successfully applied to

balanced frequency doublers. The doubler circuits consist

of coplanar waveguides and a slotline. Consequently, they

have a ground plane on the upper side of the substrate.

Therefore, good grounding without via holes and on-wafer

measurement by the use of microwave wafer probes are

possible. First, balanced monolithic doublers were de-

signed for use in the 13 GHz and 26 GHz bands and

fabricated on GaAs substrates using the advanced SAINT

process. They showed good performance and their cir-

cuitry was small. Second, the 13 GHz and 26 GHz dou-

blers were connected in cascade and good experimental

results were obtained. The uniplanar MMIC technology

has the advantage of small circuitry, and it allows the

integration of many functions on a single MMIC chip.
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